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Scope and outline

Baeyer-Villiger monooxygenases (BVYMOSs) are versatile biocatalysts for the conversiames ket
lactones or esters while also being able to efficiently oxidize sulfides to seléoxithe limitations
arising in some desired applications of BVMOs, such as low stability, narrow sulssinates and
poor selectivity, can be overcome by methods of protein engineeringthiy work, protein
engineering studies were conducted aiming at optimizing different propertieBM#IOs with the
emphasis on thie regioselectivity Articles | and . Additionally, the ability to oxidize sulfides
(Article 1) and the protein stability Article 1\) of certain BVMOs were targeted. The presented
review article Article V) summarizes these protein engineering efforts, as well as studies on the
enantioselectivity, substrate scope, uncoupling and cofactor specificity of BVMOs. The compéris
beneficial mutations led to the identification of BVMO- or property-dependent hottssamd
universal hot spots.

ARTICLE Switching the regioselectivity of a cyclohexanone monooxygse toward (+)rans-
dihydrocarvone by rational protein design.
Balke, K.Schmidt, S., Genz, M., Bornscheuer, UACS Chem. Bid2015 11, 3843.

In this article the regioselectivities of cyclohexanone monooxygenases fahrobacter sp.
(CHMQro) andAcinetobactersp. (CHMQinet9 towards (+)lrans-dihydrocarvone were switched by
conducting semi-rational protein design. The wild-type enzymes selectiopliert the substrate to
the abnormal lactone. By mutating three corresponding active-site residuesatinal in both
enzymes, exclusive formation of the normal product was achieved.

ARTICLH Controlling the regioselectivity of Baeyer-Villiger mooxygenases by mutation of
active-site residues.
Balke, K.Baumgen, M., Bornscheuer, U.GhemBioChen2017, 18, 1627-1638.

The concept of changing the regioselectivity of an enzyme by creating more spthesactive site

was applied to the 2-oxef-4,5,5-trimethylcyclopentenylacetyl-CoA monooxygenase (OTEMO). Wild-
type OTEMO convertst)cisbicyclo[3.2.0]hept-2n-6-one to an equal mixture of normal and
abnormal product, whereas variant W501V exclusively produces the abnormal lactahe an
F255A/F443V forms mainly the normal product. The regioselectivity of the enzyme towatdsé+)
dihydrocarvone was also switched to exclusive normal product formationvésiant F255A.
Intriguingly, the relevant positions for changing the regioselectivity of Graktd CHMEQy, were
mostly in corresponding positions.
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ARTICLHI Baeyer-Villiger monooxygenases frorMarrowia lipolytica catalyze preferentially
sulfoxidations.
Bordewick, S., Beier, A., Balke, Bornscheuer, U. Enzyme Microb. Techna2018
109,31-42.

In this study the sulfoxidation activity of the newly identifigdrrowia lipolyticanonooxygenase A
(YMOA) was investigated by performing rational protein design. Variants weredragtich show a
reduced tendency to overoxidize the desired sulfoxides to sulfones as well as mutants withdchprov
and inverted enantioselectivities.

ARTICLEV The effect of disulfide bond introduction and related €8sr mutations on the
stability of a cyclohexanone monooxygenase.
Schmidt, S., Genz, M., Balke, Bornscheuer, U. TJ, Biotechnaol.2015 214, 199-
211.

The cyclohexanone monooxygenase fréwinetobactersp. (CHMQinet9 €xhibits a broad substrate
scope but a low thermostability. The aim of this study was to increase the trstatitity of the
enzyme by introducing disulfide bonds in order to make this enzyme suitfavleindustrial
application. The applied rational protein engineering approach finally led tddinatification of a
single mutant showing improved thermostability.

ARTICLE Hot spots for the protein engineering of Baeyer-Villiger monooxygenases
Balke, K. Beier, A., Bornscheuer, U. Bijotechnol. Ady.2017, accepted doi:
10.1016/j.biotechadv.2017.11.007.

This review article summarizes the protein engineering studies performed with BVMQscaisés
on identifying hot spots that can be targeted when aiming at changing a specific prayfettg
enzyme.
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1 Background

1.1 Classification of BVMOs

Baeyer-Villiger monooxygenases (BVMOs) are flavin-dependent oxidoreductases and catalyze the
enzymatic insertion of an oxygen atom next to the carbonyl group of tbstrate (Scheme) 1"

0 BVMO O
= R
R1)J\ Rz \ R1)LO’ 2
Ketone O H,0 Ester/ Lactone
NAD(P)H + H* NAD(P)*

Scheme 10xidation of a ketone to an ester/lactone in a BVMO-catalyzed reaction.

Additionally, many BVMOs are able to oxygenate heteroatoms like sulfur, nitrggesphorus,
boron or seleniun®? The chemical Baeyer-Villiger oxidation (BVO) was first described by Baeyer and
VilligeP! and utilizes peracids or transition-metal catalysts as oxidation aferAs. BYMOs use
molecular oxygen directly from air and often display excellent stereoselectivity, theyaduable
biocatalysts for the generation of chiral esters and lactones. The enzymes act in aqueoasatnedi
ambient pressure and temperature, which makes them environmentally friendly and economical.
The majority of known BVMOs belong to the NADPH-dependent type | BVMOs that birahdAD
consist of one polypeptide chain catalyzing both, substrate oxidation and flediiction®™ These
enzymes possess two dinucleotide-binding domains called Rossmann folds$y edritain the
characteristic sequence motif GxGxx[GfAFurther sequence motifs characteristic for type | BVMOs
- called fingerprints - are FXGxxxHXxXW[P/B,  [A/G]GXWxxxx[F/Y]P[G/M]xxxth,
DX[I/L][V/IKXTG[Y/F] and [G/D][P/AXY xxxxxxxxPN[L/M][W/F]x&¥" New type | BVMOs are usually
identified through genome mining by the presence of these conserved sequence motifs.

The only two published examples of NADH- altiNFlependent type Il BVMOs are complementary
enzymes in the camphor degradation pathway Rfeudomonas putiddTCC 1745%! As these
enzymes require an external reductase, conversions with recombinant and durifie
2,5-diketocamphane-1,2-monooxygenase  (2,5-DKCMO) and  3,6-diketbaasifh,6-mono-
oxygenase (3,6-DKCMOQO) were only possible after addition of the flavin reductaserkie. colior
their natural reductase Fred fror®.putida™™ The camphor degradation d®. putida involves
another BVMO, which catalyzes the conversion of 2-dxé;5,5-trimethylcyclopentenylacetyl-
CoA The 2-oxo04-4,5,5-trimethylcyclopentenylacetyle® monooxygenase (OTEMO) is a dimeric
type | BVMO and was first recombinantly expressed and investigated in 2012, whets algtal
structure was elucidateg® **!

There are also examples of flavoproteiromooxygenases able to catalyze BVOs differing from
classical type | and Il BVMOs. The monooxygenase &temotrophomonas maltophili@ML 168
(SMFMO)is able to accomplish Baeyer-Villiger reactions using FAD and RAMMOIV from
Streptomyces argillaceustilizes NADPH and FAD and consists of only one polypeptide chain.
However, the typical sequence motifs, which can be found in type | BVMOs, are not pradahe
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protein structure varies significantly from those of type | BVMOs, making it necessary to separate this
enzyme from the remaining BVM®3.

For a long time, recombinant type | BVMOs were only available from prdiaigrigin The first
eukaryotic BVMO, cycloalkanone monooxygenase (CAMO) €ghimdrocarpon radicicoldATCC
11011, was characterized in 20%4%.Since then, several eukaryotic BVMOs have been cloned from
fungi (eight fromAspergillus flavu8” one fromAspergillus fumigatd¥’ and one from Aspergillus
clavatu$'®) and photosynthetic eukaryotes (the red alg&ganidioschyzon meroland the moss
Physcomitrella paten$®. Furthermore, the very recent screening of fungal ssaitentified BVMO
activity in 86 from 107 screened strains by using the benchmark substrate bicy€ijgi2-2-en-6-
one® Yarrowia lipolyticavas among the strains that tested positive for BVMO activity. Indeed, six
putative BVMO sequences Yh lipolyticavere identified by Mascotet all?? In this work, another 92
sequences of putative BVMOs were found, including 69 eukaryotic sequences from fungi, haptophyta
and eumetazoa species.

1.2 Mechanism and Structures of BVMOs

The mechanism of type | BVMOs was shown to proceed analogous to the chemical Baeger-Villig
oxidation by Ryersoat al. (Scheme 2§

Criegee intermediate

Ry
N N_. O
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N NH NH NH
o"HoO _ 0
H,N ! X
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N N*
]
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Scheme 2Enzymatic mechanism of the Baeyer-Villiger oxidation as catalyzed by BVMOS is\#xBsented in
blue, while NADPH is shown in light blue. The substrate apdupt are depicted in green and FAD is shown in
black (Figure from Ballet al.[24]).
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FAD is reduced by NADPH in the active site. The generated”N#dYB bound throughout the
reaction cycle. After entering the active site of the enzyme, the oxygen molecule birtds @xr-
atom of reduced FAD. This leads to the formation of a deprotonated flavinp€rbxide
intermediate, which attacks the carbonyl carbon of the substrate upon binding imdtiee site!*®

The thus formed Criegee intermediate exhibits a tetrahedral conformation and rearrangdgtso

the product and water are released. As firstly proposed for the enzymatic reacjidtelyet al.?®

and confirmed by quantum mechanical studies for the chemical BVthe migrating bond in the

Criegee intermediate has to be amti-periplanar positioning to the O-O bond of the peroxy group

(Scheme 3). The-bond with the highest migratory tendency connects the higher substituted residu

to the carbonyl carbon, as this residue stabilizes the partial positive charge duringathengement

of the Criegee intermediate more efficiently. The resulting lactonsgSe E |- 00 SZ ~v}iEu
product. However, the conversion of asymmetric substrates by BVMOs can also lead to the formation
}(8Z ~ VIEU O %E} p S3U AZ v §Z o0 e+« «|TheXhemiEal Baeyei-\filliger]PE § o
oxidation does usually not allow access to the abnormal product.

FAD
?,
E R1~®O'
: &
0 R1>|\ e He)
N + FAD-OH
+ FAD-OO R 0. E——
R1/lL R, 2 0 R1)I\O’R2
FAD

Criegee intermediate

Scheme 3Formation of the Criegee intermediate aadti-periplanar positioning of the migrating bond (Figure
from Balkeet al?¥).

An undesired side reaction in the catalytic cycle of BVMOs is the decay of the peraxytdlavi
hydrogen peroxide. This process is called uncoupling and occurs when the stabilifdtie peroxy-
flavin intermediate through NADRs insufficient?® The formation of hydrogen peroxide is not only
problematic as it leads to a reduced efficiency of the catalyst, but it also damages the enzyme.

The enzymatic mechanism of BVMOs has been studied extensively by the elucidatieverl
crystal structures. The first three-dimensional structure of a BVMO was published for the
phenylacetone monooxygenase froifhermobifida fuscgPAMO) in complex with FAD (PDB ID
1W4x)?% By providing further crystal structures of PAMO wild type and some PAMO variants with
co-crystallized FAD, NADEPDBIDs 2YLR and 2YLS (Figurd aadl the inhibitor 2--Morpholino)-
ethanesulfonic acid (MES) (PDB ID 2YLT), key stepe mechanism could be illustratéld These
structures show how the flavin-peroxide intermediate is stabilized in the active site ghrau
hydrogen bond between the N5 atom of the reduced FAD and the carboxamide gronpN#®P
(PDB ID 2YLS) (Figure 1b). Additionally, the importance of the catalytimengisidue R337 was
revealed®3Y. The interaction of the positively charged guanidinium group of this residtre the
ketone substrate helps to position the substrate and enhances its propensityndergo a
nucleophilic attack by the flavin-peroxide intermediate. In total 14 structuresAdi® variants are
availablg?%% %2
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Figure 1:Structure of phenylacetone monooxygenase (PAMO, PDB ID 2YLS). a) Tkresediah structure of
PAMO showing FAD (dark grey) and NA@&ht grey) in the active site of the enzyme. FAD-binding domain
(10-158 and 390-542) is shown in turquoise and the NADP-binding dqa&®889) is depicted in purple. b)
Active site of PAMO showing the cofactors NADBht grey), FAD (dark grey) and the catalytically relevant
R337 (purple). The hydrogen bond between the N5 atom of the redbéddl and the carboxamide group from
NADP is presented as a dashed line.

An insight into the domain movements during the catalytic cycle of the BVMOaragts provided

by crystal structures of the cyclohexanone monooxygenase frRimodococcussp. HI31
(CHMGQGoad P It is assumed that the enzyme is in thpen conformation (PDB ID 3GW# when

the oxygen molecule enters the active site and reacts with the reduced FAD cofactor. After the
substrate enters the active site the enzyme changes toldbseconformation (PDB ID 4RE%), in
which the initial interaction of enzyme and substrate comes about. The correct posgiof the
substrate guided by the catalytic arginine residue (Rg29 takes place in théight conformation
(PDB ID 4RG%f which makes this structure the most relevant for predicting stereo- and
regioselectivity of the enzyme. Before thight structure was available, it was thought that the
closedstructure (PDB ID 3GW{, which had already been elucidated in 2009, would present the
conformation, in which the substrate is bound. As the NAR&cks the interaction of the substrate
and the flavin-peroxide in thiéght andclosedconformation, the NADRnoves away from the FAD to
yield therotated conformation (PDB ID 3UEY, so that the Criegee intermediate can be formed.
The subsequent rearrangement of the intermediate is controlled by the directionality of therenz
which is defined by the position in which the oxygen atom is inserted. It is assumetth¢hatygen
atom will always be inserted at the position farther away from NAPBRjure 2).

Figure 2:Positioning of Xcaprolactone in the tight CHMQ 4, Structure revealing the directionality of the
enzyme. The oxygen atom is inserted at the position next to the-gevop of the substrate, which is farther
away from NADP (Figure from Yachniet al.[33°])
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As the migrating bond of the substrate has to be iraati-periplanar position to the O-O bond of the
peroxy group, only the orientation of the substrate will decide which enantiomer or regioisiamer
formed. Apart from the catalytic arginine there are no characteristic interactions of thstrsid

with active-site residues. These residues merely decide size and form of thegopatiket so that

any chemically suitable substrate that enters the active site could be convV&ted.

After product formation the enzyme changes first to tight, looseand then theopen conformation

to release the product, water and NADP

The crystal structures of PAMO and CHME have provided the most information on the
mechanism of BVMOs, but other BVMOs have been crystallized as well. Two structures of 3,6-
DKCMO (PDB>s 4UWM, 5AE®}! and six structures from OTEMO (PIDB 3UOV, 3UOX, 3UQY,
3U0Z, 3UP4 and 3UBY)are available as well as four from the steroid monooxygenase (STMO) from
Rhodococcus rhodochrof®DB IDs 4AP3, 4AP1, 4A0X, 4R0&)d one from the CHMO from
Thermocrispum municipdfmCHMO, PDB ID 5M%®)The available structures from eukaryotic type

| BVMO structures were solved for BVM@ssfrom Aspergillus flavugPDB ID 5J7%) and for the
polycyclic ketone monooxygenase frofthermothelomyces thermophiléPDB ID 5MQEY. The
crystallization of the atypical BVM(&enotrophomonas maltophiliflavoprotein monooxygenase
(SMFMO) (PDB ID 4A9%)and MtmOIV fromStreptomyces argillaceué®DB IDs 3FMW, 4K5R,
4K53¥> “were successful as well. All these structures broaden the knowledge of the mechanism of
BVMOs and will facilitate protein engineering studies.

1.3 Potential Applications for BVMOs

The substrate scopes of the different BVMOs vary significantly, as there are enzymes preferably
converting cyclic ketones, linear ketones, aromatic ketones, aryl-aliphaticé®tmmlarge ring cyclic
ketones There are BVMOs exhibiting broad substrate scopes with overlapping specifitifigpical
examples are the cyclohexanone monooxygenase frdoinetobacter sp. strain NCIMB 9781
(CHMQeined™*? and the cyclopentanone monooxygenase fr@mamonassp. strain NCIMB 9782
(CPMQomd™, which are both mostly active on cyclic ketones but exhibit different regio- and
stereoselectivitiesindeed, the different stereoselectivities of some enzymes were related to their
protein sequences and it was found that their biocatalytic behaviors allowed a family rolgste

the enzymes into a CHMO-type and a CPMO-type, which also correlated to trenseqnalysi&”

This rationale was extended, when the enantioselectivities and activities of these enzymes and the
cyclododecanone monooxygenase froRhodococcus rubelSC1 (CDM&Y towards specific
substrates were quantitatively compared, which led to the development of a tool forlatatalyst
evaluation®® The selectivity and performance of the CHMOs fréinetobacter (CHMQcineto,
Brachymonas(CHMQ.cn)'*”, Brevibacteriumsp. HCU (CHM@,)“¥ and Rhodococcusp. Phil
(CHMGhoso)™*® in the conversion of the investigated substrates was very similar and also mostly
resembled the behavior of CHMOs fraxrthrobactersp. BP2 (CHMQhrO)[“g] andXanthobacter flavus
(CHMQanind™® (CHMO-type), while the cyclohexanone monooxygenase 2 Bowibacteriumsp.

HCU (CHM&L,»"*® and CPMO (CPMO type) exhibit a different substrate spectrum. CDMO preferably
converts large ring cyclic ketones and showed a distinct substrate scope contpa@#dMO- and
CPMO-type enzymes in this study. Indeed, the substrate spectra of GHMCGPMO and CDMO are
complementary in a way that they cover the spectrum of investigated substrates (Figure 3
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— CDMORgpodo Jj

[e]

CPMOcoma R J
-CHMOXanIho - TR i

= . A X

Figure 3:Comparison of the substrate scopes of three different BVMOs (Figure froretl%iHﬁG]).

Completely different sets of substrates are converted by the 4-hydroxyacetophenone
monooxygenase fronPseudomonas fluoresce®eCB (HAPM®Y and PAMO, as they are active on
aryl-aliphatic ketones and aromatic ketones, respectively. Besides the acceptance of small aromatic
ketones, PAMO converts sulfif@sand shows low activity with linear keton€8.Even though the
substrate profile of this BVMO is rather narrow when compared to the extensively studied
CHMQgineto® *® PAMO is a valuable catalyst as it is solvent- and thermostabfe>* An interesting
potential application of PAMO and HAPMO is the conversion of the alipgatatic r-substituted t-

keto ester ethylrac-2-acetylpent-4-enoate to the diester, which was chemically hydrolyzed td yiel
enantiopure r-hydroxyesters®™ These compounds are widely applicable in the pharmaceutical
production of anticancer drugs and antibiotics as well as in the food industitycdfidersion of the
racemic starting material was achieved by applying dynamic kinetic resolution. The sabstrat
spontaneously racemizes at pH 9, so that tRequbstrate was selectively converted to th§-(
product®® Another example, where BVMOs were successfully used in an atypical conversion to
produce industrially relevant productss § Z IVA E+1BCIE}ACI 3} vaminaketdnes

with a set of BVMOs, including CPMO and CHMOs from different orgdffismshese studies the
abnormal products were formed as well allowing access to ehp#b L Gamirno acids after
hydrolysis of the abnormal estersCE } tanhinoketones (Scheme 4).

o] (o] o] o o]
o) HNJJ\O/ + 0 HNJ\O/ BVMO 0 HN)LO/ BYMO o HNJLO/ + H@J\o/
sodAie AL 0
o R R H,0 0, R 0, H,0 R W ~ R
+NADP* +NADPH +NADPH +NADP* o]
abnormal ester protected f-amino ketone normal ester
CAL-B autohydrolysis
X X
- -
w:\ © , CHoH no
CH,COOH + HO ~
Ho R ? ~"R
protected p—amino acid protected -amino alcohol

Scheme 4Regiodivergent conversion 6o E } § -aminbketone&® (Sheme adapted from Ballet al®%).
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The same set of BVMOs was also investigated in the conversion of terpenones andatitrites®”
Interestingly, the regioselectivities of CHMO-type BVMOs for the enantiomers of the terpenone
substrates differed, so that the enantiocomplementary regioisomeric lactones were formed. The
usage of CPMO-type BVMOs led to the formation of the abnormal products fotimshoibstrate
enantiomers>’® Abnormal product formation was also observed for the conversion of the chiral
nitrilolactone 2¢2-oxocyclohexyl)acetonitrile with CHMO-type BVMTY.

The typical substrate to study the regioselectivity of BVMQ@ssikicyclo[3.2.0]hept-2n-6-one The
conversion of this substrate by a BVMO is an established industrial prdcasd the reaction is of
interest for the synthesis of prostaglandifi8. The regioselectivity of BVMOs towards this substrate
differs, as some BVMOs show excellent regioselectivity for both enantiomers and ettiebit no
regioselectivity towards one of the enantiomers (Scheme 5).

normal product abnormal product

H ° H /Z)
—awe . %0 - (I
H

0]

H 0, H,0 H
(44 +*NADPH +NADP* (. (+)1b
HZO
+ NADPH + NADP*
(-)-1 (+)-1a (->1b

Scheme 5:Conversion of the two enantiomers oisbicyclo[3.2.0]hept-2n-6-one two the possible products
(Scheme adapted from Balke al®?).

BVMQy from Aspergillus fumigatusAf293"® CHMQcine™ CHMQewi®? and the recently
discovered BVMOs polycyclic ketone monooxygenase (PockeMO) Tfrbermothelomyces
thermophild® and TmMCHMO frorfthermocrispum municipaf® produce the normal lactonet)-1a
from (+)4 and the abnormal lactonet)-1b from (t)-1 both with excellent enantioselectivity. BVMO
AFL619 fromAspergillus flavushows opposite regioselectivity® BVMOs AFL456 and AFL838 only
produce the normal lactones from both enantioméré M09, MO14 and MO15 froRhodococcus
jostii RHAL catalyze the conversion raic-1 in an exceptional fashion as they only convert one
substrate enantiomer. Reactions with MO9 and MO15 lead to the formation of a mixturetbf b
(1S5R) regioisomers, whereas MO14 produces exclusively the normal lactdpgaf®! This
enantiodivergent conversion was used for the gram-scale resolution of the racemic substtate wi
MO14, so that ¢)-1 was obtained in enantiopure forfff! Examples for less regioselective enzymes
for the conversion ofac-1 are HAPMO'®® OTEMGY CHMQ,,2"*? PAMO?® BVMO RV3048€ and
BVMO AFL216™

Divergent regioselectivities for different BVMOs can also be observed for the conversiamgof lo
chain ketocarboxylic acid® Additionally, the conversion of aldehydes to formétes®™ or
carboxylic acid€” was reported, as well as the formation of a carbonate functionality in the
macrocyclic portion of Cytochalasin E by the fungal BVMO CcsB Aspergillus clavatus®
CHMQineto Was identified as a promising biocatalyst for the conversion of 2-butanone to the
industrially relevant methyl propanoaté’ This was the first report of the formation of abnormal
product from a small achiral aliphatic substrate. All these studies highlighgdtestial of regio- and
enantioselective conversions by BVMOs for industrial applications. However, one ahdke
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interesting Baeyer-Villiger oxidations for the industry is the standard CHMO reattt®formation

of Zcaprolactone from cyclohexanonéCaprolactone is an important building block in the polymer
synthesis of polyxcaprolactone and it is still produced chemically despite the hazardous peracetic
acid used as oxidation reagent and the modest selectivitytq8%)"? Therefore, several studies
aiming at providing a biocatalytic approach using ChHIMQ for the production of tcaprolactone

have been conducted in recent years. Enzymatic cascades were applied in order to overcome
limitations like cofactor recycling, substrate and product inhibition and Ithe stability of the
enzyme. One example is a bi-enzymatic cascade, where two equivalents of cyclohexanone are
converted by CHMgQiew While the alcohol dehydrogenase (ADH) frorhermoanaerobacter
ethanolicusconverts one equivalent of 1,6-hexanediol tkcaprolactone thus also regenerating
NADPH”® However, this cascade only solves the problem of cofactor regeneration. Another
approach is then-situ production of cyclohexanone from cyclohexanol using ADH fractobacillus
kefir!™ In this cascade, the substrate inhibition of the BVMO is circumvented and the cofactor is
recycled efficiently. It was also shown that the biotransformations proedddster in an aqueous-
isooctane biphasic solvent system and that this system allowénasitu-removal of the organic
reaction components, thus decreasing product inhibitiGhProduct inhibition can also be reduced
when the cascade is complemented by addition of lipase A fBamdida antarctic{CAL-AY® This
enzyme catalyzes the ring-opening polymerizationtoaprolactone, notably in an aqueous system,
thus removing it from the system (Figure 4).

-------------------------------------------------------------------------------------

P o8 K0
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NADP* LK-ADH ~ NADPH NADPH CHMO NADP*
OH 0 P D-glucose

: /I\ A cell metabolism

= isopropanol acetone H

1E coli BL2 1E coll BL21

------------------------------------------------------------------------------------

Figure 4:Cascade reaction for the production of poly-caprolactone. (Figure from Scemib{fG])

It was shown that chiral polyesters can also be produced in this cascade by using substituted
cyclohexanol as starting substrafd. At first the cascade was conducted by mixing whole cells
expressing ADH and a more stable CHMEQ variant and adding acetone for the cofactor
regeneration of the ADH reaction. NADPH for the BVMO reaction was recycled in thetablbiism

by addition of glucose (Figure 4). Recently, a system was developed, in Abilittanda stability-
optimized CHMQne10 Variant are expressed in one cell and the levels of the proteins are adjusted by
modification of the ribosome binding sit€! Furthermore, a fusion protein of the thermostable
TmCHMO and ADH was generated allowing 99% conversion of 200 mM substrate as TdoesIMO
not show product inhibitiod’” These approaches further facilitaiee application of the cascade.

A very impressive application of CHMgR, for the production of the drug esomeprazole was
achieved by Codexf&! In order to increase the stability and the enantioselectivity of the BVMO
41 mutations were introduced. The engineered variant displayed a 104-fold incresaleitity and

an enantioselectivity towards the desired enantiomer witt/@8e ®%

Even though the potential applications of CHMG. are very promising, the major drawback of the
enzyme is its low stability so that engineered enzyme variants have to be applied.
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1.4 Protein Engineering

Protein engineering of BVMOs is a well established tool to overcome liomisasuch as low stability,
poor enantioselectivity and narrow substrate scope. Depending on the available nanodu
information, different strategies can be pursued, when performing protein engineesindies
(Figure 5J%%

Directed Evolution |Semi-rationaIDesign| | Rational Design |
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Figure 5:Protein engineering methods sorted by the available knowledge vs.rénggeffort (Figure from
Balkeet al?¥).

Random mutagenesis of the gene of interest by methods like error-prone PCR &pRCiplied,
when no structural or mechanistic information are available. In order to identify s Imutant, a
suitable high-throughput screening needs to be developed. The most frequently higgd
throughput screening methods are spectrophotometric and fluorimetric assays pegtbrin
microtiter plates as they allow an efficient evaluation of a high numberapiants. BVMO activity
can be measured spectrophotometrically by following the absorption of NADPH ain34%/hen an
appropriate substrate is added to the reaction mixture, NADPH will be convest&tADP, which
does not show an absorption maximum at 340 fithHowever, as an uncoupled reaction,Q4
formation) will also consume NADPH, appropriate blank measurements have to bectathdund

the product formation for interesting variants has to be verified by GC measurements. Theilsgreen
of extensive mutant libraries using this method can be facilitated by robotic platfétms

The elucidation of crystal structures from BVMOs and the gained knowledge on the enzymatic
mechanism enabled rational protein design of the target protein. Docking studiescufitiputer
programs like YASAEA facilitate the selection of potential positions to be mutated and they
provide indications as to why a certain enzyme variant exhibits a specific progédrey.major
advantage of rational protein design is the limitation of the amount of mutants that Havbe
investigated. However, it is hard to predict the specific influence of mutations, so thabmand
mutagenesis might sometimes lead to an interesting variant, which would ne& been identified
through rational design. Particularly, the effect of multiple mutations cannot bemestid in
advance, as they will change the whole interaction network in the enzyme. For that reason, the semi-
rational protein design has become a popular approach in the protein engiigeef BVMOs as it is a
combination of rational protein design and directed evolution. Methoitte the combinatorial
active-site saturation test (CAS®)in combination with iterative saturation mutagenesis (18%)
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the protein sequence-activity relationships (ProSAR) strétégy a 3DM databas®! are utilized for

the generation of enzyme variants with the desired propehtygeneral, specific promising residues

are chosen, which are mutated by using degenerate primers. This way, small-but-smart libraries are
created® Even though, protein engineering methods have been successfully applied using,BVMOs
there are also challenges that hamper the generation of BVMO variants with the desired property
Due to the complex domain movements of BVMOs during the catalytic cycle, the prediftion
relevant residues interacting with the substrate is complicated. Additionally, mutatiminght
negatively affect stability and the uncoupling rate might be increased, when active-sileiessire
mutated. Thus, the knowledge of potentially beneficial mutations facilitates the process of
generating BVMO variants with the desired properties.

2 Controlling the Regioselectivity of BVMOs

The main focus of this dissertation was to control the regioselectivity of BVMOs for certain reaction
As described in section 1.3, there are many interesting applications of BVMOs stabwimgnal
product formation. However, the enzymes often do not exhibit perfect regioteigt so that a
mixture of normal and abnormal product is generated. In order to be able to efficiapfly these
biotransformations, it is essential to understand how regioselectivity is controfiedihat the
desired product is exclusively formed. It has been observed that the regioseleatasitybe
influenced by substrate and enzyme concentration and the rate of oxygen stfppiy.”* it has
even been shown that the temperature has an impact on the ratio of normal to ataigroduct!®”
However, in order to substantially alter the regioselectivity, protein engineeringchbe applied to

the used BVMO.

2.1 Switching the Regioselectivity of CHM@, for (+)irans-dihydrocarvone
ARTICLE

The first example of a successful protein engineering approach changing the regiosgletta
BVMO was published imrticle 1° As a model reaction to study effects influencing the
regioselectivity, the conversion of (trpns-dihydrocarvone by CHM@,, was chosen. This reaction

had already been investigated and it was reported that the enzyme produces exclusively the

abnormal lactoné>’®

A +NADPH +NADP+
(+)-2 (-)-2a

Scheme 6Conversion of (Hrans-dihydrocarvone ((+2) to the normal (§)-2a) andabnormal ((+)2a) lactone.
Wild-type CHM®qo exclusively forms the abnormal lactone from 2HFigure adapted from Ballet aI.[GO]).
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In order to change the regioselectivity of CHM@®, it was essential to understand the enzymatic
mechanism and to have a reliable structural model. The crystal structures of gHM®@esent the
different conformations throughout the catalytic cycle and the enzyme shows 8#%olbgy to
CHMQ - Thus, a homology model of CHME, based on theclosedandrotated structures was
generated with YASARA. At that time ttight structure had not been published yet and as the
closedstructure represented the conformation in which the substrate is bound, while the enzyme
adapts therotated conformation in order to form the Criegee intermediate, these structures seemed
to be suitable foundations for performing protein engineering. Based on the genehateublogy
models, 16 active-site residues presumably relevant for substrate positioning were identified, of
which 13 were mutated to alanine. This way, the relevance of the positions for substrdiagimas
supposed to be evaluated. The catalytically active arginine (R3#B327xcinetd R337%amg Was not
mutated, as well as residues W543 (W4Q24W490xcinet9 and D110 (D58oddD57acinetd D66pamg, aS
these were already shown to be relevant for catalysis in other BVMOs

The generated variants were expressedimroli BL21(DE3) and the regioselectivity was investigated
by whole-cell biocatalysis, which facilitates the cofactor regeneration (Table 1).

Table 1:Overview of the generated mutants in the first round of mutagenesis (Table frtka éiaal.[gs]).

Variant Substrate conversion [%] (48 h) Normal : abnormal [%]
Wild type 93.5 0:100
Y104A 8.3 0:100
L196A 54.6 0.4:99.6
S239A 98.7 0.1:99.9
Q242A 85.5 0.1:99.9
Q243A 24 0:100
F299A 33.2 59:41
F330A 39 3.2:96.8
L382A 73 0:100
C383A 74.6 0.3:99.7
F485A 70.2 0:100
L488A 56.5 1.5:98.5
F558A 6 10.4:89.6

Only variant F299A showed a significantly altered regioselectivity, as this enzymeguiobado
normal lactone instead of 100% abnormal lactone when compared to the wild-typenen/ariant
F330A formed 3% normal lactone and was the only other variant exhibiting acodty and a
changed regioselectivity. The double mutant was created and investigated. The \F8#/F330A
already produced 89% normal lactone in small-scale whole-cell biocatalysis.

At that point, the CHM@\qq0tight structure was published and seemed to be a promising scaffold for
predicting enantio- and regioselectivity. Docking studies with homologyetacaf CHM@,, wild
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type, F299A and F299A/F330A in thght conformation and the normal and abnormal lactones were
performed (Figure 6).

W;“»:.P‘i"
A . R380

L1979 S
e ®
\‘.

Figure 6:Comparison of the results from the docking studies with the laetproducts for CHMg&y, tight
structures. a) Docking result of the abnormal lacto8gif the wild-type structure. Docking experiments with
the normal lactone (3) in the b) F299#ght structure, c¢) F299A/F330A structure and d) in the
F299A/f330A/F485A structure. The protein is shown in green, important resighgedepicted in purple, FAD is
shown in light grey and NADR shown in dark grey. The normal and abnormal products are miesén
yellow (Figure from Balket al®).

When comparing the docking results of the wild-type enzyme with the abnormal lactoneg(Bigu
and F299A with the normal lactone (Figure @&l)jnverted position of the products can be observed.
Similar positions will also be occupied by the substrafdg substrate has to be oriented differently
in the active site for the formation of the two regioisomendis is due to the fact that a different
bond has to be in aranti-periplanar position to the peroxy-bond of the peroxy-flavin for the
formation of the normal and the abnormal product.

The isopropenyl residue of the substrate in the wild-type structure is in the same plane @sghas
the substrate is tilted sideways (Figure 6a). This way, the substrate/product residues idterfere
with any active-site residues. The substrate has to bind in a position rotated 180° fortetifin of
the normal product. In this conformation, the isopropenyl residue of the substratelped points
toward W543 and F558 (Figure 6b)

The docking result of the double mutant F299A/F330A shows, that the abnormal prigduited
slightly sideways and moved away from the active site (Figure 6¢). The megiuyle of the product
points toward F299 and F330. In order to further enhance the regioselectivityoamiotain only the
normal product, several triple mutants were designed. Variants with the L196E3%F mutation
were created in order to impede the usual substrate binding for the formation of the rafeilo
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product. The large phenylalanine residue would block the space, which thepmnyl residue of
the substrate usually occupies, when positioned for abnormal product formation. The opwtati
positions F485 and F558 to smaller residues was supposed to facilitate thegbofdhe substrate,
as the active site is opened up and room is created for the large substrate residue. All thastsvari
showed an improved ratio of normal to abnormal product when compared to the ldootutant
(Table 2).

Table2: Overview of the generated CHMG:, variants comparing substrate conversion and ratio of normal to
abnormal product (Table adapted from Batieal*®).

Enzyme variant Conversion of+)2 [%]  Normal : abnormal
Wild type 100 0:100
L196F/F299A/F330A 14 96:4
L197F/F299A/F330A 19 92:8
F299A/F330A/F485A 39 99:1
F299A/F330A/F558V 12 95:5

A complete inversiorf regioselectivity was achieved with variant F299A/F330A/F485A, which
produced 99% normal lactone in small-scale whole-cell biocatalysis instea@08&6 abnormal
lactone in case of the wild-type enzyme. These results were also confirmed in larger scalighath h
substrate loadings and with purified enzymes.

Variants with valine instead of alanine were also created. In the single andedouitants, valine in
position F299 proved to be beneficial, as these variants produced more normal producthtan
respective variants with alanine (Figure Adlditionally, the beneficial mutations were transferred to
CHMQinetoand the switch in regioselectivity was observed as well (mutations: F246VIFZB2A).

100 A [ abnormal lactone [%]

I normal lactone [%)]
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Figure 7:Comparison of the amount of abnormal and normal lactone produced by GkM@nd relevant
variants (Figure from Ballet al®®).
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A docking experiment was performed with the CHME F299A/F330A/F485Aght homology
model and the normal lactone (Figure 6@he additional mutation of F485A creates more space for
the isopropenyl residue and the normal product is tilted sideways in this dockinglikasthe
abnormal product in the wild-type structure. Indeed, superposition oksthdocking results shoed

that the isopropenyl residue of the normal product would collide with F48%he wild-type
structure. Additionally, the methyl group would clash with F330.

This article is the first description of a semi-rational protein engineeringoagp, that was used in
order to change the regioselectivity of a BVMO and it contributes to the understgrafi how
regioselectivity is controlled. As described in section 1.2, apart from the datdlytrelevant
arginine, the active-site residues of a BVMO do not show any specific interadgth the substrate.
However, these residues shape the active site, so that the accepted substrates are positianed in
certain way. The docking experiments performed in this work show, that the substrate is positioned
differently for the formation of the normal and the abnormal lactone. The active sitagild-type
CHMQ 1o and CHMG@net0are built in a way that the substrate cannot be bound in order to yield the
normal lactone from (Hrans-dihydrocarvoneMerely by creating sufficient space, the substrate can
bind in an inverted position, so that the normal product can be exclusively produced.

2.2 Controlling the Regioselectivity of OTEMO fais-bicyclo[3.2.0]hept-2en-6-one
and (+)trans-dihydrocarvone
ARTICLH

The aim of the second study was to investigate whether it is possible to transfer thdekiye
gained fromArticle | on a different enzyme/substrate system. It had been reported that OTEMO
converts the racemic benchmark BVMO substratebicyclo[3.2.0]hept-2n-6-one (BCHto a
mixture of the regioisomers (Scheme 5, section #38)The detected ratio of normal to abnormal
product was 3 : 1 with 33%e for the normal lactone {)-1b and 99%ee for the abnormal product
(+)1a™! From these results it can be concluded thatB€His exclusively converted to the normal
product, whereas the enzyme does not exhibit regioselectivity f(pBCH so that it is converted to a
1: 1 mixture of normal and abnormal product. A semi-rational protein engingeapproach was
again chosen in order to change the regioselectivity of OTEMO for both enantiomd&€Hbf
Additionally, the regioselectivities of OTEMO for (+)- afdréans-dihydrocarvone and of CHM@
for (t)-trans-dihydrocarvone were investigatet’

Several crystal structures of OTEMO had been published in 2012 and it was statduethised
OTEMO structure (PDB ID 3UBH)ws high similarity to theclosedstructure of CHM@ugo ™ A
structural alignment of OTEM¢.qand thetight structure of CHM@).qo Which had proved to be a
good scaffold for the prediction of regioselectivity in the first study, revealegsimilar active-site
architecture in both structures. However, the catalytically relevant arginine (R8##R32%nod9 iN
the OTEMO structure blocks the optimal binding position of the substrate (Figure 8)

In a first round of mutagenesis ten active-site residues were mutated to agiiable 3). Variants
F255A, P145A and Y285 produced the highest amounts of normal lactone fjem whereas
W288A, T442A and W501A were the most interesting variants for abnormal produdtionfrom
the substrate.
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Table 3:Production of normal lactone (#a and abnormal lactone tf-1b from (t)-1 by best-performing
OTEMO variants (Table from Baﬂteal.[m]).

OTEMO variant (+)-1a [od! OTEMO variant (1)-1b [%]"
WT 50 WT 50
Y285A 75 W288A 72
P145A 78 T442A 77
F255A 81 W501A 95
F443V 82 W288F 75
Y285F 82 W501E 83
F255V 87 W501V 95
Y285V 89 F443A/W501A 89
F255V/Y285V/F443V 88 F443V/W501A 91
F255V/Y285A/F443V 89

F255A/F443V 90

F255V/F443V 95

[ determined by GC analysis for small-scale whole-cell biocatalyactions withrac-1 (All
experiments were performed in triplicates).

Subsequently, variants with valine, serine and phenylalanine instead of alanine were created
(Table 3)In case of the normal product formation fromf){BCH variants F255V, Y285V, Y285F and
F443V showed improved regioselectivity compared to their alanine counterparts. Repdhe
abnormal product formation, the new variants did not exhibit significantimproved
regioselectivities.

In order to further increase the regioselectivity, double and triple mutants from the mmshiging
positions were created (Table.Finally, variant F255V/F443V was identified as the best enzyme for
the production of the normal lactone fromt)-l producing 95% (+)a, while W501A and W501V
produced 95% abnormal product)flb from (t)-1 in small-scale whole-cell biocatalysis reactions.
Similar results were obtained, when the variants were applied in larger scale whole-cethmeaumti
when purified enzyme was used.

When comparing the most influential positions with the residues mutated in CtHM@r switching

the regioselectivity towards (#jans-dihydrocarvone, it becomes obvious that the residues
important for controlling normal product formation fromt}-1 in OTEMO and the mutated residues

in CHMQno are in the same positions. F255bvo equals F298u., Y28%temo COrresponds to
F33Qinro and F443renmois in the same position as F485%, (Figure §.
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Figure 8:Comparison of the position of active-site residues in CliM{yellow) and OTEMO (purple) relevant
for changing the regioselectivity. FAD and NARRe depicted in light grey (CHM@.) and dark grey
(OTEMO). The catalytically active arginine is shown for reference (Figur8éieet al®”).

The corresponding residue to W5@twohas been found to be essential for activity in CHMOs. The
CHMQnogo WA29A mutant was shown to have lower activity and NA&ffnity **® but increased
selectivity towards a number of substrates when compared to the wild-type enZj#iehe OTEMO
W501 variants still showed sufficient activity and mutation of this residue tolsnmahino acids led

to variants producing the highest amounts of abnormal lactone frayd.(

Even though the reported crystal structure OTEMQ, (PDB ID 3UP4) did not seem to sufficiently
represent the conformation in which the substrate is bound, docking experiments with the four
possible products were performed in order to determine whether explanation of theefixgal
mutations is possible. The docking results showed that the mutations enable different substrate
orientations, thus facilitating the formation of the normal lactone with the variant F2558%4and

the abnormal product formation with the variant W501%.

It was also investigated, whether a switch in regioselectivity is possiblaniprof the generated
OTEMO variants in the reaction with €i3-bicyclo[3.2.0]hept-2n-6-one. The wild-type enzyme
only produces the normal product from this substrate. The single mutants W501A, F2858V and
P145A were the only variants, which produced small amounts of abnormal produmt (frpl.
Variants producing the highest amounts of abnormal product were mutated in the gasitions as
CHMQno for (+)trans-dihydrocarvone conversion. The triple mutant F255V/Y285V/F443V
produced 23% and variant F255V/Y285A/F443V formed even 35% of abnormattpigdwever, a
complete switch of regioselectivity for the reaction of OTEMO withL(8Quld not be achieved with
any of the variants. The docking experiment indicates that complete reversal of regioselectifity mi
not be possible because the substrate has to move too close to the isoalloxaziaty mbiFAD,
when oriented for abnormal product formation, thus increasing sterical hindrance.

The regioselectivity of the OTEMO variants towards both regioisomdrarsfdihydrocarvone was
also investigated. The wild-type enzyme produces 95% abnormal lactone freman(s-gihydro-
carvone and 98.5% normal lactone from)+rans-dihydrocarvone, thus exhibiting the same
regioselectivity as CHM@\.. In small-scale whole-cell biocatalysis reactions all variants harboring
mutation F255A or F255V converted @exclusively to the normal lactone. F255A exhibited the
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highest activity and was also investigated as purified enzyme, with which the samsefegiivity

was observed. The docking experiment with the OTEMO F255A structure and the normal lactone
showed that the methyl residue of the product would interfere with F255 (Fi§urBlutation of this
residue was necessary for an inverted positioning of the substrate, so that the nosteddrof the
abnormal lactone could be formed. It should be noted again, that &2R5 corresponds to
F299ro, Which was also mutated for switching the regioselectivity of ChiiQowards (+)2.

X )_-g
"“’}:i

—

F255A

<

Figure 9: Docking result of the OTEMO F255A variant with the normal lactdp@a(from (+)trans
dihydrocarvone (yellow). The residue F255A is shown in purple,iABpicted in light grey and NADR
shown in dark grey (Figure from Batieal®).

In all of the created OTEMO and CHMSJ variants, which exhibited the desired regioselectivity, it
was sufficient to mutate large residues to smaller ones, so that more space in the actifa site
inverted substrate positioning was created. It is intriguing, that increasing the sp#ue active site
would lead to exclusive formation of one product. In this large substrateiignpocket, substrate
positioning for normal and abnormal product should be possible. A pessiplanation could be
that the normal product will always be preferably produced, due to the better stabdizaturing

the rearrangement of the Criegee intermediate. It might also be possible, that by intrgducin
mutations, the substrate cannot be coordinated in the original positiosingmore. Additionally,
sterical hindrance might be reduced in the substrate orientation, which was made possible by
introducing mutations.

In case of the conversion of){trans-dihydrocarvone by OTEMO and CHM§J, the docking results
suggested that an inversion of the regioselectivity might not be possible, as a rotasétbping of

the substrate would move the methyl residue of the substrate in too close pityxioi NADP.
Indeed, none of the investigated OTEMO and CliM§rariants were able to produce the abnormal
lactone from (t)-trans-dihydrocarvone, confirming that mutating active-site residues cannot lead t
an inverted regioselectivity.

This study proved that the findings froArticle |, can be transferred to other enzyme/substrate
combinations as well. The desired regioselectivities for the conversiot)-ois(icyclo[3.2.0]hept-2-
en-6-one by OTEMO were established and the regioselectivity of OTEMO for the canedréi)-
trans-dihydrocarvone was switched. The relevant amino acid positions for the famati the
normal lactones from {)-1 and (+)2 in OTEMO were partly the same and mutation of corresponding
amino acids in CHM&h, and CHM@®,ne0also led to a switch of regioselectivity for the conversion of
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(+)2.°% Thus, the results from this study show that there are certain amindsawihich can be
targeted as hot spots when aiming at changing the regioselectivity. Furthermore, sterical effects
influence the substrate positioning for different enzyme/substrate combinations to such antexte
that the regioselectivity can be inversed.

3 Influencing the Sulfoxidation Activity

ARTICLHI

Many BVMOs show a high versatility in their catalyzed reactions, as they arelyatobato convert
ketones and aldehydes but also oxygenate heteroatoms like sulfur, nitrogen, phosphron or
selenium. Since chiral sulfoxides are important building blocks for pharmaceuticals ansioansed

as chiral auxiliaries for organic synthesis, the sulfoxidation activity of BVMOs hathberibject of
considerable research throughout the ye&f8. ¥ Even though the biocatalytic synthesis of chiral
sulfoxides is advantageous compared to the chemical BVO as the enzymes generally exhibit hig
regio- and enantioselectivities and because no toxic waste is generated, the major drawbazk is th
possible overoxidation of sulfoxides to sulfones in the enzymatic reaction (8chgtt: 0 8¢ 820, 9]

The identification of enzymatic residues influencing this overoxidation woulthdmeficial, as it
might help to reduce this unwanted side reaction by applying methods of protein engigee

e
.. BVMO O\S_,&- BWMO O P
R™R; N RI® R, N R R,
Sulfide 0, H,0 Sulfoxide 0, H,0 Sulfone

NADPH +H*  NADP* NADPH + H*  NADP*

Scheme 7BVMOs are able to perform sulfoxidation reactios@metimes also catalyzing the overoxidation to
sulfones. (Figure from Bordewiekal.[%])

Article Il describes the identification of nine new BVMOs from the ascomycetous Yeasbwia
lipolytica, of which eight were cloned and recombinantly expressed (YMOsA-Bgsides the
achievement of identifying new eukaryotic BVMOs, which offers the opportunity to broaden the
spectrum of accessible products, YMOA was especially interesting, as this enasnaoticonvert
ketones but was only active on sulfides and sulfoxides. The results from the substrate screening an
the GC analysis allowed the conclusion that YMOA produces the sulfones from diswdfoyide
(DMSO), methyp-tolyl sulfide (MTS) and methyl phenyl sulfide (MPS). Thus, this enzyme seemed to
be a valuable scaffold for the investigation of relevant residues influencifigxsld and sulfone
formation. For this, a rational protein engineering approach based on structure- amebsee
alignments was conducted.

A homology model of YMOA was created with YASARA and subsequently aligned with the PAMO
structure (PDB ID 2YLR), which has also been studied in regard to sulfoxiG&tionS. !
Additionally, a multiple sequence alignment wittb relevant sequences including YMOA was
performed. The alignments were used to identify promising positions at the FAD- and NAGg-bin
sites and in the active site of the enzyme (FigLOg
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R367
K336
R368
R337

Figure 10: Alignment of PAMO (2YLR) and YMOA homology model showinge®gidssibly relevant for the
sulfoxidation activity (Figure adapted from Bordewdtkal.”).

In the active site V121 was chosen for mutagenesis and it was replaced by threonine, since most
BVMOs displayed this amino acid in the respective position in the sequence alignmarg (fig).
Additionally, active-site residues Y477, Y479, C480 and A483 were targetel,amhilocated on a
different loop near the polar side of the isoalloxazine group (Figure 10b)lafyntd V121T, the
residues were replaced by the amino acids conserved in most of the regular BVMOs. Residige R367
located next to the catalytically relevant arginine (R@g and the sequence and structural
alignments showed that YMOA and BVMQwere the only enzymes displaying an arginine at
position 367, while lysine was almost universally conserved in the other sequences (Fig)
Residues K274 and R275 are involved in the binding of NADPH and teacealignment showed

that arginine and threonine/serine were conserved among all other BVMOs in the respective posi
tions (Figure 10d). Thus, the double mutant K274R/R275S was chosen for investigation

The conversions of the sulfides MTS and MPS by the YMOA variants were investigdtebtinell
biocatalysis and the sulfone/sulfoxide ratios were determined (Figlye
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Figurell: Relative amounts of sulfoxide and sulfone products obtained related to theiats@roduced by
YMOA wild type. a) Comparison of MTSO and MB&0unts. b) Comparison of MPSO and MP&@bunts
(Figure from Bordewickt al.[%]).
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Variants V121T and Y479G produced higher amounts of sulfone than the wild-type eft@me.
other variants reduced the sulfone production. Especially, the sulfone/sulfoxide ratioafant
R367K decreased significantly for both substrates. The conversion of MPS with Ydig@®P gave

the best result, as the amount of sulfoxide was more than doubled, while the sulfone yisld wa
significantly decreased. Variant K274R/R275T showed a similar behavior for both substrates. The
variants were also used for the conversion of the sulfoxides MTSO, MPSO and DMSO incehlvhole
reaction, which mostly confirmed the previous results. Variants R367K and YAJdiRqd less
sulfone than the wild type in all cases. However, variant K274R/R275T fulgrieshidMSO to the
sulfone, even though sulfone formation was reduced for MTS/MTSO and MPS/MPSOM&GI D
conversion was also achieved with the wild-type enzyme and the variants V121 7429@. YT his
conversion to DMS{has not been reported for any other characterized BVMO to date.

There are some possible explanations as to why the mutations had the described effeetse lof
Y477P, the chosen mutation introduced the same residue found in PAMO andtutedsti large
change in residue size, while also decreasing the backbone flexibility. In a studiMant®y Zhangt

al., the corresponding residue (P44fo was mutated to isoleucine, which led to an increased
flexibility of the loop and a higher sulfone formatiBfi. Thus, it is plausible that the opposite
mutation in YMOA should also have the opposite effect, a reduction in sulfone form&ewgarding
K274, R275 and R367 in the YMOA NADPH-binding site, the introdo€ttbe conserved amino
acids from other BVMOs might have led to a change of the NADPH orientation. An NADPH
orientation, which more closely resembles the one found in other type | BVMO displayiegrites

of sulfone formation, might also lead to a reduction of the sulfone production iI©@XM

This mutational study offers information on relevant enzymatic residues influettfengulfoxidation
activity of BVMOs. As the overoxidation of sulfoxides to sulfones is undesirabl&ntwledge will
facilitate future protein engineering attempts aiming at reducing the sulfone formaitioBVMO-
catalyzed reactions.

4 Improving the stability of CHMO
ARTICLEV

Even though many interesting BVMO-catalyzed reactions have been publisties past 20 years,
up-scaling of these reactions to an industrial scale is often not achieved. Especially&igMdich
has been studied extensively, would be a promising catalyst in a varietypli¢atjons, were it not
for the poor stability of this enzyme. There have been studies, where the thermostabitityhan
stability towards oxidation of CHMgww have been increased by protein engineering, but the
created variants exhibited lower activities than the wild tﬁ?b‘.l’hus, the aim of the work described
in Article IV was the increase of thermostability and oxidative stability of ClliMEwithout loss of
activity ® A homology model based on the crystal structure of CHM@(PDB ID 3GWD) was
created, which was subsequently analyzed by the software Disulfide by Qé&€The software
predicts prospective disulfide bond partners and calculates the energy for each of thesangraabl
ranking. Careful evaluation of the 70 predicted disulfide bonds left three aminopagid, which
were chosen for experimental investigation. Additionally, another pair of armgids was mutated
to cysteines due to their close spatial positioning, even though they were notigheeldby the
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software. The investigated disulfide bond variants were P254C-D286C (DSQY;-AN293C (DS2),
T415C-A463C (DS3) and Y411C-A463C (DS4) (Rgure

Figure12: Positions chosen for the creation of disulfide bond mutant€HMQineto (Figure from Schmidit
al"*%)

Activity measurements of the purified disulfide mutants and several combinatorisntaishowed

that only variant DS3 (T415C-A463C) retained its activity compared to ttheypwd. The variants
were further investigated in stability studies. The lifetime of the enzyme, which is the most relevan
parameter for biocatalysis reactions, was determined by incubation at a specific tempeifatur

24 h. The DS3 variant showed a 3-fold increase in half life at 25°C compatbd wild type.
Regarding the thermostability, which can be determined by measuring the activity of the enzyme a
different temperatures, DS3 showed significantly improved activities at temperatures between 20
and 45°C (activity-temperature profile). The measurement of the melting temperatures by CD
spectroscopy confirmed variant DS3 as being superior to the other variants and wild-type
CHMQcineto as the melting temperature was increased by 5°C (RS36.4°CY*

In addition to the thermostability, the oxidative stability of the variants was determined disbye
incubation with different concentrations of hydrogen peroxidgOkican be formed by a BVMO due

to decay of the peroxy-flavin, when no substrate is present. This uncoupling reaetiotead to
diminished activity of the enzyme as amino acids might be oxidizecarWdxi290C-A293C (DS2)
showed a higher oxidative stability than CHMG, wild type as this variant retained activity at
50mM HO.. Unfortunately, combination of the DS2 and DS3 mutations did not lead to a variant with
increased thermo- and oxidative stability.

The correct formation of disulfide bonds was supposed to be confirmed by thiopdabeling using
4-(aminosulfonyl)-7-fluorobenzofurazane (ABPinterestingly, the improved variant DS3 does not
form a disulfide bond. Thus, a double mutant with serine in position B4l A463 and single
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mutants with cysteine and serine in these positions were created, in order to determine afich
mutations exerted the beneficial effects.

Since the activity temperature profiles of the enzymes showed that the variants A463S and T415C
have higher residual activities than the wild type at most temperatures, but neither varian
performed as well as the double mutant DS3, it was concluded that both mutations are essential fo
the increased thermostability. However, the results from the long-term stability showed that variant
T415C is much longer stable at 25°C than DS3 resulting in an 8-fold incrdedE libé of T415C
compared to CHMRineto Wild type (Figurel3). The melting temperature of T415C was also slightly
higher as for DS3 (T4156-87.5°C).
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Figure B: a) Activity-temperature profiles of CHMO wild type)( variant DS3|(), variant T415Cd), variant
T415S ), variant A463C () and variant A463S.(). b) Long-term stability of CHMO wild type and mutants.
The relative initial rate at t = 0 min was normalized to 1008¢. GHMO wild typeZ), variant DS3|(), variant
T415C @), variant T415SY(), variant A463C () and variant A463S.() are displayed (Figure from Schmédt
al.roo,

In consequence, CHM@\ew Variants with increased oxidative stability and increased thermostability
were successfully created. Especially the obtained variant T415C, which still exhibits highfactivity
cyclohexanone and shows an 8-fold increased half life compared to the wild typeyrimising
candidate for an industrial biocatalytic process using a BVMO.

5 Hot Spots in the Protein Engineering of BVMOs
ARTICLY

The rational and the semi-rational protein engineering are facilitated the morennation on the
relevant subject are available. This includes structural data and mechanistic informatrosil s
knowledge about potentially relevant residues that should be targeted when aiming agiclgaa
certain enzyme property. Previously published studies with similar aims are vafoabk#ations on
which to build on own protein engineering attemp#tticle Vis a review article giving an overview
of protein engineering studies conducted with BVMOs with the aims to broaden the substrais sco
control the regioselectivity, improve the enantioselectivity, influence the sulfoxida#otivity,
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change the cofactor usage and create more stable enzyifleSummarizing all these different
studies led to the identification of hot spots that can be targeted when aiming at inmgalfferent
enzyme properties. Some enzymatic residues even turned out to influence several enzyme gsoperti
when being mutated.

5.1 Substrate Scope

Most of the studies aiming at broadening the substrate scope of a BVMO have been conducted with
PAMO. Unfortunately, this thermostable enzyme exhibits a narrow substrate range, which limits its
potential for a broa application. In order to widen the substrate scope of this enzyme, structural
comparison of the PAMO crystal structure with homology models of CHMO and CRiib@irex

very broad substrate spectra were often performékhis led to the identification of a bulge in a
PAMO loop near the active-site spanning residues 441-444, which is not pre<eAtM@ (Figure

14). The bulge residues and the neighboring residue R4#0vere targeted in several studies
resulting in variants tolerating substituted cyclohexanone derivatt/8sComparison of the PAMO
structure with the CPMO homology model inspired the creation of the PAMO variant M446gh, whi
performed well in the conversion of several prochiral cyclic ketdfieBarraet al. created a mutant,
which was able to fully convert low concentrations of cyclohexah&hdy targeting the bulge
residues as well as two other residues (Q93/P94), which had been fouinfitence the substrate
scope of PAMO by inducing allosteric effechat lead to a reshaping of the active sit¥! The
variant Q93N/P94D/P440F was used in an iterative saturation mutagenesis (ISM) appvbadh

led to the creation of two PAMO variants able to catalyze the desired reaction.

Figure14: Hot spots for the substrate specificity of PAMO. a) Bulge Residue4444and residues P440 and
M446. b) Residues Q93 and P94 are situated remote from the active site. FA@vis in dark grey (Figar
from Balkeet al.[24]).

5.2 Regioselectivity

Apart from the studies described in section/ticles 1and 11)** *¥ there have recently been more
protein engineering studies changing the regioselectivity of BVMOs. The already mentioned
production of methyl propanoate by CHMG., Was improved with the variant T56S/L435N/1491A,
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so that equal amounts of the normal and abnormal product were obtaiffeddditionally, the
regioselectivities of the first identified BVMOs involved in the anabolism of diffé@&eptomyces
strains were analyzed™ The BVMOs PntE and PenE frBrexfoliatusand S.arenaecatalyze the
conversion of 1-deoxgd-oxopentalenic acid to the abnormal product pentalenolactone D, whereas
PtIE fromS.avermitilis converts the substrate to neopentalenolactone D, the normal product. A
sequence alignment-guided approach led to the identification of six poteniiaibresting residues

in PntE. They found that mutating L185 to serine leads to a complete switehioselectivity as this
variant produces 93% of the normal product neopentalenolactone D instead &b 96
pentalenolactone D (Schemg. 8

PYIE/
"L CO-H PntE 5 COM  pnEL1gss ™ COH

o H,0 0, __Y 0, H,0 ~
o)

o NADP* NADPH +H* O NADPH + H* NADP*

pentalenolactone D 1-deoxy-11-oxopentalenic acid neopentalenolactone D

Scheme 8Conversion of 1-deoxy2-oxopentalenic acid to the abnormal product pentalenolactone D by-wild
type PntE and to the normal lactone neopentalenolactone D by tyjid-PtIE and PntE variant L185%"
(Figure from Balket al?*).

The corresponding positions to L13% in other BVMOs have been shown to be relevant for
controlling the regioselectivity as well. Mutation of residues Q152 in PANM@5 in CHMg)oqand
F156 in WDK ]Jv(op v §Z viCu <[ ](( E V& ¥ Muthtionoof 41144 S « X
CHMQnro affected regioselectivity for (+yans-dihydrocarvond®® while the OTEMO variaf145A
showed changed regioselectivities for both enantiomers of bicycloheptenone djttafs
dihydrocarvond® However, the biggest effect on regioselectivity for OTEMO and GkiM®ad
been observed, when residues F255dF29%h0, Y28%1EMdF330mino @aNd FA443remdF485 o
were mutated®* %

5.3 Enantioselectivity

The earliest studies on protein engineering of BVMOs were focused on improving the
enantioselectivity of CHMQieo ™% It was found that mutation of F432.e t0 Serine or tyrosine

had the largest effect on enantioselectivity in the conversion of cyclohexanoneatieeisy and

sulfides™ F432cineto COrresponds to F443:vdF485imo Mutation of which significantly affected
regioselectivity. Enantioselectivity and regioselectivity can both be described as sitéivsigi!'*®

While the regioselecth]3C « E] « 8Z vICu [« « 0o 3]A]JSC (}JE& 38Z VA E
ketones to the normal or abnormal product, the enantioselectivity results from the cooversi

prochiral symmetric ketones. Thus, it can be concluded that the site-selectivity in general depends on

the positioning of the substrate. This means that a mutation of the hot-spot podR®2:cineto alSO

results inachange of thesubstrate positioning.
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5.4 Sulfoxidation Activity

As described in section Biticle 1lI), the sulfoxidation activity and the amount of formed sulfone in a
BVMO reaction can be influenced by engineering of the enzyme. When comparing this study to
studies on PAMO, some residues seem to be relevant in both enzymes regardisgftixédation
activity: V12ivoaequals 168ama Y47 Tmoaand P44pyoalign as well as Yai@aand Ad42,v0

All three PAMO positions were targeted in an iterative saturation mutagefi@sT$e best resulting
variant, the quadruple mutant 167Q/P440F/A442N/L443lI, displayed an inversgmantioselectivity
towards p-methylbenzyl methyl thioether and no overoxidation to the correspogdisulfone
occurred. Additionally, the variant A442G showed an inversion of enantioselectiviy8 (fromR

to § and methyl 2-naphthyl sulfide (frol8to R) and 167T increased the enantioselectivity in the
conversion of benzyl phenyl sulfifé.

The already mentioned M446G PAMO variant showed improved enantioselectivitieoawnersions
towards the sulfides MPS, MTS, ethyl phenyl sulfide, methyl 2-naphthyl sulfti®ezyl phenyl
sulfide compared to the wild typ&% °"1

The role of the catalytic arginine in heteroatom oxidations was investigatad@éeent work on the
Ar-BVMO fromAcinetobacter radioresisterisy mutating R292 (R32dhetd R33%am0 t0 alanine and
glycine™ These variants did not show Baeyer-Villiger activity on ketones anymore, whiciisead
been reported in similar studies on PAMO and the HAPWMBY However, the variants R292A and
R292G retained their S- and N-oxidation activity, while the corresponding ioutan PAMO
rendered the enzyme inactive towards benzyl methyl sulfide asi¥ell.

The most impressive protein engineering study on a BVMO with the aim to influence stifoxid
activity was performed by CodeX{¥. 41 mutations were introduced in CHMGe in order to
increase enantioselectivity and stability of the enzyme. Thus, the production of the drug
esomeprazole with99% ee was achievef” Among the targeted positions were the active-site
residues F246, F277 and T415, which had already been mutated by &eekzin a directed
evolution approach aiming at improving the enantioselectivity of ClM&) in the conversion of
prochiral thioetherd!®® Other mutated positions in the study by Codexis were k432(L443u0,
L4355 cineto (M44Gam0 and K32R:ineto aligning with R364,0» The mentioned corresponding residues
in other BVMOs were all shown to also have an influence on sulfoxidation as descrilved @be
information gained from the different mutational studies aiming to alter the oxidatibsulfides can
give indications on how the sulfone production in BVMO catalyzed reactions might be\artiech

5.5Cofactor Usage

Type | BVMOs are dependent on NADPH, which is an expensive and unstable cofactor when
compared to NADH and its recycling is more complic&t&dHowever, BVMOs usually do not display
sufficient activity with NADH. Thus, protein engineering studies have been conductbange the
cofactor specificity of these enzymes. The fasidy with this aim was performed with HAPME!

The investigation of conserved residues led to the identification of variantsNKd488 K439F, which
showed an increase in catalytic efficiency with NADH. Transferring this mutation to GHWMO
(K326Aalso resulted in a changed coenzyme specificity.
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In PAMO, the mutation H220N led to an improved catalytic efficiency with NA®Hn order to
rationally design the cofactor specificity of CHMG Structure- and sequence alignments with
diverse BVMOs were employ&8. The most promising positions were mutated and a variety of
combinatorial mutants were createdActivity measurements of these variants with NADH as a
cofactor resulted in the discovery of two promising variants: S186P/S208E/K22fH
S186P/S208E/K326H/K349R. The NADH specificity was increased 1,920 andldi, t&8pkctively,
proving the value of protein engineering as a tool to change the cofactor specifiéityMOs.

5.6 Uncoupling

Since the rate of the uncoupling reaction can be increased, when performingiprengineering
with BVMOs, it is helpful to identify positions that have an influence on the uncoupling rate.

While attempting to switch the cofactor dependency of PAMO the variant R217T/T218K/K&E86
created, which showed a massively increased uncoupling rate compared to the wild'#iavas
assumed that the introduced mutations disturb the important electron transfer pathways M3V
The mutation C65D in PAMO turned the enzyme into a NADPH oxidase, as thecldingtgnzyme
was completely uncouple@ This was useful for the cofactor regeneration in a process with an
alcohol dehydrogenase producing NADPH while oxidizing an alcohol to a ketone.

The usage of NADH often leads to an increased uncoupling since the stabilization afvihe fl
peroxide intermediate is not efficient in this cagéus, the improvement of the NADH-accepting
CHMQineto Variant S186P/S208E/K326H described in the previous section, was notritely to its
activity, as it also showed a decreased uncoupfffigSome additional variants also showed
decreased uncoupling rates, with the quadruple mutant S186P/S208E/K326H/K48Rthe best
results.

For CHMG®o4 the uncoupling was determined for several variants in the course of structural
investigations. Variants L145N, L145D, F507Y, K328A, W492A, K328A/W492A, K501A and
N497A/K501A exhited a higher degree of uncoupling than the wild-type enzyfie 4

The relevant positions for increasing the unproductive formation &Hre quite consistent in the
different BVMOs. Mutation of the corresponding residues K326 K32&wdo and K336awoled to

an increased uncoupling, as well as changing SR2Q81218&.vo The uncoupling rate was also
raised by mutation of L14R.4 as this residue is crucial for the right coordination of NADP
Corresponding residues in other BVMOs (Ll#3 L19Gho Q152am0 P1l4%reme F156pmoand
L18%.5 have been targeted while aiming at improving different enzyme properties, as disdnssed
the other chapters ofArticle V. This indicags the importance of determining the efficiency of the
substrate oxidation when mutating tlse positions.

5.7 Stability

As mentioned before, the major drawback in the application of CRMEIs its poor stability. Thus,
there have been several protein engineering studies targeting this property apart from the on
described in section 4Afticle IV). The study conducted by Oppermanal. aimed at increasing the
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thermo- and oxidative stability of CHMGe by mutating all methionine and cysteine residues in the
protein**¥ These residues are prone to oxidation byDHin case of uncouplingseveral single and
combinatorial mutants were investigated and variants with increased oxidative stability
(M51/M2911/C330S/C376L/M481A/C520V) and improved thermostability
(M51/M2911/C330S/C376L/M4001/M412L/M481A/C520V) were identifigtbwever, it was not
possible to create a variant with increased thermo- and oxidative stability.

In parallel to the study described #rticle 1V, another study was conducted with the aim to increase
thermostability by introducing disulfide bonds. It was reported that one oféhdisulfide mutants
showed an increased half life when incubated at 30°C for a longer time p&fiofs the introduced
disulfide bond only spanned one residue (L323C-A325C), but stilltteadsincrease in the melting
temperature of 6°C, the assumption that the stabilizing effect of a disulfide bond is incredbeahwi
increasing number of spanned residues was refuted. However, the activity of thistvianeards
cyclohexanone was significantly decreased in contrast to the improved DS3 ab@ Vdfiants
described imArticle IV.

A structural comparison of the three studies on stabilizing ChlM@shows that there seem to be
two areas in the enzyme, where mutations have the highest impact on thermostability (Egure

Figurel5: Comparison of targeted residues in different studies aiming ptoring the stability of CHMQeto

The orange spheres indicate the mutated residues in the styd@pperman and Reel?? residues depicted

as blue spheres where mutated Bghmidt, et al™® red spheres are residues L323 and A325 mutated by van
Beek, et al® and green spheres show relevant positions identified bgraening using a robotic platform
® FAD (dark grey) and NAD[ght grey) are situated in the active site of the enzyme (Fifrora Balkeet
al.”%),

The first region contains the disulfide bond mutants created by van Begk(red spheres), the DS2
variant described irrticle IV (blue spheres) and residues M481 and M291 targeted by Opperman
(orange spheres). The second region includes the DS3 and DS4 mutants (blue spheres), but also
residues C520 and M412 (orange spheres), which were shown to have ainhmpgict on
thermostability®® All of these studies show that it is possible to enhance BVMO stability by protein
engineering
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6 Conclusions

Baeyer-Villiger monooxygenases are versatile biocatalysts and catalyze reactions under
environmentally friendly conditions while exhibiting high stereo- and regioBeies. In contrast to

the chemical Baeyer-Villiger oxidation, the abnormal reaction products are also accesdibée in
enzymatic reaction. Therefore, understanding how the regioselectivity of BVMOseceonktrolled

by methods of protein engineering is essential in order to efficiently perfoegioselective
conversions. This was accomplishedAirticles | and llas the regioselectivities of CHME,,
CHMQineto and OTEMO were switched for (tgns-dihydrocarvone and it was possible to create
OTEMO variants selectively convertinrgisbicyclo[3.2.0]hept-Z2n-6-one to either the normal or

the abnormal product. These studies highlight the importance of substrate postidioin the
regioselectivity and that the position of the substrate can be efficiently influenceshtbyducing
proper mutations. Additionally, it was shown that the beneficial mutations for all BYMOs werg partl
in corresponding positions.

In Article 1l the sulfoxidation activity of a newly identified monooxygenase fianrowia lipolytica
(YMOA) was investigated. As the sulfoxidation of BVMOs has a high potential of industrial
application, it is essential to reduce the overoxidation of the sulfoxide to the sulfonehwisually

only represents a minor side reaction. However, YMOA exhibits a high degree of oveooxidldtie
reactions with methylp-tolyl sulfide and methyl phenyl sulfide and also with dimethyl sulfaxide
Thus, the enzyme was used in a rational protein engineering approach with the aiheritify
residues influencing the sulfoxidation activity and the tendency to overoxidat®ome of the
created enzyme variants showed increased sulfone formation, while others drastically decreased the
sulfone formation in relation to the sulfoxidation reaction. These results wilitieilfuture protein
engineering studies aiming at reducing the overoxidation to sulfones.

Another critical aspect when considering BVMOs for industrial application is thegtadility. Eve
though there are some BVMOs exhibiting a reasonable thermostability, most of thedaydap
narrow substrate scopéArticle IV describes a significant increase of thermostability of Cllii
achieved by a single mutation in the protein. This enzyme variant paves th®wegating a BVMO
suitable for industrial application.

The aim of the reviewArticle V was to give an overview of protein engineering studies conducted
with BVMOs and to identify hot spots that can be targeted when aiming at changing specific enzyme
properties. This article comprehensively describes the effect of promising mutatidsigNMOs and

will thus be of value in future protein engineering studies.
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ABSTRACT:The regioselectivity of the Baeyéliger monooxygenase-
catalyzed oxidation is governed mostly by electrecis keading to the
migration of the higher substituted residue. However, in some cases, substrate
binding occurs in a way that the less substituted residue lies in an
antiperiplanar orientation to the peroxy bond in the Criegee intermediate
yielding in the formation of tteonormadllactone product. We are thst

to demonstrate a complete switch in the regioselectivity of the BVMO from
Arthrobactesp. (CHMQ,d @s exempled for (+)transdihydrocarvone by
redesigning the active site of the enzyme. In the designed triple mutant, the
substrate binds in an inverted orientation leading to a ratio of 99:1 in favor of
the normal lactone instead of exclusive formation of the abnormal lactone in
case of the wild type enzyme. In order to validate our computational study,
the benecial mutations were successfully transferred to the CHMO from
Acinetobactep. (CHMQ ;e again yielding in a complete switch of regioselectivity.

aeyer Villiger monooxygenases (BVMOSs) belong to thestructure and the reordering of the Criegee intermediate, which

FAD-dependent oxidoreductases and catalyze the enizyformed in the course of the reaction and leads to the release
matic pendant of the chemical Ba&yifliger oxidation. An  of the product. The migrating bond in the Criegee intermediate
oxygen atom is inserted next to a keto function yielding in tigsupposed to be antiperiplanar to the oxggggen bond of
formation of esters or lactones. BVMOs have been studig@ peroxide. This assumption was investigated amdecbn
since the 1950and have often shown excellent stereo- angbr the conversion of bicyclic substrates by the cyclohexanone
chemoselectivity whileesing a wide substrate spectrtim. monooxygenase (CHMO) fraxsinetobactp. Additionally,
This broad applicability and the fact that enzymatic Baeyefhe preferred conformation of cyclohexanone and 4-methyl-
Villiger oxidations are much more environmentally ang]dohexanone in the active site of the CHMO from
economically friendly due to the use of molecular oxyggthodococduss been rationalized in a QM/MM study showing
instead of peracids or transition metal catalysts make BVM@QSt only one of the two possibleonds adjacent to the keto
valuable catalysts. The conversion of asymmetric ketones WjHetion of the substrate is in a conformation, which ensures
BVMOs can lead to the formation of two regio-iSomerigyayimum orbital overlap. Thimding made it possible to
products. When the oxygen atom is inserted next to the mqtgionajize the experimentally observed enantioselectivity of the
nucleophilic and higher substituted residue, the product d§;yme toward 4-methylcyciohexanone and might also facilitate
called the'normdl lactone/ester. When the oxygen atom isy,q hrediction of regioselectivitpart from the prediction of
|fnserte(>jd r%_eﬁ(t to the $”(;<’?‘”ef residueattreormalproduct 'E. regioselectivity, in practical experiments it has been observed
ormed. These regiodivergent conversions USEIENGI w5 the amount of abnormal product can also be slightly
BVMOs have been mostly reported for fused b|cycl|i uenced by the oxygen supply.

ketone$. ’ Additionally, it was shown that some aliphatic . h . y
substrates like certairhydroxyketones andaminoketones The aim of this study was to und.erstand hovy r§g|oselc_act|V|ty
can be controlled and to ascertain whether it is possible to

can be converted to abnormal eStetsRecently, the itch the regioselectivity. We used the conversiottrahét)-
formation of abnormal product was reported for the convers@I ydrocarvone by the CHMO frofrthrobactesp. BP2

of methyl ethyl ketone by dient BVMOs. It was found that MO 14 del ion. Thi . read
an excess of the substrate led to a better ratio of abnormal ) Arthrd as amodel reaction. This reaction was already
|\Vestigated in more detdiland it was reported that

normal product However, in many cases, the enzymes di ! .
not exhibit a perfect regioselectivity, and both possible regid?MOarno cOnverts (+)ransdinydrocarvone exclusively to

isomers were formed, yielding a mixture of products. In tho€¥¢ abnormal lacton¢heme)1 Changing the regioselectivity
cases, it is mandatory to understand how regioselectivity—is

controlled by the enzyme so that only the desired product cRaceived: September 8, 2015

be obtained. The most widely accepted assumption on hewcepted: October 27, 2015

regioselectivity is controlled by the enzyme is based on theblished: October 27, 2015
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Scheme 1. Conversion of (#fgnsDihydrocarvone (1) by reacts with the reducedvin cofactor to form the G4
CHMOpo to the Abnormal (2) and Normal (3) Lactofle  peroxyavin intermediaté After the substrate has entered the

< active site, the enzyme will change toltisedonformation.
0 CHMOaro o= The positioning of the substrate binding would then be decided
" + 0
z 02 H,O H
3

in the closedconformation. As the NADPH blocks the
interaction of the substrate and FAD/peroxy group in the
closedonformation, the NADPH moves away from the FAD to
yield the rotatedconformation. In this conformation, the
substrate is guided closer to the peroxy group with the help of
“Note: The wild type enzyme exclusively yields peduct Arg329 (CHMGQ040 NUmMbering) so that the Criegee
intermediate can be formed. The subsequent rearrangement
of the enzyme toward this substrate so that only the norntdithe Criegee intermediate is controlled by the directionality of
lactone is produced would not only give valuable insights iritte enzyme. The enzyme probably exhibits a certain
the mechanism of this reaction but would also allow accessli@ctionality when inserting the oxygen into the substrate so
the normal (B 7R)-7-methyl-4-isopropenyl-2-oxo-oxepanonehat the oxygen will always be entered at the same position.
enantiomer, which cannot be selectively produced by any of @y the orientation of the substrate will then decide which
BVMOs investigated by Cernuchova and Mihovilovic. enantiomer or regio-isomer is formed. Following the rearrange-
In order to change the regioselectivity of the enzyme towamtent of the Criegee intermediate, the corresponding lactone
the transdihydrocarvone isomer by rational protein design, firoduct, water, and oxidized FAD are released while the
was mandatory to understand the mechanism of this reactifryme changest from theotatedo theclosednd then the
and to have a reliable structural model of this enzyme. Sirggrconformation. This, by Yachnin et adt,proposed order
there is no crystal structure of this BVMO available, it wa$ the dierent enzymatic movements as derived from the
essential tond a homologous enzyme, which has bee@i erent crystal structures complemented the mechanism of
characterized in more detail. The most extensively studigés reaction, which wasst postulated in 1982and gave
BVMOs are the CHMO froicinetobactsp. (CHMQ\giner) valuable insights into the structural movements of CHMOs
and the phenylacetone monooxygenasé fienmobifida fisca  during the mechanism.
(PAMO). In 2004, the crystal structure of PAMO was \when converting asymmetric ketones, the two regio-isomers
published as thest available BVMO structtit&ven though  are formed by dérent binding modes during the formation of
the CHMQ;nehas been investigated in many studies anghe Criegee intermediate. So, in order to predict and change
o ers a wide substrate spectrif,the crystal structure of regiospeciity by rational protein design, the conformation of
this enzyme has not been solved until now. This is probabhé sypstrate in thtosestructure and thetatedtructure are
mainly due to the poor stability of this enzyme. However, & main importance. The binding of the substrate ahothel
close homologue of this enzyme, the CHMORMuodococcus  conformation determines the orientation of the substrate.
sp. HI-31, was successfully crystallized by MirZa Bhisl.  \wnhen looking at the substrate position in rtated
enzyme shows 84% homology to CRM@ In the study  cqntormation, the structure of the Criegee intermediate can
from 2009, two structures with bound FAD and NARR 1) 1 egicted, and thus it should be possible to determine which
presented (CHMGhen and CHMQyoseq PDB codes: 3SGWF s a6 in an antiperiplanar orientation and thus which regio-
and SGWD)' Fgrther crystal structures of this enzyme Yomer will be formed. In our study, we used YASARAr
combination with substrate (CHWfdes PDB code: computational modeling. Based on the Cki@losednd

2 .
SUCL)_Z and product (CHM@Qqy and CHMQq., PDB rotatedhomology models, 16 amino acids presumably necessary
codes: 4RG3 and 4RG4jollowed. These structures of the £ bstrat itioni ideati Thirt f th
CHMO fromRhodococaltow insights into dérent steps of or substrate positioning were ideati Thirteen of these
r%Ievant amino acids were mutated to alanine in order to

the mechanism and facilitate the interpretation of dynam%;\luate how important theytually are for substrate

mg\ézgegéssgg Bo\éh/iﬁssiu238é:tﬁtrzlé/s:;dB}{/hpércetgggt?gaf:%mol0 sitioning and catalysis (data for all mutated amino acids

mutation of relevant amino acids, we show here that we wed! be found in thBupporting Informatipiable ). The

able to identify a triple mutant tha¢éis a complete switch of . .
y P b Table 1. Overview of the Generated CHM), Variants

the regioselectivity in the conversion ofrérsdihydrocar- : : !
vone, gyielding 99¥% normal product. As the %HMO fronfoomparing Substrate Conversion and Ratio of Normal to

Acinetobactgp. has a similar active site to that of CkipMQ  ~\Pnormal Product
and CHMQ,,,, the benecial mutations were introduced in

0
0
) H
~Xx +NADPH +NADP* X\
1 2

this enzyme in order to validate the value of our computatior ~ €nzyme variant onvEE bl e e
design. The CHMQieoWild type enzyme shows the same Wwild type 100 0:100
characteristics in the conversion ofré¥sdihydrocarvone as L196F/F299A/F330A 14 96:4
the CHMQ\ o Wild type, and the generated triple mutant —L197F/F299A/F330A 19 92:8
indeed also resulted in a complete switch in regioselectivity. F299A/F330A/F485A 39 99:1
When we started our studies only the CHMO F299V/F330A/F485A 37 99:1
CHMO¢cpsea @nd CHMQateq Structures as describede F299A/F330A/F558V 12 955
suprawere available. In the beginning, we built GHMO F299v 39 74:26
homology models based ondlusedndrotatedstructures as F330v 70 0:100
those seemed to be mechanistically relevant. Yachnin et af299A/F330V 43 69:31
assumed that the enzyme is inoenconformation in the F299V/F330A 18 91:9
beginning of the reaction, when molecular oxygen from airF299V/F330v 29 75:25
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Figure 1.Comparison of the results of the docking experiments with the lactone product fgr,Gidhe€tructures. (A) Docking experiment

of the abnormal lactone in the CHMQ wild type structure, docking experiments with the normal lactone in (B) the F299A variant, (C) the
F299A/F330A variant, and (D) the F299A/F330A/F485A variant. Protein is shown in green, mutated key residues in purple. Cofactors are def
in gray (FAD in light gray and NADPH in dark gray). The lactone product is shown in yellow.

active site residues R380, W543, and D110 correspondingtientations of the two possible tr&Rsdihydrocarvone

the amino acids R329, W492, and D59 in the GRHMO products. In the wild type structure, the abnormal product is
structure were not mutated, as those were already shown tdilbed in a way that the two product residues are in the same
relevant for cataly§i! and the W492A mutation led to plane as the ring-igure A). Consequently, they are not
signicantly decreased activity in an earlier Stuflye colliding with any of the amino acid residues in the active site.
mutation of R380 (CHMQ,, numbering) to alanine would As expected, we did not get a convincing docking result from
not be reasonable as this residue has been shown to be crtioé@alvild type structure with the normal lactone. However, the
for substrate positioniffgddditionally, R329 and D59 seem to normal product can be docked into the F299A mutant structure
be relevant for the positioning of NABB?° The proposed  (Figure B). In this variant, the lactone is not tilted sideways
enzyme variants were successfully expres$ed coli because the larger residue would then collide with L196.
BL21(DE3). Whole cells were used for biocatalysis reactiddievertheless, from the docking result, it was clear why this
with (+)4ransdihydrocarvone as a substrate. Fromrgtis  single mutation would not exclusively lead to normal lactone
round of mutagenesis, we idedtithe CHMQ,,,, variant formation: the larger substrate residue is very close to the
F299A, which gave 59% normal lactone instead of 100&sidues W543 and F558 so that the binding of the substrate in
abnormal lactone formation produced by the wild type enzyntleis orientation would not be favored. Furthermore, it does not
The only other enzyme variant, which showed good activitgcome evident why the F299A single mutation makes normal
and a slight change in regioselectivity was F330A with aboutldagtone binding possible as the general positioning of the
normal lactone. The corresponding double mutant wadbnormal lactone in the wild type structure and that of the
generated, which resulted in the production of 86% normabrmal lactone in the single mutant are very similar. However,
lactone in whole cell biocatalysis. At this point the GEMO the methyl group of the normal product in the F299A/F330A
structure was released and promised to be a betilet fsra  docking experiment would interfere with the phenylalanine side
rational protein design when aiming at changing the enantio-obrains in positions 299 and 38i@re C). In this structure,
regioselectivity. Therefore, homology models based on thethe product is tilted again but moved away from the middle of
CHMOgpoqdightconformation were built for CHMg,,wild the active site. The larger residue of the product is in the same
type, F299A, and F299A/F330A. As this structure wasdane as the ring of the abnormal product in the wild type
published with bound product, docking experiments with tietructure when superposing those structures.

two possible products could now be performed in order to In order to achieve exclusively normal product formation, we
determine the derent positioning of those products in the assumed that we either have to open up the space above the
variants. We assumed that the directionality of GHMO substrate so that the larger side chain can move up more or
might be the same as for CH)Qfue to the close structural have to close up the space where the large residue is positioned
resemblance of the active sites. This way we were ableinithe abnormal product binding. With this strategy in mind, we
compare our docking results with the product conformation psepared four triple mutants in order to switch the
shown in the CHM@,; structure and idenéid the product  regioselectivity completely. Variants with the L196F or L197F
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mutation were designed in order to impede the usual substremperature as well as temperature stability. The optimal pH is
binding for the formation of the abnormal product. Ther.3 Supporting Information Figure)2and the optimal
mutation of positions F485 and F558 to smaller residuésmperature 43C (Supporting Information Figure)2B
facilitates the binding of the substrate in a way that the nornfamperature stability was determined by incubating the
product will be formed as the active site is opened up and roemzyme at 20, 25, and D and measuring the activity at

is created for the large substrate residue. All those mutacdstain time points. The enzyme is completely inactivated after
showed an increase in normal lactone production when usedlout 4 h at 30C. At 25°C, the enzyme still has 50% of its
whole cell biocatalysis reactions compared to the doulidtial activity after 4 h, and at°#) the enzyme still exhibits
mutant Table ). Variant F299A/F330A/F485A showed the half of the initial activity after 43 $upporting Information
desired complete switch in regioselectivity as 99% nornrdure 2¢. On the basis of these results, we decided to
lactone was formed in small-scale whole cell biocatalysis insggafbrm all biocatalytic reactions at°@0 In order to

of 100% abnormal lactone in the case of the wild type enzyreempensate for the fact that the enzyme exhibits only 55% of

Additionally, we prepared the variants F299V, F299A¢s potential activity, the biocatalytic reactions were performed
F330V, F299V/F330A, and F299V/F330V in order tofor at least 2448 h. After checking the regioselectivity of the
determine whether a slightly larger residue at these positiemgyme variants in triplicate small scale biotransformations,
has an iruence on the regioselectivity. It was observed thatgaiplicates on a larger scale were performed as well as
valine at position F299V increases the amount of normgibcatalysis reactions using pdrienzyme. IfFigure 2 a
lactone when compared to the corresponding alanine mutapgnparison of the regioselectivities of the best enzyme variants
(Table ). On the contrary, a valine in position 330 seems to bgs observed in small-scale biocatalysis is shown.
too large since the F330V single mutant shows the same
regioselectivity as the wild type and the F229V/F330V the
same as the F299V variant. Thus, the mutation of F330 to
alanine is crucial for the change of regioselectivity, but it only
has an eect in combination with the mutation of F299 to a
smaller residue. The variant F299V/F330A/F485A showed the
same characteristics as F299A/F330A/F485A.

In order to compare the substrate binding in tleeedit
variants, another docking experiment with F299A/F330A/
F485A was performed. The F485A mutation indeed allowed
the large product residue to point upward more than in the
double mutantRigure D). Once the wild type and F299A/
F330A/F4A85A docking experiments are superposed, it is
obvious that the larger residue would collide with F485.
Additionally, the methyl group would clash with F330.
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Mutations of F558 to alanine or valine led to an increase of ,\be& < Q@* Q@‘y
the amount of normal lactone, but those variants showed an = S ((,9%“ @’5@\ @’bq’
even more sigmant decrease in activity. RON S

V <

In order to prove the transferability of the computational

design, the three benil mutations found for CHM@«.  Figure 2.Comparison of the amount of normal and abnormal lactone
were introduced into CHMQ\,e, These two enzymes have produced from (+ransdihydrocarvone by CHM@,, variants in
similar active sites but the overall homology is only 57%. Témaall-scale whole cell biocatalysis reactions.

corresponding amino acids in the CHMQActive site were
mutated, yielding the F246V/F277A/FA32A CHMQ, The triple variant F299A/F330A/F485A was investigated
variant. The regioselectivity of this variant was comparedded compared to the wild type enzyme by taking time point
the CHMOQygneoWild type enzyme for the conversion of measurements of a biocatalysis prepared on a larger scale. Full
(+)-transdihydrocarvone in a biocatalytic reaction. Botltonversion of 2 mM (#)ansdihydrocarvone was achieved
enzymes showed full conversion after 48 h reaction time, lafter 1 to 1.5 h in a whole cell biocatalysis with the wild type
while the wild type enzyme gave 97.6% abnormal lactone, #imel after 4 to 5 h, yielding 98% normal lactone with the triple
substrate conversion using the triple variant yielded in 99.6%iant Gupporting Information Figure )3Miocatalysis
normal lactone and thus again resulted in a complete switchréactions at 6 mM (#)yansdihydrocarvone gave 97%
regioselectivity. conversion after extended reaction times, yielding over 99%

In order to determine optimal conditions for reactions witmormal lactone in a whole cell biocatalysis by the triple variant
the CHMOyu variants, the wild type enzyme was(Supporting Information Figure)3C
characterized in more detail. Kinetic parameters wereA total of 2 mg of the pudd enzymes fully converted 2 mM
determined for (+)ransdihydrocarvone as a substrate substrate after less than 30 min in the case of the wild type and
(Table Sp around 150 h in the case of the triple vartampgorting

As shown in the Michaelidenten kinetic Supporting Information Figure 3B Although these results show a
Information Figure),lthe enzyme is already inhibited at low decreased activity of the triple variant compared to the wild
substrate concentrations. Sagmit substrate inhibition can be type, they also demonstrate the high stability of this enzyme.
observed at substrate concentrations above 6 mM. For tEaien after several days, the enzyme still continuously converts
reason, we decided to use 6 mM as the highest substriite substrate. In general, the high stability of GRMI© a
concentration in biocatalysis reactions. Furthermore, the wifdjor advantage of this enzyme, making it worth being studied
type enzyme was characterized concerning optimal pH andmore detail. When using ped enzyme, not only the
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activity but also the amount of normal lactone was decreadegerted position, and only the normal product will be
and varying ratios of normal to abnormal lactone wemgoduced, as this follows the rule of migration of the higher
obtained. This observation was made for all mutants with thebstituted carbon center. The design process of the variant
F299A mutation. We suppose that F299 is relevant for FAdDows on one hand that in order to change the regioselectivity
coordination, and by mutating this residue, FAD is lost whité a BVMO it is essential to understand the mechanism of the
purifying the enzyme, which already becomes evident by tkaction and to know the directionality of the enzyme. On the
missing yellow color of the ped fractions. Thus, we tried to other hand it became evident that rational design alone cannot
circumvent the loss of cofactor by adding FAD in excess toalivays pave the way to the desired enzyme property.
bu ers used for pudation. However, still only 3% of Sometimes it is necessary to investigate a lot of variants in
normal lactone was produced by the triple mutant. We assuender to nd the right starting point for rational protein design.
that FAD is bound slightly drent after reconstitution, and

this might already lead to aedént substrate positioning METHODS

toward the peroxy group bound to the FAD, giving rise to theee théSupporting Information

possibility that other bonds are in an antiperiplanar orientation.

The change in the binding of FAD and possibly also in the ASSOCIATED CONTENT

enzyme conformation during peation of the variants might *  supporting Information

not be the reason for only a changed regioselectivity but aisge Supporting Information is available free of charge on the

for the decreased activity of the pdrienzyme variants. It ACS Publications websigg DOI: 10.1021/acschem-
should also be noted that experiments atedi oxygen hio.5b00723

concentrations did not reveal any change in the regioselectivity.

svéﬂcshumﬁ;y'&%ﬁﬁ?ﬂ?ﬁ%ﬁé@%&f?r:o?ggglygge supporting the general characterization of the

nases as exempli for CHMQ, . toward (+)trans (CHMOAnh,Ownd type and the time course measurements

dihydrocarvone by rational design by a stepwise protein

engineering strategy and for CHMQ, in order to

demonstrate the value of our computational design. To achieve AUTHO_R INFORMATION

this, it was necessary to fully understand the mechanism &tdresponding Author ) _

structural changes during this oxidation reaction. However, teax: (+49) 3834-86-794367. E-maile.bornscheuer@uni-
rst key mutation F299A could not have been found by ratiorgiieifswald.de

design, and it is unclear how this single mutation contributesNetes

the change in regioselectivity. By building homology modelsTfe authors declare no competimancial interest.
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Controlling the Regioselectivity of BaeyerbVilliger
Monooxygenases by Mutation of Active-Site Residues

Kathleen Balke, MaraiB umgen, and UweT. Bornscheuer®

BaeyerbVilliger monooxygenase (BVMO)-mediated regiodiverinto an equal (50:50) mixture of the norral and abnormal

gent conversions of asymmetd ketones can lead to the forma-
tion of Onormal® or OabnormalO lactonesa fwevious study,
we were able to change the regioselectivity od BYMO by mu-

products. The F255A/F443V variant produced 98 of the
normal product, whereas the W501V variant formed up to
98% of the abnormal product. OTEMO F255A exclusively pro-

tation of the active-site residues to smaller amino acids, which duced the normal lactone from #)-2, whereas the wild-type

thus created more space. In this stugywe demonstrate that
this method can also be used for other BVMO/substrate combi-
nations. We investigated the regiosetgivity of 2-oxo-D%4,5,5-
trimethylcyclopentenylacetyl-CoA monooxygenase fronfPseu-
domonas putida (OTEMO) forcisbicyclo[3.2.0]hept-2-en-6-one
(1) and transdihydrocarvane (2), and we were abé to switch
the regioselectiviy of this enzyme for one of the substrate
enantiomers. The OTEMO wild-type enzyme converted@)l

Introduction

BaeyerbVilliger monooxygenasgBVMOSs) ardlavin-dependent
oxidoreductases that are able to catalgzthe enzymatc equiv-
alent of the chemical BaeyerbVilliger oxidatidh,by which an
oxygen atom is inserted next toa keto function of a substrate

enzyme was selective for the productio of the abnormal
product. The positions of these amino acids were equivalent to
those mutated in the cyclohexanone monooxygenases from
Arthrobacter sp. and Acinetobacter sp. (CHMQ,, and
CHMQuned to switch their regioselectivity towards €)-2,
which suggests that there are hot spots in the active site of
BVMOs that can be targeted with the aim to chargthe regio-
selectivity.

meric products This is accountel for by the catalytic mecha-
nism of BVMOs, which was elucidated for the cyclohexanone
monooxygenase from Acinetobactersp. (CHMO, e *® and
phenylacetone monooxygenase (PAM®3, and substrate posi-

to produce an eder or lactone. The use of enzymes in Baeyerbtioning. After reduction of flavin adenine dinucleotide (FAD)

Villiger (BV) oxidations often results in enantio- and regioselec-

tivities that are highe than those obtained in chemical BV

oxidations, and furthermore, enzymatic BV oxidations are per-

formed with molecular oxygen instead of peracisl or transi-
tion-metal catalysts and can be performed under ambié¢rton-
ditions? In addition to classical BV oxidationa number of
BVMOs have also been reporteto be capable of performing
heteroatom oxidations, epoxidationsand oxidations of seleni-
um- and boron-containing compounds? < The fungal BVMO
CcsB was reported to catalyze the formation od carbonate
functionality in the macrocyclic portion of cytochalasin &,
Over the past 20 yearsa lot of effort has been devoted to im-
proving BVMOs with regard to the substrate spectrurfi, enan-
tioselectivity!®*® stability!! and co-factor usagé by protein-
engineering methods. Recently the regioselectivity of BVMOs
was also successfully changéd.The conversion of asymmetric
ketones with BVMOs can lead to the formation of two regioiso-

[a] K. BalkeM. B umgen, Prof. DiU. T Bornscheuer
Department of Biotehnology and Enzyme Catalysis
Institute of Biochemistrhiversit t Greifswald
Felix-Hausdorff-Strasse 4, 17487 Greifswald (Germany)
E-mait uwe.bornscheuer@uni-greifswald.de
Supporting Information and the ORCID identificatimmbers for the
@ authors of this article can be found undbttps ://doi.orgl0.1002/
chic.201700223.
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with reduced nicotinamide adenire dinucleotide phosphate
(NADPH), molecular oxygen binds to the @4of FAD to form
a peroxybflavin intermediate. If the substrate is bound in the
active site of the protein, the peroxy group attacks the carbon-
yl carbon atom, which leads to the formatia of the Criegee in-
termediate. It was propose that the migrating bond has to be
in an antiperiplanar position to the Q@D bond of the peroxy
group.'? If the oxygen atom is inserte next to the higher sub-
stituted residue, the normal product is formed, whereas inser-
tion of the oxygen atom next to the smaller residue results in
the abnormal product. Thus, the positioning of the substrate
in the active site is decisive for the regioselectivity of the
enzyme for a certain substrate. In an earlier stugywe demon-
strated that mutation of three active-site residues in the cyclo-
hexanore monooxygenase from Arthrobactersp. (CHMQi.0)
led to reversed regioseletivity towards @ )-trans-dihydrocar-
vone. By creatig more space in the active site, the substrate
could bind in a different orientation, s that the F299A/F330A/
F485A mutant produced exclaively the normd lactone instead
of the abnormal lactone, which was formed by the wild-type
enzyme. Mutatirg the corresponding active-site residues in
CHMQ,nero had the same effect? In a sudy by the Fraaije
group, the regioselectivity of CHMQ,.., Was changed for
improved formation of methyl propanoate by mutating lle491
to the smaller amino acid alanin€® Chen et al. changed the

T 2017 Wiley-VCH/erlag GmbH& Go. KGaA, Weinheim
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regioselectivity of PntE fromStreptomyces arenatowards 1- Normal product ~ Abnormal product
deoxy-11-oxopentalenic acid by mutating only one residue. A) - - e
PntE L185S produced neo-pentalenolactone D, which can be 0 _— O, \/<

. . [e) +
considered as the normh product, instead of the abnormal A o q,/\: q”w/o
pentalenolactoneD product formed by the wild-type en- H 0, H,0 H H
zyme®™ Apart from the influence of the substrate structure (41 *NADPH  +NADP* 4, (#)-1b

and, thus, its positioning in the active site, it has been ob-
H

served that the regioselectivity can also be influenced by sub- 0O e =
ion13! i~ [13c] BVMO 2
strate concentration;® enzyme concentration > and oxygen @:/r = CE):O + do
supply™ Owing to electronic, steric, and conformational ef- = 0, H,0 i H
fects, the abnormal product is not accessible through chemical +NADPH  + NADP*
BaeyerbVilliger oxidation. Howevehe formation of the abnor- -1 (+)-1a (r-1b
mal product by BYMOs was reported fora number of reac-
tions, such asthe conversiors of chiral nitrilolactones*® terpe-
nonest® b-amino ketones!* " b-hydroxy ketones!*® and bicy- BVMO + o}
clic ketones? Divergent regioselectivities for different BVMOs
have also been observed for the conversion of aldehydes into 2 - Ha0

o i X\ +NADPH  +NADP*
formated™*? or carboxylic acid§***"and long-chain ketocar-
boxylic acids?? Thus, understanding how regioselectivity can (iR 22
be controlled is necessary for the development of tailored <
BVMOs fora variety of applicatiors. For example, BVMOs with o) o
opposite regioselectivities have been utilized in cascades so Sl *
that different products could be obtained??>*! Recently a 0, H,0
review was published that emphasizes the importance of re- +NADPH  + NADP*
gioselective enzymes for applicatiors in organic synthesis, and ()2 (+)-2a (+)-2b
an overview of different enzyme classes that have been engi-
neered for optimized regioselectivity including BVMOs, was

2
o

iy

o

Schene 1. Regiodivergent conversion of asymmetric ketones by BVMOs.
. A) Conversion of bicyclic ketonesH)-1 {(* )-(1R59-cisbicyclo[3.2.0]hept-2-
also provided?* en-6-one} and @-1 {(@-(1S5Rcisbicyclo[3.2.0]hept-2-en-6-one} into the

In this study, we focused on the conversion of the standard possible products. B) Conversion o#(-2 [(+)-trans-dihydrocarvone] and
BVMO substratecis-bicyclo[3.2.0]hept-2-en-6-onelj by 2-oxo- (@-2 [(@-trans-dihydrocarvone] into the respectivgproducts.
D3-4,5,5-trimethylcyclopentenylacetyl-CoA monooxygenase
(OTEMO ShemelA). Additionally the regioselectivities of The regioselectivity of BVMOs towardsc-1 differs, as some
OTEMO and CHM£,,, towards trans-dihydrocarvone 2) were  BVMOsshow excellent regioselectivity for both enantiomers
studied (Schemel B). CHMQ,,, Wwas characterized and recom- and others exhibit no regioselectivity towards one of the enan-
binantly expressed in 200%% This enzyne was used to study tiomers. A regiodivergent conversion of both enantiomers
the conversion of terpenoned’®!® b-amino ketones!**'” and leads to exclusive production of the normhlactone from one
nitrilolactones™ OTEMO is involved in the camphor degrada- enantiomer and the abnormal lactone from the other enantio-
tion pathway of Pseudomonas putiddTCC17453, in which it mer. BYMQ,, from Aspergillus fumigatu#\f293 producesnor-
converts 2-oxob?*-4,5,5-trimethylcyclopentenylacetyl-CoA into mal lactone @-1a from (+)-1 and abnormal lactone @-1b
the corresponding lactone. The enzyme was initially character- from  (@-1, both with excellent enantioselectivity®!
ized in 1983%% and it was cloned and recombinantly expressed CHMQ o2 the cyclohexanone monooxygenase fronBrevi-
in 201127 The crystal structure of OTEMO was solved in com-bacterium HCU (CHM@...2!**? and the recently discovered
plex with FAD and NADP 2™ OTEMO isa dimeric BYMO, and BVMG polycyclic ketone monooxygenase(PockeMO) from
it converts a variety of substrates such as monoand bicyclic  Thernothelomyces thermophil® and TmCHMO fromThermoc-
ketones and aromatic and aliphatic keton€d’® Recently, rispum municipal€” exhibit the same regioselectiity. BVMO
OTEMO was used for the synthesis of tHEnigushi lactone®  AFL619 fromAspergillus flavushows opposie regioselectivity,
Leisch et al. reporteda normal/abnormal lactoneratio of 3:1 as this enzyne produces normal lactone €)-la from (@-1
for the conversion ofrac-1 with 33% eefor the normal lactone and abnormal lactone ¢)-1b from (+)-15% BVMOs AFL456
(1S5R) and > 99 % eefor the abnormal lactone (R59 2™ Con- and AFL88 aso show excellet regioselectivity but these en-
sequently (+)-1 was exclusively converted into the normal lac- zymes only produce normélactones (@-1a and (+)-1a from
tone, whereas @-1 was convertal into a 1:1 mixture of the both enantiomerst MO9, MO14, and MO15 fronRhodococ-
normal/abnormal lactones.cisBicyclo[3.2.0]hept-2-en-6-onel)]  cus jostiiRHAL catalye the conversion ofrac-1 in an excep-
was converted bya high number of BVMOs, ad the conver- tional fashion as they only convet substrate enantiomer
sion of this substrate bya B/MO is an established industrial (+)-1. Reactions with MO9 and MO15 lead to the formation of
process?® The reactio is of interest for the synthesis of pros- a mixture of both (1S5R) regioisomers whereas MO14 produ-
taglandinst” ces exclusivel normal lactone (@-1a® This enantiodivergent
conversion was used for the gram-scale resolution of the race-
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mic substrate with MO14 so that @-1 was obtained in enan-
tiopure form.E7

The aim of this study was to investigate whether it wa pos-
sible to transfer the knowledge gained in our first study on the
regioselectivity of BVMOs ta different BVMO/substrate com-
bination. For this, we wished to change the regioselectivity of
OTEMO towards both enantiomer of cishicyclo[3.2.0]hept-2-

CHEMBIOCHEM
Full Papers

structures revealing different conformational states were pub-
lished in that work. It was stated that theclosedOTEMO struc-
ture (PDB ID 3UP4) showe high similarity to the CHMQ0q0
closedstructure (PDB ID 3GWD)*! We compared the closed
OTEMO structure to the CHM@,q, tight structure® as this
seemed to be the best-available structe for protein-engineer-
ing studies and the prediction of the regio- and enantioselec-

en-6-one. We generated variants that exclusively formed the tivities of the CHMOs. The RMSD of both structures was @.5
normal or abnormal lactone from (@-1 instead of the forma- (FigurelA). The secondary structure of the actie dte of
tion of a mixture of both regioisomers, as obtained from the OTEMO was found to be very simitao that of CHMQy,. Es-
wild-type enzyme. We were also able to shift the regioseledtiv pecially the positions of NADP and FAD showed high resem-

ty of OTEMO towards +)-1, S0 that 35% of the abnormal lac-
tone was produced. The wild-type enzyme exclusively convert-
ed (+)-1 into the normal lactone. Following our study on the
regioselectivity of CHMQ,,,, towards @ )-trans-dihydrocarvone,
we investigated the regioselectivity of the OTEMO variants to-
wards & )- and (@)-trans-dihydrocarvone and of the CHMQy.o
variants towards @-trans-dihydrocarvone The results from
this protein-engineering study further deepen the understand-
ing of how regioselectivity can be changed in BVMOs.

Results and Discussion

Regioselectivity of OTEMO forcis-bicyclo[3.2.0]hept-2-en-6-
one

To choose the relevant residues for the mutational study of

blance with RMSDs of 1.1 and 0.8, respectively However, the
catalytically relevant Arg337 in OTEM{QQ.q Was positioned in
a way that it blocked the optimal binding position of the sub-
strate (Figurel B). The RMSD was 2&. The position of Arg337
in OTEMQ@,.seq Was found to be in accordance with its position
in the CHMGinoq, rotated structure!® The RMSDs of Arg337
(OTEM@sed and Arg329 (rotated CHMGQy.qd Were la (Fig-
ure 10). The CHMQ,.q Structure represents the enzyme con-
formation in which the Criegee intermediate is formedNADP*

is rotated to the side so that the substrate has enough space
to react with the peroxy group bound to C4a of FAD. The
RMSD of NADP in both structures was 5.22. Assuming that
the substrate binding in OTEMO is similar to the process eluci-
dated for CHMO, the OTEMQ..q Structure does not sufficient-
ly represent the conformation for substrate binding or forma-
tion of the Criegee intermediate. As shown in our study from

OTEMO, the structure of the active site of the enzyme was 2016, the regioselectivity was largely controlethrough steric
examined. The crystal structure of OTEMO was solved in 2012ffects® Thus, to change the regioselgtivity of OTEMO to-

by Leisch et al. with bound NADP and FAD?™ In total, four

wards cisbicyclo[3.2.0]hept-2-en-6-one, in this study ten resi-

B)
1 ’ R329Rhudo
, ' R3370TEM0
W)
V
B .-

F4854/th1o
F443OTE Mo

Figure 1. Structurd alignments of OTEM@eqWith different CHMO dructures. The OTEMO structure is depicted in purple wit®D and NADP shown in
dark gray; the CHMD dructure is displayed in yellow withFAD and NADP  shown in light gray. A) Alignment of OTEMO (PDB ID3UP4) with CHM@, .4, (PDB
ID: 4RG3). B) Copwrison of the positioning of the catalytically relevant arginine in the alignment of OTEMO (3UP4) with CHMQ(4RG3). C) Alignmerof
OTEMO (3UB4with CHMQy;040 (PDB 1D 3UCL). D) Alignrant of OTEMO (3UP4with the CHMQ,,,, tight homology model.
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dues in the active site were mutated to alanie (.e., P145,
L146, F255, Y285, W288442, F443, C444, V446, @wW501).

The regioselectivity of the variants was investigated in small-
scale whole-cell biocatalysis reactions with the racemic sub-
strate (Tablel and Teble SL in the Supporting Information).
F255A gave the highest ratio of normlato abnormal lactones

Table 1. Production of normd lactone & )-1a and abnormal lactone @-
1b from (@-1 by best-performing OTEMO variants.

OTEMO variant fl-1a[%]®  OTEND variant  [@-1b [%]?
wild type 50 wild type 50

Y28%A 75 W28& 72

P14%A 78 T442A 77

F255A 81 W50 95

F443/ 82 w288 75

Y285 82 W50F 83

F255/ 87 W50V 95

Y285/ 89 FA4R/W501A 89
F255V/Y285V/F44B 83 F443VIW501A 91
F255V/Y285A/F443V 89

F255A/F44Y 90

F255V/F443V 95

[a] Determined by GC aalysis for small-scale wHe-cell biocatalysis reac:
tions with rac-1. All experiments wee performed in triplicate.

with 81:19 for (@-1. Bocatalysis with P145A and Y285A yield-
ed 78 and 7%% of the normal lactone, respectivelyrRegarding
the production of the abnormal lactone from @-1, W288A
produced 72% of the abnormal product, whereasT442A pro-
duced 77% of the abnormal product. W501A converted 95%
of the (@-enantiome into the abnormal lactone. Ina next
step, single mutants with valine, phenylalanine, and segnn-
stead of alanine were createdThe amount of norma product

CHEMBIOCHEM
Full Papers

The regioselectivity of the CHMQy., F299A/F330A/F485A
triple mutant towards @ )-transdihydrocarvane was found to
be reversed relative to that of the wild-type CHMQy,o

Mutation of W501 to smaller residues in OTEMO leads to the
formation of the abnormal product from @-1. This residue
has been found to be essential fo activity in CHMOs The
CHMQy0490 W429A mutant was previously shown to have lower
activity and NADP affinity®® than the wild-type enzyme but
increased selectivity towardsa number of substrated®® The
OTEMOWS01 variants still showed sufficient activityand this
residue hada large impact on the regioselectiity of OTEMO
towards (@-1. To hcrease the regioselectivity of OTEMO to-
wards (@-1 further, sveral double mutants weregenerated
by combination of single mutations. Specificallythe combina-
tion of F255/Y285/F48 was studied intensively (Takll and
Teble S1).

The variants combining all three positions showed lower
regioselectivities than Y285V Secifically the F255A/Y285A/
F443A variant, corresponding to the best CHM@,, variant for
the conversion of ¢ )-trans-dihydrocarvone displayed poor re-
gioselectivity by producing 6®6 of the normd lactone from
(@-1. The F255V/Y285A double mutant hada smilarly low
regioselectivity The F255V/Y285A/F443V and F255V/Y285V/
F443V triple mutants gave 89 and 8% of the normd lactone,
respectively, and displayed the same regioselectivity as Y285V.
Double mutants combining F255 and F443 yieldé variants
with improved regiosdectivity. Whereas F255A/F443A pro-
duced 80% of the normal product from (@-1, FR255V/F443A
gave 90% of the normal product, and F255V/F448turned out
to be the best variant with 95% of the normd lactone in
small-scale biocatalysis reactions.

For the formation of the abnormal product from @-1,
double mutants combining positions W288, W501, and T442

for F255V increased to 87 %. Y285S did not improve this valuewere generated. All of these variants shoveelower regioselec-

compared to Y285A. However biocatalysis reactions with
Y285F and Y285V resulted in 82 and 8® of the normal lac-
tone, respectively 443V convertel (@-1 into 82% of the
normal lactone, whereas F443A only gave 38 of the normal

tivity than W501A and W501V Additionally, F443A/W50H1A and
F443V/W501A were created, and approximately 90 of the
abnormal product was obtained from biocatalysis with these
variants (Table 1).

lactone. The regioselectivity of W288F increased only slightly To confirm the results obtained for the F255A/F443\R255V/

relative to that of W288A. Thi variant gave 7%% of the abnor-
mal lactone. Suvprisingly, the regioselectivity of W288V was
lower than that of W288\. Phenylalanie in position 501
seemed to be too large, as W501F showdower regioselectiv-
ty than W501A. W501V yielded the same amount of the abnor-
mal lactone insmall-sca reactions than W501A.

Upon comparing the active-site residues in OTEMQ.,(PDB
ID: 3UP4) to those in CHM®y,,,, tight, it became dear that the

F443Y W501A, and W501V variantsvhole-cell biocatalysis re-
actions were performed ona larger scale, and the reactions
were repeated with purified enzymes (Table 2). Cells expsieg)
OTEMOwild-type enzyme convertel 2 mm (@-1 in less than
20 min, and 51% of the norma product was obtained. F255A/
F443V converted the substrate in approximatel h to give
90% of the normd product. The whole-cdl reaction with
F255V/F443V was perforntewith 2 mm racemic substrate. The

OTEMO residues, which mostly influence the regioselectivity variant converted 97% of (+)-1 in 16 h to 18% of the abnor-

towards cisbicyclo[3.2.0]hept-2-en-6-one, also hada high
impact on the regioselectivity in CHMQ),,, for (+)-trans-dihy-
drocarvone. F255 in OTEMO corresponds to F299 in CHM@
Upon superposing both structures on FAD, the RMSD for these
residues was 2.h. Y285 (OTEMQ corresponds to F330 with

mal product, and 64% of (@-1 was convertal in 16 h to yield
91% of the normal lactone. In an experiment with resting cells
expressing W501\V95 % of the abnormal lactone was obtained
from a 2 mm racemic substrate. W501A fully converted mm
(@-1 in less than 16h to give 97% of the abnormal lactone.

a RVISD of 2.5a, and F443 (OTEMO) corresponds to F485 with The purified enzymes were used in 10D20 mL biocatalysis
a RVMISD of 2.9 (FigurelD).The relatively high RMSD values reactions (fo exact conditions, see the Experimental Section).
show that even though these residues are in the same posi- The purified wild type, W501A, and W50Y 20 mg) were used
tions in the overall structure, their orientatios ae different. to convert (@-1 (2mm, &2 mg). The OTEMO wild-type

ChemBioCher2017, 18, 1627D 538 www.chembiochem.org 1630 T 2017 Wiley-VCHerlag GmbH& Co. KGaA, Weinheim


http://www.chembiochem.org

.@‘* ChemPubSoc
Brd-? Europe

Table 2. Larger-scale biocatalysireactions for the production of normal
lactone @ )-1a and abnormal lactone @-1b with whole cells and puri-
fied enzyme by using the best-performing OTEMO variants.
OTEMO Conditios Normal/
variant abnormal [%f!
wild type whole-cell biocatalsis, 2 mm (@-1 51:49
F255A/F443V whole-cell biocatadys, 2 mm (@)-1 90:10
F255V/F443V whole-cell biocatadis, 2 mm rac-1 91:9
W501A whole-cell biocatalysi€ mm (@-1 3:97
W50V whole-cell biocatalysis2 mm rac-1 5:95
wild type 15 mg purified enzyme 2mg (@-1 54:46
F255A/F44¥ 4mg purified enzyme, 2mg rac-1, 84:16

FAD in purification buffer
F255V/F443V 4 mg purified enzyme 2mg rac-1, 84:16

FAD in purification buffer
W501A 20 mg purified enzyme 2mg (@-1 6:94
W50V 20 mg purified enzyme 2mg (@-1 2:98
[a] As determined by GC analysis. Chromatograms can be fdum the
Supporting Information.

enzyme fully converted the substrate in 5910 min and yielded
53% of the abnormal product. W501A converted the substrate
in approximately 30 min, and 9446 of the abnormal product
was obtained. With purified W501V98% of the abnormal

CHEMBIOCHEM
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rification buffer, but it could not be fully restored. Both variants
produced 84% of the normal product, and full conversion was
reached between 24 and 48 h.

The specific activity of F255A/F443V towardec-1l with
added FAD was ten times lower [(0.017 0.001)Umg®] than
that of the purified enzyme without added FAD [(0.15
0.06)Umg®], as determined in an NADPH depletion assay in
two separae experiments The specific activity of F255V/F443V
without added FAD was detemined once and was 10 times
lower (0.014U mg®) than that of F255A/F443V im comparable
expelfiment. This was also reflected in the conversiotimes of
these variants. The specific activity of F255V/F443V wRAD
added to the purification buffer varied strongly in the two sep-
arate experiments and was very lowA possible reason why
the conversion rates of the reactions performed with the puri-
fied enzyne with FAD added to the purification buffer were
lower than those of the reactions perfamed with whole cells
might be due to interaction of FAD with surface amino acids,
which would thus inhibit dimer formation.

For all created variants, the noriad/abnormal product ratios
from the reaction with @& )<cisbicyclo[3.2.0]het-2-en-6-one
were also determined (Table S2). W501A and F255A, which
gave the highest amounts of the different regioisomers from
(@-1, and P145A were the only first-generation variants that

product was obtained, and full conversion was reached in less produced small amouns of abnormal product from #)-1. The

than 30 min. W501V was used ia preparative-scale biocataly-
sis reaction for the conversion of @-1 (100 mg). As the
enzyme is already inhibited bycisbicyclo[3.2.0]hept-2-en-6-
one concentrations abovel mm/?’@ the substrate concentra-
tion for the preparative-scale reaction was onl2 mm so that
the reaction volume was 450 mL.A sample was taken after
41 h and was analyzed by GCfull conversion of the substrate
was observed witha normal/abnormal product ratio of 6:94.
The isolated product wa analyzed by NMR spectroscopy and
GCPBMsSwhich confirmed the formation of (@-1b.
F255A/F443VR255V/F443Vand OTEMO wild type were puri-
fied, and each enzyme (15 mg) wa used to convert (@-1
(2 mg). The wild-type enzyra reached full conversion in less
than 10 min to yield 54% of the abnormal product. Surprising-
ly, both purified variants also gave 546 of the abnormal prod-

amount of abnormal lactone from ¢)-1 was increased by2 %
upon using F255V instead of F255A. In the next mutagesie
round, the F255A/Y285A/F44B and F255A/F443V variants
both gave 10% of the abnormal lactone in this reactin. Reac-
tion with F255V/F443V produced 1% of the abnormal prod-
uct, F255V/Y285V/F443V produced 28 of the abnormal prod-
uct, and F255V/Y285A/F443V even produced @&bof the ab-
normal product. A complete switch in regioselectivity for the
reaction of OTEMO with ¢ )-1 could not be achieved with any
of the variants To understand better whya change in regiose-
lectivity was not possible for this substrate and how the muta-
tions enabled switching the regioselectivity for @-1, docking
experiments were performed. Even thoug the OTEMQseq
structure did not seem to be suitable enough for docking
studies, docking experiments with the four possible products

uct, and F255A/F443V reached full conversion in less thanwere performed to determine whether explanation of the

40 min and F255V/F443 in 1D2 h.

This was repeatd with less enzyme by using the purified
enzyme (3 mg) for the conversion of@-1 (2 mg). OTEMO wild
type fully converted the substrate in 10 min, but F255A/F443V
did not reach full conversion within 20 h. The amount of ab-
normal product was 55% for both variants A similar problem
evolved in our study of CHMQ,,, variants containing the
F299A mutation The purified enzyne produced a gamaller
amount of the normal lactone than the enzyme ina whole-cell
biocatalysis reaction, ad FAD was lost during purification of
the enzyme. Thus, we repeated the purification of F255A/
F443V ad F255V/F44¥ with added FAD in the buffers used
for purification, even though the purified enzyme solution still
had a yellow color. The purified enzyme (4 mg) wa then used
for the conversion ofrac-1 (2 mg). As with CHMQ,., the re-
gioselectivity was improved by the addition ofFAD to the pu-
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beneficial mutationrs was possible. As the OTEMO structure
was solved withou bound product, the directionality of this
enzyme was not known It was proposed that the directionality
of one enzyme would always be the sameo that the oxygen
atom would be inserted on the same side of the keto groufF”
Only the position of the substrate would then decié which re-
gioisomer or enantiomer was formed. It was assumed that the
directionality of OTEMO would be the same as that for CHMO
and PAMO, as the overall reaction mechanisms of the enzgs
were found to be the same. CHMO directionality was deter-
mined by cocrystallization of the product®® and PAMO direc-
tionality was derived from the model of the Criegee inter-
mediate of PAMO with 2-(N-morpholino)ethanesulfonic acid
(MESYY As @-1 was converted into equal amounts of the
normal and abnormal products by the wild-type enzyme, we
expected to get good docking resuls for both products. The
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best docking result obtained with the norma lactone product
showed a distance of 4.5a between the carbonyl carbon atom
of the substrate and Cé& of FAD (Figure2A). The peroxy
group would have to point to the middle of the active ste for
the obtained arrangement The cyclopenenyl residue of the
substrate is tilted sideways and poirg down towards NADP .
The closes distance between the cyclopengnyl residue and
the isoalloxazine is 3.3. This seems very close, especially con-
sidering that the substrate would have to move even closer for
Criegee intermediate formation. By mutating F255 and F443 to
the smaller residues, the peroxy group could point ta position
away from NADP*, and the substrate coutl be tilted even fur-
ther so that the downwards-oriented cyclopentenyl residue
would point to the middle of the active site.

The substrate has to rotate 18®for the formation of the ab-
normal lactone from (@-1 (Figure2B). Thus the cyclopentenyl
residue has to point up. The distance between the carbonyl
carbon atom and C4 is 4.4a in the obtained docking result,

A)
F443 ?

7O

B)

W501
- &

©)

Y285

Figure 2. Resuls of the docking experiments with lactones accessible from
1 for the OTEMQ@,.sq Structure. Relevanresidues are show in purple, the
docked produd is depicted in yellow, and FAD and NADP  are presentel in
gray. A) Normal lactone ¢)-1a. B Abnormal lactone (@-1b. Q Abnormal
lactone (+)-1b.
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and the peroxy group would have to point slightly to the side.
As the closest distance from the docked product and W501 is
3a, it is plausible that mutating this residue toa smaller one
facilitates formatian of the abnormal lactone from @-1. Upon
looking at the overall structure of the active site, it is notice-
able that mutation of the residues on one side of the active
site often leads to the formation of one regioisomerwhereas
mutation of the residues on the other si@ leads to the forma-
tion of the other regioisomer.

As the enzyme does not produce the abnormal product
from (+)-1, we did not expect to obtain suitable docking re-
sults for this orientation. et, a result for the docking experi-
ment with the abnormal lactone was generated with the cyclo-
pentenyl residue pointing down. In this docking, the distance
between the carbonyl carbon atom and C4 is 5a. It ssems
that the product cannot move closer to C4, as the cyclopen-
tenyl residue would then collide with the isoalloxazine. The
peroxy group at the C4 position would have to point to the
side of the isoalloxazie away from NADP for the formation
of the Criegee intermediate. The cyclopentenyl residue is ar-
ranged on the side of the isoalloxazine (Figer2C). Mutating
residues F255 and Y285 to smaller residues would facilitate
this arrangement, but the cyclopentenyl residue would still be
very close to FAD during the formation of the Criegee inter-
mediate. Even though thedocking results give a fairly good
impression of how the substrates have to be oriented to pro-
duce the different lactones, in all of these dockings Arg337 is
not correctly positioned, as shown in Figw 2A. Orientation
and stabilization of the substrate and the Criegee intermediate
through this important residue would not be possible. This
shows that the OTEMQ@,,sq Structure is not perfectly suited for
substrate or product dockings. Cocrystallization of the enzyme
with the product would be desirable for rational protein
design ard the prediction of enantio- and regioselectivities.

Regioselectivity of OTEMO fortrans-dihydrocarvone

To have a better indication of how regioselectivity wa n-
trolled in OTEMO, all variants were used in small-scale whole-
cell reactions with ¢)- and (@-trans-dihydrocarvone as sub-
strates (Teble S3). The wild-type enzym fully converted & )-2
into 95% of the abnormal lactone and thus showd the same
regioselectivity as the CHMQ),,, wild-type enzyme. All variants
that contained a mutation of F255 to alanire or valine showed
inversed regioselectivity towardsH)-trans-dihydrocarvore and
produced 100% of the normal lactone. Indeed, it did not
matter which residues were additionally mutated. This only im-
pacted the activity and not the regioseletivity of the variant.
F255A showe the highest activity so that full conversion of
the substrate was achieved in small-scale whole-téiocataly-
sis (a GC chromatogram can be found in the Supporting Infor-
mation). This result was confirmed ira biocatalysis reaction
with the purified enzyme. Upon performing the docking ex-
periment with OTEMO F255A and the nornhdactone, the dis-
tance between the carbonyl carbon atom and G# was found
to be 4.9a (Figure 3).

T 2017 Wiley-VCH/erlag GmbH& Go. KGaA, Weinheim


http://www.chembiochem.org

.@‘* ChemPubSoc
Brd-? Europe

\f

F255A

=

Figure 3. Result of the docking experiment with norméalactone (@-2a for
OTEMO variant F255Ahe docked product is depicted in yellowthe rele-
vant amino-acid residue is showin purple, FAD is presented in light gray,
and NADP is shown in dark gray.

The distance between the methyl group of the product and
the methyl group of alanine 255 was found to be 4.7a. This
implied that mutating F255 to alanine wa necessary to create
more space for this methyl residueA possible reasa why this
variant exclusivef produces the norma lactone out of #)-2
might be that the substrate needs to interat with phenylala-
nine in position 255 to be oriented correctly for the formation
of the abnormal product. Another reasa for this switch in
regioselectivity could be the fact that the methyl group of the
docked abnormal product is very close td=AD (3.7a). So, by
allowing rotation of the substrate, it might bind preferably in
this orientation owing to less steric hindrance.

A switch in regioselectivity for the other isomer (@-trans-di-
hydrocarvone, could not be achieved. OTEMO wild type con-
verted (@-2 into 98.5% of the norma product. Only 2 variants
out of the 34 examined varians produced smal amounts of
the abnormal product: PL45A and W288Fwhich produced 4
and 5% of the abnormal lactone, respectivelySx variants did
not show any activity towards & )-transdihydrocarvone, but
they were able to reach conversios of 10D40% in small-scale
whole-cel reactions for (@-2. It is driking that five of these
variants containeda mutation of the W501 residue. It seemed
that W501 was an important residue for the coordination of
(+)-2. The closest distance between the abnormal product and
this residue was determined to be 3.a in the docking experi-
ment. In combination with a mutation of F443, the activity of
the mutant towards # )-2 was restored, as those variants con-
verted 10D2@% of the substrate to yield 25D3% of the normal
lactone. Presumablythe additional mutation allowed different
positioning of the substrate in the active site, so that it was co-
ordinated by other residues and the conversion was again pos-
sible.

Regioselectivity of CHMOQ, ., for (@-trans-dihydrocarvone

Interestingly, switching the regioselectivity of CHMQ,,, for

(@-trans-dihydrocarvone was also not possible. The regioselec-

tivity of 54 variants towards @-2 was determined. Ten of
these variants produced 5Bb2% of the abnormal lactone
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(Table S4). Whole-cell biocatalysis with the CHME, wild-type
enzyme yieldel 98 % of the normal product. The best variants
were Q243A/F485A, which produced 26 of the abnormal
product, and Q243A and Q243A/F5%8both gave 20% of the
abnormal product. Docking experimerg with the normal and
abnormal lactones from @-ransdihydrocarvore and
CHMQ,,, tight were performed to understand why the switch
in regioselectivity was not possible for this substrate.
CHMQ,,, Wild type was determined to bind to (+)- and (@)-
trans-dihydrocarvone in sucha way that the larger residue
could point downwards. Thus, @-2 was rotated 18@® relative
to (+)-2, and (@-2 was exclusively converté into the normal
product, whereas #)-2 was converted into the abnormal prod-
uct. A complete switch in regioselectiviy for (+)-2 was ach-
ieved by mutating three phenylalanine residues to alan@resi-
dues, which created enough space for rotation of the substrate
so that the large residue could point upwards®™ In the best
docking result with the abnormd lactone from (@)-2, the dis-
tance between C4 and the carbonyl carbon atom of the
product was determined to be 5.5 (Figure 4).

F485

« Q243

Figure 4. Result of the docking experiment with abnormal product%)-2b
from substrate (@-2 for CHMQ,,,, tight. The docked product is depicted in
yellow, the relevart amino-acid residue is show in purple, FAD is presented
in light gray, and NADP' is shown in dark gray.

It became dear upon looking at the shortes distance be-
tween the product and NADP* why there was no abnormal
product formation from (@-2. The carbon atom of the small
methyl residue of the product and the oxygen atom of the 2
hydroxy group of the nicotinamide riboside of NADP are only
2 a apart. The distance betwee the corresponding hydrogen
atoms is 0.7a. This explains why only3 out of 60 investigated
variants dl of them containing the Q243A mutation, produced
low amounts of the abnormd product. Glutamine 243 is not
positioned in the substrate-binding pocket, but it is close to
the nicotinamide moiety of NADP . It is next to serine 239 and
threonine 240, which share three hydrogen bonds with
NADF . \aline 244 interacts with threonine 240 througha H-
bond. It can be assume that mutating glutamine 243 would
change this interaction network, which would result ira dight-
ly different position of NADP". An additional mutation of the
F485 and F558 active-site residues to alanine (Q243A/F485A
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and Q243A/F558A) would open up the space for the large resi- i i
d d Id thus enabe formation of the abnormal prod- Table 3. Summary of the best-peforming OTEMO and CHMg,, variants
ue and wou p for the conversiors of 1 and 2 compared to the wild-type enzymes.
uct.
In general mutation of the F25%:emdF29% o Y28507emd Enzyne Substrate  Norm#abnormal [%f
F33Qo and F443,e0dF485m residues had the most | OTEND wild type (@1 52:484
impact on regioselectivity The corresponding residues were | OTEMD R255A/F443V @-1 90113";
- N : . OTEND W501V @1 2:98%
also targeted in protel.n_englneerlng ;tudles .o_f CHM@ o and OTEND wild type )2 505
PAMO to enhance activity and enantioselectivity and to broad- | otemo F2ss )2 99: 1
en the substrate scope. IIPAMO, mutation of L443(F443yremd CHMQ, o Wild type (#+)-2 0:100°
F485,m0 10 phenylalanine led toa change in regioselectivity | CHMQuno F299A/F330A/F485A  +()-2 99:;[23;
. i Vi i i 2] CHMQcjnero Wild type (+)2 98:2*
towards rac-1 and increased activity towards thioanisolé? CHMQu e F246VIF27T7AIFAR  (+)2 0100
The PAMO quadruple mutant P253F/G834A/RB8M/L443Fwas
found to have a much wider substrate scope and increased [a] Determined with GC for 10D20 mL reactienwith purified enzyme.
. . . . [b] Determined with GC for whole-célbiocatalyss reactions.
enantioselectivity towards some of the investigated substrates

than the wild-type enzyme®™ Recently the conversion of cy-
clohexanone into e-caprolactone by a PAMO mutant, which
also included the L443V mutationwas reported® The corre- the conversions of @-trans-dihydrocarvore and (+)<isbicy-
sponding amino acid was also targeted in CHMQ.., clo[3.2.0]hept-2-en-6-one in CHMQ),, and OTEMO hinted to
(F432anetd, @nd it was found to havea substantial impact on  similar factors controlling regioselectivity in BVMOs, even
the substrate specificiy and enantioselectivity of the en- though these enzymes have only 3% squence identity and
zyme!®™ In addition to increased enantioselectivity towards a 56% sequence similarity Thus, the results from this study
number of substrated® including methyl p-methylbenzy thio-  allow two important conclusions that will help scientists
ether® and reversed and improved enantioselectivity for the aiming to change the regioselectivity ofa BYMO. The fact that
conversion of 4-hydroxycyclohexaone!*!! the F432S variant mutation of the corresponding amino acids in other BVMOs, as
also exhibited improved regioselectivity towardsa racemic discussed in the previos sction, also had an influence on the
fused bicycloketond®® Positions F248. e (F25%memdF29%m)  Fegioselectivity shows that there are certai amino acids that
and F27 %ineo (Y28%1emdF3304ino) have so far only been mu- can be targeted as hot spots upon aiming to change the regio-
tated together with other positions. The variand showed im-  selectivity In addition, mere steric effects influence the sub-
proved and reversed enantioselectivity for methylp-methyl-  strate positioning for different enzyme/substrate combinations
benzyl thioether”® Another residue that has been mutated in to such an exten that the regioselectivity can be inversed.
many BVMOs and that had an impact on the regioselectivity of

OTEMO towards both enantiomers of and (@-2 is P14%evo

(L196yo "L 143 inerd ™ VL 14520008 YQL5 20pi > *# 4% Muta- Experimenta| Section

tion of the corresponding residue in PntE (L1§5ead to re-
versed regioselectivity fo the conversion of 1-deoxy-11-oxo-
pentalenic acid® The PAMO Q15F mutant showed changed
regioselectivity forrac-1.14%

Substrates and products: Substrate @)-1 is @ )-(1IR59-cishicy-
clo[3.2.0]hept-2-en-6-one. Normal product@-la is (@-(1S5R-2-
oxabicyclo[3.3.0]oct-6-en-3-one, and abnormal lactone )1lb is
(+)-(1S5R)-3-oxabicyclo[3.3.0]oct-6-en-2-one. Substrat@)fl is (@-
(1S5R)-cisbicyclo[3.2.0]hept-2-en-6-one. Normal lactoner}-1a is
Conclusions (+)-(IR59-2-oxabicyclo[3.3.0]oct-6-en-3-one, and abnormal lactone
(@-1b is (@-(1IR59-3-oxabicyclo[3.3.0]oct-6-en-2-one. Substrate
The aim of this work was to investigate whether our previously (+)-2 is @ )4transdihydrocarvone. Normal lactone @-2a is (@-
established finding that regioselectivity cow be influenced (4R7R-7-Methyl-4-isopropenyl-2-oxooxepanone, and abnormal lac-
just by steric effects could be transferred to other enzyme/sub- ©On€ (@-2b is (@-(R69-3-methyl-6-isopropenyl-2-oxooxepanone.
strate combinations. For this study 41 OTEMO variants and 57$ubstrate @-21is (@-tran_sduhydrocarvone. Normal lactone#()-2a
CHMQ,w, variants were generated, and their regioselectivity 'S (+)-(487S)-7-metr_1yl-4-|sopropenyl-z-oxooxepanone, and abnor-
) i . mal lactone ¢)-2b is #)-(356R)-3-methyl-6-isopropenyl-2-oxooxe-
towards different substrates was investigated Indeed, chang- panone.
ing certain large residues to smaller ones was sufficient to
allow for the reversed positbning of the substrate in the
active site. It wa possible to establish the desired regiosete
tivities in the case of OTEMO for the conversion o@)f-1 and
to switch the regioselectivity of OTEMO for the conversioof
(+)-2. The relevant amino acid positions for the production of
the normal lactones from @-1 and #)-2 were partly the

Materials: Unless stated otherwise, all chemicals were purchased
from SigmabAldrich, Fluka, New England Biolabs, or Merck. Primers
were synthesized by ThermoFisher Scientific and Eurofins MWG
Operon. Sequencing was done at Eurofins MWG Operon.

Bacterial strains, plasmids, and general culture conditions: Es-
cherichia coli TOP10 [F-mcBXmrrhsdRMS-mcrB€)80lacDM15 D

. ! . o lacX74 recAl araD13B(araleu)7697 galU galK rpsL (StrR) endAl
same, and mutation of the corresponphg gmlnq acids .|r_1 nupG] and E. coli BL21 (DE3) [fhuA2 [lon] ompT dalDE3) [dem]
CHMQyo and CHMQinero @IS0 led toa switch in regioselectivi-  phsgsjwere purchased from New England Biolabs, Rosetfa®

ty for the conversion of ¢)-2 (Table 3)*¥ Additionally, the fact  ompT hsd§r®m.® gal dcm (DE3) pRARE2 (CiimThe gene
that it was not possible to createa different regioselectivity for encoding MO14 from R.josti RHAL1 (GenBank accession no.
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ABG95240.1) cloned into pET-YSBLIC-3C was received from Gide - ) )

Grogan, University ofYark. The gene encoding the OTEMO from Table 4. Overview of the primers used for generating the mutants.

Pseudomonas putida ATCC 17453 (GenBank accession no.| yiutation Forward primer Reverse primer

AEZ35248.1) was cloned into pET28b containing an N-terminalgHis

tag by using the restriction sites for Ndel and Hindl#® The gene P145A ggg:g_rcémc GCG CTC Tagrrfr; ggg SAG AGC GCG CLG

encoding the CHMO fromArthrobactersp. BP2 ((_Se_nBank accession| | . e TeC GCA ACC GGC CCG GATN GG ACT GGC CABGC

no. AY123972.1) was cloned |.nt(.) pETZ&bQ containing an N-termi- TCGGCCAGT CGG GCC GGT T

nal Hig tag by using the restriction sites for Ndel and EcoRI. Inthe | pos5a  TCA ACT GAACG GCASCC  ATC ACG GTGATA AGGGGC

case of CHMQy,,, variants, plasmids were cotransformed with the CCTTATCAC CGT GGC CGT GTAGT

pG-Tf2 plasmid hosting the groES-groEL-tig chaperon in. coli F255V  TCA ACT GAACG GCASTC  ATC ACG GTGATA AGGGAC

strains by the heat shock method, as described previou&H). CCTTATCAC CGT GGC CGT GIAGT

OTEMO plasmids were transformed int&. colistrains by the heat- | Y285A  TAT GGCCAA CCG GGGCT  GCT CAG CCA GAXCAGC

shock method. E. coli strains were routinely cultured in Terrific GGCATC T6G CTG GCCCGGTTG G

Broth (TB) medium and were supplemented with kanamycin Y285v gg c(,I:TECTég %?rg GGGTT gg:—: EAG%?_??; CCE/GCCAAC

(50mg mLz) for OTEMO 'expressmn @?nd with kanamycin Y285F TAT GGCCAA CCG GGTTT GCT CAG CCA GAXCCAAA

(50mgmL*") and chloramphenicol (25 mL*) in the case of chap- GGCATC TGG CTG GCC CGG TTG G

erone coexpression for CHMEQ,, expression. Incubation was per- | yvogss  TAT GGCCAA CCG GGC AGC GCT CAG CCA GALC GCT

formed in baffled Erlenmeyer flasks in an orbital shaker (InforsHT GGCATC TGG CTG GCC CGG TTG G

Multitron2 Standard, Infors, Bottmingen, Switzerland) at 180 rpm [ W288A CCG GGUAT GGCATCGCG GCG GAA TCC GEAGCGC

and 378C. Bacteria on agar plates were incubated in an Incucell In- CTG AGC GGATTC GAT GCCATA GCC

cubator (MMM MedcenterEinrichtungen GmbH). All materials and | W288V  CCG GGIAT GGCATCGTG ~ GCG GAATCC G@AGCAC

media were sterilized by autoclaving or by filtration through CTG AGC GGATTC GAT CCCATA &CC

0.20mm syringe filters. Agar plates were prepared with lysogeny Ta42A Tiiﬁ_géiﬁé%$§%§_m égf?cfg':sg? é”éﬁgc

bmth (LB) med'glm supplemented with 1.6 tw/v) agar and ka_na' F443A  CAC AAC GGC TCG ABCT ACC GE GI'T GCAAGCGGT

mycin (50ng mL*") and for CHMQ, ., @dditionally chloramphenicol TGC AAC QT GST GTA CGA GCC GTT GTG C

(25ngmL®). Colonies were picked and used for inoculation of | Fa43y  CAC AAC GGC TCG AT  ACC G GIT GCAAAC GGT

overnight cultures containing LB medium (5 mL) with kanamycin TGC AAC GT GGT GTA CGA GCC GTT GTG C

(50ngmL®) and chloramphenicol (25mg mL®), if necessary. C444A  AAC GGC TCG ACC BT  TCC ACAAC ACC GAC GTT

AAC GTC GGT BTGT GGA GGCAAA GGT CGA GCC GTT

V446A GC TCG ACC TTGCCAAC CGC CTG CAATCC TCC ACA

DOCking eXperimentS: D)Cklng eXperimentS with the OTEMQosed GTC GGT @TTGT GGA GGA TAC ACCGGCGTT GCAAA

structure were performed with the normal and abnormal lactones T

as ligands. The simulation cell was arranged &0around the C4 W501A GCA GAG GCCRBCCGCG CGT GGT CTT GAC CCA CGC

carbon atom. For the docking experiment, the dockrunensemble TGG GTC AAG ACC GGCATT GGC CTC

macro from YASARA was used with an altered RMSD minimum of | W501V  GCA GAG GCCRACCGTT  CGT GGT CTT GAC CAAC

2.5a. Bnding energies for best docking results as calculated for TGG GTC AAG ACC GGCATT GGC CTC

the enzyme models without the His tag normal lactone from WS501F T%%AGGT‘%GA(;ZCQ’?CTTT gg;ﬁ_?ggz?éc CRAA

(@-1 in OTEMO w!ld type 2.93 kcalmof®, abnormal lactone from Ta42A  GGC TCECCTTT TGC AAC TAC ACCGGCGTT GOMAA

(@-1 in OTEMO Wllq type 5.61 kcalmof, abnormal lactone from VA46A  GCCGGT GTA GGCCGA GCC

(#+)-1 in OTEMO wild type 4.48 kcalmof, normal lactone from

(+)-2 in OTEMO F2554.38 kcal mof*, abnormal lactone from (@-
2 in CHMQ,o: @7.02 kcalmof. The RMSD values were deter-
mined by superposition of the different structures inYASARA.

Site-directed mutagenesis: Mutation positions in the text are
given for the enzyme without a Hs tag. To determine the actual
mutation position for the His-tagged enzyme used in this work,
the number 20 had to be added to the residue number (e.gresi-

method. A typical PCR mixture (561) consisted of 10/ Pfu Plus!
DNA polymerase buffer (5rL), DMSO (0.#L), a mixture of deoxy-
nucleoside triphosphates (Iii; 0.25 nm each),PfuPlus DNA poly-

Enzyme production: The cultivation for MO14 production was per-
formed by inoculation of Terific Broth (TB) medium (500 mL) sup-
plied with kanamycin (50ngmL®) with an overnight culture to
give an OQ, of 0.08. E. coliRosetta (DE3) cells were grown at
378C in baffled shaking flasks. Enzyme expression was induced
after 2 h with isopropyl b-d-thiogalactopyranoside (IPTG0.1 mm).
Cultivation was continued for5 h at 208C and was stopped by har-
due F255 is actually F275). Site-directed mutagenesis of thevesting (centrifugation at 400@Q at 48C for 20 min). For biocatalysis
OTEMO and CHMO gene was performed by using the QuikChangereactions, the bacterial cell pellet was resuspended in phosphate
buffer (100 nm, pH 8.0) containing 1% sodium chloride (v/v). This
cell suspension was then used as resting cells in biocatalysis reac-

tions.

merase (1 U), plasmid DNA (100 ng), and the forward and reverse

primers (Table 4, 0.2m). After initial denaturation for 5min at  The cultivation for OTEMO production was performed by inocula-
958C, the cycling program was followed for 20 cyclesd5 s, 958C  tion of TB medium supplied with kanamycin (5@gmL®) with an
denaturation; 45 s, primer annealing at the primer specific optimal overnight culture to give an OR,, of 0.08.E. coliBL21(DE3) cells
annealing temperature and 7.5 min, 728C dongation. The final were grown at 378C in baffled shaking flasks. Enzyme expression
elongation step was performed over 10 min at 78C. After PCR, was induced at an OR, of 0.6D0.8 with IPTG (0.1m). Cultivation
the mixtures were digested for2 h at 378C with Dpnl, which was  was continued for 6 h at 208C, and the OR,, was measured and
followed by transformation into E. coli TOP10 After overnight 10/OD samples were taken forl mL biocatalysis reactions. The
growth on agar plates, two clones (from each PCR) were se-cells were harvested by centrifugation at 400§ at 48C for 15 min.
quenced to validate the desired mutations in the gene. Creation of For biocatalysis reactions, the bacterial cell pellet was resuspended
CHMQ, 4o mutants was performed as described elsewhel@! in phosphate buffer (100 nm, pH 8.0) containing 1% sodium chlo-

ChemBioCher2017, 18, 1627D 538 www.chembiochem.org 1635 T 2017 Wiley-VCHerlag GmbH& Co. KGaA, Weinheim


http://www.chembiochem.org

.@‘* ChemPubSoc
Brd-? Europe

CHEMBIOCHEM
Full Papers

ride (w/v). This cell suspension was then used as resting cells inhexane/ethyl acetate 3.25:0.75) for purification of the substrate.
biocatalysis reactions. For enzyme purification, the cultivation was TLC plates were stained with KMnOsolution. Substrate @-1

continued at 208C for 16 h and the cells were harvested (centrifu-
gation at 4350g at 48C for 20 min).

The cultivation for CHMQ,,, production was performed by inocu-
lation of TB medium (400 mL) supplied with kanamycin
(50mgmL®) and chloramphenicol (25mgmL®) with an overnight
culture to give an ORQ,, of 0.05.E. coliBL21 (DE3) cells were grown

at 378C n baffled shaking flasks. Chaperone expression was in-

duced at an ORy, of 0.4D0.5 with tetracycline (5 ngnf). Enzyme
expression was induced at an Qjg, of 0.6D0.7 with IPTG (0.1m).
Cultivation was continued for5 h. The ODy,, was measured, and
10/0D samples were taken forl mL biocatalysis reactions. The
cells were harvested by centrifugation at 345§ at 48C for 10 min.
The bacterial cell pellet was resuspended in phosphate buffer
(50 mm, pH 7.3) containing 1% sodium chloride (v/v) for biocata-
lytic reactions with CHMQy,,, variants.

Purification of the OTEMO wild-type enzyme and the mutants:

Cell pellets obtained as described above were resuspended in

sodium phosphate buffer (25 mL, 100 m; 300 mm NaCl, pH 7.5)

containing imidazole (30 nm). For cell disruption, the cell suspen-
sion was passed througha Fench pressure cell at 13800 kPa. Cell
debris was separated from the crude extract by centrifugation at
8000g for 30 min. Purification of the enzyme variants was per-

eluted first in pure form, which was followed by the products.
Solvent was removed under reduced pressure, and the purity of
(@-1 was confirmed by GC analysis.

Biocatalysis reactions with OTEMO and CHMQy,, using whole
cells: For small-scale biocatalysis reactions, the BVMO-containing
cell suspension prepared as described above was supplemented
with d-glucose (4 mMm; 1m stock in Milli-Q water) and substrate
(2 mm; 1m stock in DMF). The reaction was performed i@ mL
glass vials at 28C and 900 rpm in an Eppendorf Thermoshaker for
48 h.

Large-scale biocatalysis reactions were performed in 100 mL baf-
fled shaking flasks sealed witla ssptum to prevent substrate/prod-
uct evaporation. Cell suspension (10 or 20 mL) was supplemented
with d-glucose (4 nm) and substrate (2 nm). The reaction was per-
formed at 208C and 160 rpm in an orbital shaker Samples (1 mL)
were taken at certain time points for analysis.

Biocatalysis reactions with purified enzyme: Bocatalysis reac-
tions with purified enzyme were performed in 100 mL baffled shak-
ing flasks sealed witha sptum. The amount of purified enzyme
for the individual reactions is given inTeble 2. d-Glucose (20 rm),
substrate (2 nm), NADPH (2.5 m), FAD (100mm), glucose dehy-

formed by using the gkTA purifier (GE Healthcare, Germany). The drogenase (8UmL®), catalase (15 mL®), and superoxide dismu-

filtrated supernatant was applied toa Nckel-NRA column (GE
Healthcare). After washing the column with triple the volume of
sodium phosphate buffer (100 m) containing sodium chloride
(300 mm) a a flow rate of 5 mLmin®, the protein was eluted with
sodium phosphate buffer (100 mm) containing imidazole (300 nm)
and sodium chloride (300 m). The OTEMO-containing fractions
were collected. The proteins were desalted by gel chromatography
(HiTrap desalting column) againsTiis&CI buffer (100 nm, pH 9.0)
at a flow rate of 2 mLmin®. To determine the protein content of
the purified enzyme, the bicinchoninic acid (BCA) protein quantifi-

cation kit (Thermo Scientific) was used. Standard curves were

made by using bovine serum albumin (BSA) in the range of 0.02 to
2 mgmL®. Samples were measured in triplicate at suitable dilu-
tions.

Activity measurements: Ehzyme-activity measurements for
OTEMO were performed spectrophotometrically by using Jasco
V550 spectrophotometer by monitoring the NADPH consumption
at | =340 nm for 180s in 1 mL cuvettes. The standard reaction
mixture (1 mL) containedTris&Cl buffer (100 nm, pH 9.0), cisbicy-
clo[3.2.0]hept-2-en-6-one (1 m; 1m in DMF), NADPH (0.3 m),
and an appropriate amount of the enzyme (purified or as crude-
cell extract) with an extinction coefficient ofe= 4.7 nm@® cm@ (de-
termined at| = 340 nm).

Preparation of (@-cis-bicyclo[3.2.0]hept-2-en-6-one: A commer-

cially available racemic mixture o€isbicyclo[3.2.0]hept-2-en-6-one
(SigmabAldrich) was used ia preparative whole-cell biocatalysis
reaction with the MO14 (003437) fromR. jostiRHAL (GenBank ac-

tase (40UmL®) were added to the purified enzymé*”! and the
flask was filled up toa final volume of 10 or 20 mL withTrisdHCI
buffer (100 nm, pH 9.0). The biocatalysis reaction was conducted
at 208C and 160 rpm in an orbital shaker Samples (1 mL) were
taken at certain time points for analysis.

Extraction of biocatalysis samples and GC analysis Bocatalysis
reaction samples or time samples were extracted with ethyl ace-
tate (2v500nL) supplemented with an internal standard (5 m
methyl benzoate). Between the extraction steps, the samples were
centrifuged at 1700Qy for 5910 min. The organic phase was dried
with anhydrous sodium sulfate. GC analysis of the samples was
performed with a Hydrodexb-3P column [heptakis(2,6-d0-
methyl-3-O-pentyl)-b-cyclodextrin] (25 nvV0.25 mm) (Machereyb
Nagel) with a GC2010 (Shimadzu). The injector and detector tem-
peratures were set to 22@8C, and the column flow was
1.01 mLmirf* with a pressure of 39.5 kPa. The split ratio was 10,
and sample (1nl) was injected. Separation of compounds was ach-
ieved with the isothermal method at 6(8C for 15 min followed by

a gradient of 108Cmn® to 1308C held for 15 min followed by

a gradient of 208Cmn® to 2008C held for 4 min to give the fol-
lowing retention times, as determined with analytical standards of
rac-l, (@-1, @-1a, and (@-1b. The two missing products were
identified by GCBMS Sandard, 24.2 min (@-1, 20.5 min; (+)-1,
21 min; (@-1b, 31.6 min; (*+)-1a, 32.3 min; *)-1b, 32.8 min; and
(@-1a, 33.3 min. The substrate conversion was calculated with the
help of a ¢gandard curve ranging from 0.16 to 30 . GC analysis
of the samples from the biocatalysis reactions witt2 was per-
formed with a HYDRODEXb-TBDAc column [heptakis-(2,3-@-

cession no. ABG95240.1) to perform kinetic resolution. Therefore acetyl-6O-tert-butyldimethylsilyl)b-cyclodextrin] (25 mv0.25 mm;
cell suspension (500 mL), prepared as described above, was supMachereybNagel) witta GC2010 (Shimadzu). The injector and de-

plemented with d-glucose (10 nm) and racemic cisbicyclo[3.2.0]-
hept-2-en-6-one (5 nm). The reaction was performed ira 2L baf-
fled shaking flask at 2@C and 180 rpm in an orbital shaker for
4.5 h. The cells were separated from the mixture by centrifugation
at 4000g. The supernatant was extracted with ethyl acetate {8 in

a separation funnel. The solvent was removed under reduced pres-

sure. This step was followed by column chromatography (silica gel,
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tector temperatures were set to 22@C, and the column flow was
1.88 mLmirf* with a pressure of 77.2 kPa. The split ratio was 30,
and sample (1) was injected. Separation of compounds was ach-
ieved with the isothermal method at 10@C for 20 min followed by

a gradient of 208Cmin@ to 1808C to give the following retention
times, as determined with analytical standards of all compounds:
Standard, 12.29 min # )-trans-dihydrocarvone, 18.83 min normal
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lactone, 24.95 min and abnormal lactone 26.12 min. The substrate
conversion was calculated with the help o& gandard curve rang-
ing from 0.3 to 8 mm.
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Nine new putative Baeyer-Villiger monooxygenase encoding genes were identi ed in the eukaryote Yarrowia
lipolytica and eight were subsequently cloned and expressed. These enzymesyarrowia monooxygenases A-H
(YMOA-H), were used in biocatalysis reactions with ketones, sul des and sulfoxides as substrates. YMOB con-
verts ketones and sul des, albeit with low activities. However, YMOA did not convert any of the tested ketone
substrates, but showed activity towards sul des and sulfoxides and also showed very high stereoselectivity. This
enzyme produced high amounts of sulfones and even converted dimethylsulfoxide (DMSO). Therefore, the

sulfoxidation activity of YMOA was investigated in a mutational study. Variants with increased and reduced
sulfone yields were created, indicating relevant amino acid positions for the control of sulfoxidation activity.
This work expands the set of eukaryotic BVMOs and explores the Yarrowia monooxygenase A, which might
belong to a new class of BVMOs as indicated by its unique activity and a phylogenetic analysis.

1. Introduction

Baeyer-Villiger monooxygenases (BVMOs) are a class of avin-dependent
monooxygenases that catalyze the oxidation of ketones to esters or lactones
(Scheme 1) [1,2] analogous to the chemical Baeyer-Villiger oxidation,
which was published in 1899 by Adolf von Baeyer and Victor Villiger [3].
The mechanism of BVMOs was rst shown to proceed like the chemical
Baeyer-Villiger oxidati on in 1982 by Ryerson et al. [4] . Instead of a peracid,
BVMOs utilize a avin-peroxyanion as elucidated in 2001 by Sheng et al.[5] .
The enzymatic mechanism has been sidied extensively for CHMO from
Rhodococcusp. HI-31 with several crystal structures showing the movement
of enzyme domains during the catalytic cycle [6-8]. In 2011, Orru et al. [9]
published their work on the mechanism of Baeyer-Villiger oxidations for the
BVMO phenylacetone monooxygenase (PAMO). Their work highlights the
importance of the catalytic arginine residue R337 by providing crystal
structures of key steps in the mechanism. They showed that R337 enabled
the catalysis in two ways. Firstly, its positive charge (along with NADP *)
created an oxyanion hole stabilizing the negatively charged Criegee inter-
mediate. Secondly, it activated the substrate by forming a hydrogen bond
with the carbonyl oxygen, thus activating it for nucleophilic attack by the

avin-peroxide group. The authors noted that they had found no distinctive
residues for the recognition of speci ¢ substrates[9] . This might also lead to
the high versatility of BVMO catalyzed reactions, as many BVMOs are able to
oxygenate heteroatoms like sulfur, nitrogen, phosphorus, boron or selenium
in an electrophilic mechanism in additi on to the nucleophilic Baeyer-Villiger

Corresponding author.
E-mail addressuwe.bornscheuer@uni-greifswald.de (U.T. Bornscheuer).

http://dx.doi.org/10.1016/j.enzmictec.2017.09.008

oxidation [1] . The sulfoxidation activity of BVMOs has been the subject of
considerable research throughout the years as chiral sulfoxides are important
compounds as chiral auxiliaries for organic synthesis and pharmaceuticals
like esomeprazol or armoda nil [10,11]. The synthesis of these chiral
sulfoxides through biocatalytic sulfoxidations is an important alternative to
the chemical synthesis due to the generally high regio- and enantioselec-
tivities of enzymes and economical/ecological advantages because no toxic
waste is being generated[12—14]. In contrast to Baeyer-Villiger oxidations,
the sulfoxide product can be oxidized further to the achiral sulfone; however
in most cases this constitutes only a minor side product (Scheme b)
[15-22]. The highest sulfone formations with 4-hydroxyacetophenone
monooxygenase (HAPMO) were achieved with the cyclic sul des tetra-
hydrothiopyran (20%) and tetrahydrothiophen (24 %). BVMO Afl from
Aspergillus fumigatuproduces 75% sulfone from the substrate benzyl ethyl
sul de [23]. The highest sulfone formation from methyl phenyl sul de
(MPS) was discovered for BYMO A 210 from Aspergillus avusforming 14%
sulfoxide and 13% sulfone [24]. The role of the catalytic arginine in
sulfoxidations was investigated in a recent work on the Ar-BVMO from
Acinetobacter radioresisterig5] . It was shown that a mutation of the catalytic
arginine (R327 in Ar-BVMO) to alanine completely nulli  ed Baeyer-Villiger
activity similar to previous work on PAMO and HAPMO [26,27] . However,
the variant retained 84% of its sulfoxidation activity towards the thioamide
ethionamide, while R327G retained 43%. This demonstrated the nucleo-
philic mechanism of Baeyer-Villiger oxidations in contrast to the electrophilic
one for sulfoxidations catalyzed by this enzyme. Conversely, the results
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Scheme 1. Exemplary reactions catalyzed by BVMOs. a) Oxidation of a ketone to an
ester/lactone. b) Oxidation of sul des to chiral sulfoxides. The sulfoxide can be further
oxidized to the sulfone.

cannot be applied to sulfoxidations in general as the corresponding mutation
in PAMO also rendered the enzyme inactive towards benzyl methyl sul de
[26] . The most comprehensive investigation into the e ects of active site
mutations on sulfoxidations was recently published in a work by Zhang et al.
[28] who investigated the synergy between mutations from iterative sa-
turation mutagenesis in PAMO. They also provided docking simulations for
some mutants in order to explain the observed e ects on activity and
enantioselectivity. The models suggested that in the investigated single
mutants P440F and L443I the shape ofthe substrate binding pocket was
either directly (L443l) or indirectly changed through an increased  exibility
of the loop (P440F). This also a ected another active site loop on which 167
was situated. These changes resulted in a dierent binding mode of the
substrate so that the large p-methylbenzyl moiety might be signi cantly
rotated. While this rotation did not change the con guration, it increased
both activity and enantioselectivity, indicating that the di  erent binding of
the large substituent was bene cial. In contrast, the quadruple mutant 167Q/
P440F/A442N/L4431 changed the binding to e ect an inversion in
enantioselectivity. All the above described studies were performed with type
| BVMOs. While type | BVMOs contain a FAD cofactor and are NADPH-
dependent, type Il BVMOs use FMN and NADH and are generally more
complex as they are composed of two di erent kinds of subunits. The oxy-
genase performs the monooxygenation, while the reductase reduces FMN to
FMNH so that it can be used by the oxygenase[29] . The majority of char-
acterized BVMOs are type | BVMOs, while only a few type || BYMOs have
been characterized to date like the 2,5-diketocamphane-1,5-monooxygenase
(2,5-DKCMO) and 3,6-diketocamphane-1,6-monooxygenase (3,6-DKCMO)
that are involved in the camphor degradation pathway of Pseudomonas pu-
tida ATCC 17453(30,1,31,32] . For a long time, recombinant type | BVMOs
were only available from bacterial origin. The  rst eukaryotic BVMO to be
cloned, expressed and characterized, the cycloalkanone monooxygenase
(CAMO) from Cylindrocarpon radicicolaATCC 11011, was reported by us in
2011 [33,34] . Since then, several eukaryotic BVMOs have been character-
ized from fungi (four in Aspergillus avus one in Aspergillus fumigatysand
photosynthetic eukaryotes (the red alga Cyanidioschyzon merolaeand the
moss Physcomitrella patens[23,24,35] . Furthermore, the identi cation of
potential eukaryotic BVMOs has drastically increased. The very recent
screening of fungal strains for BVMO activity by Butinar et al. [36] identi ed
BVMO activity in 86 from 107 screened strains by using the benchmark
substrate bicyclo[3.2.0]hept-2-en-6-one. Yarrowia lipolytica was among the
strains that tested positive for BVMO activity and six putative BVMO se-
quences were identi ed by Mascotti, Lapadula [37] along with 92 new
BVMO sequences, including 69 eukaryotic sequences from fungi, haptophyta
and eumetazoa species. New type | BVMOs are usually identied through
genome mining by the presence of several conserved sequence motifs. These

ngerprint sequences are FXGxxxHTxXW(P/D) and [A/G]GXWxxxx[F/Y]P
[G/M]xxxD [1,38] . They can also be used to distinguish BVMOs from group
B FMOs, which usually display Y(K/R) instead of W(P/D) in the rst n-
gerprint and do not contain the second ngerprint [39] . BVMOs also contain
two GXGxx(G/A) motifs corresponding to the two nucleotide-binding Ross-
mann-folds for the binding of FAD and NADPH [40,41] .

The aim of this work was to expand the knowledge about eukaryotic

BVMOs by identi cation, cloning and investigation of putative BVMOs
from the vyeast Yarrowia lipolytica. Yarrowia lipolytica is an

(Q]\PH DQG OLFURELDO 7THFKQRORJ\

ascomycetous, non-pathogenic yeast, that was rst discovered in the
1960s as Candida lipolyticaand was reclassi ed several times until the
current genus Yarrowia. The name“lipolytica ” derives from its isolation
from lipid-rich environments such as rancid butter [42,43] . Most in-
terestingly, the BVMO called YMOA showed a high potential for sul-
foxidation reactions producing high amounts of sulfone products as
well, but did not convert any of the tested typical ketone substrates
even though it displayed all of the typical BYMO  ngerprints. Thus, we
used YMOA in a mutational study in order to ascertain factors in u-
encing sulfoxide and sulfone production in BVMOs.

2. Materials and methods

All chemicals were purchased from Sigma-Aldrich, Carl Roth, Merck
or abcr unless stated otherwise and were used without further pur-
i cation. Stock solutions for almost all substrates were prepared with a
concentration of 1 M in isopropanol. Stock solutions of the sulfones
were prepared with a concentration of 400 mM in isopropanol for
MTSGO, and methanol for MPSO,. DMSO, was dissolved in DMF with a
concentration of 400 mM. All sequencing was performed by Euro ns
MWG GmbH. All primers used are listed in Tables S1S3.

2.1. Isolation of genomic DNA from Yarrowia lipolytica

Cells of Y. lipolytica Strain 63 from an YPD agar plate were dispersed
in 50 mL of YPD medium and incubated overnight at 30 °C and 180 rpm
15 mL of culture were centrifuged for 20 min at 4500 x g and 4 °C.
Genomic DNA was extracted with the innuSPEED Bacteria/Fungi DNA
Kit (Analytik Jena) according to the manufacturer ’s instructions.

2.2. Cloning of the YMO genes into pET28a(+)

The genes encoding for the YMOs (Table S5) were successfully
cloned from the genomic DNA of Yarrowia lipolytica thanks to the ab-
sence of introns. Although Yarrowia lipolytica was found to contain the
most introns among the hemiascomycetous yeastg44] , only 15% of all
genes contain introns, which were not present in the genes targeted
here. YMOA and YMOB were cloned with the FastCloning method [45] .
The insert and vector were ampli ed separately by PCR. The ampli -
cation introduces overhangs at both ends of the insert corresponding to
the position in the vector while the vector is ampli  ed to contain these
overlapping sequences at both ends. The respective PCR program for
the insert started with 95 °C, 5 min, followed by 17 cycles of dena-
turation (95 °C, 1 min), annealing (45 °C, 1 min) and extension (72 °C,
2 min), this was followed by 18 cycles increasing the annealing tem-
perature to 55°C. The nal extension was conducted at 72 °C for
10 min. The reaction mixture for the insert ampli cation (50 L) con-
tained 150 ng template, 10x OptiTaq bu er C (5 L), a mixture of
deoxynucleoside triphosphates (1 L, 0.25 mM each), OptiTag DNA
polymerase (0.3 L) and the forward and reverse primers (Table S1,
0.2 M). The PCR program for the ampli cation of the vector was
performed similarly to insert ampli cation; 10 cycles were used for
both ampli cation rounds and the extension time during the cycles was
increased to 10 min. The reaction mix was prepared in the same way as
the one for insert ampli cation. After Dpnl digestion of the ampli ed
vector and insert to eliminate the DNA templates used in PCRs, they
were puri ed with the NucleoSpin Gel and PCR Clean-up kit (Ma-
cherey-Nagel). Competent E. coli TOP10 cells were transformed with
mixtures of the puri ed inserts and vectors in di erent ratios (1:5, 1:1;
5:1) to obtain the desired clones. In a rst step, the ymoA and ymoB
genes were cloned from genomic DNA (gDNA) of Y. lipolytica into pSK1
vectors. After plasmid isolation from the E. coli TOP10 transformants
with the “InnuPREP Plasmid Mini Kit” (analytik Jena), the success was
con rmed by sequencing. Subsequently, the obtained pSK1 constructs
were used as templates for subcloning into pET28a vectors. The PCR
programs and reaction mixtures were the same as for cloning into the
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pSK1 plasmid. After transformation and plasmid isolation, the success
was con rmed by sequencing.

YMOS C-H were directly cloned into pET28a(+) using the classical
cloning approach, where the insert (gene of interest) was ampli ed
using primers to introduce overhangs at both ends of the insert con-
taining the speci c recognition sites for Ndel and Notl. Ampli cation
was performed according to the following protocol: 5 min at 95 °C,
followed by 30 cycles of denaturation (95 °C, 1 min), annealing (55 °C,
1 min) and extension (72 °C, 2 min). At last the temperature was held at
72 °C for 10 min. A typical reaction mix (50 L) contained 10 x Pfu
bu er C (5 L), a mixture of deoxynucleoside triphosphates (1 L,
0.25 mM each), Pfu* DNA polymerase (0.2 L), plasmid DNA (500 ng)
and the forward and reverse primers (Table S2, 0.2 M). Afterwards,
the insert was puri ed with the NucleoSpin Gel and PCR Clean-up kit
(Macherey-Nagel). The ampli ed insert and the vector were separately
digested utilizing 2 L each of Ndel and Notl, 15 L ampli ed insert,
10 Lampli edvectorand 5 L 10x fast digest bu erin 50 L reaction
volume. The digest reaction mixtures were incubated for 2 h at 37 °C
with a nal step of 10 min at 80 °C for enzyme inactivation. Afterwards,
they were puri ed with the NucleoSpin Gel and PCR Clean-up kit
(Macherey-Nagel). 40-65 ng of the puri ed insert and 7-21 ng vector
were mixed together with 0.5 L T4 ligase and 0.7 L 10x T4 ligase
bu erin 7 L reaction volume and incubated using the following pro-
tocol: 20 °C, 2 h; 16 °C, 4 h; 14°C, 3 h; 12°C, 3h; 10°C, 2h and 72 °C
for 10 min to obtain the ligated vector construct, which was trans-
formed into competent E. coliTOP10 cells to obtain the desired clones.
The success was conrmed by sequencing of the isolated plasmids.

2.3. Site-directed mutagenesis

Site-directed mutagenesis was performed using a QuikChangé&"
protocol. A gradient PCR was performed and analyzed by agarose gel
electrophoresis to identify a suitable annealing temperature. The PCR
program started with 3 min at 95 °C, followed by 20 cycles of dena-
turation (95 °C, 0.75 min), annealing (55 =70 °C, 1 min) and extension
(72 °C, 8 min). At last the temperature was held at 72 °C for 10 min. A
typical reaction mix (50 L) contained 10 x OptiTagbu erC (5 L), a
mixture of deoxynucleoside triphosphates (1 L, 0.25mM each),
OptiTag DNA Polymerase (0.3 L), plasmid DNA (0.3 L) and the for-
ward and reverse primers (Table S3, 0.2 M). Reactions that contained
ampli ed plasmid underwent Dpnl digestion (1 L of Dpnl/reaction,
37°C for 2h, 80°C for 10 min) to remove the template DNA.
Afterwards, 4 L of reaction solution were transformed into E. coli
TOP10 and the success was subsequently commed by sequencing.

2.4. Cultivation and expression in E. coli BL21 (DE3)

N-Hisg-YMOs A and C-H were expressed inEscherichia coliBL21
(DE3) encoded on a pET-28a-(+) plasmid. Precultures were prepared
by inoculating 5 mL LB medium (with 50  g/mL kanamycin) with 5 L
of a glycerol stock and subsequent incubation at 37 °C and 180 rpm
overnight. For expression, TB medium supplemented with 50 g/mL
kanamycin was inoculated with a preculture (1/100). The  asks were
incubated at 37 °C and 180 rpm until ODgpg 0.7-0.9 was reached. IPTG
(0.1 mM) was added for induction followed by incubation at 25 °C at
180 rpm. In case of coexpression of chaperones, chloramphenicol was
additionally added to the cultivation medium. For the optimized ex-
pression with pKJE7, the chaperones were induced with 2 mg/mL |-
arabinose 30 min before YMOB induction with IPTG (0.1 mM) at an
ODgqp 0f 0.4-0.6. For the production of resting cells, the cultivation was
harvested after approximately 6 h by centrifugation at 4000 xg, 4 °C
for 20 min. The pellet was washed two times with 30 mL sodium
phosphate bu er (50 mM, pH 7.5). After removal of the supernatant by
another centrifugation step, the cells were stored overnight at 4 °C. For
the preparation of cell extract, 50 mL of culture were harvested sepa-
rately by centrifugation at 4500 x g, 4 °C for 20 min. The pellet was
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resuspended in 3 mL disruption bu er with 100 M FAD. Sonication
was performed using the Sonoplus HD2070 (Bandelin) for 3 min (50%
power and cycle) with subsequent centrifugation (10,000 xg for
20 min at 4 °C). The supernatant was ltered using a 0.45 m Iter and
the resulting cell free extract was used for substrate screening.

2.5. Determination of activity

The substrate screening was performed using cell extract of YMO-H.
The activities were determined by the depletion of NADPH. NADPH,
but not its oxidized form NADP *, has an absorbance maximum at
340nm and can therefore be determined photometrically.
Measurements were performed in cuvettes. Each reaction volume (1 mL
in sodium phosphate bu er, 50 mM, pH 7.5) contained 2 mM substrate,
240 M NADPH and 20-75 L cell extract depending on the apparent
activity. The reactions were started with the addition of NADPH and
thoroughly mixed. The change in absorbance at 340 nm was measured
for 2 min with the V-550 photometer (Jasco). Measurements were
performed in triplicate; additionally blanks with no substrate were also
determined in triplicate. The limit of detection was de ned as the
average change of absorbance of the blank measurements plus three
times its standard deviation. Analogously, the limit of quanti cation
was set as the average blank plus ten times its standard deviation[46] .
Reactions with cell extract of E. coli BL21(DE3) carrying a pET28a
vector without the encoding gene served as control. A standard curve
for NADPH from O to 375 M was prepared in triplicate. The de-
termined molar absorbance coe cient for NADPH was

_ 1 1
NADPH;340 nm = 4.29 mM cm-.

2.6. Whole-cell biocatalysis with YMOA-H

Whole-cell biocatalysis experiments were performed in deep well
plates sealed with an oxygen permeable membrane. Resting cells from
cultivations (including E. coliBL21(DES3) cells carrying a pET28a vector
without the encoding gene serving as control) were resuspended in
sodium phosphate bu er (50 mM, pH 7.5). All reactions were per-
formed in sodium phosphate bu er (50 mM, pH 7.5) in reaction vo-
lumes of 2 mL with 0.03 mg/mL resting cells. Reactions with the sul-

des MTS and MPS and the sulfoxide DMSO contained 5 mM substrate.
The kinetic resolutions of the sulfoxides MTSO and MPSO contained
10 mM of substrate. The ketone test reactions contained 2 mM of 2-
dodecanone, cyclohexanone and acetophenone for a total ketone con-
centration of 6 mM. In case of reactions for all variants including the
wild type were set up with all substrates. Reactions for YMOB-H were
set up with all substrates except DMSO. All reactions contained glucose
for cofactor recycling with concentrations equimolar to the respective
substrate concentration. The reactions were started with the addition of
the resting cells and were incubated for 4 h at 25 °C and 700 rpm on a
Thermomixer comfort (Eppendorf). 500 L samples from the biocata-
lysis reactions were extracted with 500 L dichloromethane containing
2 mM acetophenone as an internal standard. In the case of the ketone
analysis, pentadecane was used as the internal standard. After vortexing
and centrifuging for 1 min, 400 L of the bottom, organic phase were
collected and dried with anhydrous Na ,SO,. For analysis of MPS and its
oxidation products, 1 L per sample were injected by the auto injector
of the GC 2010 (Shimadzu) and separated on a FS-Hydrodex B-TBDAC
column (Macherey-Nagel) with an injector temperature of 220 °C and
detector temperature of 220 °C. The column temperature was held at
120 °C for 5 min, then increased with 2 °C/min up to 160 °C and held
for 3min and nally increased with 20 °C/min up to 180 °C where it
was held for 5 min. The resulting retention times were 5.38 min (MPS),
5.94 min (acetophenone), 24.29 min ((R)-MPSO), 24.61min ((S-
MPSO) and 28.91 min (MPSQ,). For analysis of MTS and its oxidation
products, 1 L per sample were injected and separated on a FS-
Hydrodex R-TBDAC column (Macherey-Nagel) with an injector tem-
perature of 220 °C and detector temperature of 220 °C. The column
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temperature was held at 120 °C for 5 min, then increased with 1.7 °C/
min up to 160 °C and held for 3 min and nally increased with 20 °C/
min up to 180 °C where it was held for 5 min. The resulting retention
times were 5.95 min (acetophenone), 9.05 min (MTS), 30.34 min (( R)-
MTSO), 30.41 min ((S)-MTSO) and 33.54 min (MTSO,). Standard
curves from 0 to 15 mM were prepared in duplicate for quanti cation of
the respective concentrations. Reactions containing DMSO as substrate
were analyzed by injection of 1 L per sample and separation on a
SolGel-WAX column (Trajan Scienti ¢ Europe Ltd) with an injector
temperature of 250 °C and detector temperature of 250 °C. The column
temperature was held at 80 °C for 5 min, then increased with 15 °C/min
up to 230 °C and held for 5 min. The resulting retention times were
9.16 min (DMSO,) and 17.52 min (DMSO). Standard curves from 0 to
15 mM were prepared in duplicate for quanti cation of the respective
concentrations. 1 L per sample of the extracted ketone reactions were
injected and separated on a FS-Hydrodex -3P column (Macherey-
Nagel) with an injector temperature of 200 °C and detector temperature
of 220 °C. The column temperature was held at 60 °C for 10 min, then
increased with 10 °C/min up to 160 °C and held for 3 min and nally
increased with 10 °C/min up to 180 °C where it was held for 5 min. The
resulting retention times were 13.21 min (acetophenone), 16.74 min
(phenyl acetate), 17.59 min (cyclohexanone), 19.74 min ( -capro-
lactone), 21.34 min (decyl acetate), 21.42 min (2-dodecanone) and
21.79 min (pentadecane).

2.7. Homology models

YASARA was used with default settings to create the homology
model of YMOA [47] . Based on the provided amino acid sequence,
YASARA performed three PSI-BLAST iterations to nd homologous
proteins which were used to model the YMOA structure. Eventually
YASARA created a hybrid model based on the best models. The
homology model was evaluated using MolProbity [48,49] . While there
were some outliers in the protein geometry, the overall quality of the
model was good, as evidenced by the clashscore, indicating no serious
steric overlaps, and by the excellent MolProbity score as a measure of
the overall protein geometry. Since the model was only needed for
structural alignments and visualization purposes, its quality was
deemed su cient. All parts of the structure that were used in this work
were checked on whether they contained any of the geometry outliers
reported by MolProbity which was not the case.

2.8. Alignments

The structural alignments were performed by YASARA using the
MUSTANG algorithm [50] . A multiple sequence alignment of mostly
BVMOs with known sulfoxidation activity was created with Geneious
Pro using the ClustalW algorithm (Table S4) [51,52] .

2.9. Preparation of the phylogenetic tree

First, a dataset of BVMO sequences was compiled. Proteins homo-
logous to CHMO (Acinetobactersp. NCIMB 9871), PAMO (Thermobi da
fuscg, CPDMO (Pseudomonasp. HI-70) and YMOA (Y. lipolytica) were
identi ed in both the nr (non-redundant) and SwissProt databases.
Duplicates and sequences without both BVMO ngerprints and both
Rossmann-fold ngerprints were deleted. Subsequently, a multiple se-
quence alignment of the resulting 78 BVMO sequences was created with
Geneious Pro using the ClustalW algorithm [51,52] . The phylogenetic
tree was created from the BVMO alignment with Geneious Pro using the
Neighbor-joining method [51] .
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3. Results and discussion
3.1. Cloning and expression

The sequences of nine putative BVMOs fromYarrowia lipolytica were
identi ed by using the protein BLAST [53] . Sequences homologous to
CHMO from Acinetobactersp. NCIMB 9871 were identi ed in the an-
notated proteins from the genome of Y. lipolytica [54] . These sequences
were subsequently identi ed as possible BVMOs by the presence of
BVMO ngerprints and Rossmann-fold motifs. The genes were desig-
nated ymoA, ymoB, ymoC, ymoD, ymoE, ymoF, ymoG, ymadkhd ymol
and the corresponding enzymes YMOA-YMOI {arrowia mono-
oxygenase A-l), respectively (Table S5). As described in the introduc-
tion, six putative BVMO sequences in Y. lipolytica had already been
identi ed by Mascotti et al. [37] ; however these only included ymoB,
ymoD, ymoE and ymoF. Due to the absence of introns, the genes could
be directly cloned into pET28a(+) vectors for expression in E. coliBL21
(DE3). The cloning into the pET vectors enabled the addition of an N-
terminal His g-tag to the sequences. In some cases deviations from the
published genome sequences were observed, possibly due to variations
in the Y. lipolytica strain used here compared to the genome sequenced
strain. YMOD contained ve (L9S, A12P, L14S, P263L, K482E), YMOF
two (P319L, 1328T) and YMOH three (T66A, T92A, L247P) mutations,
which could be identi ed in all sequenced transformants. Subsequently,
expression of the respective proteins in E. coli BL21(DE3) was in-
vestigated. Expression at 25 °C for 5 h led to the soluble expression of
YMOA, YMOE and YMOG (Figs. S2 and S4). In order to express YMOB
and YMOH solubly, coexpression of chaperones was necessary (Figs. S3
and S4). The use of the pKJE7 plasmid for the coexpression of the DnaK-
DnaJ-GrpE chaperone system[55,56] enabled soluble expression and
was used for further applications. YMOC, YMOD and YMOF were not
solubly expressed under any of the tested conditions and were thus
excluded from further studies.

3.2. Substrate screening

In order to identify substrates of YMOA and YMOB, a total of
fourteen compounds were screened with cell extracts of the respective
enzymes using the NADPH depletion assay. Activities with NADH could
not be tested as NADH is readily depleted byE. colienzymes in the cell
extract, leading to a very low sensitivity of the assay [57]. The sub-
strates consisted of a variety of ketones (aliphatic, cyclic, bicyclic and
aromatic) and additionally sulfur- and nitrogen-containing compounds
(Scheme 2. No ketone substrate could be identi ed for YMOA. Espe-
cially notable is the absence of activity with the bicyclic ketone bicyclo
[3.2.0]hept-2-en-6-one, which is accepted by most BVMOs and is rou-
tinely used as a benchmark substrate[35,58] . In contrast to the ketone
substrates, YMOA was active with four out of ve tested sul des and
even had comparable activities with two of the sulfoxides (Table S6).
The only sul de not converted was L-methionine, likely due to the large
di erence of the sulfur substituents. These ndings indicated that
YMOA is capable of converting methyl phenyl sul de (MPS) into me-
thyl phenyl sulfone (MPSO,) through a two-step oxidation and con-
verting DMSO into its sulfone, dimethyl sulfone (DMSO,). This was
con rmed by GC analysis, which additionally showed that YMOA was
able to convert methyl p-tolyl sul de (MTS) into its sulfone, methyl p-
tolyl sulfone (MTSO,), as well. Unfortunately, YMOA displayed a sig-
ni cant degree of instability in the cell extract with an activity towards
MPS that was reduced by 40% after two hours on ice.

In the case of YMOB, activities for two substrates could be de-
termined, albeit with 15 —20-fold lower speci c activities compared to
YMOA (Table S6). Despite sharing the sul de MTS as a common sub-
strate with YMOA, YMOB was active with the ketone 2-dodecanone.
YMOC-H did not convert any of the used substrates.
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o Cyclic, non-aromatic ketones Scheme 2. Overview of screened substrates.
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3.3. Mutational study

To determine the in uence of residues on the stereoselectivity,
discrimination between sulfoxide/sulfone formation and activity to-
wards ketones, a model- and sequence alignment inspired mutagenesis
of YMOA was performed. In a rst step, a homology model was created
with YASARA and subsequently validated by the web tool MolProbity,
which showed that the overall quality of the model was good (Table S7)
[59,60] . A structural alignment of the YMOA homology model and
PAMO (PDB code: 2YLR), arguably one of the best studied BVMOSs in
general and also for sulfoxidations, was created. Additionally, a mul-
tiple sequence alignment with  fteen sequences was performed. Apart
from YMOA and YMOB, it mainly consisted of BVMOs with proven
sulfoxidation activity with two exceptions. MekA was included for its
status as an atypical BVMO because of its ability to also utilize NADH
while type | BVMOs are usually strictly NADPH-speci c¢ [61]. To our
knowledge sulfoxidation by MekA has not been investigated yet. The
other exception was SMFMO, which displays sulfoxidation activity
common to FMOs, but is unusual in its ability to catalyze Baeyer-Vil-
liger oxidations and its utilization of both NADH and NADPH [62] . The
structural alignment was investigated for positions at the FAD -and
NADPH-binding sites and especially the active site. Identi cation of
positions and possible mutations was assisted by the sequence align-
ment and literature data about residues involved in the sulfoxidation
activity. The rst group of residues was identi ed at the active site. In
the model, V121 is located near the polar side of the isoalloxazine
moiety of FAD with a distance of 4.4 A between the closest atoms
(Fig. 1a). The sequence alignment showed two groups of amino acids at
this position: The short, hydrophobic amino acids valine and isoleucine
were present in both Yarrowia enzymes, PAMO, HAPMO and BVYMOA4,
while most of the other sequences contained the short, polar amino
acids serine and threonine. Due to the relative abundance of serine/
threonine and the positive e ect of 167T on the sulfoxidation of MPS in
PAMO [63], the mutation V121T was selected for investigation. Fur-
thermore, four other putative active site residues were targeted. Y477,
Y479, C480 and A483 are located on a di erent loop near the polar side
of the isoalloxazine group (Fig. 1b). The mutation Y477P was chosen
since the sequence alignment showed that only YMOA contained a
large, hydrophobic amino acid (tyrosine) at position 477, while proline
was conserved in most of the regular BVMOs. Similarly, YMOA has a
tyrosine at position 479, while most other BVMOs have smaller, hy-
drophobic side chains. Here, the mutation Y479G was chosen. Due to
the proximity to the active site, C480 and A483 were also included and
mutated to the respective residue found in CHMOAcineto. Residues
R367 and R368 are in an intermediate position between the active site
and the NADPH-binding site (Fig. 1c). Arginine 368 is one of the most
important residues for the catalytic cycle and strictly conserved among

BVMOs [7,64] . The sequence and structural alignments showed that
this was also the case for YMOA and YMOB. In the case of Ar-BVMO and
EtaA, it is likely that the arginine next to this position is actually the
corresponding residue to R368 and that the alignment is shifted by one
position for these sequences. This is supported by the mutational study
of Ar-BVMO in which mutation of arginine at this position was shown
to greatly reduce or completely destroy BVMO activity [25] . Under this
assumption, YMOA and BVMO Af1 were the only enzymes also having
an arginine at position 367. Instead, lysine was almost universally
conserved. Because of the apparent importance of this residue, R367K
was chosen to investigate the e ect of introducing the conserved re-
sidue. Lastly, two other residues involved in the binding of NADPH
were investigated. K274 and R275 were very unusual residues at these
positions as evidenced by the sequence alignment, in which arginine
and threonine/serine were conserved among all other BVMOs (in-
cluding YMOB) (Fig. 1d). In a publication by Rebehmed et al. [38],
these residues were universally conserved among 116 type | BVMO
sequences with 100% of all sequences containing arginine in the posi-
tion corresponding to K274 (e.g. R217pam0) and a total of 97.4% had
either a threonine or serine at the following position. Mutations of the
arginine drastically decreased activity by up to a factor of 10 4 in PAMO
[18] and HAPMO [64] , because the stacking interaction between the
guanidinium moiety and the adenine base were vital for catalysis. Since
YMOA deviated in both of these highly conserved residues, the double
mutant K274R/R275S was chosen for examination.

3.4. Whole-cell biocatalysis reactions

Wild-type (WT) YMOA-H and the seven YMOA variants were used in
whole-cell biocatalysis reactions. Two types of reactions were planned
for the aromatic sul des and sulfoxides (Scheme S1a). In the asym-
metric synthesis approach, the enantioselectivity of the oxidation of the
sul des MPS and MTS (5 mM) to the corresponding sulfoxides was
evaluated. However, since the sulfoxides can also be further oxidized to
the corresponding sulfones, the enantioselectivity of this reaction also
in uences the enantiomeric excess of the sulfoxide product. The oxi-
dation to the sulfones was investigated separately in a kinetic resolution
approach, in which the enantioselectivity of the oxidation of a racemic
mixture of the sulfoxides MTSO and MPSO (10 mM) was examined as a
possible method to selectively oxidize only one of the sulfoxide en-
antiomers. Furthermore, the oxidation of 5 mM DMSO was investigated
as well. All of the described experiments were performed with YMOA
and its variants and, with the exception of the DMSO oxidation, with
YMOB. For the Baeyer-Villiger oxidation, three ketone substrates (2-
dodecanone, cyclohexanone and acetophenone) were investigated
using a substrate mix containing 2 mM of each ketone (Scheme S1b).

In the case of YMOB, both sulfoxides and MTS showed evidence of
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Fig. 1. Multiple sequence alignments (left) and structural alignments (right) of YMOA with PAMO. Note that the isoalloxazine moiety of FAD is not planar, indicating that the model
contains a reduced FAD. Orange: FAD; Yellow: NADPH; Green: YMOA,; Black: PAMO (2YLR). a) Alignments of YMOA V121. b) Alignments of active site residues Y479, Y477, C480 and

AA483. V121 was included for reference. c) Alignments of R367/R368 in YMOA. d) Alignments of K274/R275 in YMOA. (For interpretation of the references to color in this

the reader is referred to the web version of this article.)

minor product formation (1% conversion). The qualitative ketone
test produced no evidence of product formation for cyclohexanone or
acetophenone, but a minor peak corresponding to decyl acetate, the
product of the Baeyer-Villiger oxidation of 2-dodecanone, was detected
(data not shown). A possible explanation for the low activity of YMOB
could be a folding problem due to the N-terminal His g-tag. As soluble
YMOB could only be obtained with coexpression of chaperones, it is
possible that the chaperones enabled folding into soluble but not fully
functional N-His g-YMOB. Another possibility could be that chaperones
bound to YMOB interfered with the activity.

The putative BVMOs YMOC-H did not display activity. In case of

gure legend,

YMOC, D and F this was probably due to their insoluble expression. For
YMOE, G and H, product formation of at least one substrate was ex-
pected as they were in a soluble form. Nevertheless, even though dif-
ferent substrates were used for the investigation, it is possible that none
of them was a suitable substrate for any of these YMOs. There are
BVMOs with quite narrow substrate spectra like PAMO, BVMOg;e,i» and
CPMGQ¢oms making it likely for the new enzymes to be speci c for
di erent compounds like steroids [65—67]. In case of YMOH there are
two additional possibilities why no product was formed. Firstly, it was
only soluble when coexpressed with pKEJ7. As discussed above for
YMOB, a chaperone can fold a protein into a soluble, but inactive state
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or after the folding process it can still be bound to the protein, hin-
dering its activity.

No evidence of a Baeyer-Villiger oxidation catalyzed by YMOA was
found, although it displayed all common sequence motifs of a type |
BVMO. Nevertheless, whole-cell biocatalysis and analysis by gas chro-
matography con rmed the activity of YMOA with the sul des MTS and
MPS, their corresponding sulfoxides MTSO and MPSO and additionally
DMSO (Table 1 and Figs. 24 and S5-S7). Signi cant di erences in
conversions of MTS and MPS were observed, although the only struc-
tural di erence was the presence of go-methyl group at the aromatic
substituent of MTS. The conversion of MTS led to the production of
equal amounts of sulfoxide and sulfone (SQ,/SO =0.9), whereas the
conversion of MPS showed a 5-fold higher sulfone than sulfoxide pro-
duction (SO,/SO =4.8). Additionally, YMOA exhibited a high en-
antioselectivity (95% ee) for the formation of ( §-MTSO, but no pre-
ference for MPSO from MPS. Similar di erences in enantioselectivities
were also found for CHMOAcineto ((S)-MTSO; (R)-MPSO) [16].
Ottolina et al. [15] explained the di erences observed for CHMOAcI-
neto with an active site model constructed from the determined en-
antioselectivities of 30 sul des. Due to the p-methyl substituent, MTS
binds di erently in the substrate binding pocket resulting in a reor-
ientation of the sul de group, thus producing the opposite enantiomer
during the reaction. A similar change in binding modes between both
sul des could explain the observed di erence in YMOA. When com-
paring the structures of the aromatic sul des/sulfoxides and aromatic
ketones (Scheme 2, it is noteworthy that even acetophenone was not
accepted, although it could be considered a structural analogue to MPS/
MPSO. Considering their similar sizes, acetophenone should be able to
reach the catalytic center similar to MPS, but no Baeyer-Villiger oxi-
dation took place. Although similar, the functional groups display
geometric di erences. While ketones are planar due to their sp-hy-
bridization, both sul des and sulfoxides are sp-hybridized with an

Table 1
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overall tetrahedral geometry (including the lone electron pairs) [12] .
However, there are also mechanistic di erences between the Baeyer-
Villiger oxidation and sulfoxidations. The attacking species in sulfox-
idations is a avin-hydroperoxide, which performs an electrophilic at-
tack on a lone electron pair of the sulfur atom [28] .

Regarding the whole-cell reactions with the created YMOA variants
using the sul de substrates, it became obvious that both C480F and
A483L proved to be generally deleterious mutations (Table 1 and Figs.
24 and S5-S7). Most variants of YMOA retained the high enantios-
electivity observed for the formation of MTSO with two exceptions
(Table 1). Both Y477P and Y479G were the only variants producing
relevant amounts of (R)-MTSO (4% and 10%, respectively). While (S)-
MTSO formation was also decreased by 65% with Y477P, it retained the
(9)-selectivity with 15% ee Remarkably, Y479G exhibited a complete
inversion of enantioselectivity to over 99% ( R)-MTSO. In case of MPS,
both variants, for which the enantiomeric excesses could be de-
termined, showed improved enantioselectivities of 27% ee (K274R/
R275S) and 40% ee (Y477P) through a higher yield of (R)-MPSO. Re-
garding the kinetic resolutions using the sulfoxide substrates, the en-
antioselectivities were very low, showing that the variants convert both
substrate enantiomers to the respective sulfones Table 1). In the
asymmetric synthesis, SQ/SO ratios were determined, highlighting the
in uence of the di erent mutations on the distribution of sulfoxide and
sulfone products. V121T and Y479G increased sulfone formation while
decreasing sulfoxide yield with MTS as substrate, thus increasing SQ/
SO to 3.7 and 2.7, respectively (Table 1 and Fig. 2). These variants also
decreased the sulfoxide and increased the sulfone formation in the re-
action with MPS. In Y479G, this yielded in a more than 10-fold higher
SG,/SO ratio of 50. In V121T, no sulfoxide was present, making it the
variant with the highest relative sulfone formation compared to sulf-
oxide. All remaining variants displayed lower sulfone formation than
YMOA wild type with both substrates ( Fig. 2). Especially, R367K seems

Summary of YMOA whole cell biocatalysis with the aromatic sul des (5 mM) and sulfoxides (10 mM).

Variant Methyl p-tolyl sul de (MTS) rac-Methyl p-tolyl sulfoxide (MTSO)

Conversion [%] SO,/SO ee [%] Conversion [%)] ee [%] E

SO SQ Total SO,
WT 16 15 31 0.9 95 (S) 100 n.d. 1
K274R_R275S 17 11 28 0.6 96 (S) 28 37 (S) 3
R367K 6 1 7 0.2 91 (S) 2 n.d. (S) 1
V121T 7 26 33 3.7 93 (S) 100 n.d. 1
Y477P 10 9 19 0.9 15 (S) 49 20 (S) 2
Y479G 10 27 37 2.7 >99 (R) 98 n.d. 1
C480F 1 0 1 0 n.d. 1 n.d. 1
A483L 1 0 1 0 n.d. 1 n.d. 1
Variant Methyl phenyl sul de (MPS) rac-Methyl phenyl sulfoxide (MPSO)

Conversion [%)] SO,/SO ee [%] Conversion [%)] ee [%] E

SO SQ Total SO,
WT 5 24 29 4.8 n.d. 63 52 (S) 3
K274R_R275S 9 10 19 11 27 (R) 1 4 (R) 5
R367K 2 1 3 0.5 n.d. 1 n.d. 1
V121T 0 55 55 only SO, n.d. 36 15 (R) 2
Y477P 16 5 21 0.3 40 (R) 31 10 (R) 2
Y479G 1 50 51 50 n.d. 14 14 (R) 10
C480F 1 0 1 0 n.d. 1 n.d. (R) 1
A483L 1 0 1 0 n.d. 0 n.d. (R) 1

Conversion SO: Conversion to the sulfoxide (MTSO or MPSO, respectively).
Conversion SQ: Conversion to the sulfone (MTSO, or MPSO,, respectively).

n.d.: The enantiomeric excess could not be accurately determined for samples with very low sulfoxide concentrations.

SO,/SO: Ratio of sulfone to sulfoxide formation.
ee: Enantiomeric excess.
E: Enantiomeric ratio = In[(1

o)1 ee)ln[(1

C)(1 + ee )] | C: Conversion; ees enantiomeric excess of substrates.
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Fig. 2. Relative amounts of sulfoxide and sulfone products obtained in the asymmetric synthesis reactions related to the amount of sulfone produced by YMOA wild type. a) Comparison

of MTSO and MTSQ amounts. b) Comparison of MPSO and MPS@ amounts.

Fig. 3. Relative amounts of sulfone obtained in the kinetic resolution using MTSO and MPSO as substrates related to the amount of sulfone produced by YMOA wild type. a) Comparison
of MTSO, formation by YMOA variants. b) Comparison of MPSO, formation by YMOA variants.

to be a promising variant, as sulfone production was dramatically de-
creased with both substrates compared to the wild type. Even though
the changes in the SQ/SO ratios for K274R/R275S were not as pro-
nounced, the trend was the same as for R367K. Y477P more than tripled
the amount of sulfoxide produced from MPS and additionally the sul-
fone yield was signi cantly decreased, making this a promising variant
as well. The e ect on the sulfone formation was inspected further by
performing kinetic resolutions with the respective sulfoxides MTSO and
MPSO. Generally, the sulfoxides were much more readily converted to
sulfones than the sul des to sulfoxides with the exception of C480F and
A483L, which were again practically inactive ( Fig. 3). For MTSO, dif-
ferences in conversion between variants were similar to the ones ob-
tained for the sul de substrate. The three variants with the highest
sulfone formations in the sul de reaction (WT, V121T, and Y479G)
reached full conversions in the sulfoxide oxidation. Similarly, both
K274R/R275S and Y477P displayed a decreased MTS@formation from

MTSO. Across both MTS/MPS and MTSO/MPSO as substrates, R367K

severely diminished the sulfone yield to about 2%. In contrast, the re-
sults for MPSO deviated from those of the sul de MPS. While V121T
and Y479G displayed the highest sulfone formations in the sul de
oxidations (more than double the WT conversion), they displayed
drastically lower conversions for the oxidation of MPSO. Apart from the

aromatic sulfoxides, the conversion of DMSO to DMSQ was also in-
vestigated (Fig. 4). The resulting conversions were analogous to those
of MTSO with two exceptions: Both K274R/R275S and R376K reached
higher conversions, the former even achieving a complete conversion.
These results show that the selected mutations had a multitude of dif-
ferent e ects on the formation of sulfoxides or sulfones and respective
enantioselectivities. Five residues from the active site were chosen, out
of which three (V121, Y479 and A483) are directly facing the active site
with an average distance of approximately 7 A from the C4 of FAD,
the location of the reactive (hydro-)peroxide group during the reaction.
Correspondingly, mutations at these positions correlated with the lar-
gest changes in enzyme activity. A483L and C480F practically rendered
the enzyme inactive in all examined reactions; the substitution to larger
residues apparently changed the substrate binding or active site in a
destructive way. In contrast, V121T and Y479G approximately doubled
the sulfone conversion for both MTS and MPS. While the change in side
chain size in V121T was relatively small due to the similar structure of
valine and threonine, the substitution of a hydrophobic with a polar
amino acid could have induced a change in the binding pocket. Out of
all mutations, Y479G constituted the largest change in side chain
structure, from one of the largest amino acids, tyrosine, to the smallest
amino acid glycine. The resulting large change in the substrate pocket
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Fig. 4. Relative amounts of DMSG; obtained in the kinetic resolution with YMOA variants
related to the amount of sulfone produced by YMOA wild type.

likely enabled a di erent binding of the substrate, resulting in the ob-
served inversion in enantioselectivity. As already discussed, the dif-
ferent enantioselectivities of the wild type with MTS and MPS can likely
be explained by di erent binding modes. The Y479G mutation might
have changed the binding mode of MTS from MTS-like to MPS-like, thus
causing the inversion for MTS, but retention of the selectivity for MPS.
The mutation of Y477 to proline also constituted a large change in re-
sidue size and additionally decreased backbone exibility. However,
this residue is not located directly in the substrate pocket so that its
e ects were not as severe. In the described work on PAMO by Zhang
et al. [28], mutation of the corresponding proline to isoleucine in-
directly changed the binding pocket ascribed to a higher exibility of
the loop. In line with a higher O -S distance in the model, a higher
sulfone formation was observed. Congruently, the “opposite” mutation
Y477P in YMOA could have reduced the exibility of the loop and
caused the opposite e ect, a reduction in sulfone formation. Overall,
mutations of active site residues led to changes of the entire product
spectrum of the sul de oxidation, in uencing total activity, sulfone-to-
sulfoxide ratio and stereoselectivity. As already described, the presence
of K274 and R275 in the YMOA NADPH binding site instead of the
universally conserved arginine (position 274) and to a lesser degree
conserved threonine/serine (position 275) was highly unusual. Thus,
the e ects of mutations at the NADPH binding site were investigated by
the double mutant K274R/R275S and the single mutant R367K. Both
mutants decreased the sulfone production in all investigated reactions
and the mutations had only very little e  ect on enantioselectivities. It is
likely that these residues exert their e ect on the activity through the
NADPH cofactor. A possible mechanism for this could be a change of
the NADPH orientation. The orientation of the phosphate group of
NADPH in CHMO is determined by the residues T184, S207, R208 and
Q210. With the exception of Q210, all of these residues show a near-
universal conservation among BVMOs[38] . The corresponding residues
in YMOA, N251, R274, K275 and V277 show a high degree of structural
dissimilarity to the conserved residues, therefore it is possible that the
phosphate and by extension the NADPH adopts a di erent orientation,
thus a ecting the active site through a change of the nicotinamide
position or orientation. The YMOA-like NADPH orientation could be
one of the determining reasons for the unusually high sulfone produc-
tion of YMOA. Changing residues to the conserved ones could thus
promote a di erent orientation similar to CHMOAcineto or other classic
type | BVMOs, which generally display lower rates of sulfone formation.
The hypothesis of a di erent NADPH orientation could be a part of an
explanation for the peculiar absence of Baeyer-Villiger activity. As laid
out in the introduction, Orru et al. [9] proposed that BVMOs are
“oxygen-activating and ‘Criegee-stabilizing’ catalysts’. This is achieved
by the activation of the ketone substrate by the catalytic arginine (R368
in YMOA), which also stabilizes the negatively charged Criegee
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intermediate. Additionally, the negative charge is compensated by the
NADP* , which remains bound until the end of the catalytic cycle [7].A
di erent orientation of this cofactor could disturb this important
function and thus prevent Baeyer-Villiger oxidations similar to the in-
activation observed for mutations of the catalytic arginine. However,
the two variants hypothesized to in uence the NADPH orientation to-
wards a CHMO-like orientation, K274R/R275S and R367K, did not
enable Baeyer-Villiger oxidations of acetophenone, cyclohexanone or 2-
dodecanone. It is possible that a more elaborate redesign of the NADPH
binding site would be necessary to induce the correct NADP* or-
ientation for BVMO activity.

3.5. Classi cation

In contrast to YMOB, YMOA revealed several features, which were
found to be unusual among type | BVMOs. While no evidence of BVMO
activity with ketones was found, YMOA proved to be relatively pro-
miscuous concerning sulfoxidations. It showed uncommonly high for-
mation of sulfone and especially its acceptance of DMSO as a substrate
was unique to BVMOs. In order to compare YMOA with YMOB-H and
other BVMOs, a phylogenetic tree was created from the sequence
alignment of 78 BVMO sequences Fig. 5). Most of the characterized
BVMOs are grouped in the orange branch, which contains both the
majority of bacterial BVMOs and all eukaryotic BVMOs that have been
characterized to date. The remaining characterized BVMOs are split
into two additional groups. The red group contains four putative
BVMOs from bacterial origin and also the bacterial BVMOs EtaA and
Ar-BVMO. The blue branch is further divided into one bacterial branch
with three putative BVMOs, AKMO, BVMO6 and both HAPMO se-
guences and one fungi branch containing YMOB and YMOE, YMOH and
YMOI. In contrast, the green fungi branch contains only putative
BVMOs from fungal origin, including YMOA and YMOs C, D, F and G
from Y. lipolytica. In contrast to all other sequences, the fungi branch
displayed an additional C-terminal sequence of approx. 30 residues
from which 12 residues were highly conserved (same residue in over
70% of sequences). YMOA and the other four BVMOs fromY. lipolytica
were unique among this group and all remaining sequences in their
deviation from the universally conserved arginine at position R274
(YMOA). Overall, the division of the BVMO sequences from Y. lipolytica
into two phylogenetically distinct groups is highly intriguing. Although
the activities of YMOB with ketones were very low, they constituted
BVMO activity and correlated with the placement of YMOB into a
phylogenetic group with HAPMO. Conversely, YMOA was placed into a
phylogenetic group distinct from all characterized BVMOs to date.

The activities identi ed for YMOB, albeit low, allow the classi ca-
tion of YMOB as a type | BVMO; for YMOA the situation is decidedly
more di cult. For the classi cation as a type | BVMO or even any type
of BVMO, a suitable ketone substrate for an actual Baeyer-Villiger
oxidation would have to be found. With the current absence of BVMO
activity, the substrate spectrum of YMOA is more similar to that of
Group B FMOs, which overwhelmingly display no BVMO activity but
have promiscuous heteroatom oxygenation [68] . Intriguingly, the re-
cent discoveries of FMOs that catalyze Baeyer-Villiger oxidations
[62,69] raise the question if YMOA, identi ed by its sequence as a
BVMO, could have evolved for solely performing sulfoxidations or
possibly other heteroatom oxygenations. Such an enzyme could per-
form detoxi cation reactions similar to FMOs and the cytochrome P450
system[68,70] or participate in pathways similar to the desulfurization
of the sul de dibenzothiophene (DBT) by Rhodococcus erythropolisn
which the sul de is rst oxidized to the sulfone and subsequently
cleaved [71,72] . Apart from these possibilities, both, the results from
biocatalysis and the phylogenetic tree, suggest that YMOA could be the

rst example of a new distinctive class of fungal monooxygenases se-
parate from type | BVMOs.
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Fig. 5. Phylogenetic tree including YMOs A-I.

4. Conclusion

Baeyer-Villiger monooxygenases (BVMOSs) of bacterial origin have
been the sole focus of research into this class of enzymes for nearly 40
years since the characterization of the rst BVMO. The beginning
exploration of eukaryotic BVMOs presents a new chapter in this eld. In
this study, eight putative BVMO from the yeast Yarrowia lipolytica were
cloned and recombinantly expressed in E. coli Two of these enzymes,
YMOA and YMOB, could subsequently be characterized. While the
observed activities with YMOB were low, they allowed the classi cation
as a type | BVMO. In contrast, the apparent absence of BVMO activity
for YMOA, the high sulfone formation and the acceptance of DMSO,
unique among BVMOs, are highly unusual and were re ected in a
phylogenetic analysis placing YMOA in a branch distinct from all
previously characterized bacterial and eukaryotic BVMOs. Therefore,
the presented characterization of YMOA in this study might represent
the rst example of a new class of fungal monooxygenases. The sul-
foxidation activity of YMOA was investigated further with a structure-
and sequence alignment-inspired mutational study. Variants exhibiting
an increased sulfone formation were created, as well as variants with
reduced sulfone production. Since the overoxidation to sulfones is
undesirable, these results can give indications on how the sulfone
production in BVMO catalyzed reactions might be circumvented.
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abstract

Baeyer...Villiger monooxygenases (BVMO) belong to the class B of "avin-dependent monooxygenases

(type | BVMOs) and catalyze the oxidation of (cyclic) ketones into esters and lactones. The prototype

BVMO is the cyclohexanone monooxygenase (CHMO) from Acinetobacter sp. NCIMB 9871. This enzyme
shows an impressive substrate scope with ahigh chemo-, regio- and/or enantioselectivity. BVMO reac-
tions are often dif‘cult, if not impossible to achieve by chemical approaches and this makes these enzymes
thus highly desired candidates for industrial applications. Unfortunately, the industrial use is hampered

by several factors related to the lack of stability of these biocatalysts. Thus, the aim of this study was to
improve the CHMOses long-term stability, one of the most relevant parameter for biocatalytic processes,
and additionally its stability against oxidation. We used an easy computational method for the predic-

tion of stabilizing disul“de bonds in the CHMO-scaffold. The three most promising predicted disul“de

pairs were created and biochemically characterized. The most oxidatively stable variant (Y411C-A463C)
retained nearly 60%activity after incubation with 25 mM H,O, whereas the wild type retained only 16%.
In addition, one extra disul‘de pair (T415C-A463C) was created and tested for increased stability. The
melting temperature (Tn) of this variant was increased by 5 Cwith simultaneous improved long-term

stability.

After veri“cation by ABD-F labeling that this mutant does not form adisul“de bond, single and double
Cys/Ser mutants were prepared and investigated. Subsequent analysis revealed that the T415C single
point variant is the most stable variant with a30-fold increased long-term stability (33%residual activity
after 24 h incubation at 25 C)showcasing a great achievement for practical applications.

© 2015 Elsevier B.V.All rights reserved.

1. Introduction

2012; de Gonzalo et al., 2010). In 1976, this enzyme was discov-
ered and for the “rst time biochemically characterized (Donoghue

Among the large number of "avin-dependent monooxygenases, etal., 1976). This CHMO was “rst cloned and functionally expressed

Baeyer...Viliger monooxygenases (BVMOs) have been studied most recombinantly in Escherichia coli (Chen et al., 1988). It has been

for their application in biocatalysis. These enzymes usually exhibit
high chemo-, regio- and/or enantioselectivity ~while converting a
wide variety of substrates.

Until the mid 1990s, the investigation of BVMOs was
mostly focused to two microorganisms, Acinetobacter calcoaceticus
(Donoghue et al., 1976) and Pseudomonasputida (York et al., 1961).
The cyclohexanone monooxygenase (CHMO) from A. calcoaceticus
(EC1.14.13.22; type | BVMO) is the extensively studied BVMO and
the most popular representative of prokaryotic origin (Balke et al.,

Abbreviations:  BVMO, Baeyer...Viliger monooxygenase; CHMO, cyclohex-
anone monooxygenase; PAMO, phenyl acetone monooxygenase; ABD-F, [4-
aminosulfonyl)-7-"uoro-2,1,3-benzoxadiazole]; TCEP[Tris (2-carboxyethyl) phos-
phine hydrochloride]; DS, disul“de.

Corresponding author. Fax: +49 3834 86 794367.

E-mail address: uwe.bornscheuer@uni-greifswald.de  (U.T. Bornscheuer).

http://dx.doi.org/10.1016/j.jbiotec.2015.09.026
0168-1656/© 2015 Elsevier B.V.All rights reserved.

shown that this enzyme can convert hundreds of different com-
pounds (Kayser and Clouthier, 2006; Ryerson et al., 1982; Stewart,
1998; Fink et al., 2012). Furthermore, this BVMO is able to cat-
alyze sulfoxidations, oxidations of selenium and boron-containing
compounds, epoxidations and N-oxidations (Balke et al., 2012; de
Gonzalo et al., 2010; Torres Pazmino et al., 2010).

Except for afew rare examples where the up-scaling of BVMO-
catalyzed reactions was successfully shown (Hilker et al., 2008,
2005; Rudroff et al.,, 2006; Schmidt et al.,, 2015; Bong et al.,
2013), biocatalytic conversions on industrial scale using BVMOs
are hampered by the relatively low stability, most notably against
high temperatures, but also towards oxidative stress and organic
solvents. Especially for the conversion of cyclohexanone to -
caprolactone catalyzed by CHMO, such limitations are unfortunate
due to the still huge demand of a highly active and robust biocata-
lyst for this particular reaction. The conversion of this cyclic ketone
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to the corresponding lactone is of considerable interest in the indus-
try, as this monomer is an important building block for polymer
synthesis. Recently, we have established an enzyme cascade reac-
tion to produce the corresponding oligomer and thus could achieve
very high productivities (Schmidt et al., 2015).

In the past, a few attempts addressing the usage of the
thermostable protein scaffold of phenylacetone monooxygenase
(PAMO) from Thermobi“da fusca (Fraaije et al., 2005) for the intro-
duction of CHMO-like activity have been made. The PAMO is an
example for arelatively thermostable and solvent tolerant BVMO
(de Gonzalo et al., 2006). Unfortunately, this enzyme shows a lim-
ited substrate scope and does not convert small aliphatic ketones
like 2-butanone or cyclic ketones like cyclohexanone (de Gonzalo
et al., 2005; Fraaije et al., 2005). Three examples dedicated to the
introduction of CHMO-like activity into the thermostable PAMO-
scaffold have been reported so far (Bocola et al., 2005; van Beek
et al., 2012; Parra et al., 2015). In the “rst approach, a homology
model of CHMO derived on the basis of the crystal structure of the
PAMO was used to identify astructural element crucial for substrate
acceptance and stereoselectivity (Bocola et al., 2005). By eliminat-
ing some amino acids in this identi“ed loop, which occur in PAMO
(but not in the CHMO), it was successfully shown that the range
of accepted substrates and the enantioselectivity of PAMO were
enhanced while maintaining the thermal stability. Unfortunately,
the standard substrate cyclohexanone was still not converted by
this PAMO variant. Due to that, further studies attempted to intro-
duce activity against cyclohexanone into the PAMO scaffold were
reported, e.g.,awork focused on the creation of achimeric enzyme
based on the robust PAMO scaffold (van Beek et al., 2012). The cre-
ated PAMO-CHMO chimera showed increased substrate speci“city,
but no activity against cyclohexanone was detectable. Finally, a
directed evolution approach using iterative saturation mutagen-
esis to introduce the desired activity against cyclohexanone was
reported recently (Parra et al.,2015). Indeed, by using this approach
they were able to convert small amounts (2 mM) of cyclohexanone,
but for an industrially feasible process future directed evolution
optimization will still be necessary.

An alternative and very promising strategy is the enhancement
of the stability of a less stable CHMO. In the past years, several
approaches have been reported where not only a higher temper-
ature stability of the CHMO was targeted, but also an increased
stability against oxidative stress.

The need for BVMOs to be stable against oxidative stress is based
upon the enzymatic mechanism. Dioxygen from air reacts with the
"avin adenine dinucleotide (FAD), which is tightly bound to the
enzyme to form subsequently an alkylhydroperoxide intermediate.
This intermediate reacts in a nucleophilic attack with the carbonyl
function of the substrate leading to the formation of the short-lived
Criegee intermediate. After rearrangement and cleavage, the cor-
responding lactone product, water and oxidized FAD are released.
The reduced form of FADis regained by NADPH-mediated regener-
ation (Bermudez et al., 2014). If no substrate is present, hydrogen
peroxide can be formed by the CHMO due to slow decay of the
unproductive  peroxi’avin. As a result, amino acid residues could
be oxidized by this highly reactive hydrogen peroxide leading to
the loss of catalytic activity. This can occur not only in the active
site, but also at distal parts of the protein through remote effects
(Kim et al., 2001; Opperman and Reetz, 2010; Perry and Wetzel,
1987; Slavica et al., 2005).

Moreover, some studies stated a correlation between oxida-
tion and temperature. This connection was observed in a study
showing the successful stabilization of the CHMO towards
oxidation by rational protein design (Opperman and Reetz, 2010).
All methionine and cysteine residues in the CHMO wild type were
mutated and the stability of the resulting single and combinato-
rial mutants was investigated. Ascysteine and methionine residues

contain sulfur atoms, they are typical target sites to address the
oxidative sensitivity of an enzyme. Using this approach, it was
possible to identify methionine and cysteine residues, which are
susceptible towards oxidation and two methionine residues con-
tributing to a higher thermal stability were identi“ed.

Another study focused mainly on the thermostabilization  of
CHMO (van Beek et al., 2014). Here, a complex computation-
ally guided approach for the introduction of disul‘de bonds was
used to create a small library of mutant enzymes with introduced
cysteine pairs. This library was screened for an improvement in
thermostability, identifying three stabilizing disul“de bonds. The
best disul‘de bond variant showed an increased apparent melting
temperature of 6 C;however, this variant also showed asigni“cant
loss of catalytic activity (reduced by 50% compared to the CHMO
wild type).

As we developed such an approach in parallel, it was possi-
ble to learn from this study and to focus our work on a further
stability improvement of CHMO while maintaining the whole cat-
alytic activity. Additionally, we turned our attention to both, the
long-term stability at a single temperature and the stabilization of
CHMO towards oxidation. In particular the stabilization towards
oxidation by introducing disul“de bonds has not been thoroughly
studied even if the stabilization by introduction of disul‘de bonds
was shown for a large number of different proteins (Imani et al.,
2010; Liu et al., 2012; Mansfeld et al., 1997; Matsumura et al., 1989;
Miyazaki-lmamura et al.,, 2003; Quang et al.,, 2012; Sakai et al.,
2015). In these studies disul‘de bond introduction lead not only
to thermostabilization, but also to decreased pH sensitivity of the
enzymes.

In contrast to the complex in-house method used by van Beek
et al. (2014) ,we simpli“ed the identi“‘cation of stabilizing disul“de
bonds by using the program Disul‘de by Design™ (Dombkowski,
2003; Dombkowski et al., 2014). Since no crystal structure of the
CHMO from A. calcoaceticus has been solved until now, which is
probably due to the notorious poor stability of this enzyme, we used
a homology model based on the crystal structure of CHMO from
Rhodococcussp. (PDB code: 3GWD) for the analysis with Disul“de
by Design™. The underlying algorithm estimates the 3 torsion
angles based on the C_C distances using a geometry model
derived from native disul“de bonds. Forthe C_ C S angle some
tolerance is allowed based on the wide range, which is observed
in naturally occurring disul“de bonds (Dombkowski et al., 2014).
In other computationally based methods like the MODIP algorithm
(Sowdhamini et al., 1989), this tolerance is not allowed. Disul“de
by Design ™ calculates the energy for each prospective disulde to
enable a ranking. This prediction yielded in atotal number of 70
residue pairs for potential disul“de bond formation. After further
decreasing the number of potential disul“des, all disul“de bonds
predicted by this design procedure were characterized experimen-
tally.

During the characterization process it turned out that the disul-
“de bond in one variant (T415C-A463C) is not formed; however,
a high increase in long-term stability and melting behavior was
observed. After creation and investigation of related single and dou-
ble Cys/Ser mutants, we identi‘ed the strongly stabilized single
point mutant T415C. This stability effect (both in terms of melting
temperature aswell aslong-term stability) is a great achievement
for practical applications.

2. Material and methods
2.1. Materials

Unless stated otherwise all chemicals were purchased from
Sigma...Aldrich (Steinheim, Germany), Fluka (Buchs, Switzerland),



S.Schmidt et al. / Journal of Biotechnology 214 (2015) 199...211 201

New England Biolabs (Ipswich, MA, USA) or Merck (Darmstadt,
Germany). Primers were synthesized by Life Technologies (Darm-
stadt, Germany) and Euro‘ns MWG Operon (Ebersberg, Germany).
Sequencing was done at Euro“ns MWG Operon. TALON metal af‘n-
ity resin was acquired from Clontech Laboratories, Inc. (Takara Bio,
Mountain View, USA).

2.2. Bacterial strains, plasmids and general culture conditions

E. coli TOP10, E. coli BL21 (DE3) and E. coli SHuf’e T7 Express
(engineered to form proteins containing disul“de bonds in the cyto-
plasm) were purchased from New England Biolabs (Beverly, MA,
USA). Expression of the CHMO was performed as described previ-
ously (Mallin et al., 2013; Schmidt et al., 2015). Brie"y, the gene
encoding the CHMO from Acinetobacter sp. NCIMB 9871 (GenBank
accession no. BAA86293.1) was cloned in pET28a(+) using BamHI
and Notl for recombinant expression of a N-terminal Hisg-tagged
protein. Plasmids were transformed into E.coli strains by the heat
shock method as described previously (Chung et al., 1989). E. coli
BL21 (DE3) and E.coli SHuf'e T7 Express were routinely cultured
in terri‘c broth medium and supplemented, if necessary, with
50 gmLS? (for E.coli BL21 (DE3)) and 35 gmLS? (for E.coli SHuf-
"e T7 Express) kanamycin, respectively. Incubation was performed
in baf’'ed Erlenmeyer “asks in an orbital shaker (InforsHT Multi-
tron2 Standard, Infors, Bottmingen, Switzerland) at 180 rpm and
37 C.Bacteria on agar plates were incubated in an Incucell Incuba-
tor (MMM Medcenter-Einrichtungen ~ GmbH, Miinchen, Germany).
All materials and media were sterilized by autoclaving or by “I-
tration through 0.20 m sterile syringe ‘“Iters. Agar plates were
prepared with LB medium supplemented with 1.5%(w/v) agar.

2.3. Homology modeling

A homology model was built using YASARA (Canutescu and
Dunbrack, 2003; Krieger et al., 2009; Marko et al., 2007; Muckstein
et al., 2002 ) based on a2.3 Aresolution X-ray structure of the CHMO
from Rhodococcussp. (PDBcode: 3GWD) in the closed conformation
with bound FAD and NADPH (Bermudez et al., 2014; Mirza et al.,
2009). Among the aligned residues, the sequence identity was 57%
and the sequence similarity was 73%.The structural re“nement was
carried out by energy minimization and molecular dynamics sim-
ulation in awater box. The resulting model was quali‘ed as *goodZ
with a Z-score of $0.529 by YASARA.

2.4. Design of disul“de bond mutants

Disul“de bonds were designed using the computational method
Disul‘de by Design™ (Dombkowski, 2003) to allow the rational
design of novel disul‘de bonds in proteins. PDB “les of protein
structures and homology models can be analyzed using this soft-
ware. Residue pairs that are the most promising candidates to form
adisul“de bond in terms of their spatial arrangement in the protein
structure were identi“ed, assuming these residues are mutated to
cysteines. For that prediction, the C and backbone atomic coordi-
nates of the original amino acid residues are used and compared
with characteristics of known disul“des. The disul‘de bond model
used by the computational method possesses “xed C_ S and

S S bond angles of 1.81 and 2.04 A, respectively, as well as
C.. S .S bond angles of 104.15 (Dombkowski, 2003; Petersen
et al., 1999; Sowdhamini et al., 1989). These values are consistent
with characteristics from natural occurring disul“des (Petersen
et al., 1999). The 3 torsion angle describes the rotation of the
C atoms around the S S bond. To match the disul“de model
between a residue pair, the used algorithm rotates the torsion
angles of the respective residues to obtain aC_ C distance “tting

the measured distance between C_C . Additionally, all possible
S orientations are examined and the atomic coordinates providing
the lowest energy value are selected. A mean energy value calcu-
lated from over 700 known disul‘de bonds (1.07 kcal mol Sl) was
used to compare the potential disul‘des predicted by the algo-
rithm. The energy values of the selected residue pairs were in
the range of 0.34...1.32kcal mol $1 The tolerance for the 3 torsion
angles was speci‘ed to the smallest range of +100 /$80 + 30 and
for the C_  C_ S bond angles of 105...125 . After that setup, all
residue pairs having the appropriate geometric characteristics for
disul“de bond formation including their energy values as well as
the 3 torsion angles were displayed. This prediction yielded in a
total number of 70 residue pairs for potential disul‘de bond for-
mation. After further decreasing the number of potential disul“des
as described in Section 3.1, all disul“de bonds generated by this
design procedure were characterized experimentally.

2.5. Site-directed mutagenesis

Site-directed mutagenesis of the CHMO gene was performed
using the QuikChange ™ method. A typical PCRmixture (50 L)
consisted of 10x Pfu Plus! DNA Polymerase buffer (5 L), DMSO
(0.5 L), 1.25 L of a mixture of deoxynucleoside triphosphates
(0.25 g mLS? each), PfuPlus! DNA Polymerase (1 U), plasmid DNA
(10 ng) and the forward and reverse primers (Table S1,0.1 mol
LSl).

After PCR,the reaction mixtures were digested for 2h at 37 C
with Dpnl, followed by transformation into E.coli TOP10 (Invitro-
gen). After overnight growth on agar plates, three clones (from each
PCR)were sequenced to validate the desired mutations in the gene.
An overview about all generated mutants is given in Tables 1 and
S2.

2.6. Optimization of protein expression

After transformation in the respective E.coli strain (BL21 (DE3)
or SHuf'e T7 Express), the protein expression was performed at
different cultivation temperatures and with varying IPTG concen-
trations.

In @250 mL shaking "ask, 50 mL TBmedium supplemented with
kanamycin (35 gmLsl and 50 gmLSl, respectively) was inoc-
ulated with 500 L of an overnight culture. The cultures were
incubated at 37 C and 180 rpm until an ODgpo of 0.5...0.6 was
reached. Afterwards, protein expression was induced with 0.05,
0.1 or 1.0mM IPTG. The cultures were shaken at 20 C,25 C or
30 Cat 180 rpm for 20 h. After 0, 1, 3, 5 and 20 h 7/ODggy Sam-
ples were taken, centrifuged and frozen at $20 C for subsequent
SDS-PAGEanalysis. To analyze the 7/0Dggp samples by SDS-PAGE,
the cell pellets were resuspended in 500 L sodium phosphate
buffer (50 mM, pH 8.0) and disrupted by sonication (50% power,
50% pulse). After centrifugation at 1344 g for 10 min, the super-
natant was centrifuged again. The resulting supernatant was used
as soluble protein fraction. The cell pellet obtained after the “rst
centrifugation step was resuspended in 500 L buffer and used as
insoluble protein fraction. For SDS-PAGEanalysis, 15 Lsample and
5 L sample buffer were mixed and denatured at 95 Cfor 5min.
The whole sample volume was loaded into the pockets of the gel
and 10%separation gels and 4%stacking gels were used.

2.7. Enzyme production

The cultivation for CHMO production was carried out by
inoculation of 400 mL TB media supplied with the appropri-
ate antibiotic with an overnight culture to give an ODggy Of
0.05. E. coli SHuf'e cells were grown at 37 Cin baf’ed shaking
"asks. Enzyme expression was induced at an ODggy of 0.6...0.8
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Table 1

Overview about all created and investigated DS bonds and the single and double Cys/Ser variants. Additionally,

stabilization effect of the respective enzyme variants.

the half-live values (t;,) are given to better compare the

CHMO variant Mutated position(s)

Aspec® [UmgS?] TP [ C] Kinetic parameters ©

Ku [ mol L5Y] Vinax [MM min $1] ke [s51] taz [0]

wild type 6.37 31.6
LCAC L323C, A325C 2.80 nd.
DS1 P254C, D290C <0.1 nd.
DS2 N286C, A293C 3.70 nd.
DS3 T415C, A463C 6.94 36.4
DS4 Y411C, A463C 4.73 nd.
DS1+DS2 P254Cys, D290C, N286C, A293C <0.1 nd.
DS1+DS3 P254C, D290C, T415C, A463C <0.1 nd.
DS2+DS3 N286C, A293C, T415C, A463C 5.30 nd.
DS1+DS2+DS3 P254C, D290C, N286C, A293C, T415C, A463C <0.1 nd.
Y411C Y411C 415 nd.
T415C T415C 7.86 375
T415S T415S 5.47 nd.
A463C A463C 3.60 nd.
A463S A463S 4.85 nd.
Ser DM T415S, A463S 3.78 nd.

46+ 25 75+ 0.7 38.5 1.82
3.0 (van Beek et al., 2014) n.d. 6.1 (van Beek et al., 2014) n.d.
n.d. n.d. n.d. n.d

n.d. n.d. n.d. 0.74
109+ 2.6 8.8+ 0.2 44.9 5.20
138+ 0.7 1.2+£0.2 6.15 2.85
n.d. n.d. n.d. n.d.
n.d. n.d. n.d. n.d.
n.d. n.d. n.d. 0.37
n.d. n.d. n.d. n.d.
n.d. n.d. n.d. 1.80
20.9+ 0.01 112+1.2 57.4 14.6
n.d. n.d. n.d. 4.00
n.d. n.d. n.d. 0.60
n.d. n.d. n.d. 5.80
n.d. n.d. n.d. 0.80

n.d. =Not determined.
2 Aspec =speci‘c activity determined after enzyme puri‘cation
b T, =melting temperature determined by CD spectroscopy.
¢ Kinetic parameters were determined for cyclohexanone.

with 0.05 mM IPTG. Cultivation was continued for 20h at 25 C.
Enzyme expression using E. coli BL21 (DE3) was performed
identically.

For biocatalysis reactions, enzyme expression was stopped after
5...6h by harvesting (centrifugation at 1344 g at 4 C for 15 min).
Cells were washed twice in sodium phosphate buffer (50 mM, pH
8.0). The bacterial cell pellet was resuspended in the same buffer to
give awet cell weight (WCW) of 100 gwcw LS. This cell suspension
was then used asresting cells in biocatalysis reactions asdescribed
below.

2.8. Puri“cation of the CHMOwild type and the mutants

Cell pellets obtained as described above were resuspended in
25 mL wash buffer (100 mM sodium phosphate buffer, 300 mM
NaCl, pH 7.5) containing 30 mM imidazole. For cell disruption,
the cell suspension was passaged twice through a French pres-
sure cell at 2000 psi. Cell debris was separated from the crude
extract by centrifugation at 9000 g for 45 min. For the disul“de
bond variants, puri“‘cation was performed by immobilized metal
ion af‘nity chromatography via the N-terminal Hisg-Tag using
TALON Metal Af‘nity Resins to prevent the loss of the cofac-
tor FAD. A column bed volume of 5mL was used. Washing three
times with 10 mL wash buffer equilibrated the column. For puri*“-
cation, 10 mL crude cell extract were added to the column and
gently agitated horizontally on an orbital shaker on ice for 30 min.
The liquid was drained by gravity-"ow and was kept as "ow
through fraction. Afterwards, the resin with the bound protein
was washed with 10 mL wash buffer. The suspension was gen-
tly shaken on an orbital shaker on ice for 10 min to promote
thorough washing. This washing step was repeated three times
to “nally give three washing fractions. The histidine-tagged pro-
tein was eluted by adding 2 mL of elution buffer (100 mM sodium
phosphate buffer, 300 mM NaCl, 300 mM imidazole, pH 7.5) and
incubation on ice for 3...5min. The "ow-through was collected to
give the “rst elution fraction. This elution step was repeated 5
times until all protein was eluted from the resin. Washing, "ow
through, and elution fractions were analyzed by SDS-PAGE.For
removal of imidazole in the desired elution fractions desalting was
performed using PD-10 desalting columns (GEHealthcare, Munich,
Germany) according to the gravity protocol given by the manufac-
turer.

for CHMO wild type and the DSbond variants against the substrate cyclohexanone at25 C.

Puri“cation of CHMO wild type, the single and double Cys/Ser
mutants was performed using the Akta puri‘er (GE Healthcare,
Munich, Germany). The “ltrated supernatant was applied to a
NiNTA column (GE Healthcare). After washing the column with a
triple volume of wash buffer at a”ow rate of 5mL min 51 the pro-
tein was eluted with elution buffer. The fractions containing CHMO
were collected. Washing, "ow through, and elution fractions were
analyzed by SDS-PAGE.The proteins were desalted by gel chro-
matography against 50 mM sodium phosphate buffer (pH 8.0) at a
"ow rate of 2mL min 51,

To determine the protein content of the crude cell extract
as well as of the puri‘ed and desalted fractions, the BCA pro-
tein quantitation kit (Thermo Scienti“c, Carlsbad, USA) was
used. Standard curves were made using BSA in a range of
0.02...2mg ngl.SampIes were measured in triplicates using suit-
able dilutions.

2.9. Activity measurements and kinetics

Enzyme activity measurements for CHMO were performed
spectrophotometrically  using the Jasco V550 spectrophotometer
by monitoring the NADPH consumption at 340 nm for 120 sin 1 mL
cuvettes. The standard reaction mixture (1 mL) contained 50 mM
sodium phosphate buffer (pH 8.0), 0.6 mM cyclohexanone (60 mM
in DMF), 0.3 mM NADPH and an appropriate amount of the enzyme
(puri“ed). To determine the steady-state kinetic parameters, the
enzyme activities were measured at cyclohexanone concentrations
from O to 0.6 mM as the high af‘nity for the substrate turned out
to be increased.

2.10. Stability assays

To determine thermostability, the puri‘ed CHMO wild type
or the disul“de bond variants (0.3 mg mLél) were incubated in
sodium phosphate buffer (50 mM, pH 8.0) at various temperatures
for 10 min. Afterwards the samples were immediately placed on ice
and activity was measured at room temperature using the NADPH
assay. Inactivation of the enzyme was determined by incubation
of the puri“ed enzyme (0.3 mg mLSl) in sodium phosphate buffer
(50 mM, pH 8.0) at 25 C. After de“ned time intervals samples
were taken and immediately placed on ice. Residual activity was
measured at room temperature using the NADPH assay. Puri“ed
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enzymes (0.3 mg mle) were used to determine oxidative stabil-
ity by incubating the enzyme in sodium phosphate buffer (50 mM,
pH 8.0) containing various concentrations of hydrogen peroxide
(0...100mM) at 20 Cfor 3h. After the incubation time, 10 L of a
catalase solution (1 mg mL°! in buffer) was added to the samples
and incubated further on ice. Residual activity of the CHMO variants
was measured using the NADPH assay as described above.

2.11. Circular dichroism (CD) spectroscopy

CD spectra were recorded using a JascoJ-810 spectropolarime-
ter equipped with a Peltier cell holder. Data were collected using
puri‘ed enzymes in a concentration range of 0.1...0.2mg mLS? in
sodium phosphate buffer (5 mM, pH 8.0). The ellipticity at 222 nm
over a temperature range from 10 to 80 C with a resolution of
0.1 C and a heating rate of 1 Cmin $1 was monitored to follow
the thermal unfolding of the enzymes. The plotted thermal denat-
uration curves were “tted to sigmoidal curves. The temperature at
which half of the enzyme was in an unfolded state (melting tem-
perature Ty) (Polizzi et al., 2007 ) was evaluated asthe midpoint of
the normalized thermal transition.

2.12. ABD-Falkylation of free cysteine residues

CHMO wild type and the disul‘de bond variants were puri“ed
asdescribed above. For the measurement of the ABD-F-labeling (4-
aminosulfonyl-7-"uoro-2,1,3-benzoxadiazole, Scheme S1) (Kirley,
1989), the CHMO wild type and the DS-bond variants DS2, DS3,
DS4 and LCACwere used in the native and in the reduced form. As
positive control served an enzyme, which contains three con“rmed
disul“de bonds (Sulfhydryl oxidase from Yarrowia lipolytica ; Gen-
Bank accession no. XM 503294) (Dujon et al., 2004). The protein
content of all samples was adjusted to 1.5mg mLS1. The reaction
mixtures were composited as follows: 20 L 2x ABD-F reaction
buffer (200 mM boric acid, 4 mM EDTA,6%(w/v) SDS,pH 8.0),18 L
sodium phosphate buffer (50 mM, pH 8.0), 2 L 20x TCEP(20 mM
in distilled water), 4 L10x ABD-F (40 mM in DMSO) and 16 L of
the enzyme solution to give atotal volume of 60 L.Forthe inves-
tigation of the native enzymes, distilled water was used instead of
TCEP.

The samples were incubated at 20 Cfor 3h to ensure a com-
plete reduction of the variants and aquantitative labeling of the Cys
residues by ABD-F. Reduction and labeling of the disul“de bonds
takes place simultaneously. As control, the enzyme variants were
denatured by incubation for 20 min at 45 C.This control was used
to assesswhether the ABD-F labeling can be performed at 37 Cfor
30 min or whether the disul‘de bonds are not stable under these
reaction conditions. Asablank, asample with 16 Ldistilled water
instead of enzyme was used. For the measurement, 10 L sample
was mixed with 140 L distiled water in a MTP. The excitation
of the "uorophore was performed at 385 nm. The emission was
measured at 520 nm.

2.13. Whole...cellbiotransformations

CHMO wild type and the respective variants were expressed
as described above. For biocatalysis, 500 L of a 100 gwcw LS? cell
suspension containing recombinantly expressed CHMO or the vari-
ants were used in 10 mL batches (in 100 mL shake "asks) in 50 mM
sodium phosphate buffer (pH 8.0, 1% NaCl) containing 5mM sub-
strate (Table 2) and 60 mM d-glucose monohydrate (1M stock
solution in reaction buffer). Glucose was required for the intracel-
lular cofactor recycling of NADPH. Biotransformations were sealed
with a gum plug, shaken at 25 Cand 120 rpm and 500 L sam-
ples were taken periodically. Samples were extracted with 500 L

dichloromethane containing 2 mM acetophenone asexternal stan-
dard. Determination of the substrate and product concentrations
were carried out by gaschromatography using a Shimadzu GC-14A
equipped with a Hydrodex ®-R3P column as described below.

2.14. GCanalytics

2.14.1. GCcolumn

The evaluation of the biotransformations for both the achiral
and the chiral compounds was performed using a Shimadzu GC-
14A equipped with a Hydrodex ®- 3P column (25 m x 0.25 mm,
Macherey & Nagel, Diren, Germany) and "ame-ionization  detec-
tion (FID).

2.14.2. Extraction procedure for GCanalysis

For analysis, samples of the reaction mixture were taken peri-
odically (500 L) and directly placed on ice before extraction or
were stored at $20 C. The extraction of the substrate and the
product was performed with the same volume of dichloromethane
(500 L).Acetophenone (2 mM) was added to the dichloromethane
and served as external standard. The separation of the two phases
was obtained via centrifugation (60 s). The lower organic phase was
transferred into aclean tube and dried with anhydrous Na,SOy.The
solution was mixed again (60 s) and centrifuged (10 min). After-
wards, the sample was transferred into a GCvial. A sample volume
of 1 Lwas injected into the GCinstrument.

2.14.3. GCmethods

Samples containing compounds l1la and 1b were analyzed
using Method A. For the compounds 2a..3c Method B was used.
Compounds 4a and 4b were analyzed with Method Cwhereas com-
pounds 5a..5c were analyzed with Method D. All GCmethods are
summarized in Table S3.

3. Results
3.1. Design and creation of DSvariants

Since no crystal structure of the CHMO pgineto has been solved
until now, the designed homology model was used for the pre-
diction of disul“de bonds with the program Disul‘de by Design ™
(Dombkowski, 2003). In a previous study, in silico designed disul-
“de bonds were restricted in a way that only disul“de bonds
between amino acids spanning maximal 15 residues were allowed
(Wijma et al., 2014). In this study, no such restriction was applied
to allow variability of the predicted DS bonds. The prediction of
possible amino acid residues for the formation of a disul“de bond
using Disul“de by Design™ resulted in a total of 70 amino acid
pairs. To identify the most promising positions for disul‘de bond
formation, the tolerance for the energy values and 3 torsion angles
was further decreased. According to literature (Dombkowski, 2003;
Petersen et al., 1999; Sowdhamini et al., 1989), the energy value of
a naturally occurring disul‘de bond is about 1.07 kcal mol S1 The
distribution of the C_. C S angle within known disul“de bonds
is between 105 and 125 (maximum at115.1 )(Dombkowski etal.,
2014). Due to that, only residue pairs displaying avalue close to the
maximum of 115.1 were considered for the selection.

Using these criteria, arestriction to nine possible disul‘de bonds
was imposed. In the last step, the spatial position of these nine DS
bonds in the structure of CHMO was examined. All DSbonds located
too close to the active site (within aradius of 8 A) or being involved
in the coordination of the FAD and/or NADPH were excluded to pre-
vent aloss of catalytic activity. Consequently, three positions were
chosen for creation in vitro. In addition to these predicted candi-
dates by Disul‘de by Design™,, a further variant was selected to
possibly form adisul“de bond. Due to the close spatial position of
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Table 2
Conversion and enantioselectivities of the oxidatively and thermo-stabilized CHMO variants in an achiral transformation and a desymmetrization reaction.
Substrate @ Product(s) CHMO variant Conv. [%] ee [%]°
Cyclohexanone WT >99 n.a.®
DS2 64 n.a.
DS3 >99 n.a.
DS4 17 n.a
T415C >99 n.a.
WT >99 >99
4-Methyl- DS2 96 >99
cyclohexanone DS3 >99 >99
DS4 67 >99
T415C >99 >99

2 In all reactions the substrate concentration was 5mM.
b Determined by chiral GC.
¢ n.a.=Not applicable.

amino acid Thr415 to Ala463 and the appropriate C_ C distance

within 5.0 A, these residue pairs were also considered as potential

disul“des, even if not predicted by the software. The selected four
potential DSbond variants are P254C-D286C (DS1), N290C-A293C
(DS2), T415C-A463C (DS3) and Y411C-A463C (DS4). In addition,

various combinatorial mutants of these DSbond variants were gen-
erated. A previous reported DSbond variant (L323C-A325C, LCAC)
(van Beek et al., 2014 ) was created to serve ascontrol especially for
the ABD-F labeling experiments because this variant was proven to
form indeed aDSbond in vivo. In Table 1 acomprehensive overview

about all generated DSbond variants of CHMO is depicted.

3.2. Determination of activity

Engineered E.coli strains such asE.coli SHuf'e used in this study
have enzymatic activities aimed for the formation as well as the
quality control of disul‘de bonds within the cytoplasm (Lobstein
et al., 2012). Nevertheless, proteins containing disul“de bonds are
usually less well expressed (de Marco, 2009 ). Therefore, an expres-
sion optimization for all eight disul“de bond variants of CHMO
was performed (data not shown). Under the best expression con-
ditions, a suf‘cient vyield of puri“ed enzyme for further studies of
the DS-bond variants was obtained.

Out of all puri“ed mutants, “ve displayed asigni“‘cantly reduced
speci‘c activity against the substrate cyclohexanone compared
to CHMO wild type. Protein variant DS3 showed a similar spe-
ci“c activity of 6.94+ 1.23U mgSl compared to the wild type with
6.37 =+ 1.01 Umg®>?! (Table 1), indicating no loss of catalytic activity
by the introduced DS-bond. The CHMO variants DS2, DS4 and the
combinatorial variant DS2+DS3 showed a slight decrease in spe-
ci“c activity, whereas the LCACvariant spanning only one residue
showed about half reduced speci‘c activity compared to variant
DS3and the wild-type CHMO, respectively. All other combinatorial
variants showed no activity. Thus, these variants were not further
investigated.

3.3. Thermo-/oxidative stability

Once we succeeded in the puri“‘cation of the variants in good
yields and with high speci‘c activities, their stabilities were
studied. CHMO wild type and the remaining mutants (DS2, DS3,
DS4, and DS2+DS3) were puri‘ed to homogeneity to avoid possi-
ble stabilization by proteins present in the E.coli cell extract and

then subjected to stability studies. To determine the lifetime of the
CHMO variants, enzyme stability was monitored by incubation at
a single temperature for 24 h (Fig. 2). For biocatalysis, this is the
most relevant parameter. CHMO variants were incubated at 25 C
and activity was measured with cyclohexanone as substrate after
de“ned time intervals. It was found that mutant DS3 ( ) showed
a signi“‘cantly increased long-term stability compared to CHMO
wild type ( ). After 24 h incubation at 25 C,variant DS3 showed
aresidual activity of 12%,whereas the wild-type enzyme showed
no residual activity (Fig.2). Additionally, the calculated half-life for
variant DS3 showed a 3-fold increase compared to the half-life of
the wild type.

Concerning thermostability, variant DS3 showed a signi“cant
improvement in stability over a temperature range of 20...45 C
(Fig. 2). Between 30 and 35 C,the activity of the CHMO wild type
() strongly decreases, whereas the activity of the variant DS3( )
only gradually decreases. At 45 C,variant DS3 still has a residual
activity of 12% compared to the CHMO wild type and the other
variants. The temperature where 50%of the activity remained, was
increased by 5 Cfor variant DS3.

In addition to the determination of long-term stability and the
thermostability pro“les, the melting temperatures (Ty) of CHMO
wild type and the mutant DS3were determined by CDspectroscopy
(Table 1 and Fig. S2).

Spectroscopy data con“rmed that variant DS3 was stabilized
with an increase in melting temperature by 5 C(Table 1) and a 2-
fold higher long-term stability without any loss in speci‘c activity
as shown for mutant LCAC.

In addition to to the thermostability of the DS-bond variants
of CHMO, the stability against hydrogen peroxide was determined
(Fig. S4).1t was already found that very low concentrations of H,O,
already had a strong impact on the activity of CHMO wild type
(Opperman and Reetz, 2010). Whereas the activity of CHMO wild
type is completely lost in the presence of 50 mM H,O,,the DS-bond
variant DS2retained 26%of the initial activity. Although variant DS4
showed an increase in stability against 25 mM H,O, compared to
the wild type and DS2,the activity at 50 mM is almost completely
lost. Interestingly, the combinatorial variant DS2+DS3 showed
neither anincreased thermostability nor anincreased oxidative sta-
bility. Fig.3 gives an overview about the effects of disul“de bonds on
the stability of CHMO wild type and the DS-bonds variants towards
25 mM H,0, and higher temperature (35 C).
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Fig. 1. Location of the designed disul“de bonds in the model structure of CHMO. The mutated residues P254C-D286C (DS1), N290C-A293C (DS2) and Y411C-A463C (DS4)
build the disul“de bridge, whereas the mutated residues T415C and A463C (DS3) are free cysteines. Angles and distances of the respective DS-bond are given for each variant.
The cofactor FADis shown in green, NADPH in blue. (For interpretation of the references to color in this “gure legend, the reader is referred to the web version of this article.)

3.4. ABD-Flabeling The ABD-Cys adduct absorbs maximally at 385 nm and has a "u-
orescence emission maximum at 520 nm, allowing simple and
Toverify the formation of disul“de bonds in the proteins, aneasy sensitive detection. The "uorescence intensity is directly propor-

method for DS-bond analysis via ABD-F labeling was established. tional to the number of functionalized thiol groups. To use this as
ABD-F is a highly reactive and speci“c reagent for thiol-groups in indirect veri“cation for disul‘de bonds, the protein is functional-
proteins and non-"uorescent before its reaction with thiol-groups. ized with ABD-F in the native and in the reduced form. Asreducing

Fig. 2. (a) Activity-temperature  pro‘“les (Tslg)of CHMO wild type ( ), variant DS2( ) variant DS3( ), variant DS4( ) and variant DS2+DS3( ). (b) Long-term stability of
CHMO wild type and the disul‘de bond mutants. The relative initial rate at t=0min was normalized to 100% wild-type activity. The CHMO wild type ( ), the variant DS2
(), the variant DS3( ), the variant DS4 ( ) and the combinatorial variant DS2+DS3( ) are displayed.
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Fig. 3. Overview about the conducted stability studies. The effects on the stability

of CHMO wild type and the disul“de bond variants towards 25 mM H,0O; and 35 C
temperature are depicted. The highest stabilization effect against 25 mM H,0O; is
given as green bars whereas the highest temperature improvement is shown in a
red bar. The enzymes were incubated for 10 min under the respective parameter. As
control reaction for each variant, anon-treated sample (incubation at4 Cfor 10 min,
black bars) was measured and set to 100%. (For interpretation of the references to
color in this “gure legend, the reader is referred to the web version of this article.)

agent, TCEP[Tris(2-carboxyethyl)  phosphine hydrochloride] was
used. The "uorescence intensity of the reduced form compared to
the native form of the protein is increased, when disul“de bonds
are present.

The ABD-F labeling was performed with the CHMO wild type, the
DS-bond variants DS2,DS3,DS4,LCACand sulfhydryl oxidase from
Y. lipolytica , containing three con“rmed disul“de bonds as a pos-
itive control. The measurement of the "uorescence intensity was
“rst conducted with native, native reduced, denatured and dena-
tured reduced forms of the enzymes to verify whether a possible
unfolding (partial or complete) under assay conditions in"uences
the binding of the ABD-F to the protein thiol-groups. The native
reduced form and the denatured reduced form of the enzymes dis-
play nearly the same "uorescence (Fig. S1A). This is the case for
each variant, which indicates no in"uence of the denaturation of
the proteins on the ABD-F binding to the thiol groups. In addi-
tion, the native and denatured form of variant DS2, LCACand the
control displayed a much lower "uorescence, which is due to the
reduced accessibility of free cysteines. For the CHMO wild type,
the "uorescence intensity of the native and the reduced form was
equal (Fig. S2B),which con“rmed that no disul“de bond is present
in the wild-type enzyme. The difference between the "uorescence
intensity of the native and the reduced form corresponds nearly to
the number of disul“de bonds in the protein. While in the positive
control the difference of the relative "uorescence units (RFU)was
12,700, the difference of RFUwas 4200 for variant DS2. Each cys-
teine residue contributed to a”uorescence intensity of around 2100
RFU.We observed that for variant DS3,the "uorescence intensity of
the native form is slightly higher than for the reduced form, which
lead us to the assumption that the disul‘de bond is not formed in
this mutant. Interestingly, the mutations of residues Thr415 and
Ala463 to cysteines nevertheless contributed to a higher stability.

3.5. Expression of variant DS3in different E.coli strains

To verify if the enhanced temperature stability of variant DS3
is indeed not aresult of the disul‘de bond formation, this variant

was expressed in E.coli BL21 (DE3), where no disul‘de bonds can
be formed. The temperature pro“le (Fig. S5)shows that variant DS3
expressed in both, SHuf'e T7 Express aswell asBL21 (DE3), showed

asigni“‘cantly higher stability over atemperature range of 20...45 C.
Between 30 and 40 C,the activity of CHMO wild type ( )aswell as
variant DS3 expressed in SHuf’e ( ) strongly decreases, whereas
the activity of variant DS3 expressed in BL21 (DE3) ( ) just slightly

decreases. At 45 C,both DS3variants have aresidual activity of 12%.
The temperature where 50%of the activity remained was increased
for variant DS3 expressed in BL21 (DE3) compared to the variant

expressed in SHuf’e by 10 C.This result con“rms that the higher
temperature stability of variant T415C-A463C (DS3) is not a result
of adisul“de bond formation.

3.6. Cysteine/serine single point and double mutants

To further investigate the stabilization of CHMO variant T415C-
A463C (DS3), a double mutant with a serine at these positions
was generated. Additionally, cysteine and serine single mutants at
positions 415 and 463 were generated to examine, which residue
contributes more to the stabilizing effect or if synergistic effects
are the reason for the improvement. Serine variants were gener-
ated because serine and cysteine are structurally similar, so that
the investigation of the serine mutants could verify if the improved
behavior of variant T415C-A463C is only caused by slight structural
changes. It was shown before that an appropriate mutation like the
change to Cys/Ser leads to a rigidi“cation and therefore enhanced
thermostability (Reetz et al., 2009).

The temperature stability pro‘les of the double serine vari-
ant (Fig. S6) and the single mutants T415S and A463C con‘rm
a strong similarity to the CHMO wild type except for the tem-
perature stability pro“le of variants T415C and A463S (Fig. 4 ).

Variant A463S exhibits ahigher residual activity at 20,25 and 30 C
compared to the CHMO wild type. In contrast, variant T415C shows
ahigher stability at higher temperatures (30...45 C).But both single
variants are not as stable asthe combinatorial variant DS3 (T415C-
A463C). These results demonstrate that both amino acid positions

are important and contribute to an improvement of the temper-

ature stability of variant DS3, but the in"uence of the mutation

threonine 415 to cysteine is higher. These data were also validated

by the determination of the long-term stability of these mutants

and the calculation of half-lives from these decay curves (Fig. 4 and
Table 1).

The obtained results for the long-term stability were indeed sur-
prising. Also in this case,the curves for variant A463C and the CHMO
wild type show astrong identity. In addition, the variants T415Sand
A463S have almost the same long-term stability curves as variant
DS3, but remained strongly below the long-term stability curve for
variant T415C (Fig. 4). After 24 h incubation at 25 C,variant T415C
still has a residual activity of 33%. The increased stability of this
variant was additionally con“‘rmed by determination of the melt-
ing temperature (Table 1), which is 6 C higher compared to the
melting temperature of CHMO wild type and the calculated half-
life. Variant T415C has a 8-fold increased half-life compared to the
wild-type CHMO (Table 1).

3.7. Kinetic parameters

The steady-state kinetic parameters were determined for the
CHMO variants containing bene“cial mutations to con“rm that the
enzymes are still effective and catalytically competent (Table 1).
While the activity of the mutants DS3 and T415C was found to be
signi“cant higher compared to the wild type, the af‘nity for cyclo-
hexanone of both is slightly decreased. The catalytic ef‘ciencies,
determined by the turnover number Kcat, were calculated using the
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Fig. 4. (A) Activity-temperature

pro‘les (Tslg) of CHMO wild type ( ), variant DS3( ), variant T415C ( ), variant T415S ( ), variant A463C ( ) and variant A463S ( ). (B)

Long-term stability of CHMO wild type and variants. The relative initial rate at t=0min was normalized to 100% wild-type activity. The CHMO wild type ( ), the variant

T415C (), T415S ( ), A463C ( ) and A463S ( ) are displayed.

maximal velocity Vmax. For variant DS4, the af‘nity for the sub-
strate was increased, but kcyr was decreased, which was already
observed by the determination of the speci“c activity against the
substrate cyclohexanone (Table 1). The catalytic constant Kcat is 1.5-
fold higher for the variantv T415C (Kcat =57.4 sgl) than for the wild
type enzyme (kcat =38.5 s°1). Also the double variant T415C-A463C
showed a 1.2-fold increase (Kcat =44.9 551).

3.8. Substrate acceptance and stereoselectivity

The CHMO investigated in this study is well known for its wide
substrate acceptance as well as its high selectivity in oxidative
kinetic resolution and desymmetrization (Balke et al., 2012; de
Gonzalo et al., 2010; Mihovilovic, 2012; Torres Pazmino et al.,
2010). Our aim was the generation of a broad-scope biocatalyst
with improved stability for versatile industrial applications. Thus,
various substrates to address all important reaction types (achi-
ral transformation, desymmetrization, and kinetic resolution) were
applied using a whole cell biotransformations in order to circum-
vent aregeneration system for NADP* (Scheme 1).

CHMO wild type and the variants DS2, DS3, DS4 and T415C
were compared concerning to their levels of conversion and
particularly to their stereoselectivities against 2-, 3- and 4-methyl-
substituted cyclohexanones (2..a, Scheme 1, Tables 2 and 3) as
well as the non-methylated cyclohexanone (la, Table 2) and rac-
bicyclo[3.2.0]hept-2-en-6-one  (5a, Table 4).

For every investigated reaction, the obtained conversion (activ-
ity) is almost identically to the catalytic pro‘le of the wild type
except of the obtained conversions achieved with the variants DS2
and DS4. Obviously, the lower soluble expression as well as the
slight decrease in speci“‘c activities for both variants (Table 1)
contributes to this drop in conversion. Nevertheless, the obtained
stereoselectivities are gratifyingly unchanged or only slightly
different compared to the wild-type enzyme (Tables 2...4. The bio-
transformations of the bicyclic ketone 5a lead to almost identically
ratios of sabnormalZ versus enormalZ lactones aswell asthe corre-
sponding stereoselectivities (Table 4).

5. Discussion

In this study, aCHMO variant with anincreased stability towards
temperature and/or oxidative stress in combination with undimin-

Scheme 1. Baeyer...Villiger oxidation of various substrates to determine the sub-
strate acceptance, enantio- and regioselectivity of the improved CHMO variants.

ished activity against the substrate cyclohexanone was targeted
for the purpose of industrial applications. Thus, potential stabiliz-
ing disul‘de bonds were investigated in silico using the program
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Table 3
Comparison of the CHMO variants in oxidative kinetic resolution biotransformations
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of rac-2a to lactone 2b.

Substrate #

Product(s) CHMO variant Residual ketone 2d Lactone 2b
Conv. [%] ee [%]° Abs. Conf. C[%)] ee [%]° Abs. conf.
WT 51 60 R 55 81 S
DS2 43 70 R a7 81 S
DS3 44 54 R 57 81 S
Ds4 42 98 R 23 77 S
T415C 52 64 R 42 81 S
2 |n all reactions the substrate concentration was 5mM.
b Determined by chiral GC.
Table 4
Enantio- and regio-selectivities of the stabilized CHMO variants in whole...cell biotransformations.
Substrate # Product(s) CHMO variant C[%] ee [%]>° Regioisomeric ratio
Proximal Distal Proximal:distal Abnormal:normal ¢
WT >99 95 98 51:49:00
DS2 95 93 98 45:55:00
DS3 >99 95 98 51:49:00
DS4 31 89 98 42:58:00
T415C >99 95 98 51:49:00
WT >99 40:60
DS2 87 40:60
DS3 >99 40:60
DS4 28 35:65
T415C >99 38:62

2 |n all reactions the substrate concentration was 5mM.

b Determined by chiral GC.

¢ Due to the lack of enantiopure (S)- and (R)-proximal
those of authentic compounds from CHMO mediated biotransformations.

4 Abnormal (5c)/normal (5b) lactone.

Disul‘de by Design™ (Dombkowski, 2003). Out of the 70 predicted
disul“des, three DS-bond variants were selected for characteriza-
tion. Another disul“de bond variant (DS3), which was not predicted
by the program, was also considered due to the close spatial posi-
tion of the amino acid residues T415 and A463. After the initial
set of variants was successfully generated, expressed and puri“ed,
various combinatorial mutants were cloned, soluble expressed and
puri“ed. Out of nine puri“ed DS-bond variants, four (especially the
combinatorial mutants) displayed a signi“‘cantly reduced speci‘c
activity at 25 C compared to the wild type. Although stabilized
enzyme variants often have lower speci‘c activity at the original
temperature but show higher speci‘c activity at elevated temper-
ature, this was not the case for the combinatorial variants and
variant DS2. The biggest drop in speci‘c activity was slightly more
than 50% for variant DS2. Nevertheless, a variant with increased

and distal lactones, the absolute con“gurations were assigned by comparison of enantiomer retention times with

oxidative stability is still bene“cial for an industrial process even
with asmall drop in speci‘c activity. All other variants, e.g.,mutant
DS3 showed a similar speci“‘c activity compared to the wild type
CHMO (Table 1) at the original temperature and increased speci‘c
activity at higher temperatures. Catalytically competent enzymes
with slightly reduced or even better catalytic performance than the
wild-type CHMO, and thus suitable for industrial purposes, were
generated.

The mechanisms, which are used by proteins for the protection
against structural damage caused by oxidation or inactivation at
elevated temperatures, are very versatile. The bene‘“cial disul“de
bonds leading either to an improved thermostability or oxidative
stability are located in different regions of the enzyme (Figs. 1 and
S7). The DSbond formed by variant DS2 (oxidatively stabilized) is
placed closer to the active site, whereas the DSbond formed by the
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more thermostable variant DS4 is located in a remote part of the
enzyme. The disul“de bond variant LCAC(van Beek et al., 2014) is
located in the same region asdisul“de bond variant DS2 identi“ed
in this study. The higher resistance of variant DS2 against oxidation
shows that this region is not only critical for thermal inactivation,
but also contributes to an antioxidant defense mechanism if a DS-
bond is present.

At elevated temperatures, oxidation of amino acid residues
caused by hydrogen peroxide can occur more readily. Conse-
quently, athermostable variant would also be stabilized towards
oxidation or vice versa (Morawski et al., 2001). This aspect was
not con“rmed in our study. The introduction of additional DS-
bonds led either to an improved oxidative stability, or an increased
thermostability. DS-bond variant DS2 shows a higher resistance
towards hydrogen peroxide, but is at the same time more frag-
ile against higher temperatures than the CHMO wild type (Fig. 3).
In contrast, variant DS4, which displayed the highest resistance
towards oxidation, shows equal temperature instability like the
wild type.

The simultaneous laboratory evolution of two different prop-
erties of an enzyme is often not straightforward. Consequently,
researchers often opt for the improvement of one property “rst,
followed by evolvement of the second desired feature. To opti-
mize two different properties simultaneously, it was shown that
less stringent selection parameters should be considered for the
next round of evolution (Bougioukou et al., 2009 ). Moreover, Arnold
and co-workers stated that protein stability promotes evolvability
(Bloom et al., 2004, 2006). This could also apply for the evolvability
of protein stability. The oxidatively stable variants could therefore
serve as necessary precondition because other variants exhibiting
an improved thermostability —might be masked by a high rate of
oxidative damage. Thus, this potentially improved variant would
not be identi“ed. Another study hypothesized the need for com-
pensatory mutations because mutations that endow enzymes new
functions trade off with stability (Tokuriki and Taw“k, 2009; Wang
et al., 2002). Although proteins can be extremely tolerant to single
or double amino acid substitutions, the behavior of proteins to mul-
tiple substitutions can be completely different. We assume that the
combinatorial variants were not stabilized due to the non-tolerant
behavior of the enzymes to multiple amino acid substitutions.
These multiple substitutions lead to a decreased fraction of
functional proteins (Sha“khani et al., 1997; Guo et al., 2004; Bloom
et al., 2005) what we also observed in the catalytic performance of
these combinatorial variants.

Our study of the enzymes thermostability revealed that mutant
DS3 show a signi“‘cant increase in long-term stability (12% resid-
ual activity after 24 h at 25 C) and 3-fold higher half-life even if
the DS bond is not formed. Additionally, this variant showed an
increase in melting temperature by 5 C,which shows that the sta-
bility data derived from structure are in accordance with the ones
of the activity. We assume that the DS bond is not generated due
to the distance between the two cysteines. The prediction of the
disul“de bonds was based on a homology model of CHMO. There-
fore, the distance and the angle between these two cysteines can
differ in the real protein. Nevertheless, two of the three predicted
disul“des resulted in abene“cial behavior regarding the stability of
the CHMO variants. The fourth  CHMO variant was chosen for cre-
ation based on the spatial position of the residues and this is the
only disul“de bond that is not being formed demonstrating that
the programes output indeed lead to disul“de bond formation by
choosing the right criteria for selection.

Indeed, the stabilization of this variant by introduction of two
additional free cysteines is surprising because cysteines contain
sulfur centers, which are often responsible for the oxidation of pro-
teins leading to the loss of catalytic activity. This oxidation can occur
much faster at higher temperatures as described above.

However, many studies have shown that methionine and cys-
teine residues constitute to animportant antioxidant mechanism in
proteins and defend them against oxidative stress (lwao et al.,2012;
Levine et al., 1996; Luo and Levine, 2009). A variety of oxidants like
H, 0O, react readily with the sulfur in the cysteine and methionine
residues and form sulfoxides. The CHMO contains a high number
of methionine residues (12 excluding the start codon methionine),
which are distributed over the whole protein and are mostly sur-
face exposed. Additionally, “ve cysteine residues were found in the
wild-type enzyme. A possible explanation for the increased ther-
mal stability of variant DS3 containing two free cysteines is their
potential to function as antioxidant reagents at higher tempera-
tures by scavenging the reactive oxygen species. This protects the
CHMO from structural damage and hence from unfolding of the
protein, which will cause the loss of the catalytic function.

To gain deeper insights into this exceptional behavior of the
CHMO variant DS3, cysteine and serine single and double mutants
at the positions threonine 415 and alanine 463 were generated
and investigated for stability. Serine was chosen due to the close
structural similarity with cysteine. The obtained data con‘rmed the
importance of the amino acid position 415 and also the high impact
of the mutation to a cysteine. The single variant T415C shows by
far the highest improvement in long-term stability. The compara-
tive mutation to aserine at this position led to aslightly higher, but
not that signi“‘cantly improved temperature stability. In addition,
the variant A463S shows the same stabilization in the long-term
experiment as the variant DS3, but is not that much stabilized as
the variant T415C. We assume that the creation and stability stud-
ies of the single point variants of variant DS3, especially T415C and
T415S, provide the evidence that the disul“de bond is not needed
for the observed stability effect.

These data show that mutations strongly enhancing the ther-
mal stability of the protein appear in acluster in a particular region
of the protein, whereas similar substitutions introduced elsewhere
in the protein may have only a marginal effect on the thermosta-
bility (Eijsink et al., 2004 ). This phenomenon can be explained by
the location of stabilizing mutations at a hot spot where the pro-
tein starts to unfold. By improving the local structure stability, the
global stability of a protein can also be increased, especially when
the sites are positioned in a region that unfolds at a critical step
in an unfolding pathway controlled by kinetics. Unfortunately, the
pathways of unfolding are usually unknown making a guided
approach dif‘cult (Wijma et al., 2013).

Using the Basic Local Alignment Search Tool (protein BLAST),
it was revealed that this threonine 415 is not a highly con-
served residue. Various other amino acids were found in
"avin-dependent monooxygenases like serine (CHMOs from
Brachymonas petroleovorans, Ralstonia, Rhodococcus sp. HI-31),
methionine  (CHMOs from Xanthobacter "avus, Sul“tobacter sp.
NAS-14.1, Rhodobacteraceae), alanine (CHMO from Pseudomonas
"uorescens and FMOs from Pseudomonas plecoglossicida, Pseu-
domonas sp. CFlI64, Polaromonas sp. JS666), phenylalanine (CHMO
from Halotalea alkalilenta , Exophiala aquamarina CBS 119918),
asparagine (CHMO from Nocardiopsis sp. CNS639) and cysteine
(CHMOs from black yeasts; Nectria haematococca mpVI 77-13-
4, Capronia epimyces CBS 606.96, Capronia coronata CBS617.96,
Exophiala dermatitidis NIH/UT8656). Especially, the occurrence of
cysteine in the CHMOs from black yeasts, which show sequence
identites to the CHMO from Acinetobacter sp. NCIMB 9871
of 51...54%,is notable. The fungus Nectria haematococca mpVI
(member of the Fusarium solani species complex), which shows
ubiquitous distribution and colonizes in awide variety of habitats,
is noteworthy in this context. These fungi are adapted to many
different environments as they can be found as soil inhabiting
saprophytes, as pathogens or as rhizosphere colonizers. Proba-
bly due to their scosmopolitan lifestyleZ they show impressive
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metabolic capabilities and tolerance against many compounds
(antibiotics, heavy metals and metabolic poisons) (Coleman et al.,
2009). The stability of enzymes derived from such organisms, which
are adapted to so many different or harsh environments, is often
higher. Also the PAMO from the thermophilic organism Thermob-
i“da fusca shows a higher stability compared to all other known
BVMOs. To give an explanation for the highly stabilizing effect of
the cysteine mutation at this position, we cautiously assume that
a correlation between the occurrences of cysteine in these highly
adapted black yeasts and the stability improvement by replacing
the threonine with a cysteine exists.

Even if our “ndings deviate from the original working hypothe-
sisconcerning the thermal stabilization of CHMO by introduction of
additional disul“de bonds, we succeeded in its improved resistance
towards oxidation and the identi“‘cation of important amino acid
positions, which obviously contribute to the inactivation and/or
denaturation behavior of the CHMO at elevated temperatures. This
illustrates that the selection of mutations for increased protein sta-
bility is still hard to predict due to the incomplete knowledge of
the mechanisms that lead to thermal and/or oxidative inactiva-
tion. Nevertheless, these results can serve as a basis for further
stability studies on this enzyme using iterative saturation muta-
genesis to give better insights into the underlying mechanisms,
which determine the stability of this enzyme and to further investi-
gate the additive and/or cooperative effects of the already identi“ed
sites.

In summary, the stability of the cyclohexanone monooxygenase
from Acinetobacter sp. NCIMB 9871 was extensively studied. The
introduction  of cysteine residues and disul‘de bonds led to the
identi“cation  of two variants with much higher stability towards
oxidation without compromising the catalytic ef‘ciency signi“-
cantly. In addition, afast and easy "uorescence-based assay for the
veri“‘cation of the formation of the disul“de bonds was successfully
applied. A pronounced increase in long-term stability was achieved
for aCHMO variant containing just one exceptional cysteine muta-
tion paving the way for the successful use of "avin-dependent
enzymes for industrial applications.
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ARTICLE INFO ABSTRACT

Baeyer-Villiger monooxygenases (BVMOs) are versatile biocatalysts for the conversion of ketones to lactones or
esters while also being able to e ciently oxidize sul des to sulfoxides. However, there are limitations for the
application of BVMOs in synthesis. In this review we provide an overview of the protein engineering studies
aiming at optimizing di  erent properties of BVMOs. We describe hot spots in the active sites of certain BVMOs
that have been successfully targeted for changing the substrate scope, as well as the possibility to in uence this
property by allosteric e ects. The identi ed hot spots in the active sites for controlling enantio- and regios-
electivity are shown to be transferable to other BVMOs and we describe concepts to in uence heteroatom
oxidation, improve protein stability and change the cofactor dependency of BVMOs. Summarizing all these
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di erent studies enabled the identi cation of BVMO- or property-dependent as well as universal hot spots.

1. Introduction

The classical reaction catalyzed by Baeyer-Villiger monooxygenases
(BVMOs) is the enzymatic insertion of an oxygen atom next to the keto-
function of the substrate (Scheme 138. Additionally, many BVMOs are
able to oxygenate heteroatoms like sulfur, nitrogen, phosphorus, boron
or selenium (Balke et al. 2012; Branchaud and Walsh 1985; de Gonzalo
et al. 2010). Compared to the chemically catalyzed reaction rst pub-
lished by Baeyer and Villiger (1899), where peracids are needed as
oxidation agents, the enzymatic Baeyer-Villiger oxidation (BVO) uses
molecular oxygen directly from air. The mechanism of BVMOs was
shown to proceed analogous to the chemical Baeyer-Villiger oxidation
by Ryerson et al. (1982). In type | BVMOs, which represent the majority
of known BVMOs, molecular oxygen reacts with reduced FAD in the
active site of the enzyme. This leads to the formation of a deprotonated

avin-C4 -peroxide intermediate, which attacks the carbonyl carbon of
the substrate upon binding in the active site (Sheng et al. 2001). The
thus formed Criegee-intermediate, which exhibits a tetrahedral con-

guration, rearranges so that the product and water are released. Re-
duced FAD is regenerated by the NADPH cofactor Gcheme 1h.

The enzymatic mechanism has been studied extensively for cyclo-
hexanone monooxygenase from Rhodococcussp. HI-31 (CHMORghodo
with several crystal structures showing the movement of enzyme do-
mains during the catalytic cycle ( Mirza et al. 2009; Yachnin et al. 2014;

Yachnin et al. 2012). However, the rst crystal structure of a BVMO was
elucidated for phenylacetone monooxygenase from Thermobi da fusca
(PAMO) (Malito et al. 2004 ) followed by studies on the mechanism of
this enzyme (Orru et al. 2011; Torres Pazmino et al. 2008). These
studies highlighted the importance of the catalytic arginine residue
R337 by providing crystal structures of key steps in the mechanism.
Fig. 1 shows the three-dimensional structure of PAMO including FAD-
and NADP-binding domains and the cofactors NADF" and FAD, as well
as relevant active site residues.

PAMO is solvent- and thermostable (Beneventi et al. 2013; de
Gonzalo et al., 2006a; Fraaije et al. 2005; Secundo et al. 2011), accepts
small aromatic ketones and sul des (de Gonzalo et al. 2005; Rodriguez
et al. 2007) and shows low activity with linear ketones ( Fraaije et al.
2005). In comparison to the substrate pro le of other well known
BVMOs, like the CHMO from Acinetobactersp. strain NCIMB 9781
(CHMOg¢inetd and cyclopentanone monooxygenases fromComamonas
sp. strain NCIMB 9782 (CPMO), the substrate scope of PAMO is rather
narrow (Fink et al. 2012; Riebel et al. 2012). CHMO¢jneto IS the most
extensively studied BVMO and catalyzes a multitude of reactions en-
antioselectively (Walsh and Chen 1988. However, its low stability is a
major disadvantage in the application of this BVMO. Apart from the
application of BVMOs for the production of chiral lactones, which can
be used as building blocks, valuable sulfoxides, such as the drug
esomeprazole, can be produced by BVMOs. Quite a few comprehensive

Abbreviations:BVMO, Baeyer-Villiger monooxygenase; CHMO, cyclohexanone monooxygenase; CPMO, cyclopentanone monooxygenase; DKCMO, diketocamphane monooxygenase;
HAPMO, 4-hydroxyacetophenone monooxygenase; OTEMO, 2-oxo-3-4,5,5-trimethylcyclopentenylacetyl-CoA monooxygenase; PAMO, phenylacetone monooxygenase; YMOAYarrowia
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Scheme 1. a) The classical reaction catalyzed by Baeyer-Villiger monooxygenases is the conversion of ketones to esters or lactones by the insertion of an oxygen atom supplied from air.

b) Enzymatic mechanism of the BVMO reaction.

Fig. 1. Structure of phenylacetone monooxygenases (PAMO). a) Three-dimensional structure of PAMO showing FAD (dark grey), NADP (light grey) and R337 (turquoise) in the active
site of the enzyme. FAD-binding domain (10-158 and 390-542) is shown in blue and NADP-binding domain (159 —389) is depicted in purple. b) Active site of PAMO showing the cofactors

NADP" (light grey) and FAD (dark grey) and important active site residues (turquoise). (For interpretation of the references to colour in this

web version of this article.)

reviews on the application of BVMOs in biocatalysis have been pub-
lished in the past 7 years (Balke et al. 2012; Bucko et al. 2016; de
Gonzalo et al. 2010; Leisch et al. 2011), most of these focusing on ac-
cessible reactions and overcoming limitations by the utilization of im-
mobilization methods and process optimization. The possibility of en-
abling application of BVMOs by means of protein engineering methods
has been reviewed in regard to stereo-/site-selectivity (Wang et al.
2017; Zhang et al. 2012). Apart from improving the enantioselectivity
and the substrate scope of BVMOs, the regioselectivity, cofactor usage
and heteroatom oxidation have also been targeted.

gure legend, the reader is referred to the

There are di erent approaches when performing protein en-
gineering studies depending on the available knowledge of the enzyme's
structure and mechanism (Fig. 2) (Bornscheuer and Kazlauskas 2011;
Buchholz et al. 2012). If little is known about the enzyme of interest,
random mutagenesis of the gene of interest by methods like error-prone
PCR (epPCR) is the only choice for protein engineering. This necessi-
tates a massive subsequent screening eort in order to identify the best
mutant. The most frequently used high-throughput screening methods
are spectrophotometric and uorimetric assays performed in microtiter
plates as they allow an e cient evaluation of a high number of variants.
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The screening of extensive mutant libraries using these methods can be
facilitated by robotic platforms ( Dérr et al. 2016). Other methods,
which have been used to identify promising enzyme variants in large
libraries are FACS, phage display and selection methods, such as growth
assays. Available crystal structures enable rational protein design of the
target protein, thus limiting the amount of mutants that have to be
investigated. However, the speci c in uence of mutations, especially,
when they are not situated in the active site, is hard to predict, so that
random mutagenesis might sometimes lead to an interesting variant,
which would not have been identi ed by rational design. Particularly,
the e ect of multiple mutations cannot be estimated in advance, as they
will change the whole interaction network in the enzyme. In general,
the semi-rational protein design, which is a combination of rational
protein design and directed evolution utilizing methods like the com-
binatorial active-site saturation test (CAST) (Reetz et al. 2005) in
combination with iterative saturation mutagenesis (ISM) ( Reetz et al.
2010), the protein sequence-activity relationships (ProSAR) strategy
(Fox et al. 2007) or a 3DM database (Kuipers et al. 2010), is a promising
approach for the generation of desired BVMO variants.

The results from protein engineering studies give hints to the me-
chanism of the enzymes and how speci ¢ enzyme properties can be
controlled. As mostly active site residues are targeted in order to
achieve signi cant changes in enzyme characteristics, these mutations
usually a ect more than one feature. However, there are challenges in
the protein engineering of BVMOs that impede the generation of active
enzyme variants with the desired property. First of all, the complex
domain movements of BVMOs during the catalytic cycle make it hard to
predict relevant residues that interact with the substrate. Second of all,
the generation of H,0, instead of product formation (called uncoupling
and referred to in a later chapter) is an undesired side reaction and the
rate might be increased by mutation of active site residues. Thirdly,
most BVMOs are quite unstable. Mutations might negatively a ect
stability and puri  cation of the generated enzyme variants might not be
possible. Thus, knowledge about potentially bene cial mutations fa-
cilitates the process of generating BVMO variants with the desired
properties. This review gives an overview of protein engineering studies
conducted with BVMOs and highlights the discovered hot spots for
controlling di erent enzymatic properties. Table 1 summarizes the
most relevant mutations in di erent BVMOs and shows the corre-
sponding residues in other BVMOs, thus facilitating the comparison of
mutated positions and allowing the assessment of the general impact
mutations in these positions have on BVMOs.

2. Results and discussion
2.1. Broadening the substrate scope
One of the most interesting Baeyer-Villiger oxidations for the in-

dustry is the standard CHMO reaction: the formation of -caprolactone
from cyclohexanone. As PAMO does not catalyze this reaction and

%LRWHFKQRORJ\ $GYDQFHV [[[

Fig. 2. Protein engineering methods sorted by the available
knowledge vs. screening e ort.

generally exhibits a narrow substrate scope, there have been attempts
to broaden its substrate spectrum by means of protein engineering. It

was possible to achieve conversions of several substituted cyclohex-
anone derivatives, which are not converted by wild-type PAMO ( Bocola
et al. 2005; Reetz and Wu 2008, 2009; Wu et al. 2010). Most of these

studies were inspired by structural comparison of the PAMO crystal

structure with homology models of CHMO and CPMO, since these en-
zymes exhibit a very broad substrate spectrum.

Comparison of the PAMO structure with the CHMO model led to the
identi cation of a bulge in a PAMO loop near the active site spanning
residues 441-444, which is not present in CHMO (Fig. 3a). Deletion of
residues 441 and 442 enabled the conversion of 2-phenyl and 2-ben-
zylcyclohexanone with high enantioselectivity, while wild-type PAMO
does not convert these substrates Bocola et al. 2005). Site-directed
saturation mutagenesis using a reduced amino acid alphabet was sub-
sequently employed on these bulge residues and some R)-selective
variants exhibiting high E-values were identi ed for the conversion of
4-chlorophenylcyclohexanone, which is not converted by the wild-type
enzyme (Reetz and Wu 2008. Residue P440 is situated next to this
bulge and was mutated using a CASTing process, which led to the
identi cation of PAMO variants with high enantioselectivities for the
conversion of several substituted cyclohexanone derivatives (Reetz and
Wu 2009).

CPMO also shows a relaxed substrate specicity and a high se-
guence identity to PAMO. Structural comparison of these enzymes led
to the identi cation of three di ering residues in the active sites.
Residues Q152 amo, L153pamo and M446pav0 Were mutated and var-
iant M446G turned out to convert benzaldehyde, indole and some
aromatic sul des and amines (Torres Pazmino et al. 2007). Ad-
ditionally, the mutation of methionine 446 to glycine led to an im-
proved enantioselectivity in the conversion of several prochiral cyclic
ketones (Torres Pazmino et al. 2007).

A much bigger change in substrate specicity of PAMO was
achieved by the creation of a rationally designed library targeting 11
residues (Dudek et al. 2014). By that time a PAMO crystal structure
with bound inhibitor in the active site was available ( Orru et al. 2011),
facilitating the selection of residues to be mutated. The PAMO;5¢s
variant included mutations P253F/G254A/R258M/L443F and was able
to convert some typical CHMO and CPMO substrates, while retaining
activity for the classical PAMO substrates.

All of the above mentioned studies broadened the knowledge about
which active site residues interact with the substrate and can be tar-
geted to widen the substrate scope of PAMO. These studies of PAMO
mutants revealed hot spots important for the substrate scope of this
enzyme: the bulge residues 446444 and residue 446 (Bocola et al.
2005; Reetz and Wu 2008, 2009; Torres Pazmino et al. 2007). Inter-
estingly, the corresponding residue to M446pavo Q436 in BVMOaf was
mutated to alanine resulting in a variant with increased catalytic e -
ciency for the conversion of bicyclo[3.2.0]hept-2-en-6-one ( Mascotti
et al. 2014). In a very recent study the activity of the Dietzia sp. D5
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Table 1

Summary of hot spots targeted in protein engineering studies. Bold positions highlight hot spots relevant for changing a variety of properties in di
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erent enzymes. ltalic positions show

crucial residues for BVMO activity that should not be mutated. Corresponding positions in other BVMOs are shown, when they were relevant in protein engineering studies as well.

CHMOacineto CHMOghodo CHMOarthro PAMO OTEMO YMOA Others
V54 d [1, 2]
D57 D59 [3] D110 D66 [4, 5] D59 [6]
167 d [1, 2] V121d [7]
Q93 a, b [8, 9]
P94 a, b [8, 9]
Y132 d [10]
L143 a [11] L145 f [12] L196 c [13] Q152 a[1],d [1, 2] P145 c [14] CPMO: F156 a [15]
PntE: L185 c [16]
P169 d [10]
S186 e [17]
K274 d [7]
S208 e, f [17] T218 f [18] R275 d [7]
Q210 e [17] H220 e [19]
F246 c [13], d [10, 20] F299 c [13] F255 c [14]
F277 c [13], d [10, 20] F330 c [13] Y285 c [14]
M291 g [21]
A293 g [22]
L323 g [23]
A325 g [23]
K326 d [20], e, f[17] K328 f [24] K336 f [19] R367 d [7] HAPMO: K439 e [25]
R327 R329 [3] R380 R337 [4, 5] R337 [6] R368 Ar-BVMO: R292 d [26]
V361 d [10]
D384 d [10]
Y411 g [22]
M412 g [21]
T415 g [22], d [10, 20]
L426 a [27] A435 a [1]
P440 a, b [9, 28]; d [29] Y477 d [7]
— S441 a, b [9, 30, 31]
- Ad42 a, b [1, 9, 30, 31]; d Y479 d [7]  Dietziasp. 5: Y499 b [32]
[1, 29]
F432 a[10, 11, 27], c [13], d [10, F485 c [13, 14] L443 a, b [9, 33], d [29] F443 c [14] CPMO: F450 a [25] TmCHMO: F434 a [34]
20]
S444 a [1]
L435 a [11], c [35], d [20] M446 a, b [36] , d [1] BVMOAf1: Q436 d [37] TMCHMO: L437 a
[34]
A463 g [22]
W490 f [17] W492 [3, 38] W543 W501 c [14]
C520 g [21]

a: enantioselectivity, b: substrate scope, c: regioselectivity, d: heteroatom oxidation, e: cofactor usage, f: uncoupling, g: stability.

[1] Dudek et al. (2011), [2] Zhang et al. (2014), [3] Mirza et al. (2009) , [4] Malito et al. (2004) , [5] Torres Pazmino et al. (2008), [6] Leisch et al. (2012), [7] Bordewick et al. (2017), [8]
Wau et al. (2010), [9] Parra et al. (2015), [10] Reetz et al. (2004b), [11] Reetz et al. (2004a), [12] Yachnin et al. (2012), [13] Balke et al. (2016), [14] Balke et al. (2017), [15] Clouthier
etal. (2006), [16] Chen etal. (2016), [17] Beier et al. (2016), [18] Colonna et al. (2002), [19] Dudek et al. (2010), [20] Zhu et al. (2011), [21] Opperman and Reetz (2010), [22] Schmidt
et al. (2015), [23] van Beek et al. (2014), [24] Yachnin et al. (2016), [25] Kamerbeek et al. (2004), [26] Catucci et al. (2016), [27] Mihovilovic et al. (2006) , [28] Reetz and Wu (2009),
[29] Zhang et al. (2014), [30] Bocola et al. (2005), [31] Reetz and Wu (2008), [32] Bisagni et al. (2017), [33] Dudek et al. (2014), [34] Lietal. (2017), [35] van Beek et al. (2017), [36]
Torres Pazmino et al. (2007), [37] Mascotti et al. (2014), [38] Yachnin et al. (2014).

A completely di erent approach to broaden the substrate scope of
PAMO was chosen byWu et al. (2010). Residues Q93 and P94 are si-
tuated remote from the active site and were simultaneously mutated in
an attempt to induce domain movements by allosteric e ects leading to

BVMO towards cyclohexanone was increased by mutation of residue
Y499, which corresponds to A442p-,v0 (Bisagni et al. 2017). These
studies hint the general validity of the identi ed PAMO hot spots for
in uencing the substrate scope in other BVMOs.

Fig. 3. Hot spots for the substrate speci city of PAMO. a) Bulge Residues 441444 and residues P440 and M446. b) Residues Q93 and P94 are situated remote from the active site.
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a reshaping of the active site. The residues were chosen for mutagen-
esis, because they are located in the N-terminal region of a -helix,
which loosely interacts with a loop segment in the FAD binding domain
(Fig. 3b). It was proposed that the introduction of appropriate muta-
tions would lead to an enhanced interaction with the FAD binding
domain, which in turn might lead to domain movements bringing the
FAD and NADP-binding domains closer together. A library targeting the
two residues Q93-amo and P94 0 Was created and screened. Q93N/
P94D selectively converts some 4-substituted cyclohexanones to the
(R)-enantiomers, while wild-type PAMO does not show activity towards
these ketones. The intended domain movements were veri ed by mo-
lecular dynamics simulations, proving that this approach can be a
promising tool to change enzyme properties.

The conversion of cyclohexanone by a PAMO variant has been
achieved recently by a combination of the previously identi ed hot
spots in PAMO (440-443 and 93/94). Parra et al. (2015) prepared the
variant Q93N/P94D/P440F, which was subsequently used in an itera-
tive site mutagenesis (ISM) approach. This led to the creation of two
PAMO variants (B-PV: Q93N/P94D/D440F/A442P/L443V, CBA-GPTQ:
Q93N/P94D/D440F/S441G/A442P/L443T/S444Q) being able to fully
convert low concentrations of cyclohexanone. This study shows, that
the combination of di erent concepts, being the actual reshaping of the
active site by mutation of the relevant residues and allosterically-in-
duced domain movements enabled by mutation of residues remote from
the active site, can lead to the creation of valuable enzyme variants. It
also shows how the complexity of the BVMO mechanism complicates
the rational design of BVMO variants with the desired property.

2.2. In uencing the Regioselectivity

The conversion of asymmetric ketones by BVMOs can lead to the
formation of two possible regioisomers, which are usually referred to as
the normal and abnormal product. This can be explained by the mi-
gratory tendency during the rearrangement of the Criegee intermediate.
As rst proposed for the enzymatic reaction by Kelly et al. (1995) and
con rmed by quantum mechanical (QM) studies for the chemical BVO
(Grein et al. 2006; Itoh et al. 2013; Reyes et al. 2009), the migrating
bond has to be in anti-periplanar positioning to the O e O bond of the
peroxy group (Scheme 2. The -bond with the highest migratory ten-
dency connects the higher substituted residue to the carbonyl carbon, as
this residue stabilizes the partial positive charge of the Criegee inter-
mediate more e ciently during the rearrangement. The product, which
is formed through migration of the higher substituted residue, is called
the normal product, whereas migration of the less substituted residue
leads to the formation of the abnormal product. The chemical BVO does
usually not allow access to the abnormal product, but abnormal product
formation has been documented for several BVMO-catalyzed reactions
(Fink et al. 2016; Moonen et al. 2005; Rehdorf et al. 2009; Rehdorf
et al. 2010a; Rehdorf et al. 2010b). However, in the majority of cases
the normal lactone/ester is the main product. In order to be able to
substantially alter the regioselectivity of BVMOs, it is essential to un-
derstand how it is controlled, so that the desired product can be ex-
clusively formed. It has been observed that the regioselectivity can be
in uenced by substrate and enzyme concentration and the rate of
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Fig. 4. The regioselectivity for the conversion of 2-butanone to ethyl acetate and methyl
propanoate was changed by protein engineering. a) Reaction scheme. b) Comparison of
wild-type CHMO acineto (WT) and its variants regarding substrate conversion and the
amount of produced methyl propanoate (van Beek et al. 2017).

oxygen supply (Bisagni et al. 2014; Ferroni et al. 2017; Rehdorf et al.
2010b; van Beek et al. 2014b). It has even been shown that the tem-
perature has an impact on the ratio of normal to abnormal product ( van
Beek et al. 2017). In the conversion of 2-butanone to ethyl acetate and
methyl propanoate by CHMO acineto and some variants (Fig. 4a), the
regioselectivity for the formation of the abnormal product was im-
proved 1.5-fold at 4 °C compared to 37 °C {an Beek et al. 2017). This
reaction is an example for an industrially relevant application of a re-
gioselective BVMO reaction. The amount of produced abnormal pro-
duct was increased by creating libraries, in which 35 residues near the
substrate and NADP" binding sites were randomized. The triple mutant
T56S/L435N/1491A exhibited the highest ratio of methyl propanoate
producing equal amounts of normal and abnormal product, but the
total conversion decreased from 48% to 34% when compared to wild-
type CHMOg¢ineto This study shows that it is possible to in uence the
regioselectivity of a BVMO for a small, aliphatic and asymmetric ke-
tone. This is a quite interesting nding as it is di cult to predict sub-
strate orientation and interactions with active site residues for a small
substrate.

The investigation of chiral asymmetric substrates is challenging in
another way, as the enantiomers can be converted to a mixture of the
di erent enantio- and regioisomeric product leading to a maximum
number of four possible products. This is due to the major in uence of
substrate positioning on the regioselectivity as the enzyme exhibits the
same directionality for any reaction, meaning that the oxygen atom will
always be inserted at the same position next to the keto group.

Scheme 2. Formation of the Criegee intermediate and anti-
periplanar positioning of the migrating bond.
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Fig. 5. Structural alignment of the active sites of CHMO a0 (‘tight homology model) and
OTEMO (pdb: 3up4) showing residues relevant for controlling the regioselectivity and the
catalytic arginine. The OTEMO structure is depicted in purple with FAD and NADP *
shown in dark grey; the CHMO structure is displayed in yellow with FAD and NADP *
shown in light grey ( Balke et al. 2017). (For interpretation of the references to colour in
this gure legend, the reader is referred to the web version of this article.)

However, enantiomers are usually oriented di erently in the active site,

so that they are converted to di erent ratios of the regioisomers.
Studies showing di erent regioselectivities for substrate enantiomers
include the conversion of terpenones and cis-bicyclo[3.2.0]hept-2-en-6-

one (cisbicycloheptenone). Cisbicycloheptenone is the benchmark
substrate for the investigation of BVMO activity and regioselectivity as

most enzymes are able to convert this substrate. The regioselectivity
towards terpenones was investigated for CHMOs from di erent organ-
isms and CPMQ.omns in the study by Cernuchova and Mihovilovic

(2007). They could show that the regioselectivity of some BVMOs is
inverted for the substrate enantiomers of dihydrocarvone and carvo-

menthone and that the regioselectivity also changes between cis-trans
isomers. This study highlights how slight di erences in the substrate's
3-dimensional structure have a major in uence on regioselectivity.

Recently, we have published two studies investigating and en-
gineering the regioselectivity of BVMOs towards trans-dihydrocarvone
and cis-bicycloheptenone (Balke et al. 2017; Balke et al. 2016). We were
able to switch the regioselectivity of CHMO arnro towards (+)- trans-
dihydrocarvone by mutating three active site phenylalanine residues to
alanine (F299A/F330A/F485A) ( Fig. 5). The increased space in the
active site allowed for a rotated positioning of the substrate in the ac-
tive site, so that the normal instead of the abnormal product was formed
(Balke et al. 2016). The same mutations were transferred to
CHMOpineto @and the switch in regioselectivity was observed as well
(mutations: F246V/F277A/F432A). In the second study, the regios-
electivity of 2-oxo- 34,5 5-trimethyl-cyclopentenylacetyl-CoA mono-
oxygenase (OTEMO) for the same substrate was also switched. For this,
only one phenylalanine residue was mutated to alanine (F255A) (Balke
et al. 2017). This residue corresponds to F29%nro and F246,cineto When
superposing the structures (Fig. 5).

We then aimed at changing the regioselectivity of OTEMO for cis-
bicycloheptenone. OTEMO converts ( )-cis-bicycloheptenone to an
equal mixture of normal and abnormal product. We created variants
that exclusively form the normal lactone (F255A/F443V) and the
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abnormal lactone (W501V). Residue W501 has been shown to have a
great impact on selectivity in di  erent BVMOs. However, in most cases
the activity of the enzyme was dramatically decreased, when this re-
sidue was mutated. In CHMOgy040 Mutation of the corresponding re-
sidue W492 led to a higher enantioselectivity and substrate selectivity,
resulting in diminished activity for some substrates ( Mirza et al. 2009;
Yachnin et al. 2014). Residues F25%temo and F4435temo correspond
to the mutated residues in CHMO (F2994thro/F246 acineto @Nd F485arthro/
F432xcineto respectively) for switching the regioselectivity towards
(+)- trans-dihydrocarvone, hinting that there are hot spots in the active
site that are relevant for regioselectivity ( Fig. 5).

Another important hot spot has been targeted while investigating
the regioselectivity of the rstidenti ed BVMOs involved in anabolism
of di erent Streptomycestrains in two subsequent studies (Chen et al.
2016; Seo et al. 2011). The BVMOs PntE and PenE fronsS. exfoliatusand
S. arenaecatalyze the conversion of 1-deoxy-11-oxopentalenic acid to
the abnormal product pentalenolactone D, whereas PtIE from S. aver-
mitilis converts the substrate to neopentalenolactone D, the normal
product. Hybrid proteins of PtIE and PntE were created in order to
determine, whether a speci ¢ enzyme region is responsible for the
control of regioselectivity ( Seo et al. 2011). It was found that the N-
terminal region speci cally around the FAD-binding motif may have an
in uence on the regioselectivity. The sequences of all three BVMOs
were aligned with CHMO, PAMO, the PtIE homologue B446_29680
from S. collinus and the PntE/PenE homologue SBI_09676 fromS.
bingchenggensisSix residues were identi ed that are conserved in
CHMO, PAMO, B446_29680 and PtlIE and which di er in PenE and
PntE. On this basis four PntE variants were created replacing selected
groups of these residues with the ones found in the sequence of PtIE
(Chen et al. 2016). Additionally, variants were created by a combina-
tion of these di erent sets of mutations with the result that all variants
harboring mutations L185S and M186L showed reversed regioselec-
tivity. Analysis of the single mutants led to the conclusion that only
mutation L185S is decisive for PntE regioselectivity. This variant
showed a complete switch in regiospeci city producing 93% of the
normal product neopentalenolactone D instead of 96% pentaleno-
lactone D (Scheme 3. It was discussed that residue L185 corresponds to
Q152 in PAMO. The PAMO variant Q152F, where a neutral polar amino
acid is replaced by a neutral nonpolar amino acid, converts bicyclo-
heptenone mainly to the abnormal product, whereas wild-type PAMO
produces the normal product (Dudek et al. 2011). The authors con-
cluded that the polarity of this residue has a big in uence on regios-
electivity. Enzymes harboring a polar residue at this position, like PntE
L185S, PtIE and PAMO, preferentially produce the normal product.
PntE, PenE and PAMO Q152F, which have a nonpolar residue, form the
abnormal product (Chen et al. 2016). It would be interesting to test this
theory using di erent enzyme/substrate-combinations. Even though it
is highly plausible that the polarity of this residue might generally have
an impact on regioselectivity, it is doubtful that a polar residue will
always lead to the formation of normal product due to the di erent
substrate orientation of enantiomers.

The importance of residue L185p (Q152pamo) for regioselectivity
can also be concluded from other studies, where corresponding residues
were targeted. L145 in CHMORgnoqo and F156 in CPMO among other
residues have been found to in uence the enzymes' di erent regios-
electivities towards terpenones (Yachnin et al. 2014). Mutation of L196
in CHMOanro @ ected regioselectivity for (+)- trans-dihydrocarvone
(Balke et al. 2016). P145A in OTEMO showed changed

Scheme 3. Conversion of 1-deoxy-11-ox-
opentalenic acid to the abnormal product penta-
lenolactone D by wild-type PntE and to the
normal lactone neopentalenolactone D by wild-
type PtIE and PntE variant L185S (Chen et al.
2016).
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Fig. 6. Structural alignment of CHMO acineto (homology model) and PAMO (pdb: 2yIr)
active sites showing residues relevant for controlling the enantioselectivity of both en-
zymes. The PAMO structure is depicted in turquoise with FAD shown in dark grey; the
CHMO structure is displayed in beige with FAD shown in light grey. (For interpretation of
the references to colour in this gure legend, the reader is referred to the web version of
this article.)

regioselectivities for both enantiomers of bicycloheptenone and
( )-trans-dihydrocarvone (Balke et al. 2017). The most important re-
sidues in uencing regioselectivity in di erent enzymes can be reviewed
in Table 1.

The possibility to change enzymatic site-selectivity by structure
guided evolution has also been the subject of a recent review published
by the Reetz group, in which the site-selectivity of BVMOs was dis-
cussed among others Wang et al. 2017). While the regioselectivity only
describes the enzyme's selectivity for the conversion of asymmetric
ketones to the normal or abnormal product, the site-selectivity ad-
ditionally refers to the enantioselectivity in the conversion of prochiral
symmetric ketones. A prochiral substrate, such as 4-hydro-
xycyclohexanone, can be positioned in two di erent orientations in the
active site giving rise to either the ( S)- or (R)-product enantiomer.

2.3. Improving the Enantioselectivity

The enantioselectivity of CHMO acineto Was targeted in the earliest
studies on protein engineering of BVMOs (Mihovilovic et al. 2006;
Reetz et al. 2004a; Reetz et al. 2004l). As these studies have been
thoroughly reviewed ( Wang et al. 2017; Zhang et al. 2012) we keep the
description here short. Reetz et al. (2004a) performed epPCR and
screened the resulting mutant library for the conversion of 4-hydro-
xycyclohexanone. They obtained several variants with improved and
also inversed enantioselectivity. A second round of epPCR led to the
identi cation of a quadruple mutant (L143F/E292G/L435Q/T464A)
with an ee value of 90% for the production of the ( R)-enantiomer.
Mutant F432S exhibited high (S)-selectivity in the conversion of this
substrate. This variant was further used for the conversion of other 4-
substituted cyclohexanone derivatives and methyl-p-methylbenzyl
thioether showing high enantioselectivities ( Reetz et al. 2004a; Reetz
et al. 2004b). The mutant library was later screened against an array of
structurally versatile ketones (Mihovilovic et al. 2006 ). Again, variant
F432S exhibited high enantioselectivity in most of the reactions. K78E/
F432S and F432Y/K500R also reached higheevalues in some conver-
sions, underlining the signi cant in uence of mutations in position
F432. L426P/A541V was another variant showing high enantioselec-
tivity in some biocatalyses. In a very recent study the enantioselectivity
of a thermostable CHMO from Thermocrispum municipald TmCHMO)
was reversed from (9)- to (R)-selectivity by applying directed evolution
based on ISM. The best variant was a 5-fold mutant (L146F/F434l/
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T435L/L437A/F507C) harboring a mutation at the corresponding po-
sition to F432 acineto (Li €t al., 2017). This enzyme is a very promising
bicatalyst as it combines high stability and a broad substrate scope.

It is intriguing that residue F432 acineto has such an impact on the
enantioselectivity of the enzyme as we have also identi ed this position
as a hot spot for controlling the regioselectivity. As described above,
this residue corresponds to residues F48%.no and F443otemo
Mutation of these residues has been shown to in uence regioselectivity
as well. As enantio- and regioselectivity can both be described as site-
selectivity, we propose that the site-selectivity in general depends on
the directionality of the enzyme (the position, where the oxygen atom is
inserted) and the positioning of the substrate. Thus, it can be concluded,
that the impact of a mutation of F432 acineto ON €nantioselectivity is
founded on the change of substrate positioning it may cause.

The protein engineering studies on PAMO mainly focused on
broadening the substrate scope. However, in a study by Dudek et al.
(2011) some mutations (Q152F, A435Y, A442G, S444C and L447P)
were identi ed, which might be considered interesting regarding the
enantioselectivity in the conversion of ketones.

The only studies targeting the enantioselectivity of other BVMOs
were performed with CPMO and BmoFI from Pseudomonas uorescens
(Clouthier et al. 2006; Kirschner and Bornscheuer 2008). The conver-
sion of 4-hydroxy-2-decanone was investigated using BmoF| mutants
created by epPCR and QuikChange. L252Q, E308V, H51L/S136L and
H51L/F225Y/S305C showed signi cantly increased E-values, with
L252Q and H51L/S136L also exhibiting improved conversion rates
(Kirschner and Bornscheuer 2008. CPMO mutants F156L/G157F and
F4501 performed well in the conversion of 4-methylcyclohexanone
(Clouthier et al. 2006 ). F156¢pmo aligns with Q152 pamo and L143acineto
(Table 1). As mutation of these residues also led to an improved en-
antioselectivity, this position seems to be relevant for controlling en-
antioselectivity. Other important positions are A435 pavo and
L426acineto Which align in a sequence alignment. In a structural align-
ment L426acineto aligns with 1434 papvo. Residues M44Gavo and
L435cineto a@lign regarding the sequence and the structure and have
both been mutated for an increased selectivity. The corresponding re-
sidue in TMCHMO (L437) was mutated as well. Undoubtedly, the big-
gest e ect on enantioselectivity of CHMO acineto Was achieved with
F432S. This residue aligns with L443pam0, Which is situated in the hot
spot region of the enzyme (Fig. 6). As expected all these residues are
situated in the active sites of CHMOagjneto @and PAMO.

2.4. Discovering key residues to inence sulfoxidation activity

Baeyer-Villiger monooxygenases not only catalyze the oxygenation
of ketones and aldehydes, but also the oxidation of heteroatoms like
sulfur, nitrogen, phosphorus, boron or selenium ( Scheme 4 (Balke et al.
2012; Catucci et al. 2016; Colonna et al. 2004; Colonna et al. 2003;
Ottolina et al. 1995; Reetz et al. 2004b). The sulfoxidation activity of
BVMOs has been the subject of considerable research throughout the
years as chiral sulfoxides are important compounds both as chiral
auxiliaries for organic synthesis and pharmaceuticals like esomeprazole
or armoda nil (Kagan 2009; Matsui et al. 2014). In a recent work on
the Ar-BVMO from Acinetobacter radioresisterihie role of the catalytic
arginine in heteroatom oxidations was investigated (Catucci et al.
2016). By mutation of R292 (R327 acinetd R337 pamo) to alanine,
Baeyer-Villiger activity was completely demolished similar to previous

Scheme 4. Heteroatom oxidation catalyzed by BVMOs.
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Scheme 5. Oxidation of a chiral sulfoxide to the sulfone.

work on PAMO and the 4-hydroxyacetophenone monooxygenase
(HAPMO) (Torres Pazmino et al. 2008; van den Heuvel et al. 2005),
while R292G only showed a residual activity of ~ 4.5% with the tested
ketone substrates. Conversely, R292A and R292G retained their S- and
N-oxidation activity — 84% and 43% of the wild-type sulfoxidation of
the thioamide ethionamide and 60% and 5.3% residual activity towards
tozasertib. This was a clear demonstration for the di erence in the
mechanism of Baeyer-Villiger oxidations versus sulfoxidations for this
enzyme. However, this nding cannot be generalized, as the corre-
sponding mutation in PAMO rendered the enzyme inactive towards
benzyl methyl sul de as well (Torres Pazmino et al. 2008).

In addition to the oxidation of the sul  de, the sulfoxide product can
be further oxidized to the achiral sulfone ( Scheme § (Branchaud and
Walsh 1985; Carrea et al. 1992; Colonna et al. 1996; de Gonzalo et al.
2005; de Gonzalo, Gonzalo et al., 2006;Dudek et al. 2010; Kelly et al.
1996; Ottolina et al. 1995). Even though in most cases the over-
oxidation to the sulfone constitutes only a minor side product, it is
undesirable as it leads to decreased yields of the valuable sulfoxides.
While many BVMOs catalyze the oxidation of sul des to sulfoxides,
their ability to further oxidize them to the corresponding sulfones varies
between di erent enzymes and substrates. BVMQy; from Aspergillus
fumigatuswas found to produce 75% sulfone from the substrate benzyl
ethyl sul de —one of the highest reported conversions of a sul de to the
corresponding sulfone (Mascotti et al. 2013). With methyl phenyl sul-

de (MPS), BVMQ, 210 from Aspergillus avus formed 14% sulfoxide
and 13% sulfone (Ferroni et al. 2014). The recently characterized
Yarrowia monooxygenase A (YMOA) showed a high potential for sul-
foxidation reactions producing equal amounts of sulfoxide and sulfone
from methyl p-tolyl sul de (MTS) and a 5-fold excess of sulfone from
MPS and even converting DMSO Bordewick et al. 2017). To ascertain
factors in uencing sulfoxide and sulfone production in BVMOs, a
model- and sequence alignment inspired mutational study of YMOA
was performed (Bordewick et al. 2017). The structural alignment with
PAMO was investigated for promising positions at the FAD- and
NADPH-binding sites and especially the active site. The rst group of
residues (V121, Y477, Y479, C480 and A483— 167, P440, A442, L443
and M446 in PAMO) was identi ed in the active site. R367 (K336pam0)
is in an intermediate position between the active site and the NADPH-
binding site. Lastly, the two residues K274 (R217pamo) and R275
(T218pam0), located at the NADPH 2 -phosphate binding site and thus
probably involved in coordinating this cofactor, were investigated as
well. Only with variants Y477P and Y479G relevant amounts of ( R)-
MTSO were produced (4% and 10%, respectively). Y479G exhibited a
complete inversion of enantioselectivity to over 99% ( R)-MTSO. For
MPS, K274R/R275S and Y477P showed improved enantioselectivities
of 27% eeand 40% eethrough a higher yield of ( R)-MPSO. In asym-
metric synthesis, sulfone/sulfoxide ratios were determined ( Figs. 7a and
b). All variants, except for V121T and Y479G, displayed lower sulfone
formation than YMOA wild type with both substrates. Especially with
R367K, sulfone production was dramatically decreased in the conver-
sion of both substrates. Mutation Y477P more than doubled the amount
of sulfoxide produced from MPS and additionally the sulfone yield was
signi cantly decreased.

The conversion of DMSO to dimethyl sulfone (DMSQ,) has not been
reported for any other characterized BVMO even though it has been
commonly used as a solvent. YMOA wild type and most of the variants
reached full conversion of DMSO. Only variants R367K and Y477P re-
duced their activity towards this substrate highlighting again the value
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of these mutations for a decreased sulfone formation.

The substrate scopes of PAMO and HAPMO were found to include
sul des as well de Gonzalo et al. 2005; de Gonzalo et al., 2006y Dudek
et al. 2010). Torres Pazmino et al. (2007) performed a structure-in-
spired redesign of PAMO. By comparison of the PAMO structure and a
homology model of CPMO, three residues were selected as targets for
mutagenesis, which di ered in the active sites of both enzymes. Q152,
L153 and M446 in PAMO aligned with F156, G157 and G453 in CPMO
and thus were adapted accordingly. As the generated double and triple
mutants were completely uncoupled and only one single mutant
(M446G) was investigated, the importance of the other two residues
was not explored. However, M446G showed an altered substrate spe-
ci city as altered kinetics for all tested substrates were determined and
it was active towards benzaldehyde, isopropyl(phenyl)sulfane, N-me-
thylbenzylamine and indole, which were not accepted by the wild type.
Especially the conversion of indole leading to the formation of indigo
blue was interesting as this was the rst time this was reported for a
BVMO. Furthermore, the enantioselectivities towards the sul des MPS,
MTS and ethyl phenyl sul de were signi cantly improved from 41% ee
to 92-95% ee For the latter substrate even an inversion of enantios-
electivity from ( S) to (R) could be achieved. Through a more detailed
structural investigation, Dudek et al. (2011) identi ed 15 residues
di ering between the active sites of PAMO and CPMO. In order to
broaden the narrow substrate scope of PAMO, these residues were ex-
changed with the corresponding ones from CPMO so that in total 30
single and combinatorial variants were generated. Several mutants
displayed an altered substrate scope and enantioselectivity in sulfox-
idations. Five enzyme variants (V54l, Q152F, M446G, Q152F/A442G,
5-fold mutant) reached a higher eethan displayed by the wild type
enzyme for MPS with M446G displaying the highest value (90% e@.
Interestingly, benzyl phenyl sul de was not accepted by PAMO wild
type, but was converted by the majority of the mutants. In case of I67T,
M446G and the 5-fold mutant, an enantiomeric excess of even 93% ee
was obtained. Using methyl 2-naphthyl sul de as a substrate, WT
PAMO reached only 18% conversion and an ee value of 37%. Using
variant M446G, this could be increased to 60% conversion and 78% ee
Intriguingly, with A442G an inversion of the enantioselectivity was
observed for MPS (from R to S) and methyl 2-naphthyl sul de (from S
to R). Because of their observations, the authors concluded that posi-
tions V54, 167, Q152, A435, A442, and M446 can be good targets for
altering the substrate scope, activity and enantioselectivity ( Table 2).

The most comprehensive study of the e ects of mutations in the
active site on sulfoxidations was recently performed by Zhang et al.
(2014). lterative saturation mutagenesis was applied on identi ed hot
spots in PAMO (V54, 167, Q152, P440, A442, L443). The best resulting
variant, the quadruple mutant 167Q/P440F/A442N/L443I, displayed
an inversion in enantioselectivity towards p-methylbenzyl methyl
thioether. The enantiopreference could be inverted from ( S) to (R) with
95% enantiomeric excess and 97% conversion. In contrast to the WT
and the majority of the variants, no overoxidation to the corresponding
sulfone occurred. Remarkably, deconvolution of this mutant to explore
additive and nonadditive mutational e ects showed that all single
mutants were (S)-selective, demonstrating an unexpected synergy be-
tween the amino acid replacements. In order to explain this observa-
tion, docking simulations for some mutants were provided. In the in-
vestigated single mutants P440F and L443l the shape of the substrate
binding pocket was either directly (L443l) or indirectly changed
through an increased exibility of the loop (P440F). The conformation
of the side chain of 167 is altered as well, even though this residue is
situated on a di erent loop. These changes resulted in a di erent
binding mode of the substrate, so that the large p-methylbenzyl moiety
was signi cantly rotated. The di erent binding pose of the substrate in
the active site did not change the con guration of the product though,
the (9-sulfoxide was still formed. However, it increased both conver-
sion from 69% to 96% and enantioselectivity from 90% eeto 97-98%
eg indicating that the di erent binding of the p-methylbenzyl methyl
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Fig. 7. a) Relative amounts of MTSO and MTSQ obtained in the asymmetric synthesis reaction with MTS related to the amount of sulfone produced by YMOA wild type. b) Comparison of
MPSO and MPSQ@ amounts in the asymmetric synthesis reaction with MPS related to the amount of sulfone produced by YMOA wild type. c) Formation of DMSO , from DMSO by YMOA

variants (Bordewick et al. 2017).

thioether was bene cial. In the double mutant P440F/L443I the sub-
strate binding is similar. However, the performance was altered in
terms of conversion (increased to 94%) and enantioselectivity (de-
creased to 73%e@. The triple mutant 167Q/P440F/L443] formed the
(R)-product (88% conversion and 70% ed. Here, the binding mode is
altered in a way that the NH , group of Q67 can interact with the pro-( S)
lone electron pair of the sulfur atom in the substrate leading to a re-
action of the pro-(R) lone pair with the FAD moiety. In the quadruple
mutant 167Q/P440F/A442N/L443I, the additional mutation of A442 to
asparagine altered the conformation about the e OOH moiety of FAD,
which nally resulted in a changed conformation of the side chain of
R337. As a result, the substrate is allowed to take in a position closer to
the hydroperoxy group of the FAD, where oxidation of the pro-( R) lone
electron pair is favored leading to the observed e cient formation of
the (R)-sulfoxide.

In conclusion, active site residues are the best targets to in uence
the sulfoxidation activity of PAMO ( Fig. 1b). It becomes obvious that
there are corresponding positions in PAMO and YMOA relevant for the
heteroatom oxidation: V121 yyoa equals 167pamor Y477ymoa and
P44OPAMO align as well as Y479YMOA and A442PAMO-

CHMO4a.ineto has been extensively investigated as it not only accepts
ketone substrates, but also catalyzes sulfoxidations, often displaying
excellent enantioselectivities on a wide range of substrates like alkyl
aryl sul des, disul des, dialkyl sul des and cyclic and acyclic 1,3-di-
thioacetals (Carrea et al. 1992; Colonna et al. 1996; Ottolina et al.

Table 2
Conversion of four sul des by puri ed PAMO variants (Dudek et al. 2011).

1995). Directed evolution was applied by Reetz et al. (2004b) to im-
prove the enantioselectivity of CHMO acinetoe While in the asymmetric
synthesis with methyl- p-methylbenzyl thioether using the wild-type
enzyme aneeof just 14% in favor of the ( R)-sulfoxide was reached, ve
mutants from the error-prone library reached values >95% ee. Two
variants (D384H and F432S) were (R)- and three (K2291/L248P,
Y132C/F2461/V361A/T415A and F16L/F277S) ( S)-selective. In con-
trast to the wild type, the mutants displayed small amounts of over-
oxidation to the corresponding methyl- p-methylbenzyl sulfone. D384H
and Y132C/F2461/V361A/T415A were therefore applied in a kinetic
resolution. Due to their ability to overoxidize the unpreferred sulfoxides
with high enantioselectivity (98.7% eeand 98.9% ee respectively) to
the sulfones, the preferred sulfoxides were produced with high purity.
In an attempt to reduce sulfone formation while maintaining high en-
antioselectivity, epPCR was performed once more, this time with the
variant Y132C/F2461/V361A/T415A as the template. This resulted in
the (9-selective variant Q92R/Y132C/P169L/F246N/V361A/T415A
reaching 99.8% ee and forming a negligible amount (< 5%) of the
sulfone. The most remarkable example to mention here was the design
of CHMOineto bY Codexis for the production of the drug esomeprazole
(Bornscheuer et al. 2012; Matsui et al. 2014; Zhu et al. 2011). In total,
41 mutations were applied to obtain an engineered variant displaying a
104-fold increased stability and an enantioselectivity towards the de-
sired enantiomer with 99% ee(Bucko et al. 2016). Among the targeted
positions were again the active site residues F246, F277 and T415,

A _
Enzyme variant S\ s

Methyl phenyl sul de Methyl benzyl sul de

Sen

Methyl 2-naphthyl sul de

QSJ@

Benzyl phenyl sul de

c° (%) ee (%) Con g & (%) ee (%) Con g & (%) ee (%) Con g ® (%) ee (%) Con g
WT 70 34 R 97 97 S 5 ND ND 18 37 S
V541 70 50 R 95 96 S 13 46 R 51 45 S
167T 40 25 R 97 95 S 28 93 R 25 19 S
Q152F 18 54 R 70 90 S 3 ND ND 36 40 S
A442G 42 10 S 45 42 S 17 34 R 36 28 R
M446G 78 90 R 82 60 S 80 97 R 60 78 S
Q152F/A442G 25 75 R 92 93 S 7 ND ND 41 40 S
5-fold mutant ¢ 71 50 R 96 82 S 75 92 R 25 56 S

2 ¢: conversion, con g: absolute con guration of enantiomer formed, ND: not determined.

b Reactions were stopped after 24 h.
¢ Reactions were stopped after 48 h.
9 variant S441A/A442G/S444CIMAABG/LAATP.
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which had already been mutated by Reetz et al., positions F432
(L443PAMO) and L435 (M446 PAMO) and K326 aligning with R367 ymoa
(Fig. 8). The information gathered from the e ects of di erent muta-
tional studies aiming to alter the oxidation of sul des can give indica-
tions on how the sulfone production in BVMO catalyzed reactions might

be circumvented and the enantioselectivity and even substrate accep-
tance could be altered.

2.5. Changing the cofactor spediity of BVMOs

Even though BVMOs are remarkable biocatalysts, their application
in industry would be more economic if it were possible to use NADH
instead of NADPH, since the latter is ten times more expensive and even
less stable Wu et al. 1986). Furthermore, recycling of NAD * can be
performed more easily compared to NADP" -recycling (Weckbecker
et al. 2010). There are BVMOs able to e ciently utilize NADH for
catalysis, indicating that the 2 -phosphate is not essential for their ac-
tivity. Volker et al. (2008) characterized MekA, the BVMO from Pseu-
domonas veroniiMEK700; this enzyme is unique as it accepts NADH
with an activity of 55% compared to NADPH. Also SMFMO accom-
plishes Baeyer-Villiger oxidations with NADH ( Jensen et al. 2012).
Moreover, FMOs, e.g. from Rhodococcus jostiRHAL, with Baeyer-Vil-
liger oxidation activity have been discovered, showing a relaxed co-
factor speci city as well (Jensen et al. 2012; Riebel et al. 2013; Riebel
et al. 2014). Type | BVMOs usually do not display su cient activity
with NADH, the kg Ky 0f CHMOagineto for NADPH being 600-fold
higher than for NADH ( Kamerbeek et al. 2004). However, with the tools
protein engineering is o ering, it is possible to change the cofactor
speci city of these enzymes. The change of cofactor specicity of an
enzyme was rst reported in 1990 for a glutathione reductase ( Scrutton
et al. 1990). In the majority of the successfully designed enzymes, the
phosphate binding site of the cofactor binding pocket was targeted
(Brinkmann-Chen et al. 2013; Cahn et al. 2017; Eppink et al. 1999). The
reason is obvious— the only structural di erence between NADPH and
NADH is the additional esteri cation of the 2 -hydroxy group of the
ribose unit with phosphoric acid. Thus, a major in uence on the dis-
crimination between NADPH and NADH seems to come from the po-
larity of the cofactor binding pocket ( Cahn et al. 2017). In NADPH
utilizing enzymes, residues with a positive charge are dominant to bind
the negative 2 -phosphate group. Here, a conserved arginine ¢face?)
can be found, of which the positively charged guanidinium moiety
displays cation-pi stacking interactions with the adenine moiety
(Brinkmann-Chen et al. 2013; Cahn et al. 2017; Gallivan and Dougherty
1999; Wong et al. 2012). This, as well as the other residues of the
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Fig. 8. Relevant residues in CHMQxcineto fOr in - uencing the
sulfoxidation activity.

binding pocket, form hydrogen bonds not only with the oxygen atoms
of the phosphate, but also with the 3 -hydroxyl group ( Brinkmann-Chen
et al. 2013; Cahn et al. 2017). In contrast, in enzymes speci ¢ for
NADH, residues with a negative charge can be found. These repulse the
2 -phosphate electrostatically and display hydrogen bonds to the 2 - and
3 -hydroxyl groups of NADH (Cahn et al. 2017). Even though these
aspects are known, a successful remodeling proved to be di cult in
many cases as various residues determine the respective speccity.
Furthermore, in the majority of the cases the switch in cofactor pre-
ference was accompanied with a loss of catalytic activity caused by
various factors (Cahn et al. 2017; Eppink et al. 1999). Even though the
cofactor binding pockets of the proteins are not in proximity of the
catalytic sites, they a ect their activity. Mutations in that region can
in uence enzyme kinetics and sometimes substrate specicity (Cahn
et al. 2016; Eppink et al. 1999; Maddock et al. 2015). Variants har-
boring multiple mutations also tend to become less e ective with every
additional mutation due to the strong nonadditivity of mutational ef-
fects (Bastian et al. 2011; Cahn et al. 2017; Rodriguez-Arnedo et al.
2005; Rosell et al. 2003).

The rst study with the aim to change the cofactor speci city of a
BVMO was reported by Kamerbeek et al. (2004). They analyzed the
roles of three conserved, basic residues in HAPMO for cofactor speci-

city (R339, K349, R440). Mutation of the catalytically relevant R440
(equivalent to R327 acineto 2Nd R337pamo) tO alanine produced a totally
inactive enzyme. R339A (R207acinetdR217 pamo) drastically decreased
catalytic e ciencies for both NADPH and NADH. However, mutation
K439N led to a sixfold increase in catalytic e ciency with NADH, and
K439F led to a sevenfold increase. They also showed that transferring
the mutation K439A to CHMO acineto (K326A) resulted in a changed
coenzyme speci city as well.

Dudek et al. (2010) investigated PAMO mutants based on sequence
alignments of type | BVMOs and available structures for PAMO and the
CHMO from Rhodococcusp. HI-31. Their ndings con rmed the cen-
tral role of the conserved R217 (R207acinetd In cofactor binding, as
R217 mutants showed a drastic decrease in e ciency with both co-
factors. In contrast to Kamerbeek et al., they found decreased e ciency
with NADH for the mutant K336N (K439N in HAPMO). Mutations of
H220 (Q210 acineto t0 asparagine or glutamine increased e ciencies for
NADH threefold. The PAMO variants with improved speci cities to-
wards NADH were also utilized in biocatalysis ( Dudek et al. 2010). With
H220N, showing a 3.3-fold improved catalytic e ciency in the NADH
depletion assay, a higher conversion of MPS could be achieved as well
(37% vs. 14% wild-type performance). Conversion of 3-methyl-4-phe-
nylbutan-2-one was decreased from 32% to 17%, though. However, to
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Fig. 9. a) View at the residues of CHMOxgineto that are in the proximity of the 2 -phosphate group of NADPH. b) View at the NADH binding pocket of the triple mutant S186P/S208E/

K326H of CHMOaineto The protein sca old is shown in beige, NADPH is presented in grey, oxygen in red, phosphorus in orange, nitrogen in blue and hydrogen in white. Water molecules
are represented as red spheres. Dashed lines indicate hydrogen bonds. The structure was modeled based on the structure of the CHMO froRhodococcusp. (pdb-code 3GWD) Beier et al.
2016). (For interpretation of the references to colour in this  gure legend, the reader is referred to the web version of this article.)

determine kinetic data spectrophotometrically they used the substrate
phenylacetone, but for biocatalytic reactions the two other substrates,
making a clear comparison of both approaches rather di cult.

In our recently published study, we aimed to rationally design the
cofactor speci city of CHMO acineto (Beier et al. 2016). Employing
structure- and sequence alignments with diverse BVMOs (PAMO,
HAPMO, MekA, SMFMO), promising mutations were selected. Six po-
sitions in CHMO acineto (T184, R207, S208, Q210, K326 and K349) were
striking due to their proximity to the 2 -phosphate group of NADPH and
thus their possible participation in cofactor discrimination ( Fig. 9a).
Another six residues (L55, D57, S186, T187, F380 and W490) showed
direct or indirect hydrogen bonds towards the cofactor molecule. L55,
D57, F380 and T378 were also targeted for being situated in the con-
served regions of this BVMO. S186 and T187 seemed further interesting
for their position in the Rossmann fold and 1182 and V189 are directly
adjacent. Utilizing structure and sequence alignments, the best possible
mutations for the 21 most interesting residues were predicted and 46
single and combinatorial variants were generated. Mutations in proxi-
mity of the phosphate group of NADPH that led to a substantially in-
creased activity with NADH were S208D, S208E, Q210N, Q210S,
K326H, K326N and K349R (Fig. 10). Also mutation of residues in
proximity of the rest of the cofactor turned out to be a good strategy as

the variants L55R, S186P, T187L and W490Y displayed an increased
activity with NADH. Various mutations were combined and the re-
sulting variants were tested for increased activity. In the course of that,
the two best variants were discovered: S186P/S208E/K326H and
S186P/S208E/K326H/K349R. They displayed a 9- and 8-fold im-
provement, respectively, in the activity with NADH as determined by
the spectrophotometric depletion assay using cyclohexanone as sub-
strate. When looking at NADH speci city, a 1920 and 4170-fold in-
creased activity ratio (NADH/NADPH) could be achieved. Compared to
the best example in literature for a «cofactor-switchedZ BVMO de-
scribed before, variant H220D from PAMO (Dudek et al. 2010),
a > 4165-fold higher improvement could be reached with the variant
S186P/S208E/K326H/K349R, illustrating the achievement accom-
plished here. Kinetics of the wild-type CHMO acineto @nd the triple var-
iant S186P/S208E/K326H di er substantially. The catalytic e ciency
with NADH for this variant is 8-fold higher, the Ky, is 2.5-fold lower and
the keqt is 3-fold higher making NADH a well-accepted cofactor for
CHMOagineto The good performance can be explained by the extensive
network of hydrogen bonds enabled by the right combination of mu-
tations (Fig. 9b). Both hydroxyl groups of NADH are positioned through
water molecules that are coordinated directly and through bridging
water molecules by the residues T184, R207, E208 and Q210. There is

Fig. 10. NADH/NADPH speci ¢ activity ratios for
CHMOgcineto Variants. Black bars indicate mutants with
NADH speci c activity of > 0.4 U/mg ( Beier et al. 2016).
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Table 3
Uncoupling of enzyme variants of CHMO acineto With NADH. The percentage of uncoupling
using NADH is shown (Beier et al. 2016).

Variant Speci ¢ Speci ¢ Uncoupling
activity @ activity P! [%]
[U/mg] [U/mg]
WT 0.16 0.18 115
S186P 0.32 0.34 107
S208E 0.19 0.27 144
Q210N 0.19 0.30 157
K326H 0.28 0.38 137
K349R 0.22 0.19 83
W490Y 0.35 0.54 155
S208E/Q210N 0.32 0.30 97
S208E/K326H 0.32 0.38 121
Q210N/K326H 0.17 0.27 153
S186P/S208E/K326H 0.91 0.67 74
S208E/Q210N/K349R 0.15 0.21 134
S208E/K326H/K349R 0.59 0.60 103
S186P/S208E/K326H/ 0.90 0.49 54
K349R

2 Using 1 mM cyclohexanone as substrate.
® In the absence of cyclohexanone.

also a contact between E208 and R207 that stabilizes the binding
pocket. Additionally, Q210 and H326 interact with the catalytically
important R327 through a water molecule. S186P is a crucial mutation
as it changes the conformation of the Rossmann fold, which positions
the NADH in a slightly di  erent angle. Presumably, this compensates to
some degree for the slightly di erent conformations of NADPH and
NADH enabling a better electron transfer, which is a must for a co-
factor-switched BVMO to function.

In the group headed by Frances Arnold, many interesting insights
into the switch of cofactor speci city of a class of oxidoreductases, the
keto-acid reductoisomerases (KARIs), have been provided in the last
years (Bastian et al. 2011; Brinkmann-Chen et al. 2014; Brinkmann-
Chen et al. 2013; Cahn et al. 2016; Cahn et al. 2015, which led to the
development of the tool <Cofactor Speci city Reversal: Structural
Analysis and Library DesignZ (CSR-SALAD). Using this tool the suc-
cessful recapitulation of the precise combination of mutations present
in cofactor switched BVMOs previously reported was possible (Cahn
et al. 2017). We also employed the tool on the homology model of
CHMOpcineto (Unpublished data). Only T184A, S208D and K326N are
among the predicted mutations, the rst even being a deleterious mu-
tation. Especially worth mentioning is the residue S186, which could
not be identi ed by CSR-SALAD. Corresponding residues in other
BVMOs have not been targeted so far. However, residue K326, which
was mutated to histidine in our work, was also crucial for cofactor
dependency of HAPMO (K439). For a more comprehensive comparison
of the manual selection e orts and predictions by the tool, more of the
predicted mutations need to be investigated.

2.6. Uncoupling in BVMO-catalyzed reactions

One major aspect that has to be considered when using BVMOs, but
especially when performing protein engineering with them, is the un-
coupling reaction (NADPH oxidase activity). This occurs, when instead
of the desired insertion of oxygen into the substrate leading to product
formation, the avin-C4 -(hydro)peroxide intermediate decays to hy-
drogen peroxide.(Beier et al. 2016; Latham and Walsh 1987; Opperman
and Reetz 2010; Walsh and Chen 1988; Yachnin et al. 2016 In 1982

rst studies on the CHMOxineto demonstrated that the reduction of the
bound FAD by NADPH is independent from the presence of cyclohex-
anone (Ryerson et al. 1982). In the following reaction cycle the reduced
FAD reacts with molecular oxygen leading to the formation of a  avin-
C4 -peroxide intermediate. The formed NADP* stays bound to the
enzyme stabilizing the otherwise labile avin-peroxide intermediate
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until substrate enters the active site. When the cofactor is changed to an
unnatural one and/or the structure of the enzyme is disturbed by mu-
tations, stabilization of the avin-C4 -peroxide is not guaranteed any
more, though. Thus, the hydride transferred from NAD(P)H to the a-
vinperoxide yields H,0, instead of the desired oxidized product (ester,
lactone, sulfoxide etc.) and water. However, uncoupling is also possible
when substrate is available, making it necessary to di erentiate be-
tween desired activity (hence product formation) and uncoupling
(yielding H ,0,) from consumption of the cofactor NAD(P)H) ( Beier
et al. 2016; Yachnin et al. 2016). The formation of hydrogen peroxide is
not only problematic as it leads to a reduced e ciency of the catalyst,
but it also damages the enzyme Opperman and Reetz 2010.

Cahn et al. attempted to switch the cofactor speci city of PAMO
utilizing CSR-SALAD (Cahn et al. 2017; Cahn 2016). This resulted in a
variant (R217T/T218E/K336Y) displaying a higher activity with NADH
than the wild type with NADPH. However, the cofactor oxidation here
was completely (> 99%) uncoupled so that no product formation oc-
curred. In case of PAMO variant R217T/T218E/K336Y, none of the
additionally investigated mutations restored the coupled activity.
Therefore, it was concluded that the complex and not fully understood
multistep electron transfer pathways found in BVMOs can easily be
disturbed by mutations, especially in the cofactor binding pocket,
leading to a state in which the donor-acceptor pairs are not aligned
precisely enough anymore. Consequently, it was possible to increase the
activity ratio NADH/NADPH of PAMO, but mainly by destruction of the
native activity with NADPH.

Uncoupling was not investigated in the studies by Kamerbeek and
Dudek for HAPMO and PAMO, respectively, making their increased
activities with NADH questionable ( Dudek et al. 2010; Kamerbeek et al.
2004). In 1987 it was shown that with CHMO acineto @ good coupling of
NADPH oxidation and oxygenation of cyclohexanone with just 0.3%
loss of O, as H,O, occurred, which increased up to 3% when old en-
zyme was used (atham and Walsh 1987; Walsh and Chen 198§.
However, when NADH was used, the major part of the activity of the
wild type comes from uncoupling, Kcat unc being 83% of k.4 in that case
(Beier et al. 2016). Thus, the improvement of the S186P/S208E/K326H
mutant was not only limited to its activity, as it showed a decreased
uncoupling of just 15%. When comparing the formation of H ,O, of
other selected variants of CHMOxcineto ON€ can clearly see the e ects of
the mutations introduced into this BVMO ( Table 3). The majority of the
variants showed a higher uncoupling compared to the wild type (115%)
under the conditions tested. In these cases, the ratio of the activity with
NADH alone to the activity with the substrate cyclohexanone was even
higher than for the wild type. Interestingly, formation of hydrogen
peroxide from NADH was higher than the production of -caprolactone
from cyclohexanone, except for K349R, S208E/Q210N, S186P/S208E/
K326H and S186P/S208E/K326H/K349R. Regarding these data, one
could assume that the activity with NADH for the wild type and most of
the variants is completely uncoupled. However, this was refuted by
biocatalysis in which even the wild type produced -caprolactone with
NADH, using higher cofactor and substrate concentrations. Never-
theless, the variants S186P, K349R, S208E/Q210N, S186P/S208E/
K326H, S208E/K326H/K349R and S186P/S208E/K326H/K349R
showed decreased uncoupling rates. Especially the quadruple mutant
exhibiting 54% uncoupling is improved as it showed 61% less un-
coupling than the wild type. In biocatalytic reactions, the triple and
quadruple mutants S186P/S208E/K326H and S186P/S208E/K326H/
K349R reached > 79% conversion with NADH (cf. 10% WT), exceeding
even the values determined using NADPH.

For CHMOgnodothe uncoupling was determined for several variants
in the course of structural investigations ( Yachnin et al. 2016; Yachnin
et al. 2012). With the aim to validate the relevance of the obtained
rotated CHMORgnodo Structure variants L145N, L145D and F507Y were
created, which are supposed to coordinate NADP in the rotated con-
formation. All of these variants exhibit a higher degree of uncoupling
than the wild-type enzyme ( Yachnin et al. 2012). In a subsequent study,
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the mutants K328A, W492A, K328A/W492A, N497A, K501A and
N497A/K501A were investigated ( Yachnin et al. 2016). Under limiting
NADPH concentrations, the consumption of the cofactor was measured
spectrophotometrically for several days. After NADPH depletion was
achieved, the reactions were analyzed by GC to determine product
formation. This way, the authors could demonstrate that all of their six
generated mutants showed a higher degree of uncoupling than the wild-
type enzyme (Yachnin et al. 2016). As uncoupling can always occur
when working with BVMOs, such a con rmation of product formation
is absolutely required, as measuring NAD(P)H consumption must not be
correlated to product formation at all. As an alternative, the oxygen
consumption during the reaction with and without addition of catalase
can be followed using a Clark electrode. Subsequent comparison of
these results enables the estimation of the e ciency of the oxidation
(Entsch et al. 1976; Eppink et al. 1998; Eschrich et al. 1993; Seibold
et al. 1996).

Brondani et al. (2014) made use of the enhanced uncoupling e ect
of PAMO variant C65D in a positive way. As an NADPH oxidase this
enzyme was useful for the cofactor regeneration in a process with an
alcohol dehydrogenase producing NADPH while oxidizing an alcohol to
a ketone. The relevant positions for increasing the unproductive for-
mation of H ,O, are quite consistent in the di erent BVMOs. Mutation of
K326 acineto K328rnodo @Nd K336pamo leads to an increased uncoupling,
as well as changing S208cineto @and T218pamo. L145, which was mu-
tated in CHMORgnodo Was a crucial position for the right coordination of
NADP* and this residue is equivalent to L143acineto L196arthros
Q152pam0, P145071EMO, F156cpMmo and L185p,. These residues have all
been targeted while aiming at improving di  erent enzyme properties as
discussed in the other chapters of this review. This indicates the im-
portance of determining the e ciency of the substrate oxidation when
mutating the respective position.

2.7. Creating stable BVMOs

As mentioned before, many BVMOs exhibit poor protein stability,
which is a major drawback in their application. In general, the protein
stability can be di erentiated into di erent kinds of stability. The sto-
rage stability of puri ed BVMOs is usually very low, so that most en-
zymes cannot be used after a prolonged storage at room temperature or
even at 4 °C. Lyophilizing the isolated enzymes with appropriate ad-
ditives (van Beek et al. 2015) or shock-freezing them with added gly-
cerol increases the activity after long-term storage. The operational
protein stability, which has a major in uence on the total turnover
number (TTN) of the enzyme, depends on thermo-, pH-, solvent- and
oxidative stability. Additionally, substrate- and/or product inhibition
can drastically reduce the TTN of an enzyme. The solvent stability of
BVMOs has not been targeted in protein engineering studies so far.
However, the solvent tolerance of a BVMO can be increased by careful
solvent engineering (de Gonzalo et al. 2012; Secundo et al. 201).

There have been quite a few e orts to optimize reactions using
CHMOgcineto @s the enzyme does not only show low thermo- and oxi-
dative stability, it is also inhibited by high substrate and product con-
centrations (Mallin et al. 2013; Schmidt et al. 2015a; Schmidt et al.
2015c). This is likely the reason why the crystal structure of this en-
zyme has not been solved so far, even though there doubtlessly have
been many attempts. The long-term stability and product inhibition of
CHMOpineto Were targeted by creating a mutant library of the enzyme
and screening the mutants with the help of a robotic platform ( Dorr
et al. 2016). Six variants with decreased product inhibition were
identi ed harboring mutations R26K, D230A and D233A among others.

Opperman and Reetz (2010) reported the creation of CHMO acineto
with increased oxidative stability and improved thermostability. Due to
uncoupling reactions, methionine and cysteine residues all over the
enzyme are prone to oxidation by H,O, leading to loss of activity. Thus,
the aim of their study was to mutate all of these residues and increase
the enzyme's tolerance towards oxidative stress. As oxidative damage is
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promoted at higher temperatures, mutating the sulfur-containing re-
sidues might enhance thermostability as well. Out of the 17 created
single mutants, six were identi ed with optimized properties, which
were subsequently combined. Most of the combinatorial mutants
showed either an improved thermostability or oxidative stability. The
variant M19 with the highest tolerance towards 100 MM H ,O, con-
tained six mutations (M51/M2911/C330S/C376L/M481A/C520V). The
addition of the M412L mutation (Mutl6) led to a slight decrease in
oxidative stability, but to an increased thermostability. Including mu-
tation M400I as well, resulted in the variant with the highest thermo-
stability (Mutl5), but with an even further decreased oxidative stabi-
lity. Neither activity nor selectivity of Mut15 and Mut16 changed much
for the investigated reactions compared to the wild type. This study
showed that it is not trivial to enhance thermostability and oxidative
stability at the same time. However, an oxidatively stabilized enzyme
might be a better starting point to create a thermostable enzyme, as the
enzyme will not be inactivated by oxidative damage at elevated tem-
peratures (Opperman and Reetz 2010.

Two studies conducted in parallel aimed at increasing CHMOagineto
thermostability by introducing disul  de bonds. The study conducted by
van Beek et al. (2014a) used an in-house designed computational pro-
tocol for the prediction of disul de bonds based on a CHMQgineto
homology model. Out of the 27 predicted and investigated disul de
bond mutants, three showed a higher apparent melting point than the
wild-type enzyme as determined in ThermoFAD (Forneris et al. 2009)
experiment. All of these disul de bonds were situated in the same re-
gion of the protein hinting that this region is crucial for thermostability.
Only one of these mutants showed an increased half-life when in-
cubated at 30 °C for a longer time period. The L323C-A325C disul de
bond spans only one residue, but leads to an increased melting tem-
perature of 6 °C indicating that the assumption that the stabilizing ef-
fect of a disul de bond is increased with an increasing number of
spanned residues is obsolete. Unfortunately, the catalytic e ciency
(kcaK ) for the conversion of cyclohexanone was reduced by about
50% when using the disul de bond mutant compared to the wild type.
Schmidt et al. used the software Disul de by Design™ (Dombkowski
2003) for the prediction of disul de bonds also using a CHMQineto
homology model. Three amino acid pairs predicted for the formation of
disul de bonds were chosen for experimental investigation. Ad-
ditionally, the amino acids T415 and A463 were mutated to cysteines
due to their close spatial positioning, even though they were not pre-
dicted by the software. Activity measurements of these disul de mu-
tants and several combinatorial mutants showed that only variant DS3
(T415C-A463C) retained its activity compared to the wild type. Variant
DS3 also showed increased long-term stability and thermostability. The
melting temperature of this double mutant was increased by 5°C
compared to the wild-type enzyme. Variants N290C-A293C (DS2) and
Y411C-A463C (DS4) showed a higher oxidative stability than
CHMOxpcineto Wild type. In order to con rm the formation of disul de-
bonds in the mutants ABD-F labeling was conducted. Interestingly, the
improved variant DS3 did not form a disul de-bond, so that single
mutants with cysteine and serine were created. T415C turned out to be
the best variant with an 8-fold increased half-life and a melting tem-
perature, which is 6 °C higher than that of the wild-type enzyme.

When comparing the three studies on stabilizing CHMOagineto it iS
notable that there seem to be two areas in the enzyme where mutations
have the highest impact on thermostability ( Fig. 11). The rst region
contains the disul de bond mutants created by van Beek et al. (red
spheres), the DS2 variant from Schmidt et al. (blue spheres) and re-
sidues M481 and M291 targeted by Opperman (orange spheres). The
second region includes the DS3 and DS4 mutants (blue spheres), but
also residues C520 and M412 (orange spheres), which were shown to
have a high impact on thermostability in the study by Opperman and
Reetz (2010). All of these studies show that it is possible to enhance
BVMO stability or broaden the substrate scope of a stable BVMO by
protein engineering. Many di erent methods of protein engineering
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Fig. 11. Comparison of targeted residues in di erent studies aiming at improving the
stability of CHMO acineto The orange spheres indicate the mutated residues in the study by
Opperman and Reetz (2010), residues depicted as blue spheres were mutated bySchmidt
etal. (2015b), red spheres are residues L323 and A325 mutated byan Beek et al. (2014a)
and green spheres show relevant positions identi ed by a screening using a robotic
platform ( Dérr et al. 2016). FAD (dark grey) and NADP* (light grey) are situated in the
active site of the enzyme. (For interpretation of the references to colour in this gure
legend, the reader is referred to the web version of this article.)

have been applied in these works. However, a stable CHMO t for in-
dustrial application has not been generated so far. Other promising
BVMOs are the two newly identi ed BVMOs TmCHMO and PockeMO.
These enzymes have melting temperatures of 48 °C and 47 °C, respec-
tively ( Furst et al. 2017; Romero et al. 2016). The rstidenti ed human
BVMO hFMOS5 also shows an increased thermostability (T, =47 °C)
(Fiorentini et al. 2016 ). However, the enzyme with the second highest
melting temperature identi ed so far is Cm-BVMO from the photo-
synthetic eukaryote Cyanidioschyzon merolaewith a T, of 56 °C
(Beneventi et al. 2013) and the most thermostable BVMO is PAMO.
Protein engineering studies with the aim to broaden the substrate scope
of PAMO mostly led to a slight decrease in thermostability of the en-
zyme (Bocola et al. 2005; Parra et al. 2015; van Beek et al. 2012).

Table 4 shows a summary of all relevant enzyme variants and their
thermostability data.

Itis notable that the T ,, values measured by the ThermoFAD method
are higher than the ones measured by CD-spectroscopy. For some var-
iants only the Ts™® value or the half-life (which was determined at
di erent temperatures for the di erent enzymes) is given. A compar-
ison of all published t, values for CHMOxineto iS provided in the
publication by Goncalves et al. (2017), highlighting the major dis-
crepancies in those values and how di cult comparison of those values
can be. In this study, a very e ective method for stabilizing BVMOs
without protein engineering e orts is described. The researchers were
able to increase the half-life of CHMO acineto by 10°-10*-fold by adding
certain amounts of NADPH, FAD, superoxide dismutase and catalase.
The conditions were also applied to two other BVMOs (OTEMO and
FMO-E) and the stabilizing e ect could be con rmed. It was also shown
that it is possible to quantitatively translate the half-life to turnover
conditions. The highest degree of stabilization was achieved when using
100 M FAD and 2.5 mM NADPH together with catalase and superoxide
dismutase as additives to the reaction at 20 °C. This publication high-
lights that it is mandatory to carefully control reaction conditions when
determining critical parameters like the half-life of an enzyme as this
will increase the comparability of the results.

3. Conclusion

Comparing all these di erent protein engineering studies allows the
identi cation of hot spots that can be targeted to alter a variety of
di erent enzyme properties in Baeyer-Viliger monooxygenases
(Table 1). Table 1 shows that the majority of protein engineering

Table 4

Comparison of thermostability data for di
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erent wild-type BVMOs and some variants.

Enzyme Tm [°C] TS tiz
TmCHMO 482 [1]
Cm-BVMO 56 [2]
PockeMO 47 [3]
hFMO5 472 [4]
PAMO 60.5-612 [5, 24 he [7]
6]
STMO 3¢ [5]
CHMOacineto 37-39%[1,5,  40.5[10) 4min°[8)/1.82h 9[9]/
8]/ 31.6 ° [9] 32.5[9] 57 h'[11)/ 17 h 9 [11]/
11 h® [11]
PAMO P3 17h®[12)
PASTMO 49 [5]
PACHMO 55 [5]
PAMEMO1 512 [5]
PAMO B-PV 57.5 (6]
PAMO CBA-GPTQ 58.8 [6]
CHMORcineto MUt15 47.3 [10]
CHMORcineto MUt16 43.4 [10]
CHMORcineto A255C- 40.5% [8]
A293C
CHMORcineto A325C- 40.5% [8]
L483C
CHMOggineto L323C- 442 [8] 45 min ©[8]
A325C
CHMORcineto DS3 36.5% [8)/ 38 [9] 5.2h9[9]
T415C-A463C 36.4° [9]
CHMOgcineto T415C 37.5° [9] 35 [9] 14.6 h 9[9]

[1] ( Romero et al. 2016), [2] ( Beneventi et al. 2013), [3] (Furst et al., 2017), [4]
(Fiorentini et al. 2016 ), [5] ( van Beek et al. 2012), [6] ( Parra et al. 2015; van Beek et al.
2012), [7] ( Fraaije et al. 2005), [8] ( van Beek et al. 20143), [9] ( Schmidt et al. 2015b),
[10] ( Opperman and Reetz 2010, [11] ( Goncalves et al. 2017), [12] ( Bocola et al. 2005).

2 Determined by Thermo-FAD method.

b Determined by CD-spectroscopy.

¢ Measured after incubation at 30 °C.

9 Measured after incubation at 25 °C.

¢ Measured after incubation at 52 °C.

 Measured after incubation at 20 °C.

studies have been conducted with CHMOhgjneto While studies on PAMO
have mainly focused on the hot spot region 440—446. There are certain
positions that seem to in uence only one enzyme property. For example
positions 167 pamo and V121yyoa Were targeted to alter the sulfoxida-
tion activity of these enzymes. Some positions mainly changed the re-
gioselectivity of the enzymes and others the enantioselectivity. How-
ever, there are also positions that are relevant for in uencing several
enzyme properties. The most evident hot spot for protein engineering of
BVMOs aligns with residue F432 in CHMOxcineto (F485arthros L443pamos
F44301emo F4341mcHmor F450cpmo, C480vmon). Mutating this residue
in all these enzymes resulted in a variety of changed enzyme properties.
Enantioselectivity was in uenced as well as regioselectivity, sulfox-
idation activity and substrate scope. Another position relevant for en-
antio- and regioselectivity is L143 acineto (L196arthro, Q152pamos
P1455temo, F156cpmor L185pne.) However, mutation of the corre-
sponding residue L145zn040l€d to an increased uncoupling, so therefore
it is essential to determine product formation by GC or HPLC for the
respective BVMO variants. Mutating position L435 acineto@nd M446pamo0
led to variants with varied enantioselectivity, substrate scope and re-
gioselectivity. Additionally, the sulfoxidation activity was changed by
mutating this position in PAMO, YMOA and BVMO ,¢;. Targeting these
hot spots in future protein engineering studies with BVMOs might fa-
cilitate the discovery of even more useful enzyme variants. Ad-
ditionally, it is to be expected that mutating other BVMOs will result in
the identi cation of further hot spots. Overall, these protein en-
gineering studies not only improve our understanding of the basic en-
zymology of the biocatalysts, but eventually will lead to a toolbox of
robust BVMOs useful for industrial applications.
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