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Baeyer-Villiger monooxygenases,
tunable oxidative biocatalysts

Maximilian J. L. J. Fiirst, Alejandro Gran-Scheuch, Friso S. Aalbers and Marco W. Fraaije

This chapter is based on a published article: ACS Catalysis 9. 12 (2019): 11207-11241.
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Chapter I

ABSTRACT

Pollution, accidents, and misinformation have earned the pharmaceutical and chemical
industry a poor public reputation, despite their undisputable importance to society.
Biotechnological advances hold the promise to enable a future of drastically reduced
environmental impact and rigorously more eflicient production routes at the same time.
This is exemplified in the Baeyer-Villiger reaction, which offers a simple synthetic route
to oxidize ketones to esters, but application is hampered by the requirement of hazardous
and dangerous reagents. As an attractive alternative, flavin-containing Baeyer-Villiger
monooxygenases (BVMOs) have been investigated for their potential as biocatalysts for
a long time, and many variants have been characterized. After a general look at the state
of biotechnology, we here summarize the literature on biochemical characterizations,
mechanistic and structural investigations, as well as enzyme engineering efforts in
BVMOs. With a focus on recent developments, we critically outline the advances towards
tuning these enzymes suitable for industrial applications.

Keywords: Baeyer-Villiger, ketone oxidation, peroxyflavin, cyclohexanone monooxygenase,
phenylacetone monooxygenase, biocatalysis, protein engineering
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BVMOs: Tunable oxidative biocatalysts

INTRODUCTION

“The field of organic chemistry is exhausted.” This notion, which many scientists later
judged a fallacy,? was not an isolated opinion in the late 19 century® from when the quote
stems. It is ascribed to chemist Adolf von Baeyer and was supposedly in response to the
success in synthesizing glucose,* achieved by his earlier student, Emil Fischer. While
Fischer was said to share von Baeyer’s confidence,’ their potential rush to judgment did
not prevent either of them to later be awarded the Nobel Prize. In the wake of ever more
discoveries being made, scientists today largely refrain from such drastically exclusivistic
statements and rather call organic chemistry a ‘mature science’.’

In hindsight, the time of von Baeyer’s controversial statement can in fact be considered as
the early days of organic synthesis. Chemistry only started to transform from an analytic
to a synthetic discipline after 1828,° when Wohler’s urea synthesis was the first proof
that organic compounds do not require a ‘vital force’” Similarly to this paradigm shift in
chemistry nearly 200 years ago, biology is currently at a turning point.®* Although bread
makingandbeer-brewing canbe considered biotechnological processesinvented thousands
of years ago, the deliberate creation of synthetic biological systems only succeeded in
the late 20" century. As much of modern research, biotechnology is an interdisciplinary
area,” though, a particularly strong overlap with organic synthesis occurs in the field of
biocatalysis. One of the main arguments for using enzymes for chemical transformations
is that even if inventions in organic chemistry will never exhaust—its major feedstock
soon will. Considering the continuing depletion of the world’s fossil fuel reserves, a major
contemporary challenge represents the switch to synthetic routes starting from alternative
building blocks. In the light of the chemical industry and their supplier’s historically
disastrous impact on the environment,’ a second challenge is the transition to what has
been termed “green chemistry”:'® the choice of building blocks from sustainable sources
and the avoidance of hazardous substances. Moreover, with the chemical industry being the
single most energy intensive industry sector worldwide," strategies to increase efficiency of
chemical processes are urgently needed. Unfortunately, however, such considerations find
only reluctant implementation in practice. Despite an increased public pressure due to the
poor reputation of the chemical industry,"? the market economy still nearly irrevocably
ensures the design of industrial processes by economical considerations.” In research,
delaying factors might include the hesitancy to rethink traditional approaches and the fact
that environmental considerations are often inconspicuous on lab-scale, or out of focus
due to the limited scientific prestige.”*" In the meantime, biocatalytic transformations
emerged as a profoundly different alternative. Besides the prospect of inherently green
catalysts, a hallmark of biocatalysis is product selectivity, as enzymatic reactions arguably
allow total control over chemo-, regio-, and enantioselectivity. This renders biocatalysis
especially useful for the preparation of pharmaceuticals, where isomeric impurity can
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Chapter I

have dramatic physiological consequences. One of the biggest assets of enzymes is
the prospective of their targeted functional evolvability.”*’¢ Ever more sophisticated
molecular biological methods for DNA manipulation allow easy access to large numbers
of enzyme variants, which can be screened for desired activities. Despite being one of the
oldest techniques, random mutagenesis libraries continues to be an extremely successful
enzyme engineering approach.” On the other hand, more rational approaches guided by
structural and biochemical data in combination with computational predictions have
gained popularity.”” Although still impractical in most scenarios, the complete de novo
design of enzymes has been demonstrated and likely will become a key technology in the
future.'®

Although often seen as a limitation, the usually found restriction of enzymes to aqueous
systems and ambient temperatures is also advantageous: these processes not only abide by
the principles of green chemistry; the consistency in process conditions also facilitates the
design of cascade reactions, which circumvents the need to isolate intermediate products.
Cascades can be designed as in vitro processes, in which chemoenzymatic strategies
may combine the power of chemo- and biocatalysis.”” With whole cells as catalysts being
the economically most attractive approach,* another highly promising procedure is to
establish cascades fully in vivo. Recent advances in genetic manipulation techniques
greatly accelerated metabolic engineering approaches, allowing the introduction of foreign
metabolic pathways into recombinant microbial hosts. These pathways may be of natural
origin, partially adapted, or designed entirely de novo. Recent examples of the recombinant
production of natural products such as opiods**? or cannabinoids® attracted considerable
attention not only in the scientific community. Artificial metabolic routes designed in
a “bioretrosynthetic”* fashion, on the other hand, allow diverse applications ranging
from novel CO, fixation strategies” to the production of synthetic compounds such as
the anti-malarial drug artemisinin.>® With research in this area of biotechnology rapidly
developing, it has been suggested to constitute a new field, called synthetic metabolism.”

THE BAEYER-VILLIGER REACTION OF PEROXIDES AND
MONOOXYGENASES

Presumably, considerations of green chemistry were far from the mind of the before-
mentioned Adolf von Baeyer, when 110 years ago, he and his disciple Victor Villiger were
experimenting with potassium monopersulfate. In the honor of their discovery that this
and other peroxides can oxidize ketones to esters, we now call this the Baeyer-Villiger
reaction. Although it is a widely known method in organic chemistry nowadays,***
several unsolved difficulties reduce its attractiveness and thus applicability. Especially
on large scale, a remaining problem is the shock-sensitivity and explosiveness of many

10
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BVMOs: Tunable oxidative biocatalysts

peroxides.** Commonly applied peracids are prepared from their corresponding acids
using concentrated hydrogen peroxide. As these solutions in high concentrations are
prone to ignition and other forms of violent decomposition,* they have largely been
withdrawn from the market.’? Reactions with peroxides and peracids furthermore lead
to stoichiometric amounts of hazardous waste products. More promise lies in recent
achievements of reactions using directly hydrogen peroxide as the oxidant,*” making use of
metal® or organocatalysts.** However, such processes also require waste treatment and the
catalysts need to be prepared in additional, often complex synthetic routes. In comparison
to other oxygenation reactions, examples of asymmetric Baeyer-Villiger oxidations were
noted to be scarce and to show limited selectivities, reactivities and scopes.”

Due to these reasons, biocatalysis offers a particularly promising alternative and has
attracted considerable attention. So-called Baeyer-Villiger monooxygenases (BVMOs) use
the free, abundant, and green oxidant O,, and only generate water as byproduct. BVMOs
were discovered in the late 1960s by Forney and Markovetz, who were interested in the
microbial catabolism of naturally occurring, long-chain methyl ketones. They noticed
that the products generated from these compounds by a Pseudomonad were incompatible
with terminal methyl oxidation, which was previously assumed to be the only degradation
pathway.* Subsequently, they were able to identify the responsible enzymatic reaction as a
Baeyer-Villiger transformation, dependent on NADPH and molecular oxygen.” In parallel,
Trudgill and coworkers were investigating microorganisms able to grow on non-naturally
occurring aliphatics. They identified an oxygen- and NADPH-dependent enzyme from
Acinetobacter calcoaceticus NCIMB 9871 involved in the microbial metabolism of fossil
tuel-derived cyclohexane and suggested that it catalyzes the conversion of cyclohexanone
to e-caprolactone.*® They confirmed their findings by isolating the protein and established
that the enzyme contains a flavin adenine dinucleotide cofactor as prosthetic group.®
This cyclohexanone monooxygenase (AcCHMO) quickly attracted attention because of
its broad substrate scope and because caprolactone was already well known as a precursor
to nylon 6.4

STRUCTURES

Over the decades, AcCHMO has come to be the number one prototype BVMO, despite the
failure to obtain its structure. Only in 2019, a mutant could finally be crystallized;** however,
it remains to be seen whether its structure can serve as a good enough approximation to
wild type, considering that it contains ten active-site substitutions. 15 years earlier, the
first BVMO crystal structure was solved for phenylacetone monooxygenase (PAMO) from
Thermobifida fusca (Figure 1a),* causing this thermostable enzyme to become a structural
prototype. The structure shed light on a two-residue insertion displayed by PAMO, which

11
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Chapter I

was found to be located in the active site and subsequently called “the bulge” (Figure
1b). Eight other BVMOs and various mutant structures followed (Table 1), totaling to
38 structures at the time of writing. Mechanistic insights have mostly been gained by
structural studies on CHMO from Rhodococcus sp. HI-31 (RhCHMO) and PAMO. Overall,
the structures of BVMOs are surprising similar, despite sequence identities of often less
than 40%. With the exception of PAMO, many BVMOs are often rather unstable; however,
no obvious structural features could be identified as the origin of this stability. A study
that compared PAMO and AcCHMO’s tolerance towards cosolvents—a feature frequently
shown to be related to thermostability**—suggested PAMO’s increased number of ionic
bridges would cause the lower solvent susceptibility, as it could prevent damage to the
secondary and tertiary structure.** The same reasoning was given for the higher robustness
of a recently crystalized CHMO from Thermocrispum municipale (TmCHMO).*s BVMOs
display a multi-domain architecture consisting of an FAD-binding, an NADP-binding
and a helical domain. The latter distinguishes BVMOs from other class B flavoprotein
monooxygenase families and causes a partial shielding of the active site and the formation
of a tunnel towards it. Some BVMO subgroups contain N-terminal extensions of varying
length. The structure of such an extension was established in PockeMO, where it forms
a long helix and several loops that wrap around the enzyme.” This enzyme is more
thermostable than most BVMOs, but it is unknown whether the extension plays a role
in that. Such a function was suggested for 4-hydroxyacetophenone monooxygenase
(HAPMO), where deletion of the extension was not tolerated when exceeding a few amino
acids.”® Removal of only nine amino acids already impaired stability and furthermore
decreased the enzyme’s tendency to dimerize. Besides FAD, which is found in all
BVMO crystal structures, the nicotinamide cofactor is also found in many structures,
in accordance with its tight binding to the enzymes.” A certain structural mobility of
cofactors and loops in BVMOs has been observed and the debate on its role in catalysis
has recently been reviewed.*® The determination of various BVMO structures has been
instrumental for the investigation of their catalytic mechanism.

12
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Chapter I

Figure 1. Structures of BVMOs. A) Crystal structure of PAMO shown as ribbons. FAD, NADP* and
an active-site ligand are shown as sticks with yellow, green, and dark purple carbons, respectively.
C-alpha carbons of residues targeted for engineering are indicated by a sphere. The sphere’s
color is graded grey to magenta, eflecting the number of reported mutants targeting that site. B)
Superimposition of CHMO and PAMO and close-up view of the bulge, a two-residue insertion
displayed by PAMO.

MECHANISM OF THE BAEYER-VILLIGER REACTION

BVMO catalysis (Scheme 1) is initiated by NADPH binding and subsequent flavin
reduction, after which the nicotinamide cofactor adopts a stable position.”* * Because
the stereochemistry of the transferred hydride is in disagreement with the nicotinamide
orientation in the stable position, a potential conformational change of NADPH during the
reduction step is currently under discussion.’® Flavoproteins allow detailed mechanistic
studies due to the characteristic absorption spectra traversed by the flavin cofactor during
the various states of catalysis (Scheme 2). In BVMOs, a stable peroxyflavin was identified
to be the catalytically active species.®* Formed by the radical reaction® of two electron-
reduced FAD with molecular oxygen, this spectroscopically observable flavin intermediate
was already known from the flavin-dependent aromatic hydroxylases® and luciferases.®

14
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conformational change of NADP?

NADPH =

hydride transfer

oxygen
activation

Criegee
intermediate
rearrangement

Scheme 1. Overall catalytic cycle of BVMOs involving various redox states of the flavin and
nicotinamide cofactors. Important atoms are marked by red (oxygen), blue (nitrogen) or grey
(hydrogen) circles.

The finding was perhaps rather unsurprising, considering that the chemical Baeyer-
Villiger reaction is also afforded by peroxides. However, while with few exceptions,? the
chemical reaction is acid catalyzed, thus entailing a protonated peroxide, the catalytic
flavin species requires a deprotonated peroxy group.®® While quickly decaying in
solution,®”” some BVMOs stabilize this reactive species for several minutes in the absence
of a substrate, before its decomposition forms hydrogen peroxide in the “uncoupling”
side reaction known to occur in all monooxygenases.®®”' The exact factors flavoenzymes
exert to influence the longevity of both the protonated and unprotonated peroxyflavin are
72

largely unknown, despite reported lifetimes ranging from milliseconds in some oxidases
to several minutes or even hours in FMOs”*7* and luciferases.”” In BVMOs and other class B

15
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Chapter I

monooxygenases, NADP* was, however, found to be critical for intermediate stabilization,
as amanifold increased peroxyflavin decay was observed in the absence of the cofactor.*>¢
7 Crystal structures and quantum mechanics calculations’ indicate that the NADP*amide
oxygen establishes a crucial hydrogen bond to the hydrogen of the flavin’s N5 (Scheme
3). It is assumed that this stabilization prevents uncoupling by thwarting the otherwise
quickly occurring proton transfer to the peroxy group and subsequent H,O, elimination.”
An active-site arginine, whose mutation abolishes Baeyer-Villiger activity,” was shown
to be essential for the formation, but not for stabilization of the peroxyflavin.”® The
arginine ensures, however, peroxyflavin deprotonation, supported by a nearby aspartate
that increases the arginine’s nucleophilicity (Scheme 3).”” If a suitable ketone substrate
is available, the next canonical step is the nucleophilic attack on the carbonyl group. In
BVMOs, the proper positioning of the substrate is thought to be aided by a hydrogen bond
between the 2° OH group of the NADP*ribose and the carbonyl oxygen (Scheme 3).”” The
chemical Baeyer-Villiger reaction was already for a long time assumed to proceed via an
intermediate whose nature initially caused some debate. Isotopic labeling experiments®
eventually gave conclusive evidence for the pathway suggested by Rudolf Criegee,® in
whose honor the tetrahedral intermediate was subsequently named. Although not directly
observable, several computational studies support this mechanism.*>® Very recently,
experimental evidence was provided from a stereoelectronic trap for the intermediate,
using synthetic endocyclic peroxylactones.® In BVMOs, a flavin Criegee intermediate was
also never observed, but in the absence of any counter-evidence it is generally accepted
that here the flavin and substrate also form an addition product, and computational studies
support this theory.””* The product then results from a concerted subsequent migration
step, in which the weak O-O bond is heterolytically cleaved, while a new C-O bond is

88-89 and is often rate-

formed. The rearrangement proceeds with retention of configuration
determining for the chemical reaction, although both experimental® and theoretical®
% evidence indicate that the kinetics can change depending on the substituents, pH, and
solvent. The regioisomeric outcome of the reaction is generally predictable and governed
by a combination of influencing parameters. Firstly, due to the positive charge developing
on the migrating carbon in the transition state, the more electronegative carbon, which
is better able to accommodate this charge, is more apt to migrate.”® Thus, carbons with
electron donating substituents and those allowing resonance stabilization migrate better
than methyl groups and electron withdrawing substituents.”” Secondly, the C-C bond
migrates preferentially when it is anti-periplanar to the peroxy O-O bond (Scheme 2),
a condition known as the primary stereoelectronic effect.? Its influence on determining
migration is apparently more significant than the migratory aptitude. This was concluded
from the observation that a less substituted bond migrates when forced into an anti-
periplanar conformation in a restrained bicyclic Criegee intermediate.”® A secondary
stereoelectronic effect has also been postulated, requiring that one of the lone electron
pairs of the hydroxyl group in the intermediate also needs to be anti-periplanar to the

16
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BVMOs: Tunable oxidative biocatalysts

peroxy O-O bond (Scheme 2).°* This effect only manifests in certain substrates, where
substituents can sterically hinder the hydroxyl group rotation and presumably plays no
role in enzyme catalysis, where the hydroxyl group is assumed to be deprotonated.”” Lastly,
the arrangement can be influenced by steric effects.””*® These may furthermore already
affect the addition step, where the nucleophilic attack must occur from a favorable angle.?
%7 Steric control becomes most obvious in the enzymatic reaction, where intermolecular
steric restraints can enforce an otherwise electronically prohibited pathway. It is for that
reason that BVMO catalysis allows the synthesis of products, which are not accessible by
chemical means (Figure 2).

Energy
TSPy 1

steric

effect steric effect

TSPy TS P:

electronic
electronic effect TS P:
effect TS P
P1 P
< >

Reaction coordinate

Figure 2. Simplified energy diagram depicting the electronic and steric effects affecting
regioselectivity in BVMO reactions. In the Baeyer-Villiger reaction, an intermediate (I) is formed,
which can undergo two varying migration pathways (Scheme 2), leading to two possible products
(P, and P,). In chemical catalysis, the predominant factors can collectively be called electronic
effects, and the difference they exhibit on the energy of the two possible transition states, usually
dictates the regioselectivity of the product (blue line). In enzyme catalysis, steric effects of active-
site residues exhibit an additional force contributing to the overall energy of the transition states
which can override the electronically favored pathway (red line).

While the peroxide-catalyzed reaction finishes under formation of the corresponding acid,
the flavin can pick up a proton to form a hydroxyflavin, whose spontaneous dehydration
reconstitutes the oxidized flavin.®” It was suggested that this step is accelerated by a
deprotonated active site residue with a pK_ of 7.3, in line with the faster decay of this
species at higher pH and the decreased overall reaction rates at low pH.*® 7® Before the
enzyme can restart a new catalytic cycle, the oxidized nicotinamide cofactor needs
to be ejected, and this step (or an associated conformational change) was found to be
limiting to the overall reaction rate in CHMO.* In PAMO, the slowest catalytic step was
not unambiguously identifiable, but may correspond to a conformational change prior to
NADP" release.”

17
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These findings entail two important and possibly conflicting conclusions: firstly, the
two most detailed available studies on the mechanism of BVMO catalysis suggest that
the enzymatic reaction is limited by a rate-determining step that is not involved in
the chemical part of catalysis and therefore possibly substrate-independent. If this
was generally the case, it could provide an explanation for the rather narrow range of
maximal turnover rates observed for BVMOs with various substrates. Thus, reaction rates
that are orders of magnitude higher than the currently know ones cannot be expected
for any enzyme-substrate combination. However, this assumption is put in perspective
by the second conclusion, which stems from the fact that (at least) the rate-determining
step of catalysis appears to be non-identical in CHMO and PAMO. If the two prototype
enzymes differ in this crucial aspect, one cannot rule out that even other mechanisms
dictate catalysis in other BVMOs. A generalization, therefore, may not be possible, and is
furthermore impeded by the mechanistic variations in the chemical part of the reaction
specified above, which always have to be considered to play a role on top of the enzymatic
peculiarities.

R NADP* NADPH R

|
reductive N N\fo \ NN \fo
half-reaction %NH - /%NH
N
) H,0, 54
H,0

Iz

( R L R
N N\fo T N /N\fo
n NH m NH
N R NAD
oxidative - N_. N_oO H
half-reaction < d z \f
N NH
O : . H ©) + )
I ORS0” JI__R2 Ri-ON R
_ R1 R2 i H* R1 0 \g/
R" “R?
major product minor product

Scheme 2. Reaction mechanism of BVMOs. The flavin catalytic cycle consists of two half-reactions
and ketone oxidation is catalyzed by a peroxyflavin, unless hydrogen peroxide loss causes an
uncoupled NADPH oxidation (grey dashed arrow). The transformation from a ketone to an ester
traverses through a regioselectivity-determining intermediate. Bond migration is dependent on
the anti-periplanar alignment (indicated by thick bonds) of the migrating bond with the peroxy
bond and one of the lone pairs on the former carbonyl oxygen. While protonated in the chemical
Baeyer-Villiger reaction, this oxygen is, however, thought to be deprotonated in enzyme flavin
intermediate (indicated in grey).
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PROMISCUOUS CATALYTIC ACTIVITIES

nucleophilic electrophilic
R R
U !
N /NYO N /N (6}
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Scheme 3. Proposed mechanism for enzyme catalyzed oxidations. In the canonical, nucleophilic
mechanism, the peroxyflavin attacks the substrate carbonyl. An active site aspartate increases the
basicity of a neighboring arginine, which thus ensures deprotonation of the peroxyflavin. The
arginine also activates the substrate ketone, supported by the 2° OH of the ribose of NADP". In
contrast, in the electrophilic mechanism a supposed hydroperoxyflavin reacts with the lone pair of
a nucleophilic heteroatom.

In addition to the canonical ketone oxidation, BVMOs also are able to perform a range
of promiscuous catalytic activities (Scheme 4). Well-established and mechanistically
analogous to the canonical reaction are BVMO oxidations of aldehydes,”®'* including
furans.!”™ This reaction yields acids upon hydrogen migration, or otherwise (often
unstable) formates. Although reactions with unsaturated ketones supposedly should also
proceed identical in mechanism, most BVMOs show no reactivity with these weaker
electrophiles. The transformation is also challenging chemically, where side reactions
such as epoxidations frequently occur, and otherwise invariably enol esters are formed,
i.e. oxygen insertion occurs towards the double bond.'”® Recently, two bacterial BVMOs
were reported that can convert several cyclic a,f-unsaturated ketones.!*® Interestingly, the
two enzymes reacted regiodivergent in some cases, which allowed the selective synthesis
of both ene- and enol lactones. Although the crystal structure of the preferentially enol
ester-forming enzyme—a BVMO from Parvibaculum lavamentivorans—has recently been
solved, a structural explanation for its unusual reactivity has yet to be provided.*® Only two
other unsaturated ketones were reported to be accepted by BVMOs before: a substituted
cyclopentenone, converted to the corresponding ene lactone by CPMO,'” and pulegone,
a cyclohexanone derivative with a double bond outside the ring on the alpha carbon, for
which activity was reported with monoterpene ketone monooxygenase (MMKMO),'*
and cyclopentadecanone monooxygenase (CPDMO).” The three enzymes involved in
campher degradation in Pseudomonas putida—2,5-diketocamphane 1,2-monooxygenase
(2,5-DKCMO), 3,6-diketocamphane 1,6-monooxygenase (3,6-DKCMO) and OTEMO'”®—
were also reported to convert several cyclopentenones and cyclohexenones. The results
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were questioned by the Alphand group, however,' although OTEMO’s natural substrate
is assumed to be a cyclopentenone derivative."”"''* Conversion of a linear a,3-unsaturated
ketone to the ene ester has been shown for the Baeyer-Villiger reaction-catalyzing human
FMO5.""! Oxidation of esters, which bear an even less electrophilic carbonyl, has been
reported for a single BVMO, which is able to catalyze first the ketone oxidation and

subsequently further converts the ester to its carbonate.'?

Similarly to peroxides,'* BVMOs were early found to promiscuously catalyze heteroatom
oxidations as well.?® '* Sulfoxidations are particularly well studied and many enzymes
produced sulfoxides with high enantioselectivity.!®> 512> Several existing patents
describing the use of BVMOs for selective sulfoxidations emphasize the commercial
potential.'**'?® Other reactions include oxidations of amines,*” 9% 12130 boron,’ 13132 and
selenium.’® 133134 A single report of phosphite ester and iodine oxidation yet awaits further
exploration,” as do the few reports of epoxidations catalyzed by BVMOs."*>3¢ An entirely
different approach to induce promiscuous catalytic activity is the use of BVMOs under
anaerobic conditions to prevent peroxyflavin formation. Recent results with AcCHMO
suggest that the so-stabilized reduced flavin can catalyze reductions, allowing tunable,
stereoselective ketoreductase-like reactions.'”

o
Aldehydes A

Unsaturated 0 !
u
= o
ketones R1)vR2 <::
(e}

—
Esters R1)kR2 R,
(@) o O
Sulfid S > — > ¥
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Scheme 4. Non-canonical oxidation reactions catalyzed by BVMOs. Solid arrows represent
enzymatic catalysis; a dashed arrow indicates spontaneous reaction.
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In contrast to the nucleophilic species required for the Baeyer-Villiger reaction, S-, N-,
Se-, P-, and I- oxygenation require an electrophilic, protonated peroxyflavin. In line with
the mechanism found for class A flavoprotein monooxygenases,'*® this hydroperoxyflavin
was suggested to form in BVMOs and an apparent pK_ for the formation was determined
to be 8.4 in CHMO.* However, as the protonated species in CHMO was not able to
perform sulfoxidations, the results are not fully conclusive and it was suggested that some
protein conformational change is involved.”** For PAMO, sulfoxidation enantioselectivity
seems to depend on the protonation state of the peroxyflavin and the crucial’®” active
site arginine;"” and mutation of the arginine abolished both Baeyer-Villiger as well as
sulfoxidation activity.” One study with CHMO, however, seemed to indicate that its
heteroatom oxidation activity does not depend on the arginine, as the mutation to alanine
or glycine yielded variants with retained S- and N- oxidation activity."*! In this scenario,
the loss of arginine could have two counteracting effects: as quantum mechanics studies
suggest that a nearby aspartate protonates the arginine and this stabilizes the negatively
charged, deprotonated peroxyflavin,”” arginine mutation could favor hydroperoxyflavin
formation and thus the electrophilic mechanism. On the other hand, arginine loss
decreases the overall reaction rate as the residue also promotes the reductive half-reaction
and the rate of (hydro)peroxyflavin formation.”® '** Interestingly, the substitution of a
highly conserved aromatic residue with arginine was found in two independent studies
that screened for variants with increased sulfoxidation activity.*>'* In most BVMOs, this
residue is a tryptophan that hydrogen bonds to the 3 OH of the NADP ribose. Considering
the enzyme’s tolerance of other aromatic residues at this position,'* this interaction is
likely not influencing the electronics at the 2° OH, which critically hydrogen bonds to the
substrate carbonyl to activate it for nucleophilic attack (Scheme 3).”” Rather, a mutation to
arginine could push the positively charged coenzyme, possibly causing a disruption of the
hydrogen bond to the substrate. Instead, the group might come closer to the peroxyflavin
and cause its protonation; this mechanism would favor the electrophilic route and seems

to be the mode of action in the closely related N-hydroxylating monooxygenases."**

VARIETY OF BVMOS

In the quest of discovering useful biocatalysts, many studies aimed to identify enzymes
displaying features such as high regio- or enantioselectivity, showing a broad or a
synthetically interesting substrate scope, lacking substrate or product inhibition and
having high stability in typical process conditions. The classic ways to obtain novel
efficient biocatalyst are mutagenesis on well-known catalysts and the exploitation of
genome sequence databases, which are a rich and largely untapped resource for enzymes
with attractive biocatalytic characteristics and novel chemistries.
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BVMO classification

Considerable research has been performed on BVMOs using comparative sequence
analysis. Using a curated, representative sequence set, one study suggested that a BVMO
gene was already present in the last universal common ancestor.”” This study also
found that there is no conclusive evidence that phylogenetic BVMO subgroups share
biocatalytic properties, although this frequently has been and continues to be suggested
in literature.*” 1% In the last decades, many BVMOs, both prokaryotic and eukaryotic,
have been described and approximately a hundred representatives were cloned and
recombinantly expressed. In many cases, the natural role of those BVMOs could not
be identified. In other cases, BVMOs were shown to be involved in the biosynthesis of
secondary metabolites such as toxins,**'*? or antibiotics.””> While these enzymes often
seem to be rather substrate specific, several BVMOs from catabolic pathways, involved
e.g. in the degradation of cyclic aliphatics,*® '**!5 can convert a larger range of substrates.
Together with the structurally very similar N-hydroxylating- and flavin-containing
monooxygenases, BVMOs have been classified as belonging to the class B of flavoprotein
monooxygenases.” Recently, another sister group has been added—YUCCAs,"”” which
are plant enzymes involved in auxin biosynthesis and shown to catalyze a Baeyer-
Villiger-like reaction.’”® Some FMOs, including the human isoform 5,'"" were also found

159

to catalyze Baeyer-Villiger reactions, ' and it was suggested that these enzymes form a

particular subgroup, classified as class II FMOs."*® Their relaxed coenzyme specificity'®’

enables interesting application opportunities.'® Structurally largely unrelated are a
few Baeyer-Villiger reaction-catalyzing enzymes found in class A'* and C flavoprotein

164

monooxygenases,'** which otherwise comprise the aromatic hydroxylases and luciferases,

respectively*® (Table 2). Cytochrome P450 monooxygenases, of which some can catalyze

165-166

Baeyer-Villiger reactions, are entirely unrelated and employ heme cofactors instead

of flavins.

Table 2. Classification of Baeyer-Villiger biocatalysts.

Group flll?::l)f::tem slg:;:de g:(())lsl;hetlc Components® Prototype protein
Type IBVMOs B NADPH FAD a TfPAMO*

Type Il BVMOs C NADH FMN (substrate) a+p 3,6-DKCMO"’
Type O BVMOs A NADPH FAD a MtmOIV*®

Type I FMOs B NADPH FAD a HsFMO5™

Type II FMOs B NAD(P)H FAD a RjFMO-E'

‘a: Encoded by a single gene, a + f: Encoded by multiple genes (monooxygenase and a reductase component)

Many Baeyer-Villiger monooxygenases have been discovered and characterized by
genome mining.'”> 1”2 Instead of trying to be comprehensive, this review will focus on
some examples we believe are worthwhile to examine deeper (Figure 3, Table 3). From
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Figure 3. Cladogram analysis of BVMOs examples. The color of the clade represents the
flavoprotein group to which the respective BVMOs belong (cyan for type I BVMOs, yellow for
type II BVMOs, orange for type O BVMOs, green for type I FMOs and red for type II FMOs). A
star indicates the availability of crystal structures, in green for wild type and white for mutant. The
bar chart shows the melting temperature. The outside rings represent the acceptance for different
ketone substrates. Note that this only represents substrates that have been tested, while the actual
scope might be (much) larger. The species and codes are listed in Table S1.

these proteins, most are type I BVMOs, which are encoded in a single gene and belong
to the class B flavoprotein monooxygenases.”” Several residues in BVMOs are highly
conserved and useful for the identification of type I BVMOs. There are two specific
sequences described: FxGxxxHxxxW[P/D]'? and [A/G]GxWxxxx[F/Y]P[G/M]xxxD."”
A modification to the short BVMO fingerprint was suggested (FxGxxxHTxxW|[P/D])'"%,
however, this consensus proved to be only partially conserved in a more divergent dataset
of sequences.'"” These motifs are flanked by two Rossmann fold domains harboring a
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GxGxx([G/A] motif required for tight binding of the two cofactors. In some cases, minor
deviations from the consensus for the nucleotide binding sequence have been reported
(MoxY, CPDMO)."">'7> Although the exact functional role of the fingerprint residues is not
completely clear, the long consensus sequence entails the conserved active-site aspartate,
while the short fingerprint is related to the linker connecting the FAD and NADP-binding
domains.”>* As a common feature, type I BVMOs share the strict dependence on FAD
as a tightly bound prosthetic group and NADPH as electron donor, with the exception
of MekA from Pseudomonas veronii MEK700, which seems to accept either NADH or
NADPH."

The preferred host for producing recombinant BVMOs, has been Escherichia coli, which
does not contain a native homolog itself. BVMOs can also be directly applied in whole-cell
conversions, as demonstrated in many reports focusing on valuable bioconversions (see
section ‘Biotechnological application’), but more detailed characterizations such as kinetic
studies often use purified enzymes. Although some homologs show very high expression
levels, E. coli may not be able to provide the cofactors in the necessary quantities,"””
thereby negatively affecting stability.””® This effect is assumed to be even more critical when
BVMOs are to be applied in in vivo cascades with other redox enzymes."”” An additionally
complicating factor in whole cell conversions is oxygen supply, which limits the reaction
at high biomass concentrations.'®® When BVMO homologs with interesting biocatalytic
properties were found to express poorly, several approaches to improve functional
expression and stability were explored. Besides optimization of the expression conditions
(cultivation temperature and time, induction method) and the more and more common
use of synthetic genes with host-optimized codons, fusion approaches with soluble tags
are popular countermeasures. One study also co-expressed molecular chaperones with
a BVMO from P. putida, and found that optimal results rely on their distinct expression
levels.'®

Eukaryotic Type | BVMOs

Baeyer-Villiger oxidations have frequently been demonstrated in physiological studies.'*¢2%
BVMO genes were described as scarce in microorganism,'” though in fact they exhibit an
uneven genomic distribution.””" While bacterial BVMOs are most abundantly found in
actinomycetes, there is also a high prevalence in some filamentous fungi. Particularly,
BVMOs were found in Basidiomycota, Zygomycota, and the Ascomycota, where they are
especially abundant in the Aspergillus genus.">'*¢ Until recently, most of the research
with isolated enzymes investigated prokaryotic BVMOs—possibly due to the easiness to
work without the splice components of eukaryotes or to avoid problems with rare codons.
One of the first type I BVMOs obtained from a fungus was steroid monooxygenase from
Cylindrocarpon radicicola ATCC 11011 (STMO), which was purified from cells grown in
the presence of progesterone.?”> Although several fungi with Baeyer-Villiger activities
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were described, it was only in 2012 when the first recombinant fungal BVMO was
expressed by the group of Bornscheuer.'® This enzyme comes from the same ascomycete
as STMO. This fungus is also described to metabolize cyclohexanone as a carbon source
and this ability was linked to the presence of a second BVMO, identified as cycloalkanone
monooxygenase (CAMO). CAMO shows 45% sequence identity with AcCHMO and
exhibits a broad substrate scope, among which cycloaliphatic and bicycloaliphatic ketones
showed the highest activites. However, its thermostability is quite poor, and with 28 °C,
the temperature for 50% residual activity after 5 minutes of incubation is considerably
lower than that of AcCHMO (36 °C).2”> BVMOAf1 from the fungus Aspergillus fumigatus
Af£293 was described one year later.?** This BVMO stems from a pathogenic organism that
is known to be a source of biocompounds such as helvolic acid and fumagillin, in whose
biosynthesis the enzyme could be involved. Its activity was found to be relatively low, with
maximal rates of catalysis around 0.5 s; but high enantioselectivities in the oxidations
of thioanisole, benzyl ethyl sulfide and bicyclo[3.2.0]hept-2-en-6-one were observed. This
enzyme exhibits relatively high thermostability: while the highest activity was recorded
at 50 °C, the T was 41 °C. In addition, after 1 h incubation in buffers containing 5% of
various cosolvents, its activity remained without significant loss. Four other enzymes were
discovered from A. flavus NRRL3357 (BVMOA(fI210, 456, 619 and 838).2°> From those,
BVMOA{1838 displayed high conversion of aliphatic ketones; but was unable to convert
most of the cyclic ketones tested. BVMOA{1838 later was the first reported crystal structure
of a fungal type I BVMO.! The enzyme showed an optimal temperature of approximately
40 °C, but was rapidly inactivated at that temperature, displaying a half-life of only 20
min. The structure could not be co-crystallized either with the nicotinamide cofactor or
with the substrate and showed a global fold similar to other described BVMOs. Near to the
supposed substrate entry channel is a mobile loop that presents a lysine (K511). This residue
was suggested to be proximal to the 2’-phosphate of NADPH, and the K511A mutant
exhibited a higher uncoupling. Later, more BVMOs from Aspergillus were characterized:
BVMOAfl706 and BVMOAf1334 (~45% amino acid sequence identity), which converted
a range of cyclic and substituted cyclic ketones, and showed highest conversions and k_,
values of 4.3 s and 2 s for cyclohexanone, respectively.”®® Interestingly, no substrate
inhibition was observed for BVMOA{f1706 with cyclohexanone using concentrations up
to 30 mM. In contrast, AcCCHMO, shows a K of approximately 35 mM?*"% Subsequently,
a study tried to exploit BVMOAflI706 in a cascade reaction for the lactonization of
cyclohexanone, but the enzyme seemed to be responsible for the formation of an undesired
side product.” The last fungal example is polycyclic ketone monooxygenase (PockeMO)
from the thermophilic fungus Thermothelomyces thermophila, which was discovered and
crystallized.”” This fungus is known to efficiently degrade cellulose and derivatives from
plant biomass. This enzyme presented high enantioselectivity for bicyclo[3.2.0]hept-2-en-
6-one, and displayed an unusually broad activity on several polycyclic molecules, hence
its name. PockeMO exhibited highest activity at 50 °C and a T, of 47 °C. As metabolically
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Table 3. Prototype reactions of Baeyer-Villiger monooxygenases.

k

K

Name Substrate Prototype reaction [s‘{‘f] [l;nM] Ref
o o
AcCHMO cyclohexanone @i,@ 6.0-39 3-9 4618218
o o
GoACMO acetone A— Ay 1.4 170 184
2-phenyl- .0 o bt 185
BVMO4 propionaldehyde @ _’mu * ©/L° n.d. n.d.
BVMOAfI838 3-octanone S S B 66 170
[o}
CAMO cyclobutanone % . éO 6.8 7 186
CmBVMO  2-dodecanone Ny — )OLOH, 0.4 4 187
(o] o]
CPDMO cyclopentadecanone C::::S —-C/\:\/jo 4.2 6.0 1%
4-hydroxy- R __ o 0 103, 188
HAPMO acetophenone Ho@ OOJ\ 10-129-40
o o
4-methylcyclohex-2- _ . e 06
ObByMO  Fmethy Q O nd.  nd
o o
PIBVMO 4-methylcyclohex-2- @ L @ nd. nd 106
en-1-one
2-0x0-A*-4,5,5- o 0
OTEMO trimethyl-cyclo ms‘cm — (28 cn 4.8 18 7
pentenylacetyl-CoA s
bicyclo[3.2.0] o o of° .
PockeMO | 3 en-6-one af — &y 33 400
RpBVMO methyl levulinate )’\/ﬁg°\—>ﬁo/\f&°/ L5 350
2 ‘038
SAPMO 4-sulfoacetoph — i 29 60
sulfoacetophenone os Q)\ @0 b
o
2
STMO progesterone [o— 0.7 85 P
REOLNG O
S 60-
TfPAMO phenylacetone O— *o’\@ 193 g
o o
TmCHMO  cyclohexanone @—-@ 2.0 <1 %
. o
1-deoxy-11- o)@, T 153
PtE oxopentalenate Ho ?: @.c}: ° n.d. n.d.
Q o o
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iketocamphane S%o { %} é: n n
26

552980-I-bw-Scheuch
Processed on: 16-12-2020

PDF page: 26



BVMOs: Tunable oxidative biocatalysts

OH
_ _di 0 _0 Q (<] 164
3,6-DKCMO  3,6-diketocamphane 02&9 ‘—Lﬁ(@/ }— %ﬁ: n.d. n.d.

o -~ .

AtYUC6 phenylpyruvate QV‘H(“ — QA 0.31 43 18
o
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N:O OO
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0" ,g,
i~ 0.~ 0
Ho: O o oH
Ho™ R0 0

observed for fungi** and as was described for STMO**> and CPDMO,** PockeMO is able to
regioselectively catalyze the D-ring oxidation of steroid substrates producing the normal
lactone. Later, de Gonzalo analyzed the applicability of PockeMO for the synthesis of
optically active sulfoxides and showed full conversion of thioanisole into the (R)-sulfoxide
with excellent selectivity, while for other alkyl phenyl sulfides a decreased activity and
selectivity was observed."”

Thermostable enzymes have also been found in photosynthetic organisms: CmBVMO
from the red algae Cyanidioschyzon merolae and PpBVMO from the moss Physcomitrella
patens.'”” They showed high thermostability; in particular CmBVMO, which displayed a
T of 56 °C, whereas PpBVMO’s T was 44 °C. Although their activity was comparatively
low, with k_, values in the 0.1-0.3 s™' range, they could achieve modest conversions of
cyclohexanone.

Prokaryotic Type | BVMOs

Among the many bacterial type I BVMOs described in the last years, there are several
homologues of AcCHMO, as one goal was to identify a similar, but more stable
biocatalyst. One particular example is TmCHMO, which shows 57% sequence identity
with AcCHMO.* This enzyme stems from Thermocrispum municipale DSM 44069, a
thermophilic microorganism isolated from municipal waste compost. TmCHMO was
described to efficiently convert a variety of aliphatic, cyclic and aromatic ketones, and was
also able to oxidize prochiral sulfides. Interestingly, TmCHMO exhibits a T, of 48 °C and
presents stability against high temperatures and the presence of cosolvents. However, as
AcCHMOs, this robust enzyme showed inhibition with high substrate concentrations.?*®
211 Another newly described BVMO is BVMO4, identified from the genome of Dietzia
sp. D5. This enzyme phylogenetically clusters with cyclopentadecanone monooxygenase
(CPDMO).** BVMO#4 displayed a broad substrate scope accepting different ketones
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and sulfides, but showed low activity. Although BVMO4 converted alicyclic and
aliphatic ketones only moderately, it was also studied for its activity with phenyl group-
containing and long aliphatic aldehydes. With respect to the latter, BVMO4 showed high
regioselectivity with for example octanal, decanal, and 3-phenylpropionaldehyde, and
preferentially synthesized the respective carboxylic acid over the formyl ester. Albeit with
rather poor selectivities, this was the only reported BVMO able to convert a 2-substituted
aldehyde to the respective acid, which is a precursor of ibuprofen and derivatives.'*®
An effort to improve the activity of BVMO4 with cyclohexanone by site saturation
mutagenesis over 12 described hot spots was reported.?”” Its activity was successfully
increased against cyclic ketones and the oxidation of cyclohexanone was improved. A
thorough biochemical characterization was described for a BVMO active on small
substrates, acetone monooxygenase (ACMO) from the propane-metabolizing organism
Gordonia sp. TY-5."% ACMO converts small ketones such as acetone and butanone with
k., values between 1.4-4.0 s™'; but shows only modest stability, loosing over 60% of the
activity after 1 h incubation at 25 °C in buffer. This enzyme displayed a weaker affinity
for bulkier substrates and NADPH. The latter was suggested to be caused by a diminished
electrostatic interaction between the 2’-phosphate of the coenzyme and the protein due to
a substitution of a usually conserved lysine” by histidine. Additionally, a monooxygenase
from Leptospira biflexa that was phylogenetically distant from other well-characterized
BVMOs was described by the group of Rial in 2017."* LbBVMO showed a broad substrate
scope for acyclic, aromatic, cyclic and fused ketones, and allowed the highly regioselective
conversion of aliphatic and aromatic ketones. For Rhodoccocus jostii RHAL, 22 BVMOs
were found in the genome, which showed a diverse scope when tested against a large set
of potential substrates including different ketones and sulfides.'”'”> From these enzymes,
at least two are quite promiscuous regarding their substrate scope (RjBVMO4 and
RjBVMO24), accepting the majority of the 25 tested compounds.

Furthermore, there a few well described BVMOs from Pseudomonads, like HAPMO and
OTEMO, from P. fluorescens ACB and P. putida NCIMB 10007, respectively.!! '8¢ The
former has 30% sequence identity with AcCHMO and was studied for the oxidation of a
wide range of acetophenones, such as 4-hydroxyacetophenone, 4-aminoacetophenone and
4-hydroxypropiophenone. For these substrates, HAPMO has k_, values between 10 and 12
s, This enzyme has also been reported to catalyze the oxidation of fluorobenzaldehydes,
aryl ketones and sulfides.'*>'® !> OTEMO, on the other hand, is involved in the metabolic
pathway of camphor and was described to oxidize the cyclopentanone derivative 2-oxo-A*-
4,5,5-trimethyl-cyclopentenylacetyl-CoA. While it exhibits a rate of 4.8 s™ for its natural
substrate, the free acid shows a rate 30 times lower than for the CoA ester.”” OTEMO has
been mostly studied for the conversions of substituted cyclohexanones, bicyclic ketones
and terpenones.’” %21 Another BVMO from Pseudomonas is PpKT2440BVMO from P.
putida KT2440.%"7 This enzyme showed acceptance for aliphatic ketones, but exhibited
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low conversions for cyclic and aryl ketones. The highest levels of oxidation were reported
for 2-, 3- and 4-decanone (93-99% conversion using resting cells). Later, this enzyme
was engineered for the whole cell biotransformation of ricinoleic acid into a precursor of
polyamide-11 (nylon-11), achieving conversions of 85% and a product concentration up to
130 mM.2187219

The latest example is a BVMO from Rhodoccocus pyridinivorans DSM 44555." RpBVMO
exhibited affinity for aliphatic methyl ketones and highest activity on 2-hexanone (k_,
=2 s"). RpBVMO was able to regioselectively convert hexanones, octanones and methyl
levulinate. The latter is a 2-ketone derived from renewable levulinic acid gained from
biomass. Interestingly, the biocatalyst was used to fully convert 200 mM of this substrate
to methyl 3-acetoxypropionate with a space-time yield of 5.4 g L' h'. The hydrolyzed
product, 3-hydroxypropionate is a platform chemical used as sugar-derived building
block for biodegradable polymer polyester synthesis and is an important intermediate in
the non-petrol based production of a variety of bulk chemicals.?*°

Type Il BVMOs

Type II BVMOs are categorized as class C flavoprotein monooxygenases, which are
two-component monooxygenases. During the catalytic cycle, one component reduces
FMN using NADH or NADPH as hydride donor. The flavin is then transferred by free
diffusion to the second component, which uses reduced FMN as co-substrate for oxygen
activation.??! This is biochemically interesting because the free reduced FMN could lead
to non-selective reactions with molecular oxygen inside the cell.??” This group is less
studied than type I BVMOs, perhaps due to the higher convenience to work with only
one component. In addition to the early confusion with the actual prosthetic group, it
was previously mistakenly believed to be a flavoprotein using tightly bound FMN as a
coenzyme and that was reduced in situ in the active site by NADH.?>® There are some
examples of type Il BVMOs related to the metabolic pathway of the racemic monoterpene
camphor. In particular, the enzymes involved are 2,5- and 3,6-diketocamphane
monooxygenases (2,5-DKCMO and 3,6-DKCMO). These proteins are encoded on the
linear inducible CAM plasmid from P. putida ATCC 17453 and were named after their
natural substrates.?”> The presence of two isoforms in the same plasmid was described
for 2,5-DKCMO, one being localized 23 kb downstream and encoded on the opposite
strand.'®* It was suggested that the high sequence identity between them is the result of a
gene duplication event and a sequence divergence in the case of 3,6-DKCMO. 2,5-DKCMO
and 3,6-DKCMO oxidize the third metabolic step of the catabolism of rac-camphor and
are specific towards one enantiomer. They specifically act on 2,5- and 3,6-diketocamphene,
respectively. In recombinant cells expressing the oxygenating subunit of 2,5- or
3,6-DKCMO, activity without a recombinant FMN reductase component was noticed,
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which was explained by the activity of native reductases from the host.’® Later, Fred, a
homodimeric reductase encoded in the chromosomal DNA of P. putida was suggested
to be the bona fide reductase component for the three DKCMOs (3,6- and 2 isoforms of
2,5-DKCMO)."** The complexes were tested against several substrates, exhibiting exclusive
specificity for the natural substrate. Later, the structure of the oxygenating component
of 3,6-DKCMO was solved in complex with FMN, and showed a fold most similar to the
bacterial luciferase-like superfamily.’” The structure was somewhat controversial due to
experimental discrepancies.??>?** Other members of the type II BVMOs are luciferases
trom Photobacterium phosphoreum NCIMB 844 and Vibrio fischeri ATCC 7744.** These
two-component bacterial luciferases catalyze Baeyer-Villiger reactions of 2-tridecanone,
monocyclic and bicyclic ketones. In addition, it was suggested that an NADPH-dependent
6-oxocineole monooxygenase of Rhodococcus sp. Cl could also be part of this class.*

Type O BVMOs

The best-studied BVMO of the type O—for atypical or ‘odd” BVMOs—is MtmOIV from
the soil actinomycete Streptomyces argillaceus ATCC 12956. The enzyme is a homodimer
involved in the biosynthesis of mithramycin, an aureolic acid-like polyketide studied as an
anticancer drug and calcium-lowering agent.'***” This enzyme does not have significant
sequence identity with other well-described BVMOs, does not display the consensus
motifs for type I BVMOs, and bears no structural resemblance with type I or type II
BVMOs. This monooxygenase catalyzes the Baeyer-Villiger oxidation of one of the four
rings of premithramycin B, forming the lactone, which is later converted to mithramycin
DK. As other BVMOs, MtmolV uses NADPH and FAD as hydride donor and prosthetic
group, respectively. The enzyme belongs to the class A flavoprotein monooxygenases,
and it has been suggested that their reaction requires a peroxyflavin intermediate for
nucleophilic attack, even though class A flavoprotein monooxygenases classically form
a hydroperoxyflavin and proceed through an electrophilic attack.*”” The crystal structure
was solved in complex with FAD, and the active site contains an arginine residue (R52) over
the isoalloxazine ring, which presumably stabilizes the negatively charged peroxyflavin
and Criegee intermediates.'® While classic BVMOs contain a positively charged arginine
on the re side of the flavin, MtmOIV’s R52 is on the si side. Structurally, MtmOIV is
most similar to para-hydroxybenzoate hydroxylase as well as the glucocorticoid receptors
(GR2) subclass of FAD-dependent enzymes.'*® >*® Unsurprisingly, as MtmOIV catalyzes
the oxidation of a bulky tetracyclic polyketide with deoxysugar modifications, it has a
large binding pocket for the substrate, which may interact mostly by van der Waals and
hydrophobic interactions.'”> Concerning the kinetic parameters, this enzyme displays
relatively low activities in the presence of the natural substrate. Despite this, MtmOIV is
interesting to investigate, as it might be a useful biocatalyst for the oxidation of analogues
of premithramycin B and allow a synthetic route to new drugs.
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Flavin-containing monooxygenases

Flavin-containing monooxygenases (FMOs), like type I BVMOs are part of the class
B flavoprotein monooxygenases, and are described to catalyze the oxidation of ‘soft’
nucleophilic heteroatoms in a broad spectrum of substrates.?”” FMOs are single-component
enzymes, contain FAD as a prosthetic group, and have a preference for NADPH over NADH
as FAD-reducing coenzyme.* For FMOs, two types have been described: type I FMOs are
identified by the motif FxGxxxHxxx[Y/F], which is similar to the short consensus motif of
type | BVMOs. Mammals, including humans, express five transmembrane FMO isoforms
in a developmental-, sex-, and tissue-specific manner.”** These enzymes are involved in the
metabolism of xenobiotics such as drugs, pesticides, and certain dietary components.'"
While this group is described to oxidize mainly nitrogen and sulfur atoms, exceptions to
this rule have been identified early on: for example, isoform FMOI from pig liver was able
to catalyze the Baeyer-Villiger oxidation of salicylaldehyde to pyrocatechol.”' In addition,
the human isoform FMO5, which expresses mostly in the small intestine, the kidney and
the lung and has been described to exhibit poor activities on classic FMO substrates, is
also able to catalyze Baeyer-Villiger oxidations. The enzyme was recombinantly expressed,
and converted preferentially aliphatic ketones, but also aldehydes and cyclic ketones
with varying regioselectivity."'! Consequently, it was proposed that HSFMOS5 could act
as a possibly undescribed detoxification route in human metabolism. In this regard, it is
remarkable that the enzyme can convert for example nabumetone and pentoxifylline (two
w-substituted 2-ketone drugs) and also a metabolite of E7016— a potential anticancer
agent.” On the other hand, HsFMOS5 was also described to have a high uncoupling rate,
constituting for 60% of the activity. This phenomenon was ascribed to a low C4a-(hydro)
peroxyflavin stabilization due to a weaker interaction with NADP*. Another group among
the type I FMOs is formed by the YUCCAs,'*® which have a key role in the physiology of
monocots and dicots plants. These enzymes catalyzes a rate-limiting step in de novo auxin
biosynthesis, an essential growth hormone and development regulator.””” *** Eleven of
the 29 putative FMOs in Arabidopsis thaliana belong to the YUCCA family, and one of
them, AtYUCS6, was described to catalyze the decarboxylation of indole-3-pyruvate to
the auxin indole-3-acetate.””® A sequence similarity network shows that YUCCAs are
more related to FMOs than to BVMOs, even though the predicted mechanism is more
related to the latter. As in the reaction of BVMOs, catalysis proceeds through a Criegee
intermediate with a nucleophilic attack by the C4a-(hydro)peroxyflavin followed by a
decarboxylation step producing the auxin. For AtYUCS, as for HsFMO5, a short-lived
C4a-(hydro)peroxyflavin intermediate was measured."" ** Additionally, a few enzymes
that constitute the novel subclass of type II FMOs have been discovered in recent years. As
the type I FMOs, this group can catalyze both heteroatom oxidations, as well as Baeyer-
Villiger oxidations. Unlike the type I BVMOs, these enzymes cannot be identified by the
long fingerprint sequence, but contain two Rossman fold motifs and exhibit the type I
FMO motif FxGxxxHxxx[Y/F][K/R] with a few substitutions: a histidine instead of [Y/F]
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and aspartate, proline, valine or glycine instead of [K/R].!*?** It was reported that these
enzymes are promiscuous for the hydride donor, accepting either NADH or NADPH.
This feature is attractive since the change of specificity for the cofactor of NADPH-
dependent BVMOs is not a trivial task, as has been seen in studies of BVMO variants
generated to identify residues related to the specificity for NADPH and the improvement
of NADH catalytic efficiency.” *****> At present, there are some attempts to investigate
this new group in more detail. Enzymes from Pseudomonas stutzeri NF13 (PsFMO),
Cellvibrio sp. BR (CFMO) and Stenotrophomonas maltophilia PML168 (SmFMO) were
studied. Although the kinetic parameters, conversion yields, enantioselectivities and
substrate scope turned out to be poor, SmFMO displayed similar activities either with
NADH or NADPH. For SmFMO the K _for the prototypic substrate bicyclo[3.2.0]hept-
2-en-6-one was 40 times lower with NADH than with NADPH, and the conversion of
the substrate was also considerably higher (90% vs 15%, respectively)."” SmFMO was co-
crystallized in complex with FAD, and it was suggested that the promiscuity is linked to
the replacement of Arg234 and Thr235 as occurring in MaFMO—a related type I FMO
from Methylophaga aminisulfidivorans —by a glutamine and a histidine (GIn193 and
His194). However, the double mutant did not radically affect the cofactor specificity in
SmFMO but the single mutant H194T caused a switch in cofactor preference from NADH
to NADPH (mostly by reducing the K, . ..
the interaction of T235 with the ribose 2’-phosphate oxygen in MaFMO. Later, two novel
proteins were found with variations of MaFMO’s R234 and T235: CFMO and PsFMO,
which share 58% and 61% sequence identity with SmFMO, respectively. >’ These enzymes

).2*¢ This effect was suggested to be related to

were also described to accept NADH as a cofactor, but were mostly studied for asymmetric
sulfoxidations. Another subgroup of type II FMOs, which features sequence alterations
like an extension in the N-terminus, showed higher conversions and broader substrate
scope for ketones. These include the FMOs from R. jostii RHA1, RJFMO-E, F and G,**
and PsFMO-A, B and C from Pimelobacter sp. Bb-B.>** RiJFMO-E, F and G were found to
be able to convert the classic substrate bicyclo[3.2.0]hept-2-en-6-one and cyclobutanones,
but displayed only modest enantioselectivities and performed poorly in catalyzing the
oxidation of phenylacetone. RjJFMO-E displayed a higher affinity for NADPH, but also the
affinity for NADH is in the micromolar range. Interestingly, the k_, for bicyclo[3.2.0]hept-
2-en-6-one with NADH is higher than that with NADPH (4.3 vs. 2.7 s*) and almost 80
times higher than the reported k_, for SmFMO."*'®° Finally, PsSFMO A-C, three enzymes
from a hydrocarbon-degrading bacterium were studied. These proteins show a sequence
identity of 29-35% with RjFMO-E. PsFMO-A displayed the widest substrate scope
and like the FMOs from R. jostii the highest activities were obtained with the ketones
camphor and bicyclo[3.2.0]hept-2-en-6-one. High conversions were observed, but the
enantioselectivities were only high for the normal lactone (>99% ee for the normal lactone
and 57% ee for the abnormal lactone). More studies are expected for this class of enzymes,
as their cofactor promiscuity constitutes a big potential in future biocatalysis. It remains
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unknown whether or not NADH can fulfill the dual catalytic role described for NADPH
in classical BVMOs—as hydride donor and stabilizer of the hydroperoxide flavin.

BIOTECHNOLOGICAL APPLICATION

Obstacles

The application of BVMOs is partially characterized as troublesome due to a number of
important limiting factors, including: enzyme expression,*'? enzyme stability,”** NADPH-

%0 and substrate and product inhibition.?*® However,

dependence,****** oxygen-dependence,
depending on the specific BVMO, there will be specific obstacles, e.g. some BVMOs
have good expression, yet poor stability, or vice versa. In this subsection, we will discuss
each of these limitations, and refer to studies that have addressed them. First of all, the
application of BVMOs can be carried out in four different forms: with isolated enzymes,
with immobilized enzymes, with crude/cell-free extract, or with whole cells. Most
commonly, application-oriented reactions applied whole cells, as they provide a number of
advantages: (1) improved stability of the enzymes due to the cellular environment,* (2) no
addition of NADP(H) is needed, (3) co-expression of other enzymes can facilitate cofactor
recycling or cascade reactions, (4) no cell lysis and enzyme purification steps are needed,
and (5) it allows for continual expression of the enzyme(s). However, there are also some
disadvantages with whole cells, such as: (1) mass balance issues and product removal,**
(2) problematic oxygen supply to the cells,”®® (3) plasmid stability with requirement of
antibiotic,*¢?*” and (4) limited transport of substrates/products in and out of the cell.*** In
addition, a study on a cascade reaction in vivo, where a kinetic model was used to analyze
performance, revealed that cofactor concentrations in the cell were limiting the reaction
rate.””® Possibly, this challenge could be addressed through metabolic engineering, or the
use of a different host. Still, each of the ways to apply BVMOs has trade-offs, and it will be
case-specific whether one is more suitable than the other. A recent mini-review addresses
some of these aspects that are relevant for the development of a biocatalytic (industrial)

process.?*

Industrial demand, TTN and stability

Most studies on BVMOs describe reactions on small lab-scale. Yet, to meet the demands
of an industrial process, the limiting factors presented above need to be addressed.
Specifically, to produce low-priced compounds, such as building blocks for polymers, a
ratio of 2000-10000 g product / g (immobilized) enzyme (also referred to as ‘biocatalyst
loading’) should be met in order to be an economically viable process.?® To illustrate,
assuming a 100 g mol” product and a 50 kDa enzyme, 20-100 mol product / g enzyme,
the demanded ratio translates to 1-10° - 5-10° total turnovers (TTN) per enzyme. Due to
these numbers many BVMOs are still excluded from industrial application, unless the
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target product is of high value, as is the case for pharmaceuticals, or if effort is invested
to improve the biocatalyst and the process. In particular, improvement of the stability
of the biocatalyst is needed in many cases, as is discussed in the subsection of ‘Enzyme
engineering’ of this review. Moreover, an important issue for both the metric ‘total
turnover number’ (TTN) and ‘stability’ is their inconsistent use in studies so far. Many
studies refrain from determining the TTNs, and stability is often described in different
ways, such as melting point and half-life, which makes it difficult to compare data. In
addition, the stability of an enzyme in an industrial setting could be different compared
to the lab setting. What could help the field of BVMO biocatalysis in general is if studies
provide data for these characteristics, or at least a clear description of biocatalyst loading,
because this metric gives an impression of the efficiency and stability of the biocatalyst,
whether it is whole cells or isolated enzymes.

NADPH recycling

While expression and stability are more related to enzyme engineering, the efficient use
of NADPH is primarily determined by the way the BVMO is applied. The dependence of
BVMOs on NADPH is an important challenge, since the cofactor is expensive: around
1800$ / 5 g, compared to 280% / 5 g for NADH.*" Therefore, it is necessary to minimize
the amount of NADPH that is used. One way to address this challenge is to devise a set
of reactions that are in redox balance. This can be achieved by combining an oxidation
reaction, in which the reduced cofactor is formed, with the BVMO reaction, in which the
reduced cofactor is oxidized again.”' A typical example of such a redox-neutral reaction is
the combination of a BVMO with an enzyme that can catalyze the oxidation of a sacrificial
substrate, e.g. glucose dehydrogenase.?*’?** Alternatively, whole cells can be used for

internal cofactor regeneration,??*2*

as well as non-enzymatic ways.”* Nicotinamide
cofactor regeneration strategies have been extensively reviewed elsewhere.?** Another
type of a redox-balanced pair of reactions are cascade reactions, where the product of
the first reaction is the substrate for the second reaction.”® One advantage of cascade
reactions is that the isolation of intermediate products is not needed, as can be the case in
other synthesis routes. In general, there are quite well-studied solutions to the challenge

of cofactor recycling, with examples given in the next subsection.

Examples of cascade strategies and novel BVMO applications

Over the past decades, some progress was made in optimizing large-scale reactions,

employing strategies such as biphasic systems,?*** whole cell conversions,?*

and enzyme
immobilization.*¢" 26426 Reviews focusing on biocatalysis with BVMOs from prior years
are referred to for a broader overview.?*2¢¢2%% Alongside these developments, several
groups have explored different reactions and combinations of reactions with BVMOs, of
which we present an overview, focused on studies from recent years. In particular, these

combinations of reactions include cascades, as well as chemoenzymatic routes. To facilitate

34

552980-I-bw-Scheuch
Processed on: 16-12-2020 PDF page: 34



BVMOs: Tunable oxidative biocatalysts

cofactor recycling, an elegant strategy is to use a cascade reaction. For BVMOs, a frequently
looked-at example is the cascade reaction with CHMO and an alcohol dehydrogenase
(ADH), starting from cyclohexanol (Scheme 5, blue box). The alcohol oxidation generates
NADPH and cyclohexanone, which is then oxidized by CHMO to e-caprolactone. Several
groups investigated and developed this cascade reaction.?® *% 2 Initjally, problems were
encountered concerning substrate and product inhibition. Higher levels of conversions
could be achieved by keeping the substrate concentration low, through slow feeding, and
removal of the lactone product by a subsequent polymerization/hydrolysis using a lipase
such as CAL-A (Scheme 5).”° This biocatalytic route was recently applied in whole cells
that co-express CHMO and ADH on a 0.5 L scale, feeding of cyclohexanol, and addition
of a lipase for hydrolysis of caprolactone to 6-hydroxyhexanoic acid.””* After optimization,
the process at 0.5 L scale could reach a product titer of 20 g L, with an isolated yield
of 81% of 6-hydroxyhexanoic acid. To address the cofactor balance, a different kind of
cascade reaction was developed by Hollmann and Kara.?* With the production of lactones
in mind, an alcohol oxidation reaction of a linear diol was run in parallel in one pot
with a Baeyer-Villiger reaction on a cyclic ketone catalyzed by CHMO (Scheme 5, red
box).?* As alcohol oxidation by an alcohol dehydrogenase (ADH) depends on NAD(P)*
and produces NAD(P)H, combining this reaction with a BVMO or FMO reaction brings
a redox balance. When one alcohol group of a linear diol becomes oxidized, the molecule
undergoes cyclization to the hemiacetal or lactol. This lactol can be oxidized again to
form a lactone (Scheme 5, red box). However, since the ADH generates two molecules of
NAD(P)H in the conversion of one diol to one lactone, the substrate concentrations should
be 2:1 of FMO substrate to ADH substrate.

This approach was termed convergent cascade, since two different substrates converge to
the same product; the lactone. The Kara group later made an analogous combination, to
produce y-butyrolactones using RjFMO-E (Scheme 6b).'*> An interesting aspect of that
study is that the FMO that was used to perform the Baeyer-Villiger reactions could accept
NADH, making it a more feasible process compared to an NADPH-dependent reaction,
considering the higher cost of NADPH?** and its inferior stability.?”” A related strategy is
to create a fusion of a cofactor recycling enzyme with a BVMO. This approach enables co-
expression of both enzymes (as a fusion enzyme), and simplifies purification, whole cell
conversions, and co-immobilization. Enzyme fusions with BVMOs have been reviewed

recently?’

and thus will only briefly be discussed here. One recent study looked at fusions
of three cofactor-regenerating enzymes with TmCHMO: glucose dehydrogenase (GDH),

phosphite dehydrogenase and formate dehydrogenase (FDH).*””
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Scheme 5. Overview of biocatalyst combinations for cascades involving cyclohexanol and CHMO.
Blue box: redox-neutral cascade from cyclohexanol to e-caprolactone. Red box: ADH conversion
of 1,6-hexanediol, which can be combined with cyclohexanone conversion by CHMO to recycle
NADPH.*’ A cascade starting from cyclohexane involving a P450 monooxygenase was described.?>
Unsaturated cyclic alcohols or unsaturated cyclic ketones can be used with ene-reductase (ER)
cascades, to make chiral lactones.?”3274

These were compared in conversions and tested with various substrates and cosolvents,
including a deep eutectic solvent (DES). Recently, following up on the convergent cascade
(Scheme 6b),'* fusions of the ADH and FMO were created to produce y-butyrolactone in
an unusual setup, using organic solvent.””® Studies in the past have found that enzymes
can actually be more stable and active in organic solvent, though the use was limited to
lipases and esterases.””” However, the ADH-FMO reaction is more challenging as it relies
on NADH, which is why the authors chose to fuse the two enzymes. Cell-free extract from
cells expressing the enzyme fusion was lyophilized, and subsequently added to organic
media with 5% (v/v) water, to which the two substrates (diol and cyclic ketone) were
added.””® Although the yield was limited (27%), the fusion enzyme was able to perform the
cascade reaction in this micro-aqueous media, and outperformed the combination of the
separate enzymes. Moreover, no external NADH was added, which is appealing in terms
of applications.

The approach of enzyme fusion is also very suitable for multi-enzyme cascade reactions. In
some cases, the fusion outperforms the combination of separate enzymes, which is linked
to an effect of the proximity of the enzymes called substrate channeling.?*°2%2In 2013, Jeon
etal. developed fusions of ADHs with BVMOs to convert hydroxy fatty acids into esters, in
whole cells expressing the fusion enzyme (Scheme 6a).?* The authors could demonstrate
that the fused enzyme had a higher level of conversion for the cascade reaction. A similar
pair of ADH with TmCHMO was fused to produce e-caprolactone from cyclohexanol.?®
Although the fusion was more productive than the separate enzymes, substrate feeding
and product removal through a lipase were needed to obtain full conversions, as was
described previously (Scheme 5).7”°
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Scheme 6. Examples of cascade reactions involving BVMOs. a) Conversion of hydroxylated long-
chain fatty acids to produce esters.!8!218-21.258-260 The cascade could also start from an unsaturated
precursor with a hydratase to make the hydroxyl group,”® or with a P450 to perform hydroxylation.
b) Convergent cascade analogous to the reaction displayed in scheme 5, red box.** This particular
cascade relies on NADH, through the use of RJFMO-E.'*> The same reaction was also used with
fused enzymes in organic solvent.?”®

The development of strategies, like enzyme fusion, use of cosolvents, and cascade reactions
have shown to be meaningful steps on a path toward biotechnological application.
However, it is a path that still needs further exploration in order to meet the demands of
an industrial process. The studies from the recent years show the variety of products that
can be accessed through BVMOs. Given the limited turnover numbers that are reached in
these studies, we conclude two things: (1) with the current state of BVMOs, any industrial
application can only be economically feasible if the products are of high value (such as
esomeprazole)**?, and/or through thorough optimization of the biocatalyst and process.
(2) For the application of BVMOs for bulk chemicals (e.g. monomers) there are some
examples,” ** though more work needs to be done with respect to biocatalyst loading
(in other words: operational stability and activity). So far, some studies have moved in the
direction of biotechnological application, and shown to apply BVMOs for the synthesis
of various compounds. As BVMOs become more suited, reliable, and recognized for
biocatalytic application, it is likely that more groups and companies will look to harness
the utility that these biocatalysts can provide. Though, to realize scaled-up applications,
joint efforts will be needed that bring together different expertise, ranging from enzyme
engineering to process development, to effectively tackle the specific challenges.

CONCLUSIONS AND FUTURE DIRECTIONS

Biotechnology is at an exciting crossroad where ever more discoveries lead to the
developments of applications in the various sub-disciplines that have (e)merged.
Biocatalysis is maturing to a serious alternative to classical chemical transformations and
this hopefully can contribute to a greener industry and new products at the same time.

37

552980-I-bw-Scheuch
Processed on: 16-12-2020 PDF page: 37



Chapter I

Baeyer-Villiger monooxygenases are intriguing catalysts for a demanding reaction that
allow unrivaled control of the reaction selectivity. Numerous variants have been described
that feature activities suitable for countless reactions of synthetic value. Nevertheless, for
flavoenzymologists, there are still some questions and challenges to unravel. Limitations,
such as cofactor dependency, limited stability and undesired specificities are clearly
identified and active research is making progress in overcoming these. However, an
extended knowledge will be valuable for stability engineering, where seemingly distant
mutations can sometimes abolish activity.>*>?*" And although the stability of BVMOs
has been tackled, it can be doubted that this is enough to reach a broad application.
However, with so many thermo- and hyperthermostable enzymes known from other

enzyme families,?**

it seems fair to speculate that it is only a matter of time until a
BVMO representative will be discovered as well. Furthermore, the puzzle of coenzyme
promiscuity needs to be further cleared, which will also be essential in enabling the
engineering of true independency on the dephosphorylated cofactor. Lastly, the stability
of the peroxyflavin should be better investigated, as uncertainties about variations in the
mode of uncoupling exist.”® While the influencing factors are largely unknown and of
academic interest, improvements in oxygenation coupling will also make biotechnological

BVMO reactions more reliable, efficient—and thus—realistic.

AIM AND OUTLINE OF THE THESIS

This thesis aimed to be a contribution to the flavoenzymology field by evaluating diverse
biocatalytic features of several flavoproteins, with an emphasis on BVMOs. Chapter 1
provides an overview on the catalytic properties of BVMOs.

In Chapter 2, an experimental protocol is described that allows the generation of a small
library of fusion proteins with varying linkers. This was used to evaluate the effect of
the length of a glycine-rich linker in a monooxygenase-dehydrogenase fusion: an alcohol
dehydrogenase - cyclohexanone monooxygenase fusion.

Chapter 3 describes a comprehensive study on the production of reduced oxygen species
by flavoprotein oxidases and monooxygenases. Insight in which reduced oxygen species
(hydrogen peroxide and superoxide) are formed and what conditions can influence
their formation, is highly relevant when considering flavoenzymes for applications
or understanding their physiological role. The production of hydrogen peroxide and
superoxide radical was measured at different operational conditions for: phenylacetone
monooxygenase, its C65D mutant (acting as a NADPH oxidase), eugenol oxidase and
5-hydroxymethylfurfural oxidase.
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The second part of this thesis aimed at the discovery of novel flavoprotein monooxygenases.
In chapter 4, in collaboration with the institute of microbiology of the ETH (Zirich),
we described the characterization of Lmb-C and Oock. Both bacterial monooxygenases
are part of biosynthetic routes towards specific secondary metabolites: lobatamide A
and oocydin, respectively. In chapter 5, the flavin-containing monooxygenases (FMOs)
HdFMO and CbFMO were identified and characterized. HdFMO is a type I FMO from
Hypsibius dujardini. CbFMO was identified from a metagenomic environmental sample
related to a Chloroflexi bacterium genome, and it was phylogenetically clustered to type
IT FMOs. Although these FMOs were related to well-described robust or promiscuous
enzymes, their biocatalytic potential was rather modest. Finally, in the last chapter, we
discovered by genome mining two type I BVMOs (chapter 6). The proteomic search
was performed in the genome of the actinobacterium Streptomyces leeuwenhoekii C34,
isolated from the Atacama Desert (Chile). The BVMOs (Sle_13190 and Sle_62070) were
expressed fused to phosphite dehydrogenase (as cofactor regeneration system), and they
were further characterized. Sle_62070 was found to be relatively thermostable and highly
active. Specifically, this biocatalyst exhibited a broad acceptance for cyclic ketones and
high regio- and enantioselectivity.

Overall, this thesis delivered new enzymes for the toolbox collection of known flavoproteins
monooxygenases and insights into their molecular functioning as oxidative biocatalysts.

39

552980-I-bw-Scheuch
Processed on: 16-12-2020 PDF page: 39



Chapter I

SUPPORTING INFORMATION CHAPTER |

Table S1. List of the BVMOs used in the cladogram analysis (Figure 2)

BVMO Name Organism Uniprot ID
2,5-DKCMO  2,5-diketocamphane 1,2-MO 1 Pseudomonas putida Q6STM1
3,6-DKCMO  3,6-diketocamphane 1,6-MO Pseudomonas putida D7UER1
AcCHMO Cyclohexanone 1,2-MO Acinetobacter calcoaceticus P12015
AYUC6 YUUCA flavin-containing MO Arabidopsis thaliana Q8VZ59
BVMOA(1 Baeyer-Villiger MO Aspergillus fumigatus Q4WAZ0
BVMOAfl706 ~ Baeyer-Villiger MO Aspergillus flavus B8NCEF3
BVMOAfI838 Baeyer-Villiger MO Aspergillus flavus B8N653
CFMO Flavin-containing MO Cellvibrio sp. BR I31EE4
CmBVMO Baeyer-Villiger MO Cyanidioschyzon merolae MI1VDM5
CoCPMO Cyclopentanone 1,2-MO Comamonas sp. Q8GAWO
CrCAMO Cycloalkanone MO Cylindrocarpon radicicola G8HILS
DiBVMO3 Baeyer-Villiger MO Dietzia sp. D5 AOA166NIMS8
DiBVMO4 Baeyer-Villiger MO Dietzia sp. D5 U55003
EthA Flavin-containing MO Mycobacterium tuberculosis P9WNF9
GoACMO Acetone MO Gordonia sp. TY-5 AOA3G5BIW4
SsFMO1 Flavin-containing MO 1 Sus scrofa P16549
HsFMO2 Flavin-containing MO 2 Homo sapiens Q99518
HsFMO3 Flavin-containing MO 3 Homo sapiens P31513
HsFMO4 Flavin-containing MO 4 Homo sapiens P31512
HsFMO5 Flavin-containing MO 5 Homo sapiens P49326
LbBVMO Baeyer-Villiger MO Leptospira biflexa BOSRKO
PYMEKMO  Methyl ethyl ketone MO Pseudomonas veronii QOMRG6
SaMtmOIV ~ Mithramycin MO Streptomyces argillaceus Q194P4
ObBVMO Baeyer-Villiger MO Pseudooceanicola batsensis A3U3H1
PfHAPMO  4-Hydroxyacetophenone MO Pseudomonas fluorescens Q93TJ5
PIBVMO Baeyer-Villiger MO Parvibaculum lavamentivorans ~ A7HU16
TtPockeMO  Polycyclic ketone MO Thermothelomyces thermophila ~ G2QA95
PpOTEMO tzr_iOmX(e)t_ﬁ;l-j)ﬁigl-)entenylacetyl—CoA MO Pseudomonas putida H3JQWO
PsCPDMO  Cyclopentadecanone MO Pseudomonas sp. HI-70 T2HVF7
PsFMO Flavin-containing MO Pseudomonas stutzeri M2V3Jo
PsFMO_A Flavin-containing MO Pimelobacter sp. Bb-B AOAOAIDMS0
SaPtlE Neopentalenolactone D synthase Streptomyces avermitilis Q821Y8
RhCHMO Cyclohexanone MO Rhodococcus sp. HI-31 COSTX?7
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RjBVMO24
RjBVMO4
RjFMO_E
RjFMO_F
RjFMO_G
RpBVMO
RpCHMO
RrSTMO
CtSAPMO
SIBVMO

SmFMO

TfPAMO
TmCHMO

Baeyer-Villiger MO
Baeyer-Villiger MO
Flavin-containing MO
Flavin-containing MO
Flavin-containing MO
Baeyer-Villiger MO
Cyclohexanone MO
Steroid MO
4-Sulfoacetophenone MO
Baeyer-Villiger MO
Flavin-containing MO

Phenylacetone MO
Cyclohexanone MO
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Rhodoccous jostii
Rhodoccous jostii
Rhodoccous jostii
Rhodoccous jostii
Rhodoccous jostii
Rhodoccocus pyridinivorans
Rhodococcus sp. Phil
Rhococcus rhodochrous
Comamonas testosteroni
Streptomyces leeuwenhoekii

Stenotrophomonas maltophilia
Thermobifida fusca
Thermocrispum municipale

QOS5T2
Q0SC70
QOSIH9
QOS8V1
QOS4R1
A0A495NH77
Q84H73
050641
B7X4D9
AOAOF7W6X7

B2FRL2

Q47PU3
AOAILIQK39
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Chapter II

ABSTRACT

The use of enzymes in organic synthesis is highly appealing due their remarkably
high chemo-, regio- and enantioselectivity. Nevertheless, for biosynthetic routes to be
industrially useful, the enzymes must fulfill several requirements. Particularly, in case
of cofactor-dependent enzymes self-sufficient systems are highly valuable. This can be
achieved by fusing enzymes with complementary cofactor dependency. Such bifunctional
enzymes are also relatively easy to handle, may enhance stability, and promote product
intermediate channeling. However, usually the characteristics of the linker, fusing
the target enzymes, are not thoroughly evaluated. A poor linker design can lead to
detrimental effects on expression levels, enzyme stability and/or enzyme performance.
In this chapter, the effect of the length of a glycine-rich linker was explored for the case
study of e-caprolactone synthesis through an alcohol dehydrogenase-cyclohexanone
monooxygenase fusion system. The procedure includes cloning of linker variants,
expression analysis, determination of thermostability and effect on activity and conversion
levels of fifteen variants of different linker sizes. The protocols can also be used for the
creation of other protein-protein fusions.

Keywords: Baeyer-Villiger monooxygenase, alcohol dehydrogenase, biocatalytic cascade,
cofactor regeneration, cyclohexanone
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INTRODUCTION

Biocatalysis refers to the use of enzymes to catalyze the synthesis of chemicals. For this, the
field has exploited the accumulated knowledge of catalytic mechanisms, kinetic parameters
and structure-function relationships of enzymes. This fundamental knowledge enables
the development of improved biocatalysts for the chemo-, regio- and enantioselective
synthesis of (fine) chemicals™?. The use of biocatalysts in the synthesis of industrially
relevant chemicals, such as lactones, is well described"**. These compounds are highly
attractive as platform chemicals for the pharmaceutical and chemical industries, because
they are often used as precursors for valuable molecules, such as floral scents, or for polymer
synthesis®. For example, e-caprolactone, is a valued 6-carbon lactone that can be used
as a precursor for the synthesis of caprolactam’. This product is further polymerized to
form nylon-6, a popular polyamide polymer that is used in the manufacturing industries
because of its high strength and elasticity. In addition to the production of polyamides, the
most significant chemical feature of e-caprolactone is its capacity to polymerize through
a straightforward ring-opening reaction®’. The obtained product is polycaprolactone, a
biodegradable thermo polyester used as additive in resins, coating, colorant materials
and polyurethanes'®"2. Nowadays, e-caprolactone has a high global demand and is
produced on a scale of over 10,000 tons per year. However, the classical synthesis of
the lactone is not eco-friendly, as this compound is generally obtained through a Baeyer-
Villiger oxidation using peracetic acid and cyclohexanone in an anhydrous solvent such
as acetone”?. Otherwise, it can be obtained by letting an excess of cyclohexanone react
with air at 25-50 °C in the presence of acetaldehyde and metal-oxidant catalysts. As a
byproduct, acetic acid is obtained, which must be removed by distillation”. A biocatalytic
process would offer an attractive greener alternative for the synthesis of e-caprolactone.

Broadly, enzymes have evolved for millions of years to catalyze specific reactions with
a high efficiency. The use of enzymes may reduce energy costs by performing catalysis
at milder conditions than classical chemical methods, such as lower temperature and
pressure'®'S. Enzymes can be employed as i) isolated enzymes, ii) immobilized enzymes,
iii) cell free extracts or iv) within whole cells'”*®. The latter is the most widely used method
for large scale reactions, since (1) it is the cheapest way to formulate enzymes, (2) it provides
greater enzyme stability, and (3) it satisfies biochemical requirements such as the presence
of cofactors and cosubstrates. However, the use of whole cells also implies more complex
mass balance calculations and transfer concerns, such as inadequate supply of oxygen or
substrate/product transfer in/out the cells'*~*. Evidently, each of these approaches has its
own pros and cons, and the application will depend on the specific reaction to be achieved.

Baeyer-Villiger monooxygenases (BVMO, E.C. 1.14.13) have been described to produce
e-caprolactone using cyclohexanone as a substrate'®* ¢, In particular, type I BVMOs from
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the class B flavin-dependent monooxygenases contain flavin adenine dinucleotide (FAD) as
a prosthetic group, which is required for catalysis. In the catalytic cycle, the FAD is reduced
by NADPH?. Subsequently, the reduced enzyme reacts with dioxygen to form a reactive
peroxyflavin enzyme intermediate which reacts with a ketone to form an ester or lactone®.
Release of the product and NADP* completes the catalytic cycle. The most studied BVMO for
the synthesis of e-caprolactone is a cyclohexanone monooxygenase (AcCHMO) isolated from
the soil bacterium Acinetobacter calcoaceticus NCIMB 9871%. Although this enzyme shows a
remarkablybroad substrate scope, itexhibits very poor stability. Specifically, itsapparent melting
temperature (T, *P) is around 36 °C and it has a low tolerance towards cosolvents®. Recently, a
more robust CHMO homolog was described and crystallized®. This variant, TmCHMO, was
discovered in the actinobacterium Thermocrispum municipale DSM 44069. Even though this
BVMO displays high sequence identity of 57 % with AcCHMO, TmCHMO showed greater
robustness in presence of cosolvents and a significantly higher T, . A clear disadvantage for
CHMO and BVMOs as biocatalysts is their NADPH dependence. This cosubstrate is relatively
expensive and therefore problematic to be used for biosynthetic routes. To remedy this,
CHMO has been explored as fusion enzyme with different NADPH regenerating enzymes,
such as phosphite dehydrogenase, formate dehydrogenase, glucose dehydrogenase or alcohol
dehydrogenase (ADH)*>*. Interestingly, some alcohol dehydrogenases (ADH, E.C.1.1.1.X) are
able to oxidize cyclohexanol to cyclohexanone while reducing NAD(P)*. The combination of
such an ADH with a BVMO can catalyze a cascade reaction, in which the ADH regenerates
NADPH while producing the substrate for the BVMO. For the particular reaction of this
study, ADH catalyzes the oxidation of cyclohexanol (forming NADPH) which is converted
into e-caprolactone by CHMO (consuming NADPH)!%4343%,

For the biocatalytic cascade reaction above, it is attractive to create a fused bifunctional
ADH-BVMO fusion. For such fusion, it is important to introduce a proper linker. The
linker is expected to allow enough flexibility and proper folding of the fused enzymes. The
close proximity of two active-sites may also increase the conversion rates by enhancing
the channeling of the reaction intermediates®. Although this substrate channeling effect
is questioned in some studies’’, and likely only applies when the concentration of the
intermediate remains low, there are a number of studies that found higher conversions
for a cascade reaction with fused enzymes compared to the equimolar combination of
separate enzymes'. The ADH-BVMO cascade system has been previously studied for
the optimization of the biocatalytic conversion of cyclohexanol into e-caprolactone
(Figure 1)***'. However, the reaction design is not trivial and some critical parameters are
worth mentioning. For example, a poor substrate/cosubstrate set up can adversely affect
the conversion rates. Particularly, AcCHMO suffers from inhibition by cyclohexanol,
cyclohexanone and caprolactone®>. For TmCHMO, an activity reduction of 50 % was
observed at 66 mM e-caprolactone, and 75 % at 2 mM cyclohexanol®. Therefore, a good
cascade strategy must be found that balances optimal kinetic conditions for both enzymes.
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NADP® NADPH NADPH NADP™"

Figure 1. TDADH-TmCHMO cascade reaction. A schematic representation of the cascade reaction
is shown. The cascade starts with the reversible oxidation of cyclohexanol to cyclohexanone and
NADP* reduction by TbADH. Subsequently, the TnCHMO partner accepts the cyclohexanone and
performs a Baeyer-Villiger oxidation. For this reaction, the hydride donor is consumed and lactone
and water are produced. Then, the oxidized NADP* can be re-occupied for the first reaction.

In a previously published report, three different ADHs were explored as TmCHMO
fusion partners: i) TbDADH from Thermoanaerobacter brockii, ii) PFADH from Pyrococcus
furiosus and iii) MiADH from Mesotoga infera®. To avoid product inhibition, a lipase was
employed as additional biocatalyst, to decrease product concentration by catalyzing the
ring opening of e-caprolactone. The best performing fusion (TbADH-TmCHMO) achieved
tull conversion of 200 mM cyclohexanol with a turnover number (TON) of 13,000, while
using separate enzymes only 41 % conversion was obtained (TON=5,600). Even though the
TbADH-TmCHMO fusion gave promising results for the cascade reaction, the study did not
try to optimize the linker. In that sense, both length and physicochemical characteristics of
the linker can be tuned. Key aspects to consider are flexibility/rigidity and hydrophilicity/
hydrophobicity of the linker sequence. Jeon et al. investigated the use of two different linkers
in a similar two-step whole-cell biocatalytic process —conversion of long-chain sec-alcohols
into esters—*!. Fusions were evaluated consisting of an ADH from Micrococcus luteus
NCTC2665 and BVMOs of Pseudomonas putida KT2440 or Rhodococcus jostii RHAL
The use of a glycine-rich linker had a better performance on the conversions than a rigid
a-helix linker, and the fusion also outperformed the same combination of separate enzymes.
Moreover, various studies have described that linkers with non-polar residues, such as the
glycine-rich linker, are beneficial by enhancing the flexibility between both partners*>*S.
This would provide freedom for correct folding and conformational changes. In a critical
study on flexible linkers, that also included computational modeling work, linker length and
composition turned out to be highly important?”. Shorter linkers and sequences containing
more glycines increased FRET efficiencies between the ECFP and EYFP domains of the
fusion. Other studies have described that the size of the linker can critically perturb the
biocatalytic properties of fusions, such as enzyme activity, stability or coupling efficiency*s->°.
Therefore, in addition to the physicochemical composition of the linker, the length itself may
have a key role on the biocatalytic features of the fusion. Thus, it is attractive to evaluate
whether this is also the case for other fusions, such as the ADH-CHMO fusion, and to study
the effects of linker length on its performance of its cascade reaction.
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In this chapter, we describe an experimental procedure for exploring the effect of the
length of a glycine-rich linker on the biocatalytic properties of a ADH-BVMO fusion.
Specifically, the TbADH-TmCHMO fusion for the production of e-caprolactone from
cyclohexanol was studied. The glycine-rich linker SSGGSGGSGGSAGTA was selected
based on previous work. Fusion variants were designed with different linker size using
the P-LinK methodology®'. The fusion enzymes were prepared with a linker size of 1 to 15
amino acids. The complete procedure is as follows: i) verifying the expression levels of the
fusion, ii) spectrophotometrically analyze the oxidation state of TmCHMO, iii) evaluate
the effect of the linker length on the thermostability, iv) activity and v) conversion levels.

GENERAL METHOD AND STATISTICAL ANALYSIS

Common security measures for a biosafety level-1 laboratory must be followed. Personal
protective elements as glasses, lab coat and chemically resistant gloves are required for the
researcher when performing the experiments. For the statistical analysis, the determination
of thermostability, activity and conversions level were performed in triplicates or
duplicates. The results were analyzed using GraphPad Prism v6.05 for Windows (GraphPad
Software, La Jolla, CA, United States). Statistical difference was evaluated using ordinary
one-way ANOVA, using significance p < 0.05. Multiple comparisons against the control
was performed using Dunnett’s multiple comparison test. Nevertheless, the user can use
other suitable software according to his preferences.

MOLECULAR DESIGN OF LINKER VARIANTS

The most straightforward way to obtain a fusion enzyme is by ordering a synthetic DNA
construct for expression of the respective protein. On the other hand, there are various
ways to create a construct to express a fusion enzyme using the two respective genes. A
couple of well-described and convenient cloning approaches are: 1) traditional restriction/
ligation by adding a unique restriction site at the reverse primer of the first gene (for the
first enzyme) and the forward primer of the second gene (for the second enzyme of the
tusion), such that they can be ligated. It is worth mentioning that the stop codon of the
first gene must be removed. 2) Golden Gate cloning, similar to restriction/ligation, except
that it employs a restriction site (Bsal) that is not recognized after ligation, which greatly
improves efficiency for ligation, and reduces steps compared to restriction/ligation. A
disadvantage is that a Golden gate vector is required. Lastly, using 3) Gibson assembly/In-
Fusion’ cloning by designing primers with 15-30 base pairs (bp) overlapping regions, the
amplified fragments can be assembled through an isothermal reaction with 3 enzymes:
DNA polymerase, 5 exonuclease, and DNA ligase. In each of these methods there is some
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room to build a linker region, by adding codons that code for a linker to the reverse primer
of the first gene and to the forward primer of the second gene. Alternatively, with each
method an existing linker can also be amplified as fragment, and ligated together with
the two genes.

Once a construct coding for a fusion enzyme is obtained, different linker sequences can be
designed and introduced. In this section, we describe the use of the P-LinK method that
has been described to change the linker length between two domains of a cytochrome P450
monooxygenase®. This method is analogous to QuikChange with partially overlapping
primers, with as difference that the primers are partly phosphorothioated, which enables
efficient chemical ligation of the vectors after amplification (referred to as PLIC reaction
from Phosphorothioated Ligation Independent Cloning). This is an advantage in terms
of efficiency and number of steps needed to complete the construct compared to, for
example, Gibson cloning. There are other methods to introduce different linkers, of which
one recent example is detailed in Chapter 10 “Combinatorial Linker Engineering with
iFLinkC” of this edition of Methods in Enzymology, as well as in a recent publication®.

Equipment

o PCR Thermocycler machine (T100 thermal Cycler, Bio-Rad).
o Shaker (Innova 44, New Brunswick Scientific).

o Thin-walled PCR tubes (DNAse free and/or sterile).

o Electrophoresis chamber (Bio-Rad).

o Thermomixer or water bath.

o Speedvac equipment.

o UV transilluminator (M20, Appligene).

Reagents

o PCR oligonucleotides containing 12 phosphorothioates (PTO) (see note 1) at the 5’-end
(see Procedure: Step 1 and Step 2).

o Pfupolymerase (as master mix, or with separate components: dNTPs mix, polymerase
buffer).

o PCR cleanup kit (Qiagen).

o Plasmid MiniPrep kit (Qiagen).

o Sterile dH2O.

o Agarose gel (1 % w/v) (from agarose powder).

« Dpnl enzyme (NEB).

o Sterile 80 % glycerol.

o Jodine solution (100 mM I2 in ethanol).

o Sterile LB medium (for 1 L, 10 g tryptone, 10 g NaCl and 5 g yeast extract). For LB agar,
add agar-agar at 2 % w/v final concentration (20 g for 1 L).
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Escherichia coli NEB 10-B chemo competent cells, genotype: A(ara-leu) 7697
araD139 thuA AlacX74 galK16 galE15 el4-¢80dlacZAMI5 recAl relAl endAl nupG
rpsL (StrR) rph spoT1 A(mrr-hsdRMS-mcrBC).

Procedure

1.

10.

11.

64

Design oligonucleotides as follows: the protocol has been optimized for having (at
least) 12 phosphorothioates (PTOs) at the 5" end of the reverse primer and forward
primers. For every 5 linker lengths (1-5 amino acids), the same reverse (RV) primer is
used and 5 different forward (FW) primers. See the example in table S1.

Solubilize PTO oligonucleotide stocks to 100 pM in 10 mM TrisHCI pH 7.0 or
autoclaved MilliQ water. Then, dilute to 20 uM for working stocks. Store the 100 uM
stocks at -20 °C to preserve.

Set up PCR reactions with either PCR master mix, following the manufacturer’s
instruction, or using separate components, as follows in table S2. Include a reaction
without any primers added, to serve as control for the DpnlI digestion.

Transfer the tubes to a thermocycler and start the following PCR program (Table S3).
The lid must be at 105 °C to prevent condensation.

Analyze the PCR products by loading them in a 1 % agarose gel (20-50 mL) with 1.5
uL of RotiSafe as gel stainer. Mix 3 uL of PCR sample with 0.5 pL of loading dye (6x),
and add it to the well, then examine the gel under UV light in a UV transilluminator
(Figure 2a) (see note 2).

Add 10 U of Dpnl and CutSmart buffer (1x final concentration) to each reaction that
gave product, and incubate them at 37 °C for at least 1 hour or overnight (16 hours).
Purify the PCR products with a PCR cleanup kit, and in the final step elute with 22 puL
dH,0, to ensure a high concentration of DNA.

Determine DNA concentration with a NanoDrop spectrophotometer. A concentration
of approximately 0.02 - 0.04 pmol pL* (=uM) is desired. To translate that value to
ng uL?, the following online tool can be used: https://nebiocalculator.neb.com/#!/
dsdnaamt (see note 3).

To increase the DNA concentration, one can apply the samples to a speedvac, to reach
the 0.02 - 0.04 pmol uL" concentration range. Optionally, an additional PCR reaction
can be performed using the corresponding purified PCR product as template.

Place the purified PCR products and thin-wall PCR tubes on ice. Transfer 4 uL of each
PCR product (at 0.02 — 0.04 pmol puL™") to a thin-wall PCR tube, as well as one for the
control, and keep on ice.

To anneal the PCR product and form the circularized vector, a PLIC reaction is carried
out. This reaction consists of two components: (1) the PCR product, and (2) iodine cleavage
solution. This iodine solution can be prepared as follows table S4. Add 2 uL of iodine
cleavage mixture to each thin-wall PCR tube that contains 4 pL of PCR reaction, for a total
volume of 6 uL. The solution should be yellowish. Keep the solutions on ice (see note 4).
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12. Transfer the tubes into PCR thermocycler with a preheated lid (80 °C), and start the
program with an incubation of 10 minutes at 70 °C (PTO cleaving step). Then, for the
annealing/hybridization step, incubate the tubes at 25 °C for 5 minutes After this step
is done, the tubes can be transferred into ice, or stored at 4 °C. The solutions are ready
to be used to transform chemically competent E. coli cells.

13. Set a thermomixer or water bath to 42 °C. Pre-warm 1 mL SOC or LB media to 37 °C in
the thermo block, then transform the samples (PLIC reaction with each PCR product)
and include the PLIC reaction control (without iodine) and a DpnlI control.

14. Thaw 18 tubes of 50-100 puL chemically competent E. coli NEB 10-f cells on ice, and
label them accordingly (1-18). Add the 2.5 pL to the respectively labeled tube and mix
gently by flicking the tube, and directly place back on ice.

15. Incubate on ice for 20-30 minutes.

16. Perform a heat shock by incubating the tubes for 30 seconds at 42 °C in the thermomixer
or water bath. Place them back into the ice after the 30 seconds.

17. Add 900 pL pre-warmed SOC or LB media to each tube, and incubate them at 37 °C for
60 minutes while shaking. This can be done in a large shaking incubator with a tube
rack, or in a thermomixer at 700 r.p.m. This is necessary to ensure proper aeration.

18. Centrifuge the tubes at 5,000 g for 1 minute, remove 700-800 uL of the supernatant,
and resuspend the remaining 100-200 puL with a pipette using sterile tips, and transfer
to an LB agar plate with the appropriate antibiotic (50 ug mL* ampicillin). Spread the
cell suspension with sterile glass beads, an inoculation loop, a bend glass pipette, or a
glass/metal spreader. If one of these tools was heated with a flame to sterilize, ensure
that it is cooled down prior to touching the cell suspension.

19. Incubate the agar plates at 37 °C overnight.

20. If everything went well, the control plates should be empty or nearly empty, while the
plates from the PLIC reaction should have >100 colonies. Typically, the more colonies,
the higher the chance the correct construct will be obtained.

21. Pick a colony from each plate, except the controls, to inoculate 5 mL LB with 50 pg
mL* ampicillin, to grow overnight at 30 °C (>18 hours) or 37 °C (12-18 hours).

22.Transfer ~2 mL from the overnight culture to a 2 mL eppendorf tube, and spin down
the cells at 5,000 g for 1 minute. Use a MiniPrep kit to purify the plasmid from this
pellet, according to the kit’s instructions. Store the remaining 3 mL of the culture at 4
°C.

23.Send the plasmid for sequencing, to ensure the right construct is obtained. After
sequence confirmation, use the corresponding stored culture to make a -70/-80 °C
glycerol stock by mixing 400 pL culture with 400 pL of sterile 80 % glycerol, and store
at -70/-80 °C (see note 5). Alternatively, the corresponding plasmid can be used to
transform chemically competent cells, and these can be used to make a -70/-80 °C
stock (see note 6).
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Figure 2. Agarose gel analysis of the PCR products. The numbers indicate the linker length of the
PCR product. Lanes marked with L are loaded with the ladder (Page Ruler).

Notes

o A notable disadvantage of this method is the need for phosphorothioated primers,
which are quite costly or require in-house primer synthesis. There are other methods
to introduce different linkers, of which one recent example is detailed in this edition of
Methods in Enzymology, as well as in a recent publication 52. Moreover, the method
detailed above could also be carried out with Gibson assembly instead of PLIC reaction,
using regular primers, with some adaptations.

o Since not all PCR reactions yielded detectable products, the missing reactions were
repeated (using the same program as above). For step 3, the annealing temperature
parameter was modified to 62 °C (-1 °C/cycle), while for step 6, it was changed to 50 °C.
This yielded product for linker lengths 1-3 (Figure 2b). To obtain PCR product for 4
and 5, the program from table S5 was used. In addition, one can add DMSO (3-10 %)
to a PCR reaction. In our case, we added two PCR reactions that included 5 uL DMSO
(10 % v/v).

 For this chapter, the PCR products were around 6,800 bp, since the vector is 6,789 bp.
Hence, 0.02 - 0.04 pmol pL-1 corresponds to a DNA concentration of 84-168 ng pL-1.

o Optionally, an additional control can be added where 4 pL of PCR reaction is mixed
with 2 pL of dH2O0, to have an indication of whether the PLIC reaction worked.

o For this scenario case, variants with the 1-3 and 6-15 linker length were obtained,
while the constructs with 4 and 5 amino acid were not.
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o E. coli NEB 10-f is a derivate strain from DHI10B, commonly preferred for high
quality plasmid preparation, mostly due the deficiency in endonuclease I (endAl) and
recombinase (recAl).

PURIFICATION OF HIS, . TAGGED PROTEINS

This section describes the expression and purification of the obtained fused variants and
the single components TmCHMO and TbADH after the cloning and sequence verification
of the plasmid of each construct. The expression plasmids have a pPBAD backbone that
included a N-terminal hexa-histidine tag to facilitate the further purification. The pBAD
expression system is tightly controlled using L-arabinose and within the plasmids contains
the gene for ampicillin resistance. For an optimal yield, some aspects of protein expression
should be considered, such as the evaluation of the optical density of the culture before
induction, concentration of the inducer, time and temperature of induction, oxygenation
levels, different types of plasmid backbones and host strains®***. Then, after cell lysis the
enzymes are obtained through immobilized metal affinity chromatography (IMAC) using
nickel-sepharose HP resin. To increase the speed of the purification process, the resin
is bed in a gravity-flow column. For a more precise purification, other systems can be
employed, such as fast protein liquid chromatography (FPLC). Using FPLC, the purity of
the sample can be even higher, but it would be more time consuming. Finally, the level
of expression and purity of the proteins can be evaluated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). The fusions were well expressed in the
host, and yields in the range of 300 mg L" were obtained. Additionally, electrophoresis
showed the expected size for the variants according to the molecular size estimation.

Equipment

o Shaker (Innova 44, New Brunswick Scientific).

« Cooling centrifuge (Centrifuge 5804 R, Eppendorf).

o Sonicator (Sonics, Vibra Cell).

o Orbital rotator (Nutating Mixer, VWR International).

+ Electrophoresis system (Power Pac HC and Mini-Protean Tetra system, Bio Rad).
o Nano drop spectrophotometer (NanoDrop 1000, Thermo Scientific).

Buffers, strain and reagents

o Sterile LB medium (for 1 L, add 10 g tryptone, 10 g NaCl and 5 g yeast extract). For LB
agar, add agar-agar at 2 % w/v final concentration.

o Sterile TB medium (for 1 L, add 12 g tryptone, 24 g yeast extract, 5 g glycerol and
after autoclaving 100 mL sterile 10x TB salts). For 1 L of 10x TB salts dissolve 23.1 g
KH2PO4 and 125.4 g K2HPOA4.
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Lysis buffer (50 mM Tris HCI pH 8.0, 500 mM NacCl, 30 uM FAD, 1 mM PMSF, 10 mM
MgCl2, 0.5 mg mL-1 DNAse I and 1 mg mL-1 lysozyme).

Buffer A (50 mM Tris HCI pH 8.0, 500 mM NaCl and 5 mM imidazole).

Buffer B (50 mM Tris HCI pH 8.0, 500 mM NaCl and 400 mM imidazole).

Buffer C (50 mM Tris HCI pH 8.0 and 150 mM NaCl).

Nickel-Sepharose resin (GE Healthcare).

Ampicillin stock at 50 mg mL-1.

Procedure

L

10.
11.

12.
13.

14.
15.
16.
17.
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E. coli NEB 10-p glycerol stocks containing the plasmids with the cloned genes were
taken from -80 °C freezer and kept on a cooling tube rack. In parallel, prepare sterile
culture tubes with 5 mL LB supplemented with 50 pg mL" ampicillin (see note 1).
Inoculate and grow the pre-cultures in a shaker at 37 °C with constant agitation (135
r.p.m.) over night.

The next morning, in a 250 mL flask inoculate at 1:100 in 50 mL TB medium
supplemented with 50 pg mL" ampicillin.

Incubate the flasks at 37 °C until desired OD,, and induce at optimal expressions
conditions (see note 2).

Centrifuge for 15 min at 3,000 g at 4 °C and discard the supernatants.

. Gently suspend the pellet in 10 mL lysis buffer. Optionally, to facilitate the resuspension

of the pellet in the lysis buffer, can be used syringe with a sharp needle.

Transfer the suspension into a cooled sonication vessel or into a plastic or glass container
that is placed inside a beaker with water and ice to effectively cool the suspension while
it is subjected to sonication.

Sonicate for 10 min at 70 % amplitude, 5 sec on and sec off.

To remove the insoluble fraction (cell debris, insoluble proteins) centrifuge the
obtained cell extracts (CE) for 60 min at 15,000 g at 4 °C.

Filter the cell free extracts (CFE) using 0.45 pm filter(s).

Wash 3 mL of the nickel sepharose resin in a gravity flow column with 3-5 column
volumes of milli-Q grade water.

Equilibrate the resin with at least 5 column volumes of buffer A.

Transfer the filtered CFEs and the 3 mL pre-equilibrated resin in suitable tubes and
incubate them for 60 min in an orbital rotator at 4 °C.

Transfer each sample into a gravity flow column and discard the flow-through (eluate).
Wash with 10-15 column volumes of buffer A (see note 3).

Elute with 5 mL of buffer B (see note 4).

To remove the imidazole of the protein mixture, use a commercial size exclusion
chromatography column, such as Econo-Pac’ 10DG desalting prepacked gravity flow
columns. Another suitable desalting column can also be used (if you will use another
desalting column, follow the manufacturer instructions and skip until step 20). First,

552980-I-bw-Scheuch
Processed on: 16-12-2020

PDF page: 68



Tuning linker length for enzyme fusions

wash the column with 20 mL of buffer C.

18. Subsequently, after buffer C reaches the top frit, load up to 3.3 mL of the eluted sample
obtained in step 16 and discard the first 3.3 mL.

19. Add 4 mL of buffer C and collect the eluted 4 mL.

20. Determine the amount of protein using a Nano drop spectrophotometer.

21. To determine the level of purity, analyze the desalted samples through SDS-PAGE.
Load 1-2 pg of purified protein per well (Figure 3).

22.Finally, flash freeze the protein samples with liquid nitrogen and store them at -80 °C

until use. Try to prepare small volumes aliquots (equal to or less than 500 pL).

Figure 3. SDS-PAGE of linker variants and single enzymes. After purification, 1 ug of protein
was loaded per well in an SDS-PAGE. Each well was named according to the size of the amino acid
linker. (1) Protein ladder, (2) 1 amino acid (aa), (3) 2 aa, (4) 3 aa, (5) 6 aa, (6) 7 aa, (7) 8 aa, (8) 9
aa, (9) 10 aa, (10) protein ladder, (11) 11 aa, (12) 12 aa, (13) 13 aa, (14) 13 aa, (15) 14 aa, (16) 15 aa,
(17) TmCHMO and (18) TbADH. The expected size of the fusions is ~102 KDa.

Notes

1. During the inoculation and induction, the media (LB and TB), glasses, pipette tips and
flasks must be autoclaved. During the protein purification process, keep the samples
on ice the whole time.

2. Forthe pBAD expression system, first test small culture volumes in different expression
conditions. We preferred to test 5 mL culture at 0.002-0.2 % w/v L-arabinose and
incubate at 17, 24, 30 or 37 °C for 16, 24, 48 or 72 h. For this method, cells were
induced at OD, 0.8 with 0.02 % L-arabinose for 48 h at 17 °C at 135 r.p.m. For more

information about high level expression and purification of histidine tagged proteins
see the handbook The QIAexpressionist *.
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3. Optionally, follow the absorbance at 280__ and continue the washing with the binding
buffer until the absorbance reach a steady baseline.

4. Flavin-dependent proteins, such as TmCHMO due to their bound prosthetic cofactor,
have a characteristic UV-visible spectrum with high absorbance about 440nm.
Consequently, these enzymes display a distinctive yellow color. Therefore, during
purification, if there are relatively high amounts of protein, it is possible to easily see
the protein mobility within the resin.

UV-VISIBLE SPECTRAL ANALYSIS OF TMCHMO

As described above, TmCHMO contains FAD as prosthetic group. The bound flavin
cofactor provides a useful probe to study and characterize the enzyme based on the
UV-visible absorbance features of FAD*. FAD can exist in three different redox states:
1) the two-electrons reduced flavin hydroquinone, 2) the one-electron reduced flavin
semiquinone and 3) the fully oxidized flavin®®. Each redox state has a specific UV-visible
absorbance spectrum, hence the redox state of the protein can be easily determined by
spectrophotometric analysis®. Moreover, FAD has various protonation states, which alters
the spectrophotometric properties. For example, the flavin semiquinone state absorbs
at relatively long wavelengths (>550_ ), while the anionic flavin semiquinone displays a
strong absorbance at 380 _>>*. Particularly, oxidized TmCHMO exhibits two absorbance
maxima, at 376 and 440 **. TmCHMO in the oxidized state has a molar extinction
coeflicient of 14.0 mM™"! cm™ at 440 , similar to other described flavoproteins. Another
useful spectral feature for flavin-containing proteins is the A :A, = absorbance ratio.
The absorbance at 280 _ can be used to determine the amount of total protein, due to
absorbance of aromatic amino acids. By measuring the A, :A , it is possible to estimate
the amount of holo protein (= FAD-containing enzyme) in a sample.

For this section, the absorbance spectra of the purified enzyme variants were recorded
and the UV-visible spectra were analyzed. For all the fused enzymes, the typical spectral
characteristics of oxidized FAD were observed (Figure 4). Furthermore, all tested linkers
allowed binding of the FAD cofactor because the A, :A,,  values ranged between 11.4-
12.5 (Table 1).
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Figure 4. Spectrophotometric determination of fused variants. For each variant, the UV-Visible
spectrum (300-600, ) was recorded. For all purified FAD-containing proteins, the fully oxidized
redox state and the distinctive peaks at 376 and 440, were observed. The full spectra of (a)
TmCHMO, TbADH and one linker variant is shown, and (b) for all the evaluated enzymes.

Table 1. Spectrophotometric UV-Visible evaluation of fused variants. The concentration of
each variants was spectrophotometrically determined using the molar extinction coefficient of

TmCHMO (e, = 14.0 mM"' cm™). Additionally, the A, :A,, ratios were calculated for all the
constructs.
Variant Yield [mg L] A AL,
TmCHMO 500 11.7
TbADH 400 -
1Aa 300 12.5
2 Aa 330 12.0
3Aa 360 12.4
6Aa 300 11.4
7 Aa 330 12.1
8 Aa 280 12.2
9 Aa 260 12.6
10 Aa 290 11.4
11 Aa 350 10.9
12 Aa 270 13.0
13 Aa 350 11.7
13 Aa’ 350 11.9
14 Aa 350 12.2
15 Aa 250 12.3
Equipment

o UV-visible spectrophotometer (see note 1) (Synergy H1 Microplate Reader, BioTek).

Buffer
o Buffer A (50 mM Tris HCI pH 8.0 and 150 mM NacCl).
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Procedure

1. Take the protein samples from the -80 °C freezer to 0 °C (transfer them in a bucket or
holder on ice). Keep the samples on cold until completely thawed, depending on the
volume of the aliquot it should thaw in about 15 min.

2. Turn on the spectrophotometer. Leave it for at least 20 min which will allow the lamp
to heat up and to measure more reliably. Depending on the spectrophotometer this
time can vary. For optimal instrument performance follow the instructions of the
manufacturer.

3. Measure buffer A as a blank (see note 2).

4. Prepare a first measurement and verify that the absorbance at 440__is equal to or less
than 0.5 [A.U.]. Dilute with buffer A if necessary.

5. When the UV-visible spectrum has the requested absorbance, record the absorbance at
600 _, this value is later subtracted as protein background.

Notes

1. For this section, a microplate reader with absorbance correction and 96-well plates
were used. For each measurement, 300 pL protein samples were analyzed.

2. If a spectrophotometer and reusable cuvettes are used, cuvettes must be properly
washed after each measurement. Optionally, wash the cuvette with a 20 % ethanol
solution, then wash with milli-Q grade water and finally dry it.

APPARENT MELTING TEMPERATURE DETERMINATION

Assessing the manner in which enzymes respond to temperature variation can give
useful biophysical information. In general, thermostability analysis can be approached
thermodynamically or kinetically*-®'. Various methods have been extensively described
to determine the temperature effect on purified protein samples, mainly by monitoring
the perturbations on the secondary or tertiary structure by circular dichroism,
differential scanning calorimetry, absorbance or fluorescence® . A faster, cheaper and
easier alternative, is to evaluate the apparent melting temperature (T, *) by measuring
fluorescence changes within a temperature gradient. The T, *? parameter is defined as
the midpoint of the protein unfolding transition®. The ThermoFluor technique is a well-
described method which requires a small amount of sample®. This technique permits to
determine the protein T, *** by measuring the fluorescence intensity of a solvatochromic
dye, such as ANS (l-anilino-8-naphthanlenesulfonate) or SYPRO orange’”'. The
fundament of the method lies in the difference of the quantum yield of the dye when it is
in water compared with its fluorescence in a nonpolar environment, such as when bound
to hydrophobic moieties of unfolded proteins. During a temperature ramp, the sample is
excited at a specific wavelength and the emission is recorded. At increasing temperatures,
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the protein begins to unfold exposing its hydrophobic patches. The dye binds to the
unfolded protein, increasing its fluorescence intensity. A similar technique, denominated
ThermoFAD, is based on the same concept”. Yet, in ThermoFAD a solvatochromic dye is
not required as it takes advantage of the intrinsic fluorescence of the flavin cofactor. The
fluorescence of flavin cofactors is typically quenched when bound in a protein, resulting
in a fluorescence increase when the protein unfolds. During the temperature ramp, the
sample is excited at a wavelength range between 450 and 490__ and the fluorescence is
measured using an emission filter of 515-530 . The data obtained is a sigmoidal curve
of the fluorescence intensity over time. The apparent melting temperature is taken at the
temperature at which the highest slope of the curve is observed. For this section, both
techniques (ThermoFluor and ThermoFAD) were used and the results were summarized
in table 2.

Table 2. Apparent melting temperature determination. Using a temperature ramp, thermostability
for all constructs was measured using both ThermoFAD?* and ThermoFluor®*® techniques. Duplicates
results are shown. Each experiment was performed in duplicate.

Variant TmCHMO [°C]>® TbADH [°C]®
TmCHMO 53.0 -
TbADH - 93.5
1 Aa 515 90.5
2 Aa 52.0 90.0
3 Aa 52.0 93.0
6 Aa 52.0 91.5
7 Aa 52.0 91.0
8 Aa 52.0 91.0
9 Aa 52.0 91.0
10 Aa 52.0 91.0
11 Aa 52.0 90.5
12 Aa 515 915
13 Aa 52.0 915
13 Aa’ 52.0 91.0
14 Aa 52.0 91.0
15 Aa 52.0 91.0
Equipment

o Real-time PCR detection system (CFX96 C1000 Touch Thermal Cycler, Bio-Rad).
o 96-Well gPCR Plates (Bio-Rad).

o Adhesive qPCR Plate Sealing Film (Bio-Rad).

o Bench centrifuge with plate adaptor (Centrifuge X-4001, Salmenkipp).
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Buffer

o Buffer A (50 mM Tris HCI pH 8.0 and 150 mM NacCl).
o Fluorescent dye as convenient, SYPRO orange was used for this section (see note 2).

Procedure

1. Take the protein samples from the -80 °C freezer to 0 °C (transfer them in a bucket or
holder on ice). Keep the samples on cold until completely thawed, depending on the
volume of the aliquot it should thaw in about 15 min.

2. The concentration of the protein sample must be at least 1 mg mL". Dilute with buffer
A if is necessary. Perform the experiments in triplicate.

3. On the real-time PCR detection system (qQPCR instrument), configure the temperature
ramp program. The program has a gradient from 20 to 99 °C that measures the
fluorescence intensity every 0.5 °C after a 10 sec delay for signal. Depending on the
technique and dye, configure a suitable excitation and emission filter (see note 2).

4. Pipette 20 pL of protein sample into a well of the specified qPCR plate. Seal the plate
with a sealing film (note 3 and 4).

5. Transfer the plate to the instrument and start the program.

6. Depending on the instrument in use, after the temperature gradient the slope of the
sigmoidal curve can be plotted to determine the apparent melting temperature.

Notes

1. Although there are some spectral changes among flavin-containing proteins, in general
members of this class of enzymes show a fluorescence excitation maximum at 370-
380, and 440-450_ . While for the fluorescence emission, the maximum intensity is
at 535 .

2. For the ThermoFluor technique, SYPRO orange dye was used. The real-time PCR
detection system was configured to excite between 450-490 _and detect fluorescence
intensity using an emission filter in the 560-580_ _ range. If another solvatochromic
dye is used, follow the instruction of the manufacturer.

3. Discard the bubbles of the plate by centrifugation. Use a delicate task wiper to clean
fingerprints and impurities from the seal and to fix the plate on the instrument.

4. Both ThermoFAD and ThermoFluor techniques are extremely convenient: using 96-
well qPCR plates it is possible to analyze up to 96 samples at the same time in less than
1 hour. Furthermore, depending on the objective of the study, the effect of the pH,
miscible cosolvents, storage conditions, cosubstrates or presence of different additives
can be easily analyzed.
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EVALUATION OF THE LINKER SIZE ON THE ENZYME ACTIVITY

For biocatalytic purposes, it is highly valuable to determine the effect of the linker length
on enzyme activity. The activity of TmCHMO and TbADH can be readily measured by
spectrophotometrically following the absorbance of NADPH at 340 (e,, = 6.22 mM"
cm™). For ADHs, the reaction is monitored by the measuring the formation of the reduced
nicotinamide cosubstrate’. While for TmCHMO, the oxidation rate is followed**. However,
determining the activity for fused enzymes that share their coenzyme is not trivial. In this
case, one enzyme can disrupt the measurement for the other. Specifically, the reversible
reaction of TbADH could affect the kinetic analysis for TmCHMO by NADPH-mediated
reduction of the ketone. Nevertheless, for this scenario, the broad substrate acceptance of
TmCHMO can be exploited and activity can be analyzed using an alternative substrate.
TmCHMO can oxidize S-containing substrates, such as thioanisole (phenyl methyl sulfide).
The use of this thioether as BVMO test substrate prevents interfering ADH activity. For
this section, the oxidation of thioanisole (TmCHMO activity) or cyclohexanol (TbADH
activity) was spectrophotometrically monitored.

Equipment

o UV-visible spectrophotometer with orbital rotor (see note 1) (Synergy H1 Microplate
Reader, BioTek).

o Multi pipette suitable for volumes of 300 uL.

o 96-well plates.

Buffer and reagents

o Buffer A (50 mM Tris HCI pH 8.0 and 150 mM NacCl).

o NADP+ stock solution at 300 uM prepared in buffer A.

o NADPH stock solution at 300 uM prepared in buffer A.

o Cyclohexanol stock solution at 40 mM prepared in buffer A.

o Protein sample at 2.0 pM prepared in buffer A (note 2).

« Thioanisole (phenyl methyl sulfide) stock solution at 4.0 mM prepared in buffer A and
10 % v/v 1,4-dioxane as cosolvent.

Procedure

1. Take the protein samples from the -80 °C freezer to 0 °C (transfer them in a bucket or
holder on ice). Keep the samples on cold until completely thawed, depending on the
volume of the aliquot it should thaw in about 15 min.

2. Turn on the spectrophotometer, this allows the lamps to heat up and measure in a
more reliably way. Leave the spectrophotometer on for at least 20 min, depending
on the equipment this time can vary, for a better instrument performance follow the
instructions of the manufacturer.
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3. Inthe spectrophotometer, configure a kinetic program measuring absorbance at 340__
for 120 sec with constant orbital shaking, include a pathlength correction. Due the
sensor delays between measurements, prepare two rows for each kinetic analysis.

4. For the kinetic analysis:

A. For dehydrogenase activity, pipette 75 uL of cyclohexanol solution and 75 pL of
protein sample into each well.

B.  For sulfide oxidation measurement, pipette 75 pL of thioanisole solution and 75
uL of protein sample into each well.

5. Gently suspend the solution by pipetting, avoid the formation of bubbles.

6. Using a multi pipette, transfer 150 uL of the NADP* solution for the TbADH kinetic
analysis. While for TmnCHMO, transfer 150 puL of the NADPH solution (note 3).
Quickly transfer the plate into the microplate reader and start the measurement.

7. After the kinetic measurement, continue with the next two rows.

8. To perform the analyze, plot the corrected absorbance values over time in seconds.
First, determine the slope of the initial linear range on [A.U.] s units.

9. 'Then, translate the obtained slope to the rate of NADPH per seconds using the molar
extinction coefficient of NADPH (e =0.00622 uM' cm™). The obtained units are in
[uM s].

10. Finally, correct the obtained data for the enzyme concentration in order to calculate
the k , [s'] (Figure 5).

340nm

Notes

1. A microplate reader (with absorbance correction) and 96-well plates were used for this
section. For each reaction, the final volume was 300 uL. If a spectrophotometer and
reusable cuvettes are used, the cuvettes must be properly washed at each measurement.
Optionally, wash the cuvette with 20 % ethanol solution, then wash with milli-Q grade
water and finally dry it.

2. For the 2.0 uM protein solution in buffer A, keep all the tubes on ice until the reaction
starts. Perform the experiments in triplicate.

3. Forkineticanalysis, measurements must be rapid to avoid loss of the absorbance change
of the first few seconds. Thereby, prepare all the reactions near to the instrument.
After transferring NADPH or NADP* solution to the wells, quickly mix using the
multi pipette avoiding the formation of bubbles. Subsequently, transfer the plate in the
spectrophotometer and start the measurement.
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Figure 5. Effect of linker length on enzyme activity. For each variant, alcohol dehydrogenase and
sulfoxidation activity was evaluated. (A) For sulfoxidation activity, NADPH oxidation rates were
studied using 1.0 mM thioanisole and 150 uM NADPH. (B) For alcohol dehydrogenase activity, the
NADP*reduction rates were measured at 10 mM cyclohexanol and 150 uM NADP*. . As a control,
the single non-fused enzymes were also evaluated. Each experiment was performed in triplicate.

EVALUATION OF FUSED VARIANTS IN SMALL-SCALE
BIOCONVERSIONS

As a final biocatalytic evaluation, the linker-variants can be tested in small-scale
conversions and the dimensionless turnover number (TON) can be determined. The
TON is defined as the ratio of the obtained moles of product divided by the moles of used
enzyme. For this calculation, the cyclohexanol conversion and the produced ketone and
lactone are monitored. By varying the experimental conditions, such as the temperature
or pH, optimal parameters for biocatalytic performance of the fusion enzymes can be
determined (see note 1). Due the chemical nature of the substrate and products, the
conversions were monitored using gas chromatography (GC). This technique resolves
analytes based on their volatility and polarity™. For this section, compounds were
analyzed and quantified using a GC coupled to a mass spectrometer (MS) with electron
ionization and quadruple separation. GC is nowadays often coupled to MS as it results
in a powerful analytical tool”>’¢. The general principle of coupled GC-MS is the same for
all other coupled MS techniques. Broadly, the GC instrument separates the components
into fractions which are transferred to the MS module. Then, the ions are detected,
resulting in a MS spectrum for each analyte. Finally, a total ion current of the continuous
mass scanning is obtained””. GC-MS is a mature and sensitive technique, which is often
equipped with powerful data analysis software for the identification of molecular ions or
distinctive fragmented ion patterns. Finally, the identification is automatically performed
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by comparing with spectral MS libraries, such as databases from the National Institute of
Standards and Technology (NIST), Golm Metabolome Database (GMD), or the Human
Metabolome Database (HMDB)™77.

Equipment

Shaker (Innova 44, New Brunswick Scientific).

Vortex.

Bench centrifuge (Heraeus Fresco 17 Centrifuge, Thermo Scientific).

GC-MS (GC-MS QP2010 ultra with electron ionization and quadrupole separation,
Shimadzu) (note 2).

HP-5MS column (Agilent, 30 m x 0.25 mm x 0.25 um).

Buffer and reagent

Buffer A (50 mM Tris HCI pH 8.0 and 150 mM NaCl).

Buffer B (50 mM Tris HCI pH 8.0, 40 uM FAD and 150 mM NaCl).
Protein mixtures at 2.0 uM in buffer B.

NADP+ stock solution at 300 uM prepared in buffer A.
NADPH stock solution at 300 uM prepared in buffer A.
Cyclohexanol stock solution at 60 mM prepared in buffer A.
Cyclohexanone stock solution at 60 mM prepared in buffer A.
e-caprolactone standard solutions (1.0-15 mM).

FAD stock solution at 1.0 mM in buffer A.

Ethyl acetate with 0.025 % v/v mesitylene (external standard).
MgSO4 anhydrous.

Procedure

1.

78

Take the protein samples from the -80 °C freezer to 0 °C (transfer them in a bucket or
holder on ice). Keep the samples on cold until completely thawed, depending on the
volume of the aliquot it should thaw in about 15 min.

Transfer 125 pL of cyclohexanol solution in a 10 mL vial (see note 3) (for a TmCHMO
control reaction, transfer 125 pL of cyclohexanone solution). Subsequently, transfer
125 pL of enzyme mixture.

Subsequently, transfer 250 pL of NADP* solution to the 10 mL vial and incubate them
in a shaker at 25 or 37 °C for 24 h (for the TmCHMO control reaction, add 250 pL of
NADPH solution).

After incubation, transfer the solution in a 2 mL tube and add 500 uL of ethyl acetate
(1 volume reaction).

Vortex the tubes for 30 sec, subsequently centrifuge at 16,000 g and transfer the organic
layer to another tube.

Repeat step 4 and 5 two more times collecting the organic layer in a same tube.
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Add a spatula of MgSO, (roughly 5 mg) in the organic solution and vortex it for 30 sec
to remove the residual water for further GC analysis.

Centrifuge the tubes at 16,000 g and transfer the organic supernatants in GC-vials (use
suitable inserts if necessary).

Perform the same extraction procedure for e-caprolactone standard solutions to
prepare a calibration curve.

For the GC analysis, configure the temperature program as:

o  Hold 5 min at 50 °C.

o  Increase 5 °C min for 2 min.

o  Increase 2 °C min™ for 10 min.

o  Hold for 10 min.

To calculate the substrate conversions, integrate the peaks of the substrate, mesitylene
and product(s) from the chromatogram. Then, normalize the integrated values with
the area of the external standard. Compare the results with a control reaction carried
out without enzyme and quantify the percentage of conversion.

Finally, if cyclohexanone is observed in the chromatogram, calculate the production
of e-caprolactone using the calibration curve and determine the TON values (note 5)
(Table 3).

Notes

1.

To find optimal conditions for conversion, two enzyme concentrations (0.5 and 5 uM),
two substrate concentrations (10-20 mM) and two different temperatures (24 and 37
°C) were tested. The condition of 0.5 uM enzyme and 15 mM cyclohexanol at 37 °C
for 24 h allowed to observe differences between the TON values when comparing
the performance of the different fusion enzymes, avoiding full or very low substrate
conversions.

If the mass spectrometer is not available for the identification, bioconversions can
also be determined by regular GC analysis. In that case, the analytical standards of
cyclohexanol, cyclohexanone and e-caprolactone must be previously tested.

For bioconversions using monooxygenases as biocatalysts, the liquid: gas volume ratio
must allow enough dioxygen for the reaction. For this methodology, 500 uL reaction
volumes were prepared in 10 mL vial.

For the analysis and identification of the molecules, LabSolutions GC-MS software
from Shimadzu with a MS-spectral library from NIST was used. Another suitable GC-
MS and library may be used as preferred.

If the presence of cyclohexanone in the chromatogram is not observed, the conversion
of the substrate can be used for the TON determination. Standards with cyclohexanol,
cyclohexanone and e-caprolactone must be evaluated in advance.
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Table 3. Bioconversions analysis of self-sufficient bifunctional fusions. Conversion levels
and TONS for linker variants and the single enzymes are shown. For each bioconversion 15 mM
cyclohexanol and 0.5 uM of enzyme were used. Reactions were performed in buffer A at 37 °C and
135 r.p.m. for 24 h. Conversions were calculated based on the substrate depletion from the GC-MS
analysis. The turnover number was calculated as the ratio of moles of product obtained divided by
the moles of enzyme used in the reaction. Each experiment was performed in duplicate.

Variant Conversion [%] TON+SEM
TbADH + TmCHMO 39 11,700+600
1 Aa 57 17,100£150
2 Aa 65 19,500+600
3 Aa 66 19,800+900
6 Aa 62 18,600+£900
7 Aa 69 20,700+1800
8 Aa 55 16,500+£600
9Aa 49 14,700+£1200
10 Aa 58 17,400+900
11 Aa 56 16,800+300
12 Aa 46 13,800+300
13 Aa 69 20,700+1200
13 Aa’ 70 21,000£300
14 Aa 85 25,550+900
15 Aa 48 14,400£900

SUMMARY AND CONCLUSIONS

This chapter explores the effect of the linker size on the biocatalytic properties of a self-
sufficient multifunctional TbADH-TmCHMO fusion biocatalyst. 14 different linker
variants of the previously reported glycine-rich sequence were obtained and evaluated.
A variation of the 13-amino acid-linker was also obtained (G13D). All the obtained
variants exhibited a high expression level (250 and 360 mg L) and were obtained as FAD-

containing proteins. The latter is suggested by the obtained A, :A,, ratios. The protocol for

440
enzyme purification includes an excess of FAD during cell lysis which may promote holo
enzyme formation. It was previously reported that E. coli cells may not be able to support
biosynthesis of sufficient amounts of the FAD cofactor?*’®. Regarding the thermostability,
for TmMCHMO —using the ThermoFAD method— it was observed that the length of the
linker did not show a noticeable effect on its unfolding profile. On the other hand, using
the ThermoFluor method —where the T, ** of ADH is also monitored— the linker size
had only a small effect compared with the not-fused TbADH. For all the constructs, the
ADH fusion partner exhibited a somewhat lower T, *P. For 3 variants the differences were

up to 3 °C. Nevertheless, for TDADH this effect is not operationally significant due its
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relatively high thermostability (T, *? = 93.5 °C). Regarding the effect on enzyme activity,
the alcohol oxidation and sulfoxidation activities were similar for the 9 shortest variants.
The fusions with the length of 10,12 and 15 amino acids, showed for both activities a
slightly increased k , . Interestingly, the G13D variant exhibited a minor increase in the
ADH activity, yet the same sulfoxidation activity when compared with the other 13 amino
acids linker.

The small-scale bioconversions resulted in highest turnover numbers of the fusions with
2, 3, 6,7, 13 and 14 amino acid linkers (TONs between 20,000-25,000). While for the
reaction with the single enzymes, the obtained TON was around 12,000. Clearly, the use
of optimal linkers results in superior performance. Where the fusion with the 14 amino
acids linker displayed the highest TON and seems to be the best candidate for biocatalytic
purposes. For the conversions, both 13 amino acids length variants showed the same
TON. Intriguingly, the conversion level for the 15 amino acids linker was rather low
(TON=14,400). This variant exhibited the highest activity for the alcohol oxidation and
sulfoxidation. There is not a clear explanation for this observation. Perhaps it is related to a
product inhibition issue. The drop in the conversion level is unlikely to stem from a lower
protein stability. There were no significant differences in the T, ***values. Observed effects
of different linkers may be correlated to a change in the orientation and/or interaction
between the fusion partners, that may affect the TON. Measurements of biocatalyst
lifetime robustness would be valuable to establish the best-performing linker.

This contribution provides an easy and efficient protocol to generate a collection of fusion
enzymes with different linkers. This allowed to determine the effect of the linker size
on the properties of the self-sufficient Tb)ADH-TmCHMO fusions for the synthesis of
e-caprolactone. The employed procedure can be easily adapted for generating a similar
library of fusion enzymes from other enzymes. Also, the other protocols, such as the
protocol to determine apparent melting temperatures of a collection of (flavo)proteins,
can be of value in other enzyme engineering or biocatalytic studies. Such easy-to-use
protocols will help to improve procedures for generating optimized biocatalysts.
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SUPPORTING INFORMATION CHAPTERII

Tables

Table S1. List of primers for the linker variant design.

PTO region (12)!

Linker region

Gene-overlapping region

RV1
T 2

FW1
FwW2
FW3
Fw4
FW5

FW12
FW13
FW14
FW15
FW16
T

m

GGCCAGAATAACAAC
47°C
GTTGTTATTCTGGCC
GTTGTTATTCTGGCC
GTTGTTATTCTGGCC
GTTGTTATTCTGGCC
GTTGTTATTCTGGCC
47°C
AGAGCCACCACT?
53°C
AGTGGTGGCTCT
AGTGGTGGCTCT
AGTGGTGGCTCT
AGTGGTGGCTCT
AGTGGTGGCTCT
AGTGGTGGCTCT
53°C
TGAGCCACCGCT!
59°C
AGCGGTGGCTCA
AGCGGTGGCTCA
AGCGGTGGCTCA
AGCGGTGGCTCA
AGCGGTGGCTCA
59°C

TCG

TCGAGT
TCGAGTGGT
TCGAGTGGTGGC
TCGAGTGGTGGCTCT
10-56 °C

GGT

GGTGGG
GGTGGGAGC
GGTGGGAGCGGT
GGTGGGAGCGGTGGC

GGTGGGAGCGGTGGCTCA

10-74 °C

GCT

GCTGGT
GCTGGTACC
GCTGGTACCGCG
GCTGGTACCGCGGGC
10-71°C

TGGTTTGATCAGATC

45°C
ATGAGCACCACCCAGACCCCG
ATGAGCACCACCCAGACCCCG
ATGAGCACCACCCAGACCCCG
ATGAGCACCACCCAGACCCCG
ATGAGCACCACCCAGACCCCG

69 °C
CGAGGCCAGAATAACAACTGGTTTG
68 °C
ATGAGCACCACCCAGACCCCGGACC
ATGAGCACCACCCAGACCCCGGACC
ATGAGCACCACCCAGACCCCGGACC
ATGAGCACCACCCAGACCCCGGACC
ATGAGCACCACCCAGACCCCGGACC
ATGAGCACCACCCAGACCCCGGACC
80°C

CCCACCAGAGCCACCACTCGAGGCC
AGAATAACAACTGGTTTG

82°C

ATGAGCACCACCCAGACCCCGGACC
ATGAGCACCACCCAGACCCCGGACC
ATGAGCACCACCCAGACCCCGGACC
ATGAGCACCACCCAGACCCCGGACC
ATGAGCACCACCCAGACCCCGGACC
82°C

'The PTO region of the FW primers and RV primer are always the reverse complement of one another. Ensure that
this hybridization area has a melting temperature higher than 42 °C to be stable during heat shock.

*Melting temperature of region of primer as calculated by NEB Tm calculator (https://tmcalculator.neb.com/).
The linker region shows here codes for: SSGGS; the first part of our glycine-rich linker (SSGGSGGSGGSAGTAG).
*The PTO region for both RV6-11 and RV12-16 are actually in the linker region, hence the name in the middle
column is now ‘linker extension region’. Note that the Gene-overlapping region is slightly extended in this set of
primers (underlined part is the same as in the 1-5 primers).
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Table S2. Polymerase chain reaction setup.

Tuning linker length for enzyme fusions

Volume Components Final concentration
5uL 10x HF Polymerase buffer Ix
1uL 50x ANTP mixture 0.2 mM'
1uL FW primer 0.4 uM
1uL RV primer 0.4 uM
0.5uL Polymerase (e.g. Phusion) 50U
1uL Template DNA 0.4 ng uL?!
xpL Sterile MilliQ / dH,0 up to 50 uL
50 uL Final volume
'0.2 mM of each dATP, dCTP, dGTP, and dTTP
Table S3. Thermocycling conditions.
Step Time Temperature
1 2 min 98°C
2 30 sec 98°C
3 30 sec 68 °C (-1 °Clcycle)
4 7 min 72°C
Repeat step 2-4 for 12 cycles
5 30 sec 98 °C
6 30 sec 57°C
7 7 min 72°C
Repeat steps 5-7 for 15 cycles
8 11 min 72°C
Table S4. Iodine solution reaction setup.
Volume Component Notes
5l TrisHCl buffer (500 mM; pH 9) Stigfee ;)trillyo é ‘small volume is needed, prepare a low amount and
Keep the solution protected from light (in a non-transparent
S odine O soton (oomy) (85,0 e nlimun ) ey on ot 4
0.254 g of iodine with 10 mL of 99 % ethanol.
2ul dH,0
104l Total volume This solution is kept on ice or at 4 °C. This volume can be used

for 5 PLIC reactions.
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Table S5. Alternative thermoscycling conditions
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Step Time Temperature
1 2 min 98°C
2 30 sec 98°C
3 30 sec 70 °C (-0.5 °C/cycle)
4 7 min 72°C
Repeat step 2-4 for 24 cycles
5 30 sec 98°C
6 30 sec 58°C
7 7 min 72°C
Repeat steps 5-7 for 15 cycles
8 11 min 72°C
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Chapter III

ABSTRACT

Flavin as a cofactor is an extremely versatile molecule that participates in a wide range of
biochemical reactions. A special characteristic of the flavin cofactor, unique for a metal-
free cofactor, is its ability to react in its reduced form with molecular oxygen. This is
exploited in flavoprotein oxidases and monooxygenases. The flavin-mediated reduction of
dioxygen can lead to various reactive oxygen species (ROS), primarily hydrogen peroxide
and superoxide. No systematic analysis of the formation of such reduced oxygen species
produced by flavoprotein oxidases and monooxygenases had been performed before.
In this work, we investigated which ROS are formed by several prototype flavoprotein
oxidases and monooxygenases: phenylacetone monooxygenase (PAMO, ), an engineered
PAMO variant that acts as an NADPH oxidase (PAMO_,, ), eugenol oxidase (EUGO),
and 5-hydroxymethyl furfural oxidase (HMFO). The formed amounts of superoxide
and hydrogen peroxide were measured under various conditions (different substrate
concentrations, pH values and cosolvents). Interestingly, all flavoenzymes were found
to produce, except for hydrogen peroxide, significant amounts of superoxide. Moreover,
increased superoxide levels were measured at higher pH, which could be indicative for
a pH-sensitive caged radical pair dissociation. To probe the effect of ROS formation on
biocatalytic performance, conversions catalyzed by PAMO, . or EUGO, with or without
catalase, were monitored. This revealed that catalase has a beneficial effect. No detrimental
effect of the accumulation of superoxide on biocatalysis could be demonstrated. The results
reveal that formation of ROS by flavoenzymes is highly dependent on the experimental
conditions used. The results provide a better insight into the mechanism by which ROS
is formed in flavoenzymes and may help studies or applications in which ROS formation
should be promoted or minimized.

Keywords: Flavoprotein monooxygenase, flavoprotein oxidase, flavin, reactive oxygen
species (ROS), superoxide, hydrogen peroxide
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ROS determination in flavoenzymes

INTRODUCTION

Flavin cofactors are tremendously versatile catalysts in nature. They enable a wide variety
of enzyme-catalyzed (electro)chemical reactions!-* This adaptability is partly explained
by the ability of a flavin to accept or donate one or two electrons!l. Flavoenzymes can
exploit three different redox states: oxidized as flavoquinone (Fl_), one-electron-reduced
as flavosemiquinone (Fl ), or the two-electron-reduced species as flavohydroquinone
(Flmd). On top of that, several other flavin-based cofactors have been encountered, such
as prenylated flavins, flavin-N5-oxygen adducts, and deazaflavins®”. When considering
the canonical flavin cofactors FMN and FAD, it is known that they can exist in several
protonation states, depending on the redox state and pH. The neutral and anionic states
are the most relevant when considering flavoenzymes. Reduced flavoenzymes can utilize
various oxidants. A special case is the high reactivity of a select set of flavoenzymes with
molecular oxygen, a unique feature of redox enzymes employing an organic cofactor.
In particular, it is known that free Fl_, reacts slowly with dioxygen with a reaction rate
of about 250 M's'®]. The resilience to react with dioxygen comes from the fact that in
this reaction a spin-inversion has to occur”. Dioxygen is a diradical and paramagnetic
molecule in the triplet ground state (*O,), with two unpaired electrons, which have
parallel spins®'. On the other hand, organic molecules —such as the N5-C(4a) locus
of FI ,— are usually in singlet state and exhibit paired electrons with opposite spins’.
Consequently, for triplet molecular oxygen, the two-electron transfer from organic
molecules is chemically spin-forbidden and requires a high activation energy!?. At the
same time, the redox potential of the O,/H,O, couple (E, = +270 mV) versus the free Fl_/
Fl , couple (E = -207 mV) makes the reaction basically irreversible”. The unfavorable
thermodynamical reactivity prevents spontaneous dioxygen-mediated oxidation of
organic molecules. It also allowed organisms to use dioxygen for respiration, helped by
oxygen-reactive cofactors such as iron, copper, heme and flavin cofactors. For a select
group of flavin-dependent enzymes, the monooxygenases and oxidases, the reoxidation
of their reduced flavin occurs very rapidly with molecular oxygen with rates of 10* - 10°
M54, Clearly, the protein microenvironment around the flavin cofactor can accelerate
(or slow down) flavin reactivity for O, by orders of magnitude®'>'¢l,

It has been well established that variations of the residues in the flavin-binding pockets
can perturb the physicochemical properties of the cofactor. The flavin microenvironment
affects amongst others pK_ values and redox potentials of the two-electron transfer
reaction, while it can also have steric effects '>!¢, These effects explain the enormous
differences of the oxygen reactivity among flavoenzymes. For example, the redox potentials
for flavoenzymes can vary from -400 to +150 mV™*!'®"”l. Furthermore, a redox potential of
the Fl_/F1_, couple below than of O,/O,” would suggest a stabilization for the Fl  causing
favorable conditions for O, reactivity""’. The redox potential for dioxygen is considerably
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lower in hydrophobic solvents, hence desolvation of the active site may reduce the redox
potential. This can decrease the reaction rate with O, but cannot be generalized for all
flavoenzymes!'®'®l. For example, the protein part of a flavoenzyme can also shield the
flavin from dioxygen and thereby prohibit the reduced flavin to use dioxygen as electron
acceptor!””. Hence, the differences in the O, reactivity within flavoenzymes are due to a
combination of factors which are modulated by the protein environment.

Broadly, flavoenzymes have been classified in three well-defined groups: flavin-dependent
reductases/dehydrogenases, oxidases and monooxygenases. Only the two latter enzymes
react efficiently with molecular oxygen. Flavin-dependent dehydrogenases react slowly
or not at all with dioxygen and instead utilize other electron acceptors such as quinones
or cytochromes®?. For flavin-dependent oxidases and monooxygenases, it is generally
assumed that the reaction between Fl_, and dioxygen starts with a one-electron transfer
from the singlet flavin at the N5-C4a locus to the triplet dioxygen (Scheme 1). Then, a
short-lived caged radical pair between the neutral FI and superoxide radical anion is
formed. This first one-electron reduction overcomes the spin-barrier. The subsequent steps
diverge dependent on the type of flavoenzyme. For oxidases, in most cases the reaction
continues by a rapid second electron transfer from the Fl_to the superoxide anion,
generating the Fl  species and hydrogen peroxide*”. Consequently, molecular oxygen
acts as an electron acceptor. For flavoprotein monooxygenases, the caged radical pair
collapses forming a nucleophilic quasi-stable C(4a)-peroxyflavin adduct which can also be
protonated to the electrophilic hydroperoxyflavin®. From there, FI  can be recovered by
oxygen insertion into an organic substrate while reducing the other oxygen atom to water.
In case a flavoprotein monooxygenase is not capable to react with an organic substrate, the
peroxyflavin may decay to form hydrogen peroxide, essentially functioning as a NAD(P)
H oxidase. The latter reaction is well known as uncoupling and it can be regarded as a
tutile use of the electrons. The third and last alternative, is the dissociation of the caged
pair, forming flavin semiquinone radical and superoxide anion. This route is followed by
a re-oxidation of the Fl_to F1_ by a second molecule of oxygen"?. It is worth noting that,
while the above-mentioned mechanisms of oxygen reactivity are valid for most studied
flavoenzymes, it was recently discovered that a selected number of oxygen-consuming
flavoenzymes operate via another mechanism. These oxidative flavoenzymes are capable
to form a flavin-N5-peroxide and are not considered in this study'.
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Flieq Caged radical pair C(4a)-(hydro)peroxyflavin
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Scheme 1. Reaction of reduced flavin with oxygen. The reaction starts with transfer of one
electron from the reduced flavin (Fl ;) to dioxygen, to form a caged radical pair between the flavin
semiquinone and the superoxide anion. For oxidases, a second electron transfer generates Fl
and hydrogen peroxide (red arrow). For monooxygenases and certain oxidases, the radical pair
collapses to form a C4a-(hydro)peroxyflavin species, which can further perform monooxygenation
or hydrogen peroxide elimination (pink arrow). Scheme modified from Chaiyen et al. 2

For flavoenzymes, a well-tuned dioxygen reactivity is crucial for efficient catalysis and
preventing formation of harmful ROS side products. Therefore, understanding the features
that govern the collapse or dissociation of the superoxide-flavin semiquinone caged radical
pair is highly relevant. Additionally, for monooxygenases it is interesting to understand
which conditions affect C4a-peroxyflavin intermediate stabilization and thus avoid a
tutile oxidation of hydride donors (NADH or NADPH) and/or ROS formation. Related to
this, there are some previous studies that looked into the production of ROS formation by
flavoproteins®2%. Yet, most studies on flavoprotein monooxygenase or oxidases neglect
the potential issues that may be caused by uncoupling and ignore possible superoxide
formation. For example, often activity of flavoprotein monooxygenases is measured
(and reported) by merely monitoring NAD(P)H consumption. But such measurements
cannot discriminate between oxygenation and uncoupling activity; it is the sum of both.
Furthermore, typically, when uncoupling by monooxygenases is studied or oxidase
activity is described, the only reduced oxygen species considered is hydrogen peroxide. As
a comprehensive analysis of ROS formation by flavoprotein oxidases and monooxygenases
was lacking, we investigated the formed reduced oxygen species generated by flavoprotein
oxidases and monooxygenases. A better understanding of the conditions that prevent or
promote ROS formation by flavoenzymes is highly relevant for many research areas, such
as biotechnology (e.g. improve efficiency of biocatalysts) and biomedicine (e.g. trigger ROS
formation).
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RESULTS AND DISCUSSIONS

In this work, we evaluated the production of hydrogen peroxide and superoxide anion by
four well-characterized flavoenzymes. These are: i) the thermostable NADPH-dependent
Baeyer-Villiger monooxygenase, phenylacetone monooxygenase (PAMO, ) which acts on
various substrates and has been extensively studied as biocatalyst®??, ii) the C65D PAMO
mutant which acts as a NADPH oxidase as it shows an extremely high rate of uncoupling
compared with the wild type enzyme®, iii) eugenol oxidase (EUGO), a VAO-type oxidase
containing a covalently bound FAD and which oxidizes a range of phenolic compounds®,
and iv) 5-hydroxymethylfurfural oxidase (HMFO), a GMC-type FAD-containing
oxidase which can be used for the synthesis of the biobased polymer precursor, furan-
2,5-dicarboxylic acid®. The production profile of hydrogen peroxide and superoxide of
these enzymes was examined at different pH values, substrate concentrations and in the
presence of cosolvents.

PURIFICATION AND ASSAYS STANDARDIZATION

For assessing ROS generation by PAMO, ., PAMO_ ., EUGO and HMFO, the enzymes
had to be obtained as pure and fully oxidized flavoenzymes. It is essential to use the
enzymes in their oxidized form to eliminate background ROS formation through the
contribution of semiquinone or fully reduced flavoprotein species. It is well known that
the different redox states of the flavin cofactor can be distinguished based on the UV-
Vis absorption features®”. All enzymes were obtained as His-tagged proteins using the
same host, Escherichia coli NEB 108, and a pBAD expression vector. The flavoenzymes
were purified by affinity chromatography resulting in yellow-colored samples. Only for
the PAMO preparations, some absorbance features indicative for some flavin semiquinone
species were observed. These samples were incubated with potassium ferricyanide —an
oxidizing agent— and an excess of free FAD. After desalting, the UV-Vis spectra were
recorded which revealed that fully oxidized samples of all four flavoproteins were obtained
(Figure Sla).

While purity judged from SDS-PAGE was very high, significant interfering ROS scavenging
activities were measured, resulting from minor catalase and superoxide dismutase (SOD)
impurities. An additional affinity chromatography purification step was performed after
which fractions were carefully tested for catalase and SOD activities. The fractions devoid
of interfering enzyme activity were pooled, concentrated, desalted and used for further
experiments. By catalase and SOD activity measurements, it was verified that all four
purified enzyme samples did not contain any significant catalase or SOD activity (Figure
$2). Also, the purity of the four flavoenzymes was again checked by SDS-PAGE (Figure S1b).

94

552980-I-bw-Scheuch
Processed on: 16-12-2020 PDF page: 94



ROS determination in flavoenzymes

Lastly, the effect of the tetrazolium salt (WST-1) — the agent used for the detection of
superoxide radical anion, see material and methods — was evaluated for its effect on
both stability and activity of the studied enzymes. Concerning the thermostability of
the studied flavoenzymes, there were no changes of the apparent melting temperatures
(T, *®) over the controls without WST-1 (Fig. $3a). Also, no significant effect of WST-1 on
enzyme activity was found for all respective enzymes. Hence, WST-1 seems compatible
to use in enzyme assays, by not disturbing enzyme functioning. With these results, we
continued with these enzyme samples for further experiments.

ASSESSMENT OF THE NADPH OXIDASE ACTIVITY FOR PAMO .
AND PAMO

C65D

Baeyer-Villiger monooxygenases and other flavoprotein monooxygenases are known to
exhibit so-called uncoupling activity. This refers to the reaction in which the formed
peroxyflavin intermediate does not react with the target substrate, but decays into
oxidized flavin while forming hydrogen peroxide and/or superoxide. In a previous study,
we have created a variant of PAMO that is crippled in stabilizing the peroxyflavin and
therefore promotes the uncoupling reaction, essentially acting as an NADPH oxidase. The
nature of the ROS formed by flavoprotein monooxygenases and the effects of conditions
on the uncoupling reaction has hardly been studied before. In this study, the production
of ROS (superoxide and hydrogen peroxide) by PAMO, . and its mutant PAMO_ . was
carefully analyzed. First, we explored the uncoupling activity with NADPH as coenzyme
in the absence of any substrate at pH 8.0. The levels of NADPH, hydrogen peroxide and
superoxide were spectrophotometrically monitored for 30 min in the presence of 50, 100
or 200 uM of NADPH. As expected, the consumption of NADPH by PAMO_, occurs
faster than PAMO, ., due to the fact that the uncoupling rates (k _) for the mutant is
about 2 orders of magnitude higher than for PAMO, % (Table S1). Interestingly, for
both enzymes, both the formation of superoxide and hydrogen peroxide was observed.
The data reveal that, for both enzymes, the rate of formation of superoxide is 1-2 order
of magnitude lower when compared with the formation of hydrogen peroxide. The
amounts of hydrogen peroxide and superoxide formed after 30 minutes were determined.
Interestingly, PAMO, . exhibited a significantly higher production of superoxide than
the uncoupled mutant PAMO
superoxide than PAMO_,
at most 2 uM superoxide (Figure 1b). This is in line with the observed kinetics: the initial

cesp (Figure 1a). PAMO,  produced about 5 times more

» generating up to 9 uM of superoxide. The mutant generated

rate of superoxide formation is relatively low when compared with the rate of hydrogen
peroxide formation. These data indicate that the partitioning of superoxide / hydrogen
peroxide production is favored towards hydrogen peroxide in both monooxygenases. While
PAMO,,, generates about 10-fold more hydrogen peroxide compared with superoxide, for
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PAMO_,, the amount of superoxide is 100-fold lower compared with hydrogen peroxide.
Intriguingly, the data show that both enzymes form significant amounts of superoxide. So

far, the potential of flavoprotein monooxygenases to produce superoxide was unknown.
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Figure 1. Substrate and co-substrate effect over ROS production by PAMO,,, and PAMO_, .
The total production of hydrogen peroxide (green) and superoxide anion (blue) was measured
at different NADPH concentrations for (a) PAMO, . and (b) PAMO_, . Increasing amounts of
phenylacetone were evaluated in the presence of 100 uM NADPH for both (c) PAMO,,, and (d)
PAMO, . Reactions were carried out in 50 mM TRIS buffer pH 8.0, with 150 mM NaCl. Reactions
were performed for 30 min at 25 °C in constant double-orbital shaking in triplicate.

Next, the analysis was done in the presence of different concentrations of phenylacetone to
investigate the effect of the substrate. In the case of PAMO,,,, one would expect a drastic
decrease in ROS formation due to the oxygenation of the substrate. We evaluated substrate
concentrations equivalent to %x K, K, 10x K, or 20x the K, value (equals to 25, 50,
500 and 1,000 uM) while using 100 uM NADPH®. Indeed, by increasing the substrate
concentration, a drastic decrease in the production of hydrogen peroxide by PAMO,,
was observed. At saturating amounts of phenylacetone, the production of hydrogen
peroxide remained below 5 uM (Figure 1c). Also, superoxide formation decreased at high
substrate concentrations to about 1 uM. This also translated in a relatively low uncoupling
ratio of <5 % at saturating substrate concentrations (Table S2). This can be explained by
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the fact that PAMO,, can form and stabilize a C(4a)-peroxyflavin intermediate which,
after substrate binding, can perform a nucleophilic attack on the electron-poor carbonyl
of phenylacetone. This cocked-gun mechanism is valid for all studied class B flavin-
dependent monooxygenases and enables them to perform a rapid turnover when a proper
substrate is present®. It ensures that NADPH oxidation is mainly coupled to substrate

oxygenation, thereby preventing a waste of electrons. For PAMO the decrease in

C65D
hydrogen peroxide formation was less sharp when using phenylacetone. Also, the levels
of formed superoxide were relatively constant (Figure 1d). In line with this, PAMO_
exhibited high uncoupling (30 %-90 %), even at relatively high substrate concentrations
(Table S2). This agrees with the fact that PAMO,, |

peroxyflavin intermediate®. This is due a reorientation of Asp66 toward the N5-C(4a)

is not effective in stabilizing the C(4a)-
locus upon replacing Cys65 by an aspartate.

Subsequently, the effect of pH on ROS production was evaluated in the presence of 1.0
mM phenylacetone and 100 uM NADPH. Experiments were performed for 30 min in 50
mM KPi (pH 6.0), 50 mM TRIS (pH 7.0-9.0) or 50 mM CHES buffer (pH 9.0-10.0). For
PAMO,,,, the uncoupling at different pHs ranged from 5.0 to 7.8 % (Table $3). Formation
of hydrogen peroxide was rather constant (around 4 uM), while formation of superoxide
was almost absent at low pH (pH 6.0), reaching 3 uM at high pH (Figure 2a). For PAMO_, ,
hydrogen peroxide and superoxide levels were highest at pH 9.0. Again, the amount of
formed superoxide was dependent on pH, which was negligible at pH 6.0 (Figure 2b).
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Figure 2. Evaluation of generated ROS by PAMO, at different pH values. Measurements of total
hydrogen peroxide (green) and superoxide anion (blue) were determined at increasing pH from 6.0
to 10.0 for (a) PAMO,,, and (b) PAMO_, . Reactions were performed in in 50 mM KPi (pH 6.0),
50 mM TRIS (pH 7.0-9.0) or 50 mM CHES (9.0 and 10.0). All buffers contained 150 mM NaCl.
Reactions were incubated for 30 min at 25 °C in constant double-orbital shaking. Reactions were
performed in triplicate.
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Interestingly, for PAMO,,, and PAMO_, , the superoxide production was relatively
high at high pH, generating up 2-3 uM superoxide at pH 10.0. In fact, for PAMO,,, the
amount of superoxide almost equaled the amount of hydrogen peroxide formed at pH 10.0
(Figure S4c). In line with the relatively high superoxide levels formed at high pH for both
enzymes, the initial rates of superoxide formation of superoxide were also high at high pH
(Table S1). At pH 6.0, these rates were extremely low. The observation that formation of
superoxide is promoted at high pH suggests that dissociation of the caged radical pair is

pH-sensitive.

Lastly, the total ROS production by PAMO in the presence of different concentrations of
miscible cosolvents was evaluated. Reactions were performed in the presence of 1.0 mM
phenylacetone at pH 8.0. Cosolvent concentrations up to 7.5 % v/v had little effect on
NADPH depletion (Figure S5a,c,e,g). In fact, it has been reported that PAMO,, is quite
tolerant towards solvents®-**. In general, the presence of cosolvent did not significantly
affect ROS production. Similar to conversions in the absence of cosolvent, most uncoupling
resulted in hydrogen peroxide while minor amounts of superoxide were detected. The
uncoupling ratio of PAMO, for all tested conditions was on average 4 % (Table S3).
For PAMOCGSD,
of cosolvent (Figure S5b,d,f,h). For methanol, ethanol, acetonitrile and isopropanol the

there was a trend to less hydrogen peroxide formation at higher amounts

uncoupling ratios were reduced from 36 % in the control to 17 %, 14 %, 24 % and 18 %,
respectively (Table S3). Whilst, for both enzyme in all four cosolvents, the production of
superoxide was low and relatively constant.

ANALYSIS OF ROS PRODUCTION BY FLAVOPROTEIN OXIDASES

A similar analysis of ROS formation by two flavoprotein oxidases, EUGO and HMFO,
was performed. Unlike monooxygenases, these flavoenzymes do not require an external
hydride donor. In flavoprotein oxidases, the substrate reduces the flavin and then dioxygen
acts as electron acceptor, typically generating hydrogen peroxide. In fact, activity of
flavoprotein oxidases, such as glucose oxidase, is usually assayed using a peroxidase-
coupled assay that relies on the formed hydrogen peroxide. Formation of superoxide by
flavoprotein oxidases is normally not considered. First, we tested ROS formation using
different substrate concentrations at pH 8.0. ROS production by EUGO and HMFO was
analyzed in the presence of vanillyl alcohol and HMF at %x K, , K, 10x K, or 20x K,
(corresponding to 25, 50, 500 and 1,000 pM vanillyl alcohol for EUGO and 0.75, 1.5, 15 and
30 mM HMF for HMFO) (Figure S6). This revealed that, similar to the monooxygenases,
both oxidases generate hydrogen peroxide and superoxide as reduced dioxygen species. In
both cases, the amounts of formed superoxide were relatively small. Even at high substrate
concentrations, resulting in the most ROS, the levels of formed superoxide were rather low
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(< 1.0 uM). The amounts of superoxide formed were detectable but in the range of 0.2-0.5
% of the amount of hydrogen peroxide formed.

Then, ROS levels were measured at different pH values, ranging from pH 6.0 to 10.0 (Figure
3). Reactions were carried out in the presence of substrate equivalent to 20x K. When
comparing both oxidases, the formed hydrogen peroxide levels showed opposite trends.
This is in line with their respective pH optima for activities. HMFO displays highest
activity below pH 9.0, which is reflected in relatively little hydrogen peroxide formation at
higher pH values (Figure 3a)?*). While, for EUGO a significant rise of hydrogen peroxide
production was detected by increasing the pH (Figure 3b). This is in accordance with
the pH optimum for activity for EUGO which is around pH 9.02”?*34l, Interestingly, for
the formation of superoxide, a clear and similar pH-dependent trend is seen for both
oxidases. Similar to the PAMO variants described above, the highest superoxide anion
generation was obtained at high pH values (pH 9.0 and 10.0). For HMFO, despite a drastic
decrease in hydrogen peroxide production, up to 3.0 pM superoxide was formed at pH
10.0 (Figure 3a). Also for EUGO, significant higher levels of superoxide were observed at
high pH. At pH 9.0, around 20 pM superoxide was formed (Figure 3b). Particularly, the
production of superoxide at pH 9.0 and 10.0 was about 25 times higher than at pH 8.0.
When using EUGO at pH 9.0, a significant amount (around 3 %) of the produced reduced
oxygen species is superoxide. In line with this, the superoxide production rate for EUGO
increased from below 0.001 s at pH 8.0 to 0.1 s at pH 9.0-10 (Table S4).
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Figure 3. Effect of pH in the production of hydrogen peroxide and superoxide anion by oxidases.
Determination of total hydrogen peroxide (green) and superoxide anion (blue) were measured at
increasing pH from 6.0 to 10.0 for (a) HMFO and (b) EUGO. Reactions were performed in in 50
mM KPi (pH 6.0), 50 mM TRIS (pH 7.0-9.0) or 50 mM CHES* (9.0 and 10.0). All buffers contained
150 mM NaCl. Incubations were carried out 30 min at 25 °C in constant double-orbital shaking.
Reactions were performed in triplicate.
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Next, the effect of miscible cosolvents at pH 8.0 and 20x K, of substrate on ROS production
was investigated. For this, methanol, ethanol, acetonitrile and isopropanol (at 2.5, 5.0 and
7.5 % v/v) were used. For HMFO the increase of cosolvents levels led to a slight decrease
in oxidase activity (Figure S7). Particularly, a small decrease of hydrogen peroxide
formation was observed while the superoxide levels were the same. Likewise, for EUGO,
hydrogen peroxide production decreased upon adding cosolvents. As an exception, with
isopropanol no significant effect on hydrogen peroxide production was found (Figure S8).
On the other hand, the superoxide production at higher amounts of cosolvent tends to
decrease, particularly in the presence of acetonitrile and isopropanol.

EFFECT OF ROS SCAVENGERS ON PHENYLACETONE AND
VANILLYL ALCOHOL CONVERSIONS

After evaluating the factors and stressors that could affect the production of hydrogen
peroxide or superoxide, their potential detrimental effect on conversions was evaluated.
For this, PAMO,, and EUGO were selected as biocatalysts for conversions at pH 9.0.
This condition was found to result in relatively high levels of superoxide (vide supra).
Conditions were chosen that resulted in partial conversion when standard conditions
were used. In the case of PAMO, . (0.50 uM), the use of 50 mM phenylacetone resulted in
22 % conversion in 24 h. In the case of EUGO (0.15 uM), 20 mM of vanillyl alcohol was
used as test concentration as it led to only 70 % conversion after 24 h. Then, to investigate
the effect of the formed ROS, for both enzymes the reactions were performed with or
without an excess of catalase (35 U mL") and/or SOD (100 U mL"). For PAMO,,, the
presence of catalase increased the conversion to nearly 35 %, while the addition of SOD
had a minor effect (25 % conversion) (Figure 4a). EUGO showed a similar response, where
the presence of catalase increased the conversion from 70 % to above 80 % (Figure 4b). For
EUGO, conversions in the presence of SOD did not show a beneficial effect. Furthermore,
incubations with both catalase and SOD did not improve conversions compared to
incubation with only catalase. Lastly, to ascertain a negligible effect of superoxide on the
conversions, both reactions were evaluated with increasing amounts of SOD (0, 10, 100
and 500 U mL™"), keeping the catalase concentration constant at 35 U mL™. For all four
SOD concentrations, no statistical effect was found (Figure 4a,b).
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Figure 4. Effect of catalase and superoxide dismutase in PAMO,, and EUGO bioconversions.
Reactions using (a) 0.50 uM PAMO, or (b) 0.15 uM EUGO as biocatalysts were tested for the
conversion of phenylacetone or vanillyl alcohol. For PAMO, reaction mixture included 200 mM
sodium phosphite, 200 uM NADPH and 1.0 uM PTDH. For both, the presence of ROS scavengers
was tested, 35 U mL"' catalase and (dark) increasing amounts of SOD (0-500 U mL"). Reactions
were performed in 50 mM TRIS buffer pH 9.0, with 150 mM NacCl for 24 h at 24 °C with constant
shaking. Reactions were performed in duplicate.

DISCUSSION

Effect of ROS in biomolecules

From cell biology studies, it has become clear that ROS are important signaling molecules
for aerobic organisms. For example, in eukaryotes, ROS are involved in the regulation of
growth, apoptosis, hypoxia, innate immunity and signaling processes®-*". The role of
ROS is dynamic and can be regulated through the amount, duration, and localization of
these species. An unbalance of the redox state can translate in altered ROS levels leading
to cell damage or even death**!. Specifically, targets and reactivity of ROS are highly
regulated by 1) molecular proximity —this because of their short life-times— and 2)
whether they perform one or two-electron oxidations*?. On the other hand, for aerobic
bacteria, dioxygen by-products, such as superoxide, hydrogen peroxide and hydroxyl
radical are generated during cell growth. These are mainly produced by membrane-
associated respiratory chain enzymes™"?. Therefore, ROS-mediated oxidative stress may
be considered as an inevitable biological process, caused by univalent electron leaking. As
defense against the damaging effect of ROS, aerobic organisms have developed a whole set
of enzymes to deal with ROS, such as superoxide dismutase and catalase. Biochemically,
ROS are relevant to study because they can perform redox modification to a wide diverse
group of biomolecules, including lipids, DNA, RNA and proteins!**-4,
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Superoxide, studied in this work, is an ionic specie with a single unpaired electron, and it is
formed after the first sequential reduction of dioxygen. Despite its high reduction potential
is not an aggressive oxidant because the anionic charge limits its reactivity with electron-
rich centers®. However, this molecule can be protonated to hydroperoxyl radical, which
is lipid soluble and a more reactive molecule®!. This ROS can readily oxidize iron-sulfur
clusters at a rate that is almost diffusion limited because of electrostatic attraction?. This
leads to the inactivation of enzymes like aconitase and bacterial dehydratases, which are
involved in amino acid synthesis®>~*. Interestingly, neither PAMO,,, nor EUGO small-
scale conversions at high pH were significantly affected by superoxide. This may indicate
that these flavoproteins are not so sensitive towards superoxide. In cells, superoxide is
precursor of others more reactive oxygen species, such as peroxynitrite and hydrogen
peroxide!®!!, The latter, also evaluated in this work, is the results of the transfer of
two one-electrons to dioxygen, and is a stronger and more stable non-radical oxidant.
Hydrogen peroxide shows a high reactivity with amino acids with low-redox potential,
such as methionine, cysteine, histidine and tryptophan®-*7. This oxidation often leads to
loss of enzyme activity, structural changes, aggregation and even immunogenicity!*+°>),
Because the hydrogen peroxide dipole moment is similar to that of water, this molecule
can diffuse into/through cell membranes. Consequently, even when present in the
extracellular environment, hydrogen peroxide can cause redox stress within cells by
crossing the membrane. Therefore, for both cell-based and enzyme-catalyzed conversions,
hydrogen peroxide can be a significant oxidative stressor. The presence of an efficient ROS
scavenger, such as catalase, would be required to avoid the inactivation and disruption
of metabolic and catalytic processes®. In this sense, the high hydrogen peroxide levels
achieved by oxidases under industrial concentrations of substrate, could hinder their use
for applied regioselective and enantiospecific oxidations!®-®?. The use of ROS scavengers
can help to mitigate this. For PAMO,, and EUGO, we could show that the addition of
catalase significantly increased the catalytic performance (about 10 % higher conversion).

Superoxide production

The oxygen dilemma has been well studied in the context of monooxygenase-based
biocatalytic applications'®. Monooxygenases need to generate a reactive oxygenating
enzyme intermediate, which is prone to formation of futile ROS, lowering the biocatalytic
performance. Some promising solutions have been described for this problem!®*-¢¢.
Nevertheless, the production of ROS, particularly superoxide generation, by flavoprotein
monooxygenases and oxidases has been scantly studied. In the past, it was observed that
flavoprotein oxidases and hydroxylases did not appear to produce significant amounts of
superoxide anion®??. Evidently, this was not the case for NADPH oxidase or xanthine
oxidase, both of which are very well studied superoxide-producing enzymes®¢*.. Our study
indicates that all tested flavoenzymes produce significant amounts of superoxide, and the
superoxide levels were significantly higher at pH 9.0-10.0 (Figure 3b). This suggests that
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superoxide production may be a more widespread phenomenon than previously thought.
Although the dioxygen accessibility, desolvation and geometry contribute to increasing
the reactivity of dioxygen with Fl_,, the spin incompatibility dictates initial formation
of a transient radical pair upon the first one-electron transfer step. In any case, for some
oxidases, it has been suggested that positive charges —such as His and Lys— close to C4a-
locus could enhance the electrostatic stabilization of the transition state!®”). The latter
would limit ROS leaking and lead to higher oxidation rates.

Interestingly, for pyranose-2 oxidase,a GMC-superfamily member, the initial one-electron
transfer coupled to a proton transfer generates a hydroperoxyl radical”7?. Evidence is
lacking to ascertain whether this proton-coupling mechanism is shared by most oxygen-
utilizing flavoproteins. However, intriguingly, superoxide production was boosted by
high pH for all four flavoenzyme tested in this study. This effect, could be related to
the scenario of the pyranose-2 oxidase mechanism, where it could be that the initially
formed superoxide would need to be protonated to accept the second one-electron to form
hydrogen peroxide. The latter process would be disrupted at high pH. Nevertheless, there
could be other explanations for this phenomenon. In the 1970s, Massey and coworkers
studied extensively the redox chemistry of flavins and demonstrated for free flavins that
the reactivity of Fl_ with dioxygen for the production of Fl and superoxide radical
anion was pH-dependent!®”?]. Interestingly, this reaction exhibited a rate of 1 x 10® M's™!
for the anionic flavin radical and 1 x 10* M's™ for the neutral Fl . The high superoxide
production could be involved in an even more complex reaction, due to the fact that free
Fl_ exhibits a pK_ of approximately 8.5 —for glucose oxidase, the Fl remains anionic
down to pH 5.07— and the thermodynamic balance of the neutral or anionic F1_ could
differ affecting the stabilization of the radical pair and the rates of ROS production.

ROS as bottleneck in biocatalysis

To avoid detrimental oxidative stress, a better characterization and understanding of the
parameters that govern the formation of ROS due to the uncoupling of flavin-dependent
enzymes are highly relevant. For some proteins, the sensitivity to ROS generated by
uncoupling might be approached by protein engineering. ROS-sensitive residues can be
targeted for mutagenesis. Also, more polar residues can be designed to obstruct the access
towards the active site or other sensitive parts of the protein structure 5%, ROS-sensitivity
becomes even more complex if the modified amino acids are within the active site, or if
the cofactor involved in the catalytic mechanism is oxidized® . This situation is critical
for heme-dependent enzymes, where hydrogen peroxide can react with the iron from the
heme group!®. This reaction generates a ferryl species and the already named hydroxyl
radical, which will oxidize the porphyrin. This modified heme-group can later interact
with dioxygen to form verdo-heme and biliverdin. Subsequently, biliverdin can induce the
release of the iron. This process is known as heme-bleaching, which irreversibly inactivates
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the enzymel”>7¢. Another ROS-related situation is for the P450 monooxygenases, a class of
enzymes with a heme-thiolate cofactor with a somewhat more complex mechanism than
flavoprotein monooxygenases® 77l P450s perform highly selective oxyfunctionalisation
using reducing equivalents. However, they often suffer of higher uncoupling levels
than flavoprotein monooxygenases”®. This is partly because, while flavoenzymes such
as PAMO directly accept an hydride from NADPH, the P450 monooxygenases acquire
electrons via two consecutive one-electron transfer processes with the help of a reductase
(domain)?. These reductases have been associated to uncoupling. In some cases, the
uncoupling can reach levels of up to 90 %77\ As for flavoprotein monooxygenases, the
uncoupling wastes highly valuables electrons. Despite their very attractive chemistry, this
greatly limits the industrial applicability of P450 and flavoprotein monooxygenases for
biocatalysis/®***#1 Although it has been studied extensively, the mechanism that leads to
uncoupling in P450 monooxygenases is not fully understood yet, and it may be modulated
by the substrate, pH, ionic force, oxygen/substrate concentration, or other factors®-54.
Therefore, for monooxygenases, the profiles of ROS formation under different operational
conditions would be valuable information (e.g. Table S2 and Table S3). Specifically,
accurate characterizations could help overcome the oxygen dilemma by distinguishing
conditions in which the oxygenation is optimized and the ROS accumulation is minimal.
The latter can facilitate downstream processing avoiding the loss of valuable hydrides.

The reactivity between flavoproteins and molecular oxygen is a captivating topic. It plays
an important role in biology, is relevant for biotechnological applications, and is still not
fully understood in terms of mechanisms. More insight is needed to fully understand
how flavoenzymes react with dioxygen, what determines the fate of the reduced oxygen
species being formed, and why flavoenzymes cannot completely prevent the formation of
superoxide radical anion. With this study, we have revealed that superoxide and hydrogen
peroxide are common ROS formed by flavoprotein oxidases and monooxygenases.
Formation of both species can be tuned by varying reaction conditions. These insights
may help to improve biocatalytic applications while they can also help in understanding
biological processes.

MATERIAL AND METHODS

Expression and purification

All chemicals and reagents were purchased from Sigma-Aldrich or Difco, unless otherwise
stated. Phosphite dehydrogenase (PTDH) from Pseudomonas stutzeri was obtained from
Gecco-Biotech. The pBAD-based expression plasmids, coding sequences of PAMO,,
PAMO_,,, EUGO and HMFO that included a hexa-histidine tag were obtained as
previously described*?8l. The plasmids were transformed into chemocompetent E. coli
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NEB 10 cells (New England Biolabs). For expression, single colonies were grown in Luria
Bertani Broth supplemented with 50 ug mL" ampicillin at 37 °C overnight with constant
shaking. Aliquots of the precultures (1:100) were used to inoculate 400 mL of fresh Terrific
Broth medium supplemented with ampicillin. Cultures were incubated at 37 °C with

constant shaking until an OD of 0.8 was reached. Then, expression was induced for

600nm
48 hours at 24 °C by adding L-arabinose at final 0.02 % w/v concentration. Cells were
harvested and disrupted by sonication in lysis buffer (50 mM TRIS pH 8.0, 500 mM NaCl,
1.5 mg mL" lysozyme, 10 uM FAD and 1.0 mM PMSF) for 10 min (5 s on and 5 s off) at 70
% amplitude (VCX30 Vibra-Cell, Sonic and materials Inc.). Subsequently, cell free extracts
(CFE) were obtained by centrifugation at 10,000 r.p.m. for 60 min at 4 °C. For purification,
CFE were filtered (at 0,45 um), loaded into a buffer equilibrated Ni**-sepharose HP resin
(GE Health Care) and incubated for 60 min at 4 °C in a rotating system. Later, the column
was washed with 10 CV of 50 mM TRIS pH 8.0, 500 mM NaCl and 20 mM imidazole.
Yellow fractions were collected after elution with 50 mM TRIS pH 8.0, 500 mM NaCl and
400 mM imidazole. Lastly, eluted fractions were desalted using an EconoPac 10-DG (Bio-
Rad) pre-equilibrated with 50 mM TRIS pH 8.0 and 150 mM NaCl. Purity of each protein
sample was analyzed and verified by SDS-PAGE and UV-visible spectrum (250-700_ ).
When the proteins were shown to contain some F1_, the samples were fully oxidized by
incubating with 2.0 mM potassium ferricyanide (K,[Fe(CN) ] and 1.0 mM FAD at 4 °C
overnight in a rotating system, then the samples were subsequently desalted as explained
above.

A second purification procedure to eliminate catalase and SOD was performed through
FPLC (AKTA Pure) using a Ni*?>-sepharose 6 Fast Flow column (HisTrap FF column, GE
Health Care). An imidazole gradient was carried out from 5 mM to 400 mM with a flow of 1
mL min* (12 CV). The fractions were tested for the presence of catalase activity (explained
below) and the catalase-free fractions were pooled and desalted. For each protein, their
own molar extinction coefficient was used for the quantification (PAMO,,, =12.4 mM"
cm’, eEUGO,,, =142 mM" cm™” or eHMFO =10.7 mM"* cm™). Finally, the obtained

pure flavoproteins were flash frozen in liquid nitrogen and stored at -80 °C until use.

456nm

SPECTROPHOTOMETRIC ANALYSIS

Linear response determination

Determination of the linear response of the activity over different amount of proteins was
evaluated to verify the linearity and feasibility of the experimental conditions (Figure S9).
For PAMO, the NADPH depletion was followed at 340__in the presence of 100 uM NADPH
and in presence or absence of 1.0 mM phenylacetone. Meanwhile, for EUGO and HMFO,
1.0 mM vanillyl alcohol or 15 mM HMF were used to follow the oxidase activity. Then, the
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activity was followed at 515__through an indirect HRP detection system®*. Consequently,
the amount of protein was selected for further experiments. For NADPH oxidase activity,
2.0 uM PAMO,,, and 0.05 uM PAMO_ were used. In presence of phenylacetone, both
variants were used at 0.05 pM. While for EUGO and HMFO, reactions were carried out
using 0.15 and 0.015 pM, respectively.

Spectrophotometric detection and quantification

For the measurement of all three analytes (NADPH, hydrogen peroxide, and superoxide),
a microplate reader with pathlength correction was used (Synergy H1 Hybrid multi-mode
reader, Biotek). For the NADPH quantification, the absorbance at 340__ was followed in

time (e,,, =6,220 M cm™). For hydrogen peroxide detection, the xylenol orange method

340nm
was used®. The reactions were incubated at different times, and subsequently 20 L samples
were taken and mixed with 180 uL of the xylenol solution (1:99, (NH,),Fe(SO,),«6H,0 and
2.5 M H,S0,: 100 mM sorbitol and 125 uM xylenol orange). The mixtures were incubated
for 15 min and were measured by absorbance at 595_ . For each condition calibration
curves were prepared, and the same protocol as explained above was followed. Possible
interferences were analyzed and discarded during the method optimization. To evaluate
presence of catalase in the samples, a calibration curve was performed in presence or
absence of the flavoenzymes, and was compared the change by fold over the control.
During AKTA purification, each fraction was incubated with 30 uM hydrogen peroxide
and compared with a control without enzyme. For superoxide anion detection, a described
coupling assay using a soluble tetrazolium salt was employed®. For this method, 200
uM of WST-1 was mixed at the different conditions (Dojindo Molecular Technologies,
Inc). Each condition had its own prepared blank. For detection and quantification, the
senm= 375000 M cm ™).
For SOD detection, a calibration curve with 0.02 U mL" xanthine oxidase and increasing

extinction coefficient of the produced WST-1 formazan was used (e

concentrations of xanthine were prepared. The calibration curves were made in presence or
absence of the flavoenzymes, and SOD presence were evaluated by comparing the change
by fold over the control. To evaluate the effect of WST-1, NADPH depletion and oxidase
activities were tested in the presence or absence of 200 pM WST-1 (method explained
and PAMO were calculated as

T C65D

above). Finally, the uncoupling ratios of PAMO,,

[hydrogen peroxide]+|[superoxide] .
[NADPH oxidized] x 100

Conditions for chemical effect over oxidases and monooxygenases

Each experiment was performed in triplicate in 300 L final volume at 25 °C for 30 min,
with double-orbital shaking. Reactions were prepared in 50 mM phosphate buffer (pH
6.0), 50 mM TRIS (pH 7.0-9.0) or 50 mM CHES (pH 9.0-10.0), all in the presence of 150
mM NaCl. For PAMO, increased amounts of NADPH were evaluated (50, 100 or 200 uM).
For each experiment, NADPH was fresh prepared and spectrophotometrically verified.
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For all the flavoenzymes, tested substrate concentrations were equivalent to 0, 2x K, K,
10x K, or 20x K, (0, 25, 50, 500 or 1000 uM phenylacetone for PAMO,,, and PAMO_,,,
25,50, 500 and 1,000 pM vanillyl alcohol for EUGO or 0, 0.75, 1.5, 15 and 30 mM HMEF for
HMEFO). For cosolvents effect analysis, methanol (MeOH), ethanol (EtOH), 1,2-dioxane,
acetonitrile (ACN) or isopropanol at 0, 2.5, 5 or 7.5 % v/v were evaluated.

Determination of melting temperature

The apparent melting temperatures (T, ***) were determined by using the ThermoFAD
method®. In triplicate, a sample with 1.0 mg mL" of enzyme in absence or presence
of 200 uM WST-1 was prepared in 50 mM TRIS buffer pH 8.0 and 150 mM NaCl. The
mixtures were prepared in a 96-well PCR plate and exposed to a temperature ramp from
25t0 99 °C using an RT-PCR instrument (CFX96-Touch, Bio-Rad). The gradient increased
the temperature well by 0.5 °C every 10 s. Fluorescence was measured using a 450-490
nm excitation filter and a 515-530 nm emission filter. The T, *** or unfolding temperature
was determined as the maximum of the sigmoidal curve of the derivative of fluorescence
against temperature.

Bioconversions

Conversions of phenylacetone were carried out in duplicate using 0.5 uM PAMO,, 1.0 uM
PTDH, 200 mM Na,PO,+6H,0,200 uM NADPH, 150 mM NaCl, 1.0-50 mM phenylacetone,
0-35 U mL" catalase and 0-500 U mL"' SOD in 50 mM TRIS bufter pH 9.0, for 24 h at 24
°C with constant shaking. Then, the samples were extracted by mixing three times with
one volume of ethyl acetate and 0.025 % v/v mesitylene as external standard. Subsequently,
anhydrous sulfate magnesium was added to the organic layer to remove the residual water.
The analytic analysis was performed using a HP-5MS agilent column in a GCMS-QP2010
Ultra (Shimadzu) with electron ionization and quadrupole separation. Chromatograms
and MS spectra were analyzed using GCMSsolution Postrun Analysis 4.11 (Shimadzu)
with a MS library designed by the manufacturer. The conversion of vanillyl alcohol was
performed using 0.15 uM EUGO, 20 mM substrate, 0-35 U mL" catalase and 0-500 U
mL"'SOD in 50 mM TRIS buffer pH 9.0 for 24 h at 24 °C in constant shaking. For the
analysis, a 200 pL sample was taken and mixed with 600 pL of acetonitrile. Later, after
centrifugation the sample was analyzed by HPLC using an Altima C18-column and (A)
0.08% formic acid and (B) acetonitrile as eluents. The obtained peaks were compared with
analytic standards.

Statistical Analysis

All analyses were performed using GraphPad Prism v6.05 for Windows (GraphPad
Software, La Jolla, CA, United States). To assess statistically significant differences One-
way ANOVA test was used with a Dunnet’s post-test to compare each value with the
control, a p-value <0.05 was used for significance.
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SUPPORTING INFORMATION CHAPTER I

Tables

Table S1. PAMO rates of NADPH oxidation and ROS production. Initial rates for NADPH

depletion and ROS production of PAMO,, and PAMO
concentrations of NADPH or phenylacetone. For rates determination at different pH, reactions
were performed with 100 uM NADPH and 1.0 mM phenylacetone (20x K,,). Experiments were

performed in triplicate, averaged results are shown.

C65D

were measured at increasing

PAMO,,, PAMO,.,
Condiion N e e R
e 50 uM 0.019 <4.4x10° 0.020 1.75 0.024 1.14
é 100 pM 0.025 <5.8x10 0.023 1.99 0.028 1.23
Z 200 uM 0.027 <5.7x10° 0.025 2.27 0.032 2.22
2 Ky 1.01 0.019 0.012 1.30 0.030 1.28
_‘g 10x K, 2.03 0.028 0.010 1.74 0.033 0.78
=
@ 20x K|, 2.00 0.024 0.030 1.79 0.036 0.53
6.0 1.01 <1.0x10* 0.017 0.70 <1.2x10° 0.23
o 7.0 2.02 0.020 0.012 2.08 0.012 0.31
= 8.0 2.00 0.024 0.029 1.80 0.036 0.50
9.0 1.20 0.046 0.019 1.40 0.050 0.44

Table S2. Effect of the substrate concentration in the uncoupling ratio for PAMO, . and

PAMO,

65D.

Ratios values were obtained from reactions performed in 50 mM TRIS buffer, pH 8.0

with 150 mM NaCl, 100 uM NADPH and increasing concentrations of phenylactenone. Reactions
were carried out in triplicate at 25 °C for 30 min in constant shaking.

PAMO variants
Phenylacetone WT [%] C65D [%]
25 uM 82.6 93.4
50 uM 9.12 74.6
500 uM 5.42 42.4
1000 pM 4.96 29.3
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Table S3. Summary of total uncoupling ratios for PAMO, . and PAMO

C65D

ROS determination in flavoenzymes

at different pH and

in presence of co-solvents. All the reactions were tested in the presence of 1.0 mM phenylacetone,
100 uM NADPH and 150 mM NaCl. Evaluation of cosolvent effect were carried out in 50 mM TRIS
buffer, pH 8.0. Reactions were performed in triplicate at 25 °C for 30 min with constant shaking.

Feature Condition PAMO variants
WT [%] C65D [%]
50 mM KPi pH 6.0 6.6 29.6
50 mM TrisHCI pH 7.0 6.3 31.0
o 50 mM TrisHCI pH 8.0 5.0 29.3
50 mM TrisHCI pH 9.0 7.8 42.3
50 mM CHES pH 9.0 6.4 46.4
50 mM CHES pH 10.0 7.2 34.0
Water Control 49 36.4
2.5% viv 3.8 24.2
MeOH 5% v/v 24 18.8
7.5 % viv 1.7 17.2
2.5%vlv 3.3 21.6
:E EtOH 5% vlv 2.7 16.4
é 7.5 % viv 2.7 14.0
S 2.5%viv 44 33.7
ACN 5% v/v 3.8 27.2
7.5 % viv 34 24.0
2.5%viv 4.5 34.0
Isop 5% viv 5.8 32.8
7.5 % v/v 39 18.0

Table S4. Superoxide radical anion production rates for EUGO. Initial rates for superoxide
radical were measured at different pHs. Experiments were performed in triplicate, averaged results

are shown. Reaction were performed in the presence of 150 mM NaCl.

552980-I-bw-Scheuch
Processed on: 16-12-2020

[solz] pH

<1x10° 50 mM KPi 6.0
<1x10° 50 mM TRIS 7.0
<1x10° 50 mM TRIS 8.0
0.035 50 mM TRIS 9.0
0.11 50 mM CHES 9.0
0.067 50 mM CHES 10.0
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Figures
a b
KDa
250-
130- « PAMO
123: — + PAMOcesp
2 - EUGO
A El . HMFO
E
35- 5
=
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300 400 500 600 700
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10-

Figure S1. Flavoprotein purifications. (a) SDS-PAGE for purified oxidases and monooxygenases.
1) Ladder, 2) PAMO,, 3) PAMO_,, 4) EUGO and 5) HMFO. (b) UV-vis spectra for PAMO,
(red), PAMO_,, (green), EUGO (blue) and HMFO (pink). Ratio,, ,, was calculated to observe
apo/ holoprotein relationship, for all four flavoenzymes the ratio was between 9-18.
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Figure S2. Verification of the presence of ROS scavengers in purified proteins. Calibration
curves were prepared to confirm the presence of ROS scavengers. For the analysis a calibration
curve of hydrogen peroxide was prepared in the presence of proteins samples from (a) first IMAC
step and (c,e) after further IMAC purification. For superoxide anion, a curve of xanthine:xanthine
oxidase was prepared and the (b,e) superoxide level was measured by WST-1 coupling method.
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Figure S6. Effect of substrate levels on the production of ROS by oxidases. Reactions with
equivalent to %x K, K, 10x K, or 20x K, of (a) HMF for HMFO and (b) vanillyl alcohol for
EUGO were evaluated for ROS production. Levels of hydrogen peroxide (green) and superoxide
anion (blue) were measured in 50 mM TRIS buffer, pH 8.0 in presence of 150 mM NaCl for 30 min
at 25 °C in constant double-orbital shaking. Reactions were performed in triplicate.
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Figure S7. Effect of the presence of co-solvent on HMFO. Formation of hydrogen peroxide (green)
and superoxide anion (blue) was analyzed in presence of different co-solvent concentration for
HMFO. Reactions were tested at 2.5, 5 and 7.5 % v/v of (a) methanol, (b) ethanol, (c) acetonitrile
and (d) isopropanol. Reactions were carried out in 50 mM TRIS buffer, pH 8.0 with 30 mM HMF
and 150 mM NaCl. All reactions were performed for 30 min at 25 °C in constant double-orbital

shaking. Reactions were performed in triplicate

114

552980-I-bw-Scheuch
Processed on: 16-12-2020

PDF page: 114



ROS determination in flavoenzymes

B Hydrogen peroxide WM Superoxide

% % DA’ %
a > > C > >
> > > >
6007 [2:0 600 2.0
= 5
= B » ES
- Lsog S F1.s 2
Z 4007 2 4007 b
e s z g
o 1.0 Z H L o}
= & - ooz
% 2001 T % 2001 5
c [0.5 — 2 Los =
3 4 ’
= =
0- i ) - 0.0 0- - 0.0
Hydrogen peroxide Superoxide Hydrogen peroxide Superoxide
MeOH EtOH
b % % d % %
» » > »
> > > >
6007 2.0 6007 2.0
1 z
S s 2D F1.s 2
o= =
= 400 o = 400 o
¢ - g
s fLooz 2 Flo E
= —_ s —_
= 200 ks o 2004 =
2 Los = 2 Los =
= =
> >
o=t =
0= ~0.0 0= =0.0
Hydrogen peroxide Superoxide Hydrogen peroxide Superoxide
ACN Isopropanol

Figure S8. Effect of the presence of co-solvent on EUGO. Detection of hydrogen peroxide (green)
and superoxide anion (blue) was analyzed in presence of different co-solvent concentration for
EUGO. Reactions were tested at 2.5, 5 and 7.5 % v/v of (a) methanol, (b) ethanol, (c) acetonitrile
and (d) isopropanol. Reactions were carried out in 50 mM TRIS buffer pH 8.0, with 1 mM vanillyl
alcohol and 150 mM NaCl. All reactions were performed for 30 min at 25 °C in constant double-
orbital shaking. Reactions were performed in triplicate.
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Chapter IV

ABSTRACT

Bacterial trans-acyltransferase polyketide synthases (trans—AT PKSs) are multimodular
megaenzymes that biosynthesize many bioactive natural products. They contain a
remarkable range of domains and module types that introduce different substituents
into growing polyketide chains. As one such modification, we recently reported Baeyer—
Villiger-type oxygen insertion into nascent polyketide backbones, thereby generating
malonyl thioester intermediates. In this work, genome mining focusing on architecturally
diverse oxidation modules in trans-AT PKSs led us to the culturable plant symbiont
Gynuella sunshinyii, which harbors two distinct modules in one orphan PKS. The PKS
product was revealed to be lobatamide A, a potent cytotoxin previously known from a
marine tunicate. Biochemical studies show that one module generates glycolyl thioester
intermediates, while the other is proposed to be involved in oxime formation. The data
suggest varied roles of oxygenation modules in the biosynthesis of polyketide scaffolds
and support the importance of trans—AT PKSs in the specialized metabolism of symbiotic
bacteria

Keywords: Bacterial natural products, biosynthesis, marine natural products, polyketides,
Baeyer-Villiger monooxygenases
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Role of BVMOs in polyketide modifications

INTRODUCTION

Bacterial complex polyketides belong to the most important natural product classes of
therapeutic value.! Two distinct families of multimodular polyketide synthases (PKSs),
termed cis—and trans-acyltransferase (trans—AT) PKSs, generate most of these compounds.
The textbook biosynthetic model is represented by the cis—AT PKS family, such as the
erythromycin PKS."? These enzymes are usually composed of a limited set of functionally
different biosynthetic multidomain modules that elongate and modify intermediates, and
give rise to contiguous carbon chains carrying keto, hydroxy, double-bond, and carbon
branch modifications. In contrast, the highly complex trans-AT PKSs can accommodate
a remarkable diversity of modules (>150 module architectures are currently known)* and
employ integrated domains as well as free-standing, trans-acting enzymes with often
poorly understood functions.* The large functional range of trans—AT PKSs suggests high
biosynthetic diversity outside the scope of canonical polyketides. Another phenomenon
of trans-AT PKSs is their dominant role in the specialized metabolism of non-actinomycete
symbiotic bacteria, with examples reported from fungi,” insects,* marine invertebrates,” and
plants.® To fully access this biosynthetic potential, insights into the function of trans-AT
PKS assembly lines and their components are needed to improve our ability to predict
their products,' identify alternative producers to invertebrate sources,’ and provide novel
tools for biosynthetic engineering. In previous work, we identified the insertion of oxygen
into growing polyketide chains as a non-canonical reaction by which trans-AT PKSs
diversify product skeletons.” As shown for the trans-acting flavin adenine dinucleotide
(FAD)-dependent oxygenase OocK from the oocydin pathway, the enzyme performs a
Baeyer-Villiger (BV) oxidation on a f-ketothioester intermediate to generate a malonyl
derivative (Figure 1a) that is then further elongated. Preservation or hydrolysis of the
new ester moiety gives rise to oxygen atoms within polyketide backbones (oocydin
B and haterumalides), carboxylate pseudostarters (oocydin A), or terminal alcohols
(introduced by the OocK homologues in the pederin® and toblerol pathway,® Figure 1b).
Mid-chain oxygen atoms also occur in other polyketides (Figure 1c).** Although these
moieties could principally result from various processes,'! the presence of OocK homologs
in diverse orphan PKS biosynthetic gene clusters (BGCs; Figures S1-S4) suggests that
nature employs oxygen insertion more widely to construct unusual polyketide scaffolds.
In this work, we applied a genome-mining strategy to investigate the wider scope of
flavoprotein monooxygenases acting during polyketide elongation. The data revealed an
architecturally distinct oxygen insertion module that generates a glycolyl intermediate, as
well as evidence for a third module type involved in oxime formation. Both new modules
are used in the biosynthesis of lobatamides, potent cytotoxins that were previously known
from marine tunicates, but identified here from a culturable plant symbiont.
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oocydin A 2 pederin 3 toblerol A 4

lobatamide A 5 salarin A 6 pateamine A7

Figure 1. Oxygen incorporation into polyketide backbones. Moieties derived from oxygen
insertion are highlighted in orange. Oxygen atoms of unknown biosynthetic origin are highlighted
in blue. a) Mechanism for oxygen insertion into growing polyketide backbones, exemplified by
OocK, a trans-acting BV monooxygenase from the oocydin (oocydin B, 1) pathway. The enzyme
converts a Pp-ketothioester substrate into a malonyl derivative. b) Oocydin A (2), pederin (3), and
toblerol A (4) with carboxylate- and alcohol-type termini arising from oxygen insertion and ester
cleavage. c) Biosynthetically unassigned polyketides harboring mid-chain oxygens: lobatamide A
(5) from a tunicate, and salarin A (6) and pateamine A (7) from marine sponges.

RESULTS AND DISCUSSION

We initiated our work by identifying OocK homologues and other PKS-associated
flavoprotein monooxygenases encoded in orphan BGCs using GenBank, genome neigh-
borhood,"” phylogenetic, and manual analyses (status November 2019; Figures S1-S4).
These revealed 69 candidate trans-AT PKS systems harboring such enzymes (Figures S1-
S$4). The phylogram contained a large clade containing the functionally related OocK,
PedG, and TobD, as well as homologues from uncharacterized PKSs. Another functionally
assigned clade bears module-integrated oxygenase (Ox) domains for which the variant
trom Burkholderia sp. FERM BP-3421 was shown to introduce an epoxide unit in
spliceostatin (Figure S1).® In addition, other non-OocK clades mostly belong to Ox

126

552980-I-bw-Scheuch
Processed on: 16-12-2020 PDF page: 126



Role of BVMOs in polyketide modifications

domainsintegrated in various module types, thus suggesting further biosynthetic diversity.
Focusing on uncharacterized oxygenases (Figure S1), an orphan trans-AT system
(termed Ibm PKS, Figure 2a) in the Gram-negative bacterium Gynuella sunshinyii (NZ_
CP007142) appeared an intriguing candidate, since the PKS contains oxygenase modules
from two different unassigned clades (Figure S1, Table S1). G. sunshinyii is an unusual
halophilic root-associated plant symbiont™ that was recently recognized as a talented
producer of diverse natural products.” Its genome contains six trans—AT PKS BGCs, the
highest known number for any organism. The two integrated Ox domains are located in
the PKS proteins LmbA and LmbC, and will be referred to as LmbA-Ox and LmbC-0x,
respectively. Additional features in these modules are a methyltransferase (MT) in the
LmbC-Ox module, which suggests a—-C-methylation, and a predicted non-elongating KS
(KS°) in the LmbA-Ox module, which suggests that a moiety introduced by the upstream
module is further modified. This upstream module is located at the N-terminus of LbmA
and resembles an NRPS loading module with predicted' glycine specificity. A C-terminal
TE domain is encoded on the PKS gene ImbE at the downstream end, which overall
suggests collinearity between the PKS gene order and biosynthetic events.
a 4 kb
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Figure 2. The Ibm BGC and predicted polyketide structures. a) BGC architecture with core PKS
and accessory genes marked in dark and light grey, respectively. The domain architecture of the
core PKSs is shown using the following abbreviations: A=adenylation domain; C=condensation
domain; DH=dehydratase; ER=enoylreductase; KR=ketoreductase; KS=ketosynthase; KS’=non-
elongating KS; MT=methyltransferase; Ox=oxygenase; TE=thioesterase. Ox domains are shown
in grey. b) TransATor-predicted structure 8 of the Ibm product. High- and low-confidence regions
are shown in black and grey, respectively. ¢) Manually refined structure 9 used to find the natural
product.
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As guidance for the targeted isolation of the Ibm polyketide, we analyzed the PKS using the
recently developed automated prediction tool TransATor.*> This web application suggests
chemical structures for trans—AT PKSs from phylogenetically inferred” KS substrates.
In agreement with the unusual PKS architecture, the TransATor output 8 (Figure 2b)
contained extended regions of low confidence. After removal of a methyl group from
the five-bonded C18, the structure was refined by closer inspection of the modular
architecture. Since TransAtor can predict intermediates only for modules that have a
downstream KS, no elongation was predicted for the terminal module. A terminal C2
unit was therefore added based on cis-AT PKS rules. To account for the N-terminal NRPS
module of LbmA, we suspected glycine for biosynthetic initiation. This replacement also
removed an exomethylene group in the TransATor structure that was unlikely because
polyketide B—branching components's were not found in the BGC. These modifications
resulted in the hypothetical structure 9 (Figure 2¢) as a basis for the analytical work.

To search for the predicted compound, G. sunshinyii was cultivated, and the extract
was analyzed by ultra-high-performance liquid chromatography/high-resolution mass
spectrometry (UHPLC-HRMS). Manual inspection of metabolite-related MS features
and the molecular formulae suggested from the high-resolution masses showed a
candidate ion peak at m/z 513.2230 [M +H]* (Figure S5). This corresponds to a molecular
formula of C_H, N, O, (calc. 513.2231). This formula was closest to that of the predicted

3272

structure (C, H, )N, O.) and appeared a good candidate for the [bm product. No other
orphan PKSs in the genome were predicted to account for a similar chemical formula that
contains two nitrogen atoms (i.e., PKSs that contain two NRPS modules).”* To isolate the
compound, bacterial pellets from a 2 L culture of G. sunshinyii culture were extracted
with acetone. MS-guided fractionation using reversed phase-high performance liquid
chromatography (RP-HPLC) provided pure compound 5. The 'H NMR and HSQC data
showed the presence of an aliphatic methyl coupling with a vicinal proton, one methyl
connected to an sp? carbon, one methoxy group, three oxymethines, and 11 methines
connected to sp” carbons (Figure $6). Analysis of 2D NMR data including COSY, HMBC,
and HSQC revealed the structure as that of lobatamide A (Figure 3a, Figures S7-S9).
Lobatamides are potent vacuolar (H*)-ATPase inhibitors that interfere with tumor
metastasis.”” Since they were previously known only from a marine invertebrate, the
tunicate Aplidium lobatum ,'® G. sunshinyii represents the first culturable source for
these compounds. Lobatamides belong to a diverse group of benzolactone (H*)-ATPase
inhibitors (Figure 3a) with as-yet unknown PKSs and isolated from a remarkable range of
organisms, including a sponge (salicylihalamides),” a fungus (CJ-12,950),%° myxobacteria
(apicularens),” and a Pseudomonas strain (oximidines).?* Their related structures and the
identification of bacterial sources suggest that all of these compounds are of prokaryotic
origin. For an expansion of this family, see a study on necroximes that was conducted
concurrently with this work.?
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Figure 3. Selected benzolactone enamide polyketides and enzymatic assays with LbmC-
Ox. a) Benzolactone enamides. The moiety derived from oxygen insertion is highlighted with
an asterisk. b,c) UHPLC-HRMS data showing the extracted ion chromatograms (EIC) of assay
mixtures, including a boiled-enzyme negative control (upper/grey) and a test reaction using
all components (lower/black). b) EIC for 13 and 13 +[**O] (calc. for [M+H]* as 246.1158, and
262.1108, respectively). For the mass spectrum of the new product 15 see Figure S11. ¢) EIC
for 16 and 16 +['°O] (calc. for [M +H]* as 260.1315 and 276.1264, respectively). Mass spectrum of
product 17 is shown in Figure S19.

Structure 5 features an internal ester that is reversed in comparison to oocydin, pederin,
and toblerol biosynthesis. To investigate the role of the LmbC-Ox module in its formation,
we cloned the region encoding the Ox domain into a variant of the pET28a expression
vector (see experimental section) for expression in E. coli as an N-terminally His_-tagged
protein (Figure S10). Purified LbmC-Ox was obtained as a soluble yellow protein, thus
indicating bound FAD. Since the LmbC-Ox module contained an additional MT domain,
we suspected that the Ox domain accepts either a f-ketothioester or an a-methyl-p-
ketothioester, depending on whether LmbC-Ox acts before or after C-methylation. We
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initially assayed the enzyme with the unmethylated thioester 13 as a simplified surrogate
of an acyl carrier protein (ACP) -bound 4’-phosphopantetheinyl intermediate. Assay
mixtures with test substrate, LbmC-Ox, and NADPH were incubated for 90 minutes
at room temperature and then extracted with ethyl acetate. UHPLC-HRMS analysis
suggested two new products in the assay mixture, both with a mass difference of +16 Da
relative to the substrate (Figure 3b). Isolation and NMR-based structure elucidation of
the products (Figures S12-17, Table S4) revealed that the two isomers carry the inserted
oxygen either at the y (Figure 3b, product 14) or the  position (product 15). The less
abundant thioester 15 is noteworthy because it exhibits a reversed ester moiety compared
to the OocK/PedG/TobD products and corresponds to the topology present in lobatamides.
Suspecting that the major isomer 14 was an aberrant byproduct due to the choice of the
surrogate substrate, we also synthesized thioester 16, which harbors the predicted methyl
group at the a position (Figure 3¢, Figure S18). Repetition of the enzyme assay with
this new test substrate produced one product peak (Figure 3c). Isolation and structure
elucidation identified it as thioester 17 (Figure 3c, Figure S19-24, Table S5). The result
from the biochemical study matches the internal ester topology at C-10 of lobatamides,
that is, facing the same direction as the C-24 ester created by macrolactonization. In
lieu of knock-out studies that were so far unsuccessful or of heterologous whole-cluster
expression, the unusual function of LmbC-Ox and its location within the PKS reasonably
link the Ibm BGC to lobatamide. The results suggest an overall biosynthetic model for
lobatamides as shown in Figure 4. A glycine starter would be the source of the oxime
moiety, and oxygen insertion and macrolactonization generate the ester groups at C-10
and C-24, respectively. The salicylate group generated by the terminal four modules
is also a feature of all other members of the benzolactone family, which currently lack
known BGCs. However, similar tetramodular series that generate benzene moieties are
also known from the otherwise unrelated psymberin and legioliulin PKSs.**

Comparing the PKS-associated enzymes OocK and LbmC-Ox to a wider range of
previously characterized class B flavoprotein monooxygenases (Figure §25), BV
oxidation activity appears more prevalent in the LmbC-Ox than the OocK clade.” To
further explore their biocatalytic potential, we tested 37 substrates that do not resemble
polyketide intermediates and harbor diverse functional groups (Figures S27, Table S6).
When comparing the free-standing OocK with the excised LbmC-Ox, the latter exhibited
greater thermostability and a broad substrate scope, accepting 12 of the 37 test compounds
(Figure S27, Figure 5). Both enzymes accept NADPH as hydride donor, while OocK also
displays activity with NADH (Table S7). These results suggest that the two enzymes could
be used as biocatalysts for various oxidations, in addition to showing potential as PKS
engineering tools to introduce non-standard moieties into polyketides.
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Figure 5. Structures of compounds that deviate from polyketide intermediate but were accepted
by LbmC-Ox and OocK or by LbmC-Ox alone. For products, see Figure S27.
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CONCLUSION

In conclusion, our data support the existence of at least two further module types
in trans—-AT PKSs that permit oxidative modifications of polyketide core structures. In
addition to the topologically related oxygen insertions catalyzed by modules utilizing
trans-acting OocK/PedG/TobD-type enzymes (clade I modules, Figure S1), we identified
a distinct, module-integrated Ox domain that installs esters of the opposite orientation
(clade IT modules, Figure S1). It is unknown whether all members of one oxygenase clade
generate the same ester topology. However, in line with a potentially predictive uniform
product pattern for clade II, an uncharacterized oxygenase from the mandelalide trans-
AT PKS’ that is analogous to LmbC-Ox has been suggested to insert oxygen in the same
orientation as for lobatamides.” A second type of oxygenase-containing module newly
identified in this work is not involved in oxygen insertion but seems to play a role in
glycine oxidation to generate the unusual oxime moiety of lobatamides. This hypothesis
is currently based on collinearity logic and needs to be experimentally tested. These
examples demonstrate the staggering functional diversity of trans—AT PKSs, which not
only introduce substituents but also modify the carbon backbone itself. Our results
also exemplify how genome mining can pave the way to finding microbial sources for
bioactive compounds that had previously been described from marine invertebrates. The
production of the tunicate metabolite lobatamide A by G. sunshinyii further validates this
plant symbiont as a rich source of bioactive specialized metabolites.

MATERIAL AND METHODS

General

LC-ESI mass spectrometry analyses were performed on a Thermo Scientific Q Exactive
mass spectrometer coupled to a Dionex Ultimate 3000 UPLC system. NMR spectra were
recorded on a Bruker Avance III spectrometer at 300 MHz or equipped with a cold probe
at 500 MHz and 600 MHz for '"H NMR and 125 MHz and 150 MHz for “C NMR at 298K.
Chemical shifts were referenced to the solvent peaks at 6, 2.50 and §39.51 for DMSO-d,,
6H 7.27 and 6C 77.23 for chloroform-d, 6H 3.31 and 6c 49.15 for methanol-d4, and 6H 1.94
and §_ 1.39 for acetonitrile-d,. Sonication was performed on a Sonicator Q700 (QSonica,
Newton, USA).

Prediction of PKS products

The amino acid sequences of the core biosynthetic PKS genes from the Ibm cluster were
used as an input for TransATor (https://transator.ethz.ch/).®> Regions of the structure
predicted with low confidence were then manually refined based on co-linearity of domain
architectures.
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Phylogenetic analysis of putative core-PKS Baeyer-Villiger
monooxygenases

To analyze the putative PKS-associated flavoprotein monooxygenases, amino acid
sequences of 70 domains from trans-AT PKS modules were selected by BLAST analysis of
OocK?’ against Uniprot and internal databases. Genome neighborhood' was used to select
for sequences associated with PKSs. The sequences were retrieved from the GenBank
database and aligned using Geneious 7.1.9 and the MUSCLE algorithm.* The phylogenetic
reconstruction was performed with Geneious Tree Builder, employing the NJ algorithm.
Bootstrap analysis was performed with 100 pseudo-replicate sequences.

Extraction and isolation of lobatamide A (5)

Gynuella sunshinyii YC6258 was obtained from NITE Biological Resource Center (NBRC).
G. sunshinyii was cultured in 2 L PH-103 medium?®” at 30 °C for 3 days on an orbital shaker.
The culture was centrifuged, the supernatant was extracted three times with EtOAc, and
the pellet was suspended in dH,O and extracted with acetone. The pellet extract was dried
and separated by RP-HPLC (Phenomenex Luna 5u C18, ¢ 20 x 250 mm, 10.0 mL/min, 260
nm) with a gradient elution from 5% acetonitrile to 100% acetonitrile+0.1% formic acid to
afford 20 fractions. Fraction 9 and 10 were further separated by RP-HPLC (Phenomenex
Luna 5y Phenyl-Hexyl, ¢ 10 x 250 mm, 2.0 mL/min, 200 nm) with 40% acetonitrile+0.1%
formic acid and then separated by RP-HPLC (Phenomenex Synergi 4p1 Hydro-RP, ¢ 10 x
250 mm, 2.0 mL/min, 200 nm) with 40% acetonitrile+0.1% formic acid to yield lobatamide
A (5). HRESIMS m/z 535.2048 [M+Na]" (calcd. for C_H, N,O,Na, 535.2051) (Figure S5).

327278

NMR spectra matched to the reported values for lobatamide A (Figure $6-9).*

Construction of LbomC-Ox expression plasmids

The sequence encoding LbmC-Ox was amplified from G. sunshinyii liquid culture using
the primer pair [bmC-Ox_Ndel _F (CGA TCA TAT GGG CGG TCG CCA GCC ACA G)
and IbmC-Ox_NS-NotI_R (CAT GCG GCC GCT CTG CTT TCA GGC TCG ATG AG).
The gel purified fragment was digested with Ndel and NotI-HF and cloned into the pET28-
derived vector with a modified tag region for C-terminal fusion, namely pET28HB-TS,
yielding pET28HB-TSIbmC-Ox, which was transformed into E.coli DH5a. The plasmid
was isolated and introduced into E. coli TunerTM (DE3) competent cells (Novagen). This
strain was used for the expression of N-terminally His6-tagged LbmC-Ox.

Heterologous gene expression and protein purification of LomC-Ox

E. coli expression strain was inoculated in LB medium containing 50 pg/mL kanamycin
at 37 °C overnight and then inoculated 1:100 into TB medium with 10% glycerol and 50
pg/mL kanamycin, and cultured at 37 °C until it reached an OD_ of 0.5, after which
the culture was cooled on ice for 15 min. Gene overexpression was induced by addition
of isopropyl B-D-1-thiogalactopyranoside (IPTG) at a concentration of 0.1 mM. The
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induced culture was grown for additional 16-20 h at 16 °C. The culture was harvested
by centrifugation and cell pellets were either processed directly or frozen and stored at
-80 °C. All purification steps were carried out at 4 °C. Cells were resuspended in lysis
buffer (50 mM phosphate buffer, 300 mM NaCl, 20 mM imidazole, and 10% [v/v] glycerol)
and disrupted by sonication using a Sonicator Q700 (QSonica, Newton, USA). The lysate
was centrifuged for 20 min at 18,000 x g at 4 °C. The supernatant was incubated with
Ni-NTA agarose (Macherey-Nagel, Oensingen, Switzerland) for 10 min at 4 °C, and then
transferred to a fretted column. The resin was washed once with 3 mL lysis buffer, and
then eluted with 750 pL elution buffer (50 mM phosphate bufter, 300 mM NaCl, 250 mM
imidazole, and 10% glycerol at pH 8.0). Yellow elution fractions were verified to contain
the eluted protein by SDS-PAGE.

Determination of melting temperatures

The apparent melting temperatures (T, ) values for purified LbmC-Ox and OocK were
determined using the ThermoFAD method as previously described.” The samples were
prepared in a 96-well PCR plate at 2 mg/mL of enzyme in different buffered solutions:
50 mM Bis-Tris HCl, 50 mM Tris-HCI, or 50 mM CHES buffer, adjusted at desired pH
and concentration of 1,4-dioxane. Using an RT-PCR instrument (CFX96-Touch, Bio-Rad),
these samples were subjected to a temperature gradient from 20 to 95 °C, increasing by
0.5 °C every 10 s. The fluorescence signal is observed when the FAD is exposed to the
solvent during the unfolding process. The fluorescence intensity was measured using a
450-490 nm excitation filter and a 515-530 nm emission filter. The T was determined
as the maximum of the derivative of the sigmoidal curve of fluorescence intensity against
temperature.

Conversion of ketones and sulfides

The biocatalytic studies were performed using 7 mixtures that contained several ketones
and sulfides (Table S6). The reactions were prepared in 200 puL in 2 mL glass vials. These
samples were prepared at 10% glycerol, 200 mM NaCl, 20 uM FAD, 10 mM Na,PO,-5H,0,
150 uM NADPH, 5 uM of PTDH, 5 uM of purified OocK or LbmC-Ox and 2.5% v/v of
1,4-dioxane as a co-solvent in 50 mM TrisHCI buffer pH 8.0. The final concentration of
each substrate in the substrate scope analysis was 400 uM. The reactions were incubated
24 h at 24 °C and 135 r.p.m. for LbmC-Ox and 24 h at 17 °C and 135 r.p.m. for OocK. For
the latter, further conversion of the accepted substrates were tested individually using
either NADH or NADPH at 150 uM. The final concentration of each substrate was 1 mM
(with incubations at 17 and 24 °C but obtaining statistically similar results). After the
incubations, the mixtures were extracted mixing the solution with one volume of ethyl
acetate containing 0.1% v/v mesitylene (as external standard), vortexed for 1 min, and
centrifuged for 5 min at 13,000 x g. The organic layer was kept, and the aqueous phase was
extracted two more times following the same procedure. Anhydrous sulfate magnesium
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was added to the organic phase to remove residual water. The solutions were vortexed for
1 min and the supernatant obtained after centrifugation (5 min, 13,000 x g) was analyzed
in a GCMS-QP2010 Ultra (Shimadzu) with electron ionization and quadrupole separation
using an HP-1 column (HP-1 Agilent, 30 m x 0.25 mm x 0.25 pm). The GC program for
the substrate scope analysis was: 30 °C x 5 min, 5 °C min* until 70 °C; hold 5 min, 5 °C
min" until 130 °C; hold 5 min and 10 °C min™ until 325 °C; hold 5 min (using a split ratio
of 5.0, and 2 uL injected).

135

552980-I-bw-Scheuch
Processed on: 16-12-2020 PDF page: 135



Chapter IV

SUPPORTING INFORMATION CHAPTER IV

Synthesis of substrates

S-(2-acetamidoethyl) 3-oxoheptanethioate; B-oxoheptanoyl-SNAC (13)

Synthesis was performed according to a previously published procedure.’

S-(2-acetamidoethyl) 2-methyl-3-oxoheptanethioate; methyl-beta-oxoheptanoyl-SNAC (16)

Synthesis was performed according to a previously published procedure.’? The products
were purified by RP-HPLC (Phenomenex Luna 5u C18, ¢ 10 x 250 mm, 2.0 mL/min, 230
nm) with a gradient elution from 5% acetonitrile to 100% acetonitrile + 0.1% formic acid
to afford 14 and 16 (Figure 4A).

In vitro enzyme activity assay with SNACs

1uL of the synthesized SNAC substrate (80 mM in DMSO) was added to 96 uL of the
phosphate buffer (200 mM phosphate buffer, pH 7.0) and 1 uL of NADPH (100 mM in the
phosphate buffer). After vortex and spin down the sample, 2 pL of the purified LbmC-Ox
was added and incubated overnight at room temperature. The sample was extracted with
EtOAc, dried and resuspended in MeOH for LCMS.

Preparation of 15 for NMR measurement

The biochemical assay with 13 was scaled up to 10 mL in total. The extracts were purified
by RP-HPLC (Phenomenex Luna 5p C8, ¢ 10 x 250 mm, 2.0 mL/min, 230 nm) with
25% acetonitrile + 0.1% formic acid to yield 15. HRESIMS m/z 262.1112 [M+H]* (calcd.
for C ,H,0N,O,S, 262.1108) (Figure S11). 'H NMR (acetonitrile-d,) and “C NMR

17451

(acetonitrile-d,) data, see Figure S13-17 and Table S4.

Preparation of 17 for NMR measurement

The biochemical assay with 16 was scaled up to 10 mL in total. The extracts were
purified by RP-HPLC (Phenomenex Luna 5p C8, ¢ 10 x 250 mm, 2.0 mL/min, 230 nm)
with 35% acetonitrile + 0.1% formic acid to yield 17. HRESIMS m/z 276.1266 [M+H]*
(caled for C ,H, N, O,S, 276.1264) (Figure S19). 'H NMR (acetonitrile-d,) and “C NMR

127722771 74T

(acetonitrile-d,) data, see Figure $20-24 and Table S5.
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Tables
Table S1. ORFs detected on the Gynuella sunshinyii lobatamide (Ibm) locus and their putative
functions.
ORF Pr(')tem Proposed function Closest homolog Identity  Accession
size [%] number
Fumarylacetoacetate
LbmF 327 Fumarylacetoacetate hydrolase family protein, 69 | WP 036188863

WP_044617910

hydrolase family protein

Marinobacterium sp.
AK27

LbmG

NAD-dependent

NAD-dependent epimerase/
dehydratase family protein,

WP_044617909 323 epin%zg?f/di};}tf;iir:tase Marinomonas sp. 52 WP_012070817
vP MWYLI
LbmH Helix-turn-helix AraC family transcriptional
WP 044617908 290 domaincontaining regulator, Shewanella 61 WP_080917294
protein japonica
LbmI Hypothetical protein Hypothetical protein,
WP_044617907 264 (SnoaL domains) Aliivibrio logei 8 WP_017021136
. . Protein-ADP-ribose
Lbm] Protein-ADP-ribose e
WP_052830346 298 hydrolase hydrolase, I}igiegrovzbrto sp. 52 | WP_129494894
LbmK NAD-dependent protein
WP_044617906 284 Hypothetical protein | deacetylase of SIR2 family, 63 | WP_129494893
Enterovibrio sp.A649
. GNAT family
LbmL 153 GNAT family Nacetyltransferase, 41 | WP_046221096
WP_044617905 Nacetyltransferase )
Photobacterium halotolerans
LbmM . . Adenylate kinase,
WP 044617904 175 Hypothetical Protein Saccharospirillum sp. LZ-5 49 WP_127556471
LbmN . . VOC family protein,
wp_oaasizoos | 130 | VOCfamilyprotein | ypioropuipifer sp. HBl61719 | 82 | WP-138236387
LbmO Acetyltransferase
WP 044617902 143 Acetyltransferase Marinomonas sp. MWYLL 89 WP_012070635
PKS-NRPS Amino acid adenylation
LbmA 4800 (APCPKS0Ox ACP | domain-containing protein, 59 WP_132721172
WP_044617900 KS0 MT ACP KS KR Rhizobium sp.
KS0) BK315
s | Amiaadadin
3598 (DH ACP CA PCPKS ontaining p ’ 53 WP_132721174
WP_052830344 Rhizobium sp.
DH KR ACP KS) BK315
PKS SDR family NAD(P)-
LbmC (KRACP KS Ox cMT dependent
WP_044617899 | >>°' | ACPKSDHKRACP | oxidoreductase, Rhizobium | > | \VP-132721176
KS DH KR c¢cMT) sp. BK315
SDR family NAD(P)-
LbmD 3643 | (ACP KS DH KR ACP dependent 57 | WP_132721178
WP_052830343 oxidoreductase, Rhizobium -
KS ACP KS KR ACP)
sp. BK315
Polyketide synthaselike
LbmE PKS . :
1154 dehydratase family protein, 59 WP_132721180
WP_052830342 (KSDH ACP TE) Rhizobium sp. BK315
. LysR family transcriptional
wp P s | 22| e Rfamily | regulator, Mesorhizobium sp. | 49 | WP_027040968
- P & URHC0008
LbmQ . DMT family transporter
WP 044617896 312 | DMT family transporter Rhodoligotrophos sp. Im1 60 WP_137391615
. Methyl-accepting
LbmR Methyl-accepting . :
AJQ95670 154 chemotaxis protein chemotaxis protein, 53 WP_019615169

Psychromonas ossibalaenae
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Table S2. Predicted KS substrates for the Ibm locus and actually accepted groups in lobatamide

biosynthesis.
. - . Actual accepted
KS Domain TransATor Prediction Manually Refined Prediction group
Non-elongating . . .
LbmA (reduced/shifted double bond) KS1 Non-elongating (Glycine) Glycine
LbmA KS2  Non-elongating (-OH) Non-elongating (Glycine) Oxime
LbmA KS3  Exomethyl/exoester Glycine Oxime
Non-elongating
LbmA KS4  Non-elongating (bimodule D--OH)  Non-elongating (bimodule D -p-OH) (bimodule
D-B-OH)
LbmBKSl  Amino acids Amino acid-Glycine Glycine
LbmBKS2  Reduced Reduced Ll
bond
IbmCKSI  L-p-OH L-p-OH L-B-OH
LbmCKS2  a-Methyl + reduced/keto/D-p- OH a-Methyl + reduced oO(-Methy} >
xygen inserted
LbmC Double bonds (E-configured) KS3 Double bonds (E-configured) Double bond
. -Methyl +
LbmDKS1  a-L-(di)Methyl + B-OH a-Methyl + p-OH g 013 ¥
LbmD KS2 Shifted double bonds (some with  Shifted double bonds (some Shifted double
a-methyl) with a-methyl) bond
LbmD KS3  B-keto or double bonds Double bond Keto
LbmEKSI  Cis-AT/Starters or f-OH p-OH f-OH
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Table S3. Chemical shifts of lobatamide A (5) from G. sunshinyii in CD,OD.

No.

1

2

3

4 114.2 6.69 brd

5 131.7 7.15 (dd, 8.0)

6 120.8 6.65 brd

7 141.2

oo gk

9 125.5 518 m

10 139.3

11 732 4.79 (d, 8.6)

12 134.9 5.69 (dd, 8.6, 15.2)
13 132.6 5.50 (dd, 8.6, 15.2)
4 737 5.24 (dq, 6.7, 8.6)
16 171.7
i
18 72.9 5.60 m

19 35.5 2.49 brdd

20 109.8 5.34 (dt, 7.7, 14.3)
21 126.8 6.83 (d, 14.3)

23 164.2

24 126.1 6.06 (dd, 1.1, 11.5)
25 135.5 6.50 (dd, 10.3, 11.5)
26 148.6 8.96 (dd, 1.1, 10.3)
28 62.6 3.90s

29 19.5 1.80 brs

30 201 1.36 (d, 6.6)

139

552980-I-bw-Scheuch
Processed on: 16-12-2020 PDF page: 139



Chapter IV

Table S4. Chemical shifts of 15 in acetonitrile-d,.

No. 8C SH, mult

1 196.6

2 68.4 4.73s

3 173.7

4 34.0 242 (t,7.5)
5 27.4 1.62m

6 22.7 1.37m

7 14.0 0.92 (t, 7.4)
8 28.5 3.01 (t, 6.6)
9 39.3 3.28 (dt, 6.3, 6.6)
9-NH 6.49 br

10 170.8

11 22.9 1.82s

Table S5. Chemical shifts of 17 in acetonitrile-d3.
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No. 8. 6H, mult

1 200.4

2 75.6 5.20 (g, 7.0)
3 173.5

4 342 240 (t, 7.4)
5 27.5 1.61 m

6 22.7 1.37 m

7 13.9 0.92 (t, 7.4)
8 28.5 2.97 m

9 39.2 3.26 m
9-NH 6.47 br

10 170.7

11 22.9 1.82s

12 18.2 1.42 (d, 7.0)
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Table S6. Substrate scope analysis of OocK and LmbC-Ox. °+” for <30% conversion, °++” for
conversion between 30-80% and “+++” for 80-100% conversion

552980-I-bw-Scheuch
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Mixture Compound CAS Structure Oock LmbC-Ox
benzyl phenyl sulfide 831-91-4 @ﬂy@ +++
phenylacetone 103-79-7 m +

o
2-hexylcyclopentanone 13074-65-2 é/\/\/\ + 4+
indole 120-72-9 R
(o)
cycloundecanone 878-13-7 <:g
o
cyclopentanone 120-92-3 é
3-octanone 106-68-3 W +++
bicycle[3.2.0]hept-2-en-6-one 13173-09-6 om ++ +++
o
2-propylcyclohexanone 94-65-5 é/\/ ++
cyclododecanone 830-13-7 (;?
o}
methyl-p-tolyl sulfide 1519-39-7 O ++ +t
0.
cyclopentadecanone 502-72-7 m
o]
2-phenylcyclohexanone 1444-65-1 ©/© ++
S
ethionamide 536-33-4 Y
HO,
vanillyl acetone 122-48-5 \O_Q/v?k
nicotin 54-11-5 ©>E'?
o
androst-4-ene-3,17-dione 63-05-8 o
AT
styrene 100-42-5 @
4-phenylcyclohexanone 4894-75-1 e
o
4-hyd toph 99-93-4
ydroxyacetophenone . m
(o]
1,4-androstadiene-3,17-dione 897-,6-3 "
O
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o
cyclohexanone 108-94-1 é
4-octanone 589-63-9 Jo +++
benzyl methyl sulfide 100-68-5 @S\ +++ +++
o}
5 acetophenone 98-86-2 Ej)k
2-dodecanone 6175-49-1 DO o+
(o}
pregnenolone 145-13-1 0.,
NeOL
4-methylcyclohexanone 589-92-4 —~Oro
2-octanone 111-13-7 j\/w ++
0
cyclooctanone 502-49-8 U
. QO
6 benzoin 11953-9 Y
OH
stanolone 521-18-6 ’
L
thiacetazone 104-06-3 iNQA Y
H
[o]
3,3,5-trimethylcyclohexanone ~ 873-94-9 /@
methylvinylketone 78-94-4 o
7 -
phenyl methyl sulfide 766-92-7 g

isophorone 78-59-1 /@V

Table S7. Effect of NAD(P)H in conversions using OocK

Conversion [%]

Conversion [%]

Substratel” NADH 1 NADPH
methyl phenyl sulfide 25 95
methyl-p-tolyl sulfide 5 60
bicyclo[3.2.0]hept-2-en-6-one 5 70
2-hexylcyclopentanone 5 35

[ The final concentration of each substrate was 1 mM. The reactions samples were prepared in
50 mM TrisHCI buffer pH 8.0, 10% glycerol, 200 mM NaCl, 20 uM FAD, 10 mM Na,PO,.5H,0, 5
uM of PTDH, 5 uM of purified OocK, 2.5% v/v of 1,4-dioxane and 150 uM NADH!" or NADPH'!
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Chapter IV

Query UniProt ID: AQAOM7AHZ6: L sbrenzia alba; NCBI Taxon 1D: 311410; ENA ID: CXWCQ1000011; E-Value:0

D B—

Query UniProt ID: AOATQSWENS; Serratia marcescens; NCBI Taxon ID: 615 ENA ID: LZ0B01000011; E-Value: 0
s
] [ =]
Query UniProtID; ADAS20WGIS, O indicum; NCBI Taxon ID: 526216, ENAID: RBIG01000002; E-Value: 0
[ o
Query UniProtID: ADA3DICAIT; Chiys eobacterium sp. 1_F178; NCBI Taxon ID: 2258962; ENAID: GNVT01000021; E-Value: 0
I S A, W [ S— | |

Query UniProt ID: ADA385Y192; Dickeya dianthicola; NCBI Taxon ID: 204039; ENA ID: CP031560; E-Value: 0
=»

[ =[]
Query UniProtID: ADA3MSKT35; Serratia plymuthica; NCBI Taxon ID; 82096, ENA ID; RBOX01000119, E-Value: 0

| —— ] [
Query UniProtID: ADAZKEVYLS; Dickeya solani RNS 08.23.3.1 A/ NCBI Taxon ID; 1240086, ENA ID: CPO16925; E-Yalue. 0
) L

i -
Query UniProt ID: CEC2V3; Dickeya paradisiaca (strain Ech703); NCBI Taxon ID: 579405: ENA ID: CP001654; E-Value: 0
» L
= TS e -
Sm—
Query UniProtID. VEF2Z6; (strain DSM 6361/ JCM 21280 / NBRC1527 1/MSR-1); NCBI Taxon ID: 431944; ENA ID: HG794546, E-Value: 9¢-179
L ), S, - >
Query UniProt ID: AOA2S8HYAS; Burkholderia cepacia; NCBI Taxon ID: 292; ENA ID: PUIQ01000111; E-Value: 2e-178
Query UniProtID: UBZRL3; Pseudomonas sp. CMAA1215; NCBI Taxon ID: 1387231, ENAID: AVOY01000221: E-Value: e-175
| o=
Query UniProtID: AOAIHBI2KS fulvum; NCBI Taxon ID: 1082; ENA ID: FNWO01000008; E-Value: 2e-172
;i »
Query UniProt ID; AOA1E5QB.: blakemorei; NCBI Taxon ID: 28181; ENA ID: MCGG01000009; E-Value: 1e-170
L
N Ia— |
Query UniProt ID: Q6YT94; symbiont bacterium of Paederus fuscipes; NCBI Taxon ID: 176282; ENA ID: AH013687; E-Value: 0
p, I >
‘Query UniProt ID: AOAIR2CF10; compost metagenome; NCBI Taxon ID: 702656; ENA ID: RCUMO 1000068; E-Value: 0
(——— | eeeeeea ] L
[] [ =]
‘Query UniProt ID: AOA318P5T1; Serratia plymuthica; NCBI Taxon ID: 82996; ENA ID: PESE01000001; E-Value: 0
L
Query UniProt ID: A0A4197957: Stappia sp. ARWAT. NCBI Taxon ID: 2135615; ENA ID: RAPU04000002; E-Value: 0
> =,
je=3 L
- -
Query UniProt ID: K2JMU8; Ot indicum P24; NCBI Taxon ID: 1207063, ENA ID: AMRL01000010; E-Value: 0
L  — >,
Query UniProt1D: S5R8C4; Candidatus Profftella armatura; NCBI Taxon ID: 669502; ENAID: CP003468; E-Value: 0
] | ]
ey — X
‘Query UniProt ID: K7WJ59; Serratia marcescens; NCBI Taxon ID: 615 ENA ID: JX315603; E-Value. 0
[ ) [Mee——— ., o L
Query UniProt1D: ADA285TBAT, Stappia indica; NCBI Taxon ID: 538381; ENA ID: OBML01000008; E-Value: 0
i o >

Figure S2. Output from the Enzyme Function Initiative-Genome Neighborhood Tool (EFI-GNT)."*
The query sequence was the OocK amino acid sequence. The top hits presenting both a protein family of
FMO-like (PF00732) and ketoacyl-synthase (PF00109) are shown.
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Role of BVMOs in polyketide modifications

Query UniProt 1D: ADA4Y8W3J6; Halomonas qudaonensis; NCBI Taxon ID: 376427; ENA ID: SBLDO01000004 E-Value: 3e-136
»

uuei UniProtID: A1YBQS; Smangmm cellulosum; NCBI Taron ID: 56 ENAID: DQBI7667: E-Value: 26126

Query UniProt1D: ADA2L OEWCS; Sorangium cellulosum; NCBI Taxon ID: 56 ENA ID: CP012673; E-Value: 26-125.
e 13

Query UniProtID: ADA4P20A07; Sorangium cellulgsurm; NCBI Taxon ID: §6; ENAID: CPO12670, E-alug: 36-125
[ s e e S e aw— mm
Query UniProt ID: FRGA2; Methyloversatilis universalis (strain ATCC BAA-1314 / JCM 13912 JFAIS) NCBI Taxon ID: 1000565, ENA ID: AFHG01000044; E-Value: 1 123
e . » a =l=1—1
L] = =

e [ MM > w e N X
Query UniProt ID: C5B3B8; Methylobacterium extorquens (strain ATCC 14718/ DSM 1338 / JCM 2805 /NCIMB 9133 / AM1): NCBI Taxon ID: 272€30; ENAID: CP001511; E-Value: 5e-123

Query UniProtID: H1KFY8; Methyloru brum extorquens DSM 13050; NCBI Taxon ID: 882800; ENAID: AGJK01000028:E-Value: 5e-123
[N )

| »
Query UniProt ID: ADADGODXI1; Azospirillum brasilense; NCBI Taxon ID: 192; ENA ID: CP007796; E-Value: 9e-123
e e L ) s e
[]

Query UniProt 1D: ADA1508819; Sorangium cellulosum; NCBI Taxon ID: 56; ENA ID: JEND01002288; E-Value: 2e-122
P »

Query UriProtID: ADADEQBIDI; Aospirlum brasilense; NCBI Taxon ID: 192 ENAID: CPU32333: E-Value: 8e-122
e e RS = e W pm— |

Query UniProtID: ADAZ33EZD2; Pseudomonas japonica; NGBI Taxon ID: 256456 ENA ID: FZ0L01000009; E-Value: Se-121
o2 - Apw— - » e 5
] = =

Query UniProt 1D: ADA4QOYLP3; Enterovibrio sp. CAIM 600; NCBI Taxon ID: 1278244; ENAID: PEIB01000034; E-Value: Ge121

R W S S -

Query UniProtID: ADA3DAYHGS: Pseudomonas sp. 1033; NCBI Taxon ID: 2135769; ENA ID: QUMNO1000001; E-Value: 66117
L4 b »

Query UniProt ID: ADAZSBW2TT; Pseudomonas sp. BRM28; NCBI Taton ID: 204520, ENA ID: PEFV01000001: E-Value: 1e-115
[ = P IEESESSSSDEE 0 ¥ S——
« F A ] 4
Query UniProt ID: ADATY3KPSS; Pseudomonas sp. 1238; NCBI Taxon ID: 1985343; ENA ID: NFSA01000064;E-Value: 1e-116
= | = y
e F A ] [] []
Query UniProtID: ADATTTHN18; Pseudomonas sp. MF396; NCBI Taxon ID: 1960828; ENA ID: HVOKD1000043;E-Value: 26-116

ey - >

Query UniProt ID: ADAOD1PEIS; Pseudomonas putida; NCBI Taxon ID: 303; ENA ID: JXOG01000154; E-Value: 2e-116

e —

Query UniProtID: ADAME2RZ56; Methyloligella halotolerans; NCBI Taxon ID: 1177755: ENA ID: MASI1000003; E-Value: 2e-413

Query UniProt ID: ADA3MNRT; Caldirichaota bacterium; NCBI Taxon ID: 2212469; ENA ID: RFIG01001035; E-Value: 62-99

]

Query UniProt 1D: ADA103E4KS; Burkholdefia singularis; NCBI Taxon ID: 1503053 ENA D LOWAD1000020; E-Value: 26-97
=1} -

[ — s I

Query UniProtID: ADA238H1F1; Burknolderia singularis; NCBI Taxon ID: 1503053 ENA ID: FXANO 1000037 E-Value: 38-97
= [

]
Query UniProtID: ADA103E.27; Burkholderia sp. TSVB6; NCBI Taxon ID: 1385504 ENAID: LOWB01000075;E-Value: 7e-87
=3 [ e w3
(]
Query UniProt ID: ADA132MINTD; Sreptomyces thermo autotrophicus; NCBI Taton ID: 1489144; ENAID: LAXDO1000001; E-Value: 1e-05
| 1] »

- [K]
Query UniProt1D: ADA2UBNBET; Chioroflexi bacterium; NCBI Taxon ID: 2026724; ENA ID: PGTF01000092; E-Value: 16-06

Query UniProt ID: ADA3DSN1T4; Bradymonadaceae bacterium THQ3: NCBI Taxon ID: 2283320; ENAID: ORGZ01000001; E-Value: 2-95.
__ T W AN = »
= § -

Query UniProtID: ADA437RQM1; Bradymonadales bacterium SEH01; NCBI Taxon ID: 2480984; ENA ID: SADDO1000001; E-Value: 26-95
[ ¥

- ] L Aam o= -
Query UniProt ID: ADA2Z4FPRY; Bradymanas sediminis; NCBI Taxon ID: 1548548; ENA ID: CP030032; E-Value: 6e-05.
] ) D

Figure S2. Continued.
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Queiuumt D: ADAOCEVHZS; GinueHa sunsmniuvcﬁzﬁx NCBI Taxon ID: 1445510; ENA ID: CP007 142 E-Value: 0
uueiuumt ID: ADA4R3FH15; Rhizobium si BK315: NCB Taxon ID: 2512135, ENA ID: 512101000013 E-Value: 0

Query UniProt ID: ADA1S2DWD2; Agrobacterium vitis, NCBI Taxon IC: 373; ENA ID: MBEX01000040; E-Value: 0

Query UniProtID: ADA1COTIN: Pseudoalteromons uteoviolacea: NCBI Taron ID: 43657; ENA ID: HAUIO1000012. E-Value: 3e-111
) 7 7
Query UniProtID: ADA4QSHEXS: Aquabacterium sp. KMET: NCBI Taoon ID: 2528630; ENAID: SII01000001; E-Value:7e-77
[ X 1 A
[ ]

‘Query UniProt ID: ADA1BBKAX4; Alcanivorax sp. HI0013; NCBI Taxon ID: 1822221; ENA ID: LWEW0100300; E-Value: 1e-75
| —

- [ ]
Query UNiProtID: ADA3NS CCUS; Burholdeta sp. Bp9142; NCBI Taton D 2184573; ENAID: QTPRO100000°; E-value: 26-75
] [ ) [ 7 4
- = T
Query UniProtID: ADAZMBIBE; Mycobactrium sp; NCBI Taxon ID: 1785; ENAID: PEQPO1000036; E-Value: 26.73
[ 3 = | 4
L] - [] - q
Query UniProtID: ADATASEBB; Mycobacterium gordonas; NCBI Tazon D: 1778 ENAID: LOOYO1000227; E-Valus: 2673
- = —
- - T =aa T
Query UNiPTotID: ADA3NG HDB7: Burkholderi sp. Bp8998; NCBI Taxon ID: 2184557 ENAID: GTGF01000001 E-Value: 3673
) [ Y e T o
a & z ia L]
Query UniProt ID: ADA3SOE4DS; Burkholderiales bacterium; NCBI Taxon ID: 1891238; ENA ID: RXJQ01000081; E-Value: 3e-73
__ . =
o &
‘Query UniProt ID: ADA4QSVITY; Moraxellaceae bacterium; NCBI Taxcn ID: 1889775; ENA ID: SECL01000032; E-Value: 7e-73
> ___ -
== S B aae @aa
‘Query UniProt ID: ADA095UICS; Alcanivorax jadensis T2; NCBI Taxon ID: 1177181; ENAID: ARXU01000002; E-Value: 7e-73
] I _—
& -«
QueryUniProt D: AOASY7XBKS; Alkaninciges linoisensis; NCBI Taion D: 197183; ENAID: SNTY01000088; E-Vlue: 7e-73
[ = __
= AN N e GEE
Query UNiPTotID: ADAZDSDIVS: Acarivorax sp; NCBI Taron 1D: 1872427 ENA ID: NYSHO1000004: E-Value: 8573
= == = -1
- -

Figure S3. Output from EFI-GNT."> The query sequence was the LbmA-Ox amino acid sequence. The
top hits presenting both a protein family of “FMO-like” (PF00732) and “ketoacyl-synthase” (PF00109)

are shown.
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Figure S4. Output from EFI-GNT."” The query sequence was the LbmC-Ox amino acid sequence. The
top hits presenting both a protein family of “FMO-like” (PF00732) and “ketoacyl-synthase” (PF00109)
are shown.
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Role of BVMOs in polyketide modifications

Lobatamide_MS #1815 RT- 1583 AV:1 NL 14168
T: FTMS + p 1 F ul ms [166.70-2500.00]

100+ 4952125

496.2155
264 5302496

5132230
15 5352048

5312530
53,2083
480.4432 1883573 4982200 601 7665 §11.2079 5152202 833.2582 l”]z““ 5411832
T T

. 4972184 514.2264

T T T 1 T f
480 485 450 295 500 505 510 515 520 525 530 535 540
me

Figure S5. HR-LC-ESIMS data of lobatamide A (5). Mass spectrum of the HPLC peak at 15.83
min. The major peaks were the following: m/z 495.2125 [M+H-H,0]*, m/z 513.2230 [M+H]*, m/z
530.2496 [M+NH4]+ and m/z 535.2048 [M+Na]*.
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Figure S6. "H NMR spectrum of lobatamide A (5) from G. sunshinyii in CD,OD at 600 MHz.
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Figure S7. HSQC spectrum of lobatamide A (5) from G. sunshinyii in CD,OD at 600 MHz

Fi [ppm]

L

|
___LJLM B

i

L

T
F2 [ppm]

Figure S8. COSY spectrum of lobatamide A (5) from G. sunshinyii in CD,0OD at 600 MHz.
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Figure S9. HMBC spectrum of lobatamide A (5) from G. sunshinyii in CD,0D at 600 MHz.
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Figure S10. 12% SDS-PAGE gel of LbmC-Ox (expected molecular weight: 67.6 kDa) post His6-tag
purification
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LobOx_short_Fr20 #2985 RT: 20.38 AV:1 NL: 1.52E7
T: FTMS + p ESIFull ms [150.00-1000.00]

1004

2621112

95
90
85
804
754
704

65

2631126

5 2641060

257.1688 261,766

] 2529982 263.8101 25614765 | 2581724 250.1665 260.1867 265.1093 2661109 266.1386 2689630 2711476 273.1624
T T T T T T

T T T T T T T T T T T T T T T
253 254 255 256 287 258 250 260 261 262 263 264 265 266 267 268 269 270 271 272 2713 274
mz

Figure S11: HR-LC-ESIMS data of 15 (m/z262.1112 [M+H]*). Mass spectrum of the peak at 29.36
min.

|
I | ML

5 El e [

Figure S12: '"H NMR spectrum of 14 acetonitrile-d, at 600 MHz. The spectrum matches to the
reported values for 14 that were described in previous work.’
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Role of BVMOs in polyketide modifications
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Figure S13. '"H NMR spectrum of 15 in acetonitrile-d, at 600 MHz.
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Figure S14. HSQC spectrum of 15 in acetonitrile-d, at 600 MHz.
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Figure S16. HMBC spectrum of 15 in acetonitrile-d, at 600 MHz
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Figure S17. Structure elucidation of 15. COSY and key HMBC correlations
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Figure S18. '"H NMR spectrum of 16 in acetonitrile-d, at 300 MHz.

GS_LobOx 1411_n277-4 35 #1981 RT: 1953 AV: 1 NL: 132E9
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Figure S19: HR-LC-ESIMS data of 17 (m/z 276.1266 [M+H]*). Mass spectrum of the HPLC peak
at 19.53 min.
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Figure §22. COSY spectrum of 17 in acetonitrile-d, at 500 MHz.

-

F2 [ppm]

-

¥

il o

il
4
[ ]
k4
1

r

1

T T T T
€ L 4 3 2

Figure $23. HMBC spectrum of 17 in acetonitrile-d, at 500 MHz.
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Figure S26. Apparent melting temperatures profile of OocK and LbmC-Ox. The thermostability
of OocK (black bars) and LbmC-Ox (gray bars), were measured at different pH values (100 mM
NaCl, 50 mM Tris-HCI or 50 mM CHES) and at 2.5 or 5% v/v of 1,4-dioxane
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Figure S27. MS spectra of obtained products. List of MS spectra of the products detected using
OocK (panels b, d, e and n) or LbmC-Ox (a-m) as catalyst. *Library does not contain the structure,
product could be the normal or abnormal ester.
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Chapter V

ABSTRACT

Flavin-containing monooxygenases (FMOs) are attractive biocatalysts able to oxidize a wide
spectrum of substrates with soft nucleophilic heteroatoms, such as N or S. Moreover, it has
been established that some members of this group can perform Baeyer-Villiger oxidations.
Recently, FMOs have been classified in two types: type I and II FMOs. Previously reported
type II FMOs show affinity for both NADPH and NADH as hydride donor, while type I
FMOs only accept the phosphorylated cofactor. Through genome mining we identified two
putative FMOs, from Chloroflexi and Hypsibius dujardini (a tardigrade species): CbFMO
(type II) and HAFMO (type I), respectively. Both enzymes were expressed fused to SUMO
protein and purified as FAD-containing soluble proteins. Characterization revealed that
both enzymes display different biochemical properties. CbFMO converts preferentially
ketones, displays a poor thermostability (T, *” of 34°C), and shows a preference for NADPH
as coenzyme despite its clustering within type II FMOs. HdFMO, on the other hand, was
found to be active with sulfides, did only accept NADPH as hydride donor, and was more
robust as evidenced by its T, of 45°C.

Keywords: FMOs, genome mining, biocatalysis, flavoproteins, tardigrade
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INTRODUCTION

Enzymes are commonly used as biocatalysts by organic chemists in both industry and
academia. This is because enzymes are attractive for (bio)chemosynthesis, due to their
remarkably high chemo-, regio- and enantiospecificity/selectivity'*. One particular group
of enzymes that are attractive of performing selective oxygenations, are the flavin-containing
monooxygenases (FMOs), which belong to the class B flavoprotein monooxygenases®. This
class of enzymes is interesting because these NAD(P)H-dependent and FAD-containing
enzymes typically oxidize a wide spectrum of substrates and have been shown to be useful
for the synthesis of chemical building blocks®*. Commonly, FMOs catalyze the oxidation of
soft nucleophilic heteroatoms as N or S, using molecular oxygen as oxidant. Furthermore, it
has been described that some FMOs also exhibit Baeyer-Villiger monooxygenase (BVMO)
activity'®!.

Recently, based on distinct sequence features, FMOs have been grouped into two different
subclasses, type I and II FMOs'"'2. Specifically, type I FMOs show a higher affinity for
NADPH than NADH, while type I FMO can use both nicotinamide cofactors with a similar
efficiency. Furthermore, several type II FMOs also showed to act as BVMOs, and have been
described to oxidize small cyclic ketones'>"*. Mechanistically, like other class B flavoprotein
monooxygenases, the catalytic mechanism of an FMO begins with the reduction of the
fully oxidized and tightly bound FAD by NAD(P)HS. Then, in the so-called oxidative
half-reaction, dioxygen reacts with the reduced flavin cofactor. As a consequence, a quasi-
stable C4a-(hydro)peroxyflavin adduct is formed, and depending on the protonation state,
this intermediate will act as nucleophile or electrophile. The hydroperoxyflavin state is
involved in the electrophilic oxidation of heteroatoms, while the peroxyflavin can perform
the nucleophilic attack of electron-poor ketones leading to esters or lactones'*. While the
enzyme inserts one oxygen atom into the organic substrate, and the another is reduced to
water. With the dissociation of NAD(P)*, the catalytic cycle is complete. The sequences of
type I and type II FMOs share many features, including the sequence motifs for FAD and
NAD(P)H binding. This makes it likely that all FMO share a similar catalytic mechanism.

Only a handful of type I and type I FMOs have been studied in the context of biocatalysis, all
the known examples are of bacterial origin. An interesting type I FMO is NiFMO, identified
from Nitrincola lacisaponensis, an alkaliphilic bacterium isolated from Soap Lake (USA)™.
This FMO is a relatively thermostable dimer (T, *? of 51 °C) with 71 % sequence identity
with mFMO from Methylophaga sp. strain SK1. NiFMO was shown to produce indigoid
pigments from indoles and displayed a strong activity towards N-containing substrates.
Additionally, mFMO has also been explored for the biocatalytic production of indigo from
indole while it was also shown to oxidize a variety of sulfides®!*. A few type II FMOs have
been studied as biocatalysts, which includes FMO-E from Rhodoccocus jostii RHA1 and
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PsEMO-A from Pimelobacter sp.'>'*. Both enzymes oxidize small (bi)cyclic ketones using
either NADH or NADPH.

Type I and type II FMOs are of great biocatalytic interest owing to their broad substrate
scope, enabling the production of sulfoxides and/or esters and lactones. Type II FMOs
appear especially attractive due to their relaxed nicotinamide cofactor dependency. Yet, to
be useful, enzymes must perform the desired reaction with outstanding catalytic parameters,
such as a high activity and a wide substrate scope. Moreover, a good biocatalyst is expected
to tolerate harsh conditions, such as the presence of cosolvents or high temperatures'”-".
To satisfy such requirements, enzymes can be improved by protein engineering?*. An
alternative approach is to search for novel putative biocatalysts by mining the genome of
extremophilic organisms>*°. This represents a bioinformatic approach that capitalizes
on the vast amount of genetic information available to search for novel enzymes. FMOs
contain characteristic sequence motifs that can be used for identifying FMO-encoding
genes®***. FMO sequences can be identified by the presence of specific fingerprints within
their sequence. Initially, a FMO-specific motif (F-x-G-x-x-x-H-x-x-x-[Y/F]-[K/R]) and two
Rossmann fold motifs (G-x-G-x-x-[G/A]) were described to be part of a FMO sequence®.
The latter motifs reflect the two domains that bind NAD(P)H and FAD¥. However, in
recent years, for type II FMOs an extension of the N-terminus and some modifications in
the ‘FMO’ sequence fingerprint were described (including [H] instead of [Y/F] and [D],
[P], [V] or [G] instead of [K/R])'>". In this work, we used the above-mentioned FMO
sequence motifs as query to search for new potential FMOs in the genome (predicted
proteome) database. This yielded two putatively FMO-encoding genes from the genomes
of a Chloroflexi bacterium and the tardigrade Hypsibius dujardini: CbFMO (type 1I FMO)
and HAFMO (type I FMO), respectively. These two FMOs were found to display distinct
biocatalytic features.

RESULTS

Identification and expression of novel FMOs

Using the protein sequence of two recently described FMOs as templates (NiFMO and
FMO-E), protein searches using the basic local alignment search tool (BLAST) from the
NCBI database were performed. From this exploration, two putative proteins were selected:
0QV24618 (HAFMO) and RLT40563 (CbFMO). Both were named according to the source
of the organism from where they were identified. HAIFMO, has a hypothetical molecular
weight of 57.2 kDa and its corresponding gene is present in the genome of Hypsibius
dujardini, a tardigrade (also known as water bear or moss piglet). This putative protein
showed 29 % sequence identity with NiFMO (363 residues overlap out of 505). CbFMO
has a hypothetical molecular weight of 65.0 kDa and was identified from a Chloroflexi
bacterium. CbFMO exhibited 46 % sequence identity with FMO-E (572 residues overlap out
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of 585). When compared, both putative proteins presented an identity of 25.5 % between
each other (in only 110 residues overlap). HHFMO and CbFMO contain two Rossmann
fold motifs (GxGxxG/A) within their sequences, even though for HAFMO the second
motif had a variation of a lysine instead of the conserved glycine (Table 1). Additionally,
for both sequences, the FMO-specific fingerprint was found. While HIFMO exhibited the
classic type I FMO motif, CbFMO showed a natural variation of an aspartic acid residue
at the [K/R] position. Subsequently, a multiple alignment sequence analysis using 48 other
known flavin-dependent monooxygenases, and a phylogenetic analysis was performed.
As expected, HIFMO was found to be closely related to the type I FMOs, while CbFMO
clustered with type II FMOs (Figure 1).

Table 1. CbFMO and HdFMO fingerprint sequences.

Rossmann fold
L-V-V-G-G-A-Q-A-G
L-I-I-G-A-K-T-S-A

FMO Fingerprint
F-E-G-D-V-I-H-S-E-G-F-D
F-K-G-T-V-M-H-§-C-E-Y-R

Rossmann fold
CbFMO L-V-I-G-T-G-S-S-A
HdFMO  A-V-I-G-A-G-M-T-G
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Figure 1. Evolutionary analysis by Maximum Likelihood method. The cladogram was inferred
by using the Maximum Likelihood method and Whelan And Goldman model®. The tree with the
highest log likelihood (-52182) is shown. The percentage of trees in which the associated taxa clustered
together is shown next to the branches. The color of the clade represents the flavoprotein group to
which the respective flavoprotein belongs (blue for type I BVMOs, yellow for type II BVMOs, black
for type O BVMOs, red for type I FMOs, and green for type II FMOs). CbFMO (type II FMO) and
HdFMO (type I FMO) were clustered within the respective FMO branches.
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Both enzymes lack predicted transmembrane domains according to the TMHMM server
v 2.0, suggesting that these FMOs are soluble proteins. Subsequently, synthetic genes were
codon optimized and ordered with Bsal recognition site overhangs for Golden Gate cloning.
Both genes were cloned into a pPBAD-based plasmid encoding a SUMO fusion protein with
a N-terminal hexa-histidine tag for purification purposes. To obtain CbFMO as soluble
protein, it was necessary to include additives during cell lysis (DTT, glycerol and IGEPAL).
Moreover, to avoid aggregation, after the desalting step, CbFMO required a high salt
concentration (350 mM NaCl). The expression and purification of both FMOs resulted in
decent yields: 19 mg L' and 15 mg L for HHFMO and CbFMO, respectively. Additionally,
the spectrophotometric analysis of CbFMO and HdFMO revealed the typical UV-visible
absorbance profile of flavoproteins (Figure 2a,b). Both proteins showed a distinctive
absorbance maximum at 450 nm. However, for the second absorbance maximum, CbFMO
exhibited a maximum at 386 nm, while for HIFMO it was shifted to 372 nm. These UV-vis
absorbance features show that both enzymes had folded in a competent conformation to
bind the FAD cofactor as prosthetic group. To assess their oligomeric state, both enzymes
were incubated with SUMO protease and analyzed by gel permeation and dynamic light
scattering (DLS). The results from size exclusion chromatography (Figure 2¢) and DLS
analyses (Figure 2d,e) suggested that both CbFMO and HdFMO form stable dimers, as
has been observed for other FMOs. The DLS analysis indicated for HIFMO a molecular
weight of ~100 kDa, with a polydispersity of 14 %. On the other hand, CbFMO tended to
aggregate and the polydispersity was around 32 %, and a molecular weight of 125 kDa was
estimated. Finally, to compare their thermostability, the ThermoFAD method was used.
HAFMO seemed to be relatively stable, displaying a T, ** of 45 °C, while for CbOFMO a T ¥
value of only 34 °C was measured. Practically, for both proteins, the presence of 5.0 % v/v
1,4-dioxane reduced the thermostability by only 3 °C. Therefore, for further experiments
that included cosolvent, samples contained at most 2.5 % v/v 1,4-dioxane.

Analysis of substrate scope and small-scale conversions

To explore the biocatalytic potential of both FMOs, their substrate scope was analyzed
through a GC-MS screening method®'. A collection of 44 potential substrates were tested
either individually or in combination. Specifically, CbFMO and HdFMO were incubated
with 6 mixtures of potential substrates and 15 individual screening reactions, which
included ketones (27), sulfides (14) and N-containing molecules (3), at 500 uM and 2.5 %
v/v 1,4-dioxane as a cosolvent (Table S1). For the substrate screening, the enzymes were
incubated with 150 uM NADH and 150 uM NADPH. For cofactor regeneration, 5.0 uM
PTDH and 20 mM sodium phosphite were added to the reaction mix. The small-scale
conversions were incubated for 24 h at 24°C for HIFMO and 24 h at 17°C for CbFMO.
Substrate conversion was confirmed by verifying product formation through MS. The
results showed a significant difference in the substrate acceptance profile for both enzymes
(Table 2). CbFMO exhibited a wider acceptance for ketones, mainly converting allylic and
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Chapter V

cyclic ketones, while HAIFMO only accepted sulfides. Subsequently, rates of nicotinamide
cofactor consumption were monitored spectrophotometrically. First, uncoupling rates
were established by monitoring oxidation of NAD(P)H in the absence of any substrate. This
yielded similar uncoupling rates (k) for CbFMO with NADH and NADPH (0.06 s). In
contrast, HHFMO was only able to oxidize NADPH with an uncoupling rate of <0.01 s’

Table 2. Substrate scope analysis. Accepted substrates by CbFMO or HIFMO are shown. The level
of conversion is symbolized by: - (no product detected), + (below 40 %), ++ (40-70 %) and +++
(70-100 %). *The TIC area of the substrate was diminished (compared to control), but no product
was detected.

Accepted substrate HdFMO CbFMO
phenylacetone - +++
bicyclo[3.2.0]hept-2-en-6-one - +++
cyclohexanone - +
2-hexylcyclopentanone - ++
2-propylcyclohexanone - ++
4-phenylcyclohexanone - +
4-methylcyclohexanone - ++
cyclopentanone - *
4-hydroxyacetophenone - +++
allyl phenyl sulfide
benzyl methyl sulfide + +
ethyl phenyl sulfide +
methyl-p-tolyl sulfide ++
thioanisole ++ ++
4-chloro thioanisole +
benzyl ethyl sulfide +H+ +

Next, the NADPH oxidation activities for both FMOs were tested using 1.0 mM of substrate
(soluble accepted substrates from table 2). Additionally, cyclobutanone was included in this
analysis. This cyclic ketone has been described to be accepted by type II FMOs but could not
be identified by GC-MS. Thus, it was not tested in the screening analysis but included when
measuring activity using the spectrophotometric assay. In general, the results were mostly
disappointing as both FMOs exhibit rather low oxidation rates (Table 3). When using
NADPH, CbFMO displayed relatively low oxidation rates for 2-hexylpentanone, phenyl-
acetone, rac-bicyclo[3.2.0]hept-2-en-6-one and cyclobutanon: k , 0f 0.13,0.25.0.35 and 0.6
s!, respectively. For cyclobutanone, CbFMO exhibited a k_ and K, of 0.6 s* and 300 uM
(Figure S1). For HIFMO, of the 7 tested sulfide substrates, showed highest activity for allyl
phenyl sulfide and 4-chlorothioanisole (0.08 and 0.15 s, respectively). Interestingly, the
rate of NADPH oxidation using thioanisole —which was fully converted in the screening
test— was rather low (0.03 s). This may be due to inhibition issues.
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Table 3. Cofactor oxidation rates. NADPH oxidation rates were spectrophotometrically monitored
at 340__. Activities of CbFMO and HdFMO with 1.0 mM substrate and 100 uM NADPH are shown.

Substrate HAFMO [s] CbFMO [s7]
uncoupling <0.01 0.06
phenylacetone nd. 0.25
rac-bicyclo[3.2.0]hept-2-en-6-one n.d. 0.35
cyclohexanone n.d. 0.03
2-hexylcyclopentanone nd. 0.13
2-propylcyclohexanone n.d. 0.05
4-phenylcyclohexanone n.d. 0.04
4-methylcyclohexanone n.d. 0.06
cyclobutanone n.d. 0.60
cyclopentanone n.d. 0.05
2-butanone n.d. 0.03
3-methylcyclopentanone n.d. 0.07
allyl phenyl sulphide 0.08 n.d.
benzyl methyl sulfide 0.02 n.d.
ethyl phenyl sulfide 0.02 n.d.
methyl-p-tolyl sulfide 0.02 n.d.
thioanisole 0.03 nd.
4-chlorothioanisole 0.15 n.d.
benzyl ethyl sulfide 0.03 n.d.

Finally, the two FMOs were tested for small-scale conversions using some selected substrates.
Like the substrate scope analysis, HdFMO-catalyzed conversions were performed for 24 h
at 24 °C, using PTDH as regeneration system and NADPH as hydride donor. For HHFMO
conversions analysis, it was only tested using NADPH because this enzyme showed no
activity with NADH: it was unable to convert thioanisole in the presence of NADH (data
not shown). Interestingly, even when the k , for 4-chlorothioanisole was almost five times
higher than for thioanisole, the conversion reached only 66 % while thioanisole was fully
converted, producing only the respective sulfoxide (Table 4). For ethyl benzyl sulfide,
methyl-p-tolyl sulfide, ethyl phenyl sulfide, allyl phenyl sulfide and benzyl methyl sulfide,
HdFMO showed conversion of 95, 80, 50, 40 and 40 %, respectively.

In the case of CbFMO, several reaction conditions were explored using 1.0 mM
phenylacetone. At 17 °C for 24 h, this substrate was 99 % converted using NADPH, while
in the presence of NADH the oxidation reached only 30 %. Due to its lower stability and
the tendency to aggregate at low ionic strength, the reaction was also analyzed at 24 and
4 °C, in the presence of 350 mM NaCl and in phosphate buffer. As expected, the reaction
at higher temperature reduced the conversion to 20 % when using NADPH while no
conversion was obtained with NADH. For the other conditions, the conversions using
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NADPH were complete, while using NADH conversions of 13-30 % were observed (Table
§2). All subsequent conversions were performed at 17 °C, revealing that in the presence
of NADH, CbFMO was only able to oxidize rac-bicyclo[3.2.0]hept-2-en-6-one (28 %),
cyclohexanone (< 5 %) and 4-hydroxyacetophenone (10 %). In the presence of NADPH,
the conversion levels were higher. CbFMO fully converted rac-bicyclo[3.2.0]hept-2-
en-6-one, phenylacetone, and 4-hydroxyacetophenone while 2-hexylcyclopentanone,
4-methylcyclohexanone, cyclobutanone, thioanisole, 2-propylcyclohexanone, cyclo-
hexanone and 4-phenylcyclohexanone gave conversions of 40-80 % (Table 4). For the
conversion of cyclobutanone, the reaction was analyzed by 'H-NMR (Figure S2). For the
latter, CbFMO converted 70 % of the substrate. Importantly, for the sulfide thioanisole,
only the sulfoxide and not the sulfone was produced. For the Baeyer-Villiger oxidations, the
so-called normal esters were formed. In the case of 4-hydroxyacetophenone conversions,
low levels of hydroquinone were also found (Figure S3a), indicating that the formed ester
was hydrolyzed to some extent. Similarly, for phenylacetone, formation of benzylic alcohol
was detected (Figure S3b). Finally, the enantio- and regioselectivity of CbFMO was tested
using rac-bicyclo[3.2.0]hept-2-en-6-one as substrate. Chiral GC-analysis was used to
detect formation of all possible enantiomeric products. Using NADPH as cofactor, (15,5R)-
2-oxabicyclo[3.3.0]oct-6-en-3-one (normal product) and (1R,5S)-3-oxabicyclo[3.3.0]oct-
6-en-2-one (abnormal product) were predominantly formed out of four possible products
with an e.e. of 80 and 99 %, respectively. As a positive control, a conversion of bicyclo[3.2.0]
hept-2-en-6-one by TmnCHMO was performed. This yielded, as expected, similar products
as with CbFMO**’(Figure S4).

Table 4. Small-scale conversions using FMOs as catalysts. Products were identified by MS or
"H-NMR and conversion levels are shown. *For 'H-NMR analysis the small-scale conversion was
performed in presence of 10 mM substrate.

HdFMO CbFMO
Substrate Structure Product NADPH NADH NADPH
[%] [%] [%]
S. 9
4-chlorothioanisole /O/ S< 66
Cl
Cl
(0]
1

. S~
thioanisole © 0 S< 99 - 60
s 3
ethyl benzyl sulfide O ~ ©, S 95
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DISCUSSION

In the present study we describe the identification, cloning and characterization of two
novel FMOs: CbFMO and HdFMO. CbFMO exhibits 46% sequence identity with FMO-E
and was identified as part of an analysis of a fresh water metagenome, and originated from
an unclassified Chloroflexi bacterium®. Representatives of the Chloroflexi or Chlorobacteria
phylum includes flagellated, aerobic, photoheterotrophic bacteria, which play a major role
in demineralization of nitrogen-rich dissolved organic matter in the hypolimnion®-.
These microbes have been found to form a consistently large fraction of the prokaryotic
communities in deep lake hypolimnia all over the world.

HdFMO, which exhibited 30 % identity with NiFMO, was identified in the genome of
Hypsibius dujardini, a tardigrade. Tardigrades (colloquially known as water bears or moss
piglets) are eight-legged extremely small animals and have been identified in a variety of
extreme environments such as deep sea, mud volcanoes, Arctic and Antarctic samples.
They can survive in extreme environments. While the genome has been reported in 2015,
no enzymes from this organism had been studied in the context of biocatalysis®*®. When
analyzing the genome of H. dujardini, eight other putative FMO-encoding genes can
be identified. It is well described that FMOs are ubiquitous in all domains of life, acting
mainly as membrane-associated metabolizers of xenobiotics such as toxins, pesticides and
drugs*¥. Additionally, it has been suggested that the FMOs were already present in the
last universal common ancestor (LUCA)®. Later, for tetrapods and mammals, these FMOs
evolved into four to six different isoforms. For Hypsibius dujardini, it is unclear whether
these eight putative FMOs could be playing the conserved biological role of the isoforms
described in vertebrates.

Using synthetic genes, both above-mentioned enzymes could be overexpressed in E. coli
at a moderate level (around 15 mg L'). To obtain CbFMO in a soluble form, it had to be
purified in the presence of additives and a detergent. Furthermore, to prevent aggregation
of CbFMO, 350 mM NaCl was required during its purification, as well as 30 uM FAD. This
indicated that this bacterial enzyme is rather difficult to obtain and handle. This is also
reflected in its relatively low T, *® value of 34 °C. CbFMO exhibited a relatively narrow
substrate scope, mainly accepting cyclic ketones. Taking in consideration the phylogenetic
clustering with FMO-E, its low activity with NADH was somewhat unexpected. Yet, using
NADPH, CbFMO could fully oxidize phenylacetone, rac-bicyclo[3.2.0]hept-2-en-6-one
and 4-hydroxyacetophenone while also some other ketones could be converted (40-80 %).
Relatively low total turnover numbers were obtained (40-100), except for cyclobutanone,
where CbFMO reached a total turnover number of 1,400 (the reaction was performed
with 10 mM substrate). When considering the relatively low oxidation rates and its poor
stability, CbFMO compares poorly with other known BVMOs such as PAMO, TmCHMO
or PockeMO?***%_Tt is interesting to note that the other studied type I FMO, FMO-E, also

was suffering from a relatively low stability and activity”'>*'.
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HAFMO was somewhat easier to handle when compared with CbFMO. It exhibited a T  *®
of 45 °C, which is close to the value found for the sequence-related bacterial NiIFMO™. Still,
compared with other described class B flavoprotein monooxygenases, its thermostability
is rather low***. HAFMO displayed a narrow substrate scope and low oxidation rates.
Interestingly, only sulfide could be identified as substrates. Their conversions resulted in
the formation of the respective sulfoxides as product while no overoxidation (formation of
sulfones) was observed. It is worth noting that no formation of indigo blue was observed in
the cell culture during expression of HHIFMO (or CdFMO) as has been reported for other
FMOs such as NiIFMO'>*, Besides, a substrate screen using ten N-containing molecules did
not show any activity (data not shown).

The motivation for studying CbFMO was partly because of the relaxed nicotinamide
cofactor specificity of previously reported type II FMOs. Yet, CbFMO was found to
have a strong preference for NADPH. When compared with known class B flavoprotein
monooxygenases, CbFMO is most closely related in sequence with FMO-E. It also contains
the type II-identifying motif. When comparing the sequence region of this motif for CbFMO
and FMO-E, there is only one difference: CbFMO has a phenylalanine (Phe329) instead of
a tyrosine. Nevertheless, based on a modeled structure, this residue does not interact with
either NAD(P)H or FAD. Interestingly, CbFMO shows at the NADPH binding site a tyrosine
(Tyr541) and an arginine (Arg452) close to the position of where the 2’-phosphate of the
cofactor is expected to bind (Figure 3a). In this position, FMO-E contains a phenylalanine
and a methionine, while PSEMO-A (another known type II FMO) contains a isoleucine and
leucine'>***. Evidently, the positive charge of Arg452 could interact with the phosphate
moiety of NADPH, resulting in a preference for NADPH over NADH.

HAFMO shows significant sequence homology with several previously studied type I FMOs.
Using mFMO, a homology model could be prepared. The modeled structure suggests that
the active site should be able to accommodate relatively large substrates (Figure 3b). This is
mainly due to the fact that the enzyme contains two relatively small residues in the substrate
binding pocket when compared with the mFMO crystal structure (Thr249 and Ala360 in
HdFMO versus Tyr207 and Trp319 in mFMO). However, the substrate (sulfides) profile was
similar to mFMO but with lower activities®. For mFMO, Trp319 and Trp400 were found
to limit the size of the substrate binding pocket®. The role of the tyrosine in mFMO has
also been studied. Replacing it with an asparagine resulted in a diminished activity against
indole. Clearly, the substrate binding pocket of HIFMO is different when compared with
other FMOs, which may hint to a fundamentally different substrate specificity. It may be
that the tested set of compounds did not resemble any of its natural substrates which would
explain the poor catalytic performance on the identified substrates.
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Figure 3. Homology models of CbFMO and HdFMO. (a) CbFMO NAD(P)H binding pocket is
shown. (b) Active site of mFMO (blue) and HdFMO (red) are aligned.

While this study has resulted in the identification of two novel dimeric FMOs, these
monooxygenases do not appear appealing for biocatalysis. Especially CbFMO was found
to be a labile enzyme and showed poor Baeyer-Villiger oxidation activity with a number of
ketones. HIFMO displayed somewhat better (thermo)stability features, but was restricted
to low sulfoxidation activities. Protein engineering could possibly improve the biocataytic
properties of both enzymes. Yet, such approach would ideally make use of structural
information. While homology models can be prepared, accurate crystal structure would
be more reliable. Unfortunately, crystallization trails with both FMOs failed despite many
efforts. Therefore, in order to enlarge the biocatalytic toolbox of FMOs, it is probably more
effective to explore other genomes for potential candidates. Or, alternatively, one could opt
for engineering one of the known robust FMOs.

MATERIAL AND METHODS

Genome mining and sequence analysis

For the identification of the putative FMOs, the NCBI server was used by a protein-
protein BLAST search. The sequences of NiFMO and FMO-E were used as templates to
find putative homologs. Sequences with high query and identity were subsequently aligned.
Multiple sequence alignments (MSA) were prepared using MEGA X software by MUSCLE
protein alignment. The MSA was configured with default settings for highest accuracy and
employing the UPGMA clustering method. A phylogenetic tree was reconstructed using the
maximum likelihood (ML) method implemented in MEGA X (500 bootstrap replications).
Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-
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Join and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model,
and then selecting the topology with superior log likelihood value. A discrete Gamma
distribution was used to model evolutionary rate differences among sites (4 categories (+G,
parameter = 2.7354)). This analysis involved 50 amino acid sequences. There was a total of
1254 positions in the final dataset. Evolutionary analyses were conducted in MEGA X*.

Cloning, expression and purification

CbFMO- and HdFMO-encoding DNA sequences were codon optimized for E. coli and
obtained from Integrated DNA technologies (IDT). The synthetic genes were cloned by
Golden Gate Assembly in pBAD vectors encoding an N-terminal SUMO fusion protein
equipped with histidine tag. The obtained plasmids were transformed into chemo-competent
E. coli NEB 10 cells (New England Biolabs) by heat shock. For purification, cells harboring
the verified plasmids were inoculated in LB media supplemented with 50 ug mL"' ampicillin
at 37 °C overnight. An aliquot of the preculture (1:100) was used to inoculate 50 mL TB media
(50 ug mL" ampicillin). Cultures were grown at 37 °C with continuous shaking until OD,,
0.7 was reached. For expression, conditions were optimized employing different L-arabinose
concentrations (0.2, 0.02 or 0.002 % w/v) and temperatures (17, 24, 30 or 37 °C) for 16, 24, 48
and 72 h. Subsequently, cells were centrifuged at 6,000 r.p.m. for 20’ at 4 °C. The supernatant
was discarded and cells were suspended in lysis buffer (50 mM TRIS pH 8.0 buffer, 500 mM
NaCl, 1.0 mM PMSE 30 uM FAD and 1.5 mg mL" lysozyme). After sonication (amplitude 70
%, 10 s on and 10 s off for 10" on ice), cell debris was removed by centrifugation (10,000 RPM
for 1h at 4 °C). Expression was verified by SDS-PAGE analysis of cell free extracts (CFE) and
insoluble fractions. For CbFMO, high expression levels in the insoluble fraction were observed
and additives were added to test for the best condition for obtaining soluble protein (10% v/v
glycerol, ] mM DTT and 100 uM IGEPAL). After obtaining optimized expression conditions
according to SDS-PAGE analysis, the expressions were up-scaled to 400 mL. After sonication,
lysates were filtered at 0.45 pm and loaded on a nickel-sepharose HP resin (GE Health care)
pre-equilibrated with 50 mM TRIS pH 8.0, 500 mM NaCl. Then, filtered CFEs were incubated
with the resin for 1 h at 4 °C in a rotating system. The resin was washed with 10 CV of buffer
(50 mM TRIS pH 8.0 and 500 mM NacCl), followed by 2 CV of buffer supplemented with 20
mM imidazole. Finally, bound proteins were eluted with 400 mM imidazole. Yellow fractions
were collected and desalted in 50 mM TRIS, pH 8.0 with 150 mM NaCl for HIFMO and 350
mM NaCl for CbFMO (EconoPac 10DG columns, Bio-Rad). Desalted proteins were flash
frozen in liquid nitrogen and stored at -70 °C.

Enzymatic characterization

To identify the redox state of the flavoenzymes, UV-visible spectra were recorded. Extinction
coeflicients were calculated by recording the UV-visible spectra of a control sample and a
solution of the flavoproteins incubated with SDS 0.1% w/v for 10 min. Then, UV-vis spectra
were recorded and protein concentration was determined using the FAD molar extinction
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=11,300 M cm™). For CbFMO and HdFMO, ¢,. = 14.4 and 12.5 mM!

coefficient (e 450nm

450nm
cm! were calculated, respectively.

The apparent melting temperatures (T, *?) of SUMO-FMOs were analyzed through intrinsic
flavoprotein fluorescence at increasing temperatures. In duplicate, a mixture at 1.0 mg mL"*
of enzyme was prepared in a 96-well PCR plate. Using an RT-PCR instrument (CFX96-
Touch, Bio-Rad), the solutions were exposed to a temperature ramp (25 to 99 °C, by 0.5
°C every 10 s). The fluorescence was measured using a 450-490 nm excitation filter and a
515-530 nm emission filter””. The unfolding temperature was calculated as the maximum
of the negative derivative of fluorescence against temperature.

The oligomerization state was studied after proteolytic digestion with SUMO protease
(1.0 mg mL"! incubated overnight on a rotating system at 4 °C). Protease and SUMO were
removed and flavoproteins were desalted. Then, 500 pL of sample was injected into a
Superdex 75 10/300 column connected to an AKTA purifier (GE Health care). A calibration
curve was prepared using commercial gel permeation standards (Bio-Rad). Subsequently,
dynamic lights scattering (DLS) analysis was done in a DynaPro NanoStar instrument
(Wyatt Technology). The DLS results were analyzed with dynamics software, version 7
(Wyatt Technology).

Enzyme activity was measured following the oxidation of NAD(P)H by measuring
ionm=0>220 M cm ™) at 25 °C. Depletion of NAD(P)H was monitored using a
microplate reader (Synergy H1 Hybrid multi-mode reader, Biotek) and the reactions were

absorbance (¢

prepared in 96-well plates at 300 pL final volume. For the analysis, the mixtures contained
150 pM NAD(P)H pM, 2.0 uM SUMO-FMO and 1.0 mM substrate, solubilized at final
2.5 % v/v 1,4-dioxane in 50 mM TRIS buffer at pH 8.0 with 150 mM NaCl. All data were
analyzed using GraphPad Prism (GraphPad Software) and kinetic parameters were obtained
by fitting the obtained results to the Michaelis—-Menten equation.

Bioconversions using HdIFMO and CbFMO

Substrate screening for the FMOs was carried out using 6 different substrate mixtures at 500
uM final concentration in 2.5% v/v 1,4-dioxane. Reactions were prepared in 500 pL in 20
mL vials and the mixture contained 30 uM FAD, 150 uM NADH, 150 uM NADPH, 10 mM
Na,PO,5H,0, 5 uM PTDH and 10 uM SUMO-FMOs in 50 mM TRIS and 150 mM NaCl
buffer at pH 8.0. The solutions were incubated at 24 or 17 °C at 150 r.p.m. for 24 h. After
incubation, the mixtures were extracted three times by mixing one volume of ethyl acetate
for 60 s. Subsequently, anhydrous sulfate magnesium was added to the organic solution
to remove residual wa.ter. Identification of the reaction performance was done by GC-MS
(GCMS-QP2010 Ultra Shimadzu with electron ionization and quadrupole). Separation
was achieved using a HP-IMS column. Chromatograms and MS spectra were analyzed
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using GCMS solution Postrun Analysis 4.11 (Shimadzu). The library employed for the MS
spectra identification was NIST11.

For further bioconversions analysis, 1.0 mM of substrate (2.5 % v/v 1,4-dioxane) was used
in the presence of 150 uM NADH or NADPH. SUMO-HdFMO at 2.0 uM and SUMO-
CbFMO at 10 uM were used. Reactions were incubated at 4, 17 or 24 °C for 24 h at 150 r.p.m.
As external standard, 0.025 % v/v mesitylene was used. GC analysis was carried out for
conversion determination using a GCMS-QP2010 Ultra Shimadzu with a HP-1MS column.
Chiral analysis was done using a 7890A GC System (Agilent Technologies) equipped with
a CP-Chirasil-Dex CB column.

For '"H-NMR analysis, the conversions were carried out at 0.4 mL using 5 uM SUMO-
CbFMO, 10 mM cyclobutanone, 150 uM NADPH, 10 mM Na PO_5H O, 5 uM PTDH and
30 uM FAD in potassium phosphate buffer (pH 8.0). D,O (1:5) was added to the reactions
after 24 h. Subsequently, D,O-treated samples were analyzed by NMR (400 MHz Varian
Unity Plus spectrometer).
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SUPPORTING INFORMATION CHAPTER V

Tables

Table S1. Substrate scope analysis
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Table S2. Conversion of phenylacetone using CbFMO at different conditions

Condition NADPH NADH
[%] [%]
50 mM TRIS pH 8.0, 150 mM NaCl, 17 °C 99 30
50 mM TRIS pH 8.0, 150 mM NaCl, 24 °C 20 -
50 mM TRIS pH 8.0, 150 mM NaCl, 4 °C 99 13
50 mM TRIS pH 8.0, 350 mM NaCl, 17 °C 99 16
50 mM KPi pH 8.0, 150 mM NaCl, 17 °C 99 30
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Figures

0.6 7
_______________ P SNSRER
0.4 %
= 0.2
0.0 4+

0 2000 4000 6000 8000 10000 12000
Cyclobutanone [uM]

Figure S1. NADPH consumption rates for CbFMO at increasing cyclobutanone concentrations.
SUMO-CbFMO (2.0 uM), NADPH (150 uM) and substrate were mixed in a microplate containing
air-saturated 50 mM TRIS buffer pH 8.0 at 25 °C as described in materials and methods. The data
obtained were fit using a Michaelis-Menten equation in GraphPad Prism to determine steady-state
kinetic parameters.

179

552980-I-bw-Scheuch

Processed on: 16-12-2020 PDF page: 179



Chapter V

H H

I-80
70
60

50

30

/ 20
1 4

m Lo

Lo

S L

T T T T T T T T T T T
5.8 5.6 5.4 5.2 5.0 4.8 4.6 4.4 4.2 4.0 3.8 3.6 34 3.2 3.0 2.8 2.6 2.4 2.2 2.0 1.8 1.6 1.4 1.2
f1 (nnm)

8 556 54 52 50 48 46 44 42 40 38 26 124 12 10 28 26 24 22 20 18 L6 14 12 14
Figure S2. Conversion of cyclobutanone using CbFMO as biocatalyst. (a) 'H-NMR analysis

in CDCI, at 400 MHz of cyclobutanone as substrate (without enzyme) (b) 'H-NMR analysis of
CbFMO reaction using cyclobutanone in CDCI, at 400 MHz.
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Figure S3. MS identification. (a) Benzylic alcohol and (b) hydroquinone were identified by GC-
MS in small scale conversion of 4-hydroxyacetophenone and phenylacetone, respectively.
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Figure S4. Enantioselectivity profile of CbFMO. Bioconversion of rac-bicyclo[3.2.0]hept-2-
en-6-one using 10 uM CbFMO as catalyst in presence of 150 uM NADPH were performed in 50
mM TRIS buffer pH 8.0, 10 mM Na,PO,«5H,0, 5.0 uM PTDH, 30 uM FAD and 150 mM NaCl.
Reactions were analyzed after 24 h at 17 °C. CbFMO mainly produced (a) abnormal (1R,5S), (c)
normal (1S5,5R) and a smaller amount of (b) normal (1R,5S)
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ABSTRACT

Actinobacteria are an important source of commercial (bio)compounds for the
biotechnological and pharmaceutical industry. They have also been successfully exploited
in the search of novel biocatalysts. We set out to explore a recently identified actinomycete,
Streptomyces leeuwenhoekii C34, isolated from a hyper-arid region, the Atacama Desert,
for Baeyer-Villiger monooxygenases (BVMOs). Such oxidative enzymes are known
for their broad applicability as biocatalysts by being able to perform various chemical
reactions with high chemo-, regio- and/or enantioselectivity. By choosing this specific
Actinobacterium, which comes from an extreme environment, the respective enzymes are
also expected to display attractive features by tolerating harsh conditions. In this work,
we identified two genes in the genome of S. leeuwenhoekiii (sle_13190 and sle_62070)
that were predicted to encode for Type I BVMOs, the respective flavoproteins share 49
% sequence identity. The two genes were cloned, overexpressed in E. coli with phosphite
dehydrogenase as fusion partner and successfully purified. Both flavin-containing
proteins showed NADPH-dependent Baeyer-Villiger oxidation activity for various
ketones and sulfoxidation activity with some sulfides. Gratifyingly, both enzymes were
found to be rather robust by displaying a relatively high apparent melting temperature
(45 °C) and tolerating water-miscible cosolvents. Specifically, Sle_62070 was found to be
highly active with cyclic ketones and displayed a high regioselectivity by producing only
one lactone from 2-phenylcyclohexanone, and high enantioselectivity by producing only
normal (-)-1S,5R and abnormal (-)-1R,5S lactones (ee >99 %) from bicyclo[3.2.0]hept-2-en-
6-one. These two newly discovered BVMOs add two new potent biocatalysts to the known
collection of BVMOs.

Keywords: Atacama, Actinobacteria, Baeyer-Villiger monooxygenase, Flavoprotein,
Biocatalysis.
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INTRODUCTION

Enzymes are attractive catalysts for several industrial processes by being biodegradable,
non-toxic, efficient and selective. These biocatalysts can offer a high level of safety, low
energy consumption and a global environmentally friendly process’. Enzyme-based
approaches often fulfill all the requirements for ecological and economical viable
processes®. The recognition that enzymes can be used in industrially relevant processes
is reflected in a predicted growing market for biocatalysts>®. A particular example of
enzymes that show industrial potential are Baeyer-Villiger monooxygenases (BVMOs).
BVMOs are well-studied enzymes (EC. 1.14.13.XX) that can be used for the production
of (enantiopure) esters, lactones and sulfoxides by incorporating an atom of oxygen in an
organic substrate releasing a molecule of water using NADPH as cofactor. These enzymes
typically display a high chemo-, regio-, and enantioselectivity while operating at mild
reaction conditions’. In the last years some new Type I BVMOs have been discovered
and characterized from different organisms, such as YMOB (Yarrowia monooxygenase)
from the yeast Yarrowia lipolytica, which shows activity on some ketones and sulfides®,
the BVMO, ... and BVMO, ... from the fungus Aspergillus flavus, which showed a
broad substrate acceptance including substituted cyclic, aliphatic and aromatic ketones’,
BVMO, , from Leptospira biflexa, which was used in whole-cell reactions conversions of
various ketones'® and PockeMO from Thermothelomyces thermophile, which displays a high
thermostability and shows activity on bulky substrates'. However, the BVMOs require
special conditions that challenge the application of these biocatalysts on a large scale, like
the expensive nicotinamide adenine dinucleotide phosphate (NADPH) as coenzyme. To
reduce the costs related to the coenzyme usage, efficient external regeneration systems have
been developed. For example, the thermostable phosphite dehydrogenase (PTDH) from
Pseudomonas stutzeri WM88 can be used to regenerate NAD(P)H'>'*. Another major issue
concerning the application of BVMOs is the poor stability they often display at industrial
conditions, like the presence of cosolvent, high temperature and, in some cases, high
salinity>®. Generally, enzymes isolated from mesophilic organisms do not tolerate such
conditions. Extremozymes, which are enzymes derived from extremophilic organisms,
are typically more suited to withstand harsh environments'. Currently, there is only
one BVMO that can tolerate harsh conditions: phenylacetone monooxygenase (PAMO)
trom Thermobifida fusca'. This biocatalyst was obtained by a genome mining approach
specifically targeting this mesothermophilic actinobacterium. PAMO was found to be
rather thermostable while tolerating cosolvents'®”. Recently, other moderately stable
BVMOs, isolated from meso-thermophilic microbes, were reported''®. Inspired by these,
we considered performing genome mining to another extremophilic actinobacterium to
search for novel BVMOs.
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The Atacama Desert is a hyper-arid area in the north of Chile, characterized by: a) a large
daily temperature variation, where in some areas it ranges from -8 °C to 50 °C*’; b) low
water availability, the area is considered the driest desert in the world?’; c) exposition
to high ultraviolet (UV) light, this zone is characterized by its high altitude, prevalent
cloudless conditions and relatively low total ozone column, making this desert one of
the highest UV radiation sites on Earth'®?' and; d) high salinity, the desert contains
extremely large natural deposits of anions (as Cl, ClO,, SO,*, ClO, and others). These
geographic and environmental characteristics make the microorganisms thriving in the
Atacama Desert unique, comprising a genetic and molecular treasure that could lead to
novel (bio)chemistry?*-2*. Several microorganisms have been isolated from the Atacama
Desert, being an interesting environment to search bacteria with different adaptive
qualities to be exploited for biotechnological applications. Among the microorganisms
isolated, numerous Actinomycetes have been characterized, including a particular
species, Streptomyces leeuwenhoekii C34, found to produce novel natural products®. This
actinobacterium is a Gram-positive mycelial bacterium rich in novel pharmaceutical
compounds?®. S. leeuwenhoekii was found in a soil sample, grows from 4 to 50 °C, optimally
at 30 °C, from pH 6.0 to 11.0, optimally at 7.0, and in the presence of 10 % w/v sodium
chloride. Because of its highly biotechnological potential, this bacterium was sequenced
after its discovery”. Genomic analysis revealed a 72 % G+C content, the presence of a
linear chromosome (8 Mb) and two extrachromosomal replicons, the circular pSLE1 (86
kb) and the linear pSLE2 (132 kb). The S. leeuwenhoekii genome contains 35 gene clusters
apparently encoding for the biosynthesis of specialized metabolites with potent antibiotic
activity such as chaxamycins and chaxalactins®®*%. Genome mining in Streptomyces
isolates has already been reported for the identification and characterization of novel
BVMOs, including: i) MtmOIV, a BVMO isolated from S. argillaceus which is a key enzyme
in the mithramycin biosynthesis pathway®, ii) the BVMOs PenE and PntE forming
pentalenolactone precursors in the pathway of antibiotic biosynthesis in S. exfoliates
and S. arenae respectively®, iii) two BVMOs from S. coelicolor acting on thioanisole and
a heptanone®, and iv) PtIE from S. avermitilis has also been described to be involved
in a pentalenolactone biosynthetic pathway®>. We performed a search in the predicted
proteome of S. leeuwenhoekii using the sequence motifs described for Type I BVMOs**.
In this work, we report the discovery, expression and characterization of two novel Type
I BVMOs fused to PTDH.

MATERIALS AND METHODS

Genome analysis

The GenomeNet server (www.genome.jp/tools/motif/MOTIF2.html) was used for
searching proteins that harbor specific sequence motifs (Rossmann fold G-x-G-x-x-
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[G/A] and the Type I BVMOs fingerprints [A/G]-G-x-W-x-x-x-x-[F/Y]-[G/M]-x-x-x-D and
F-x-G-x-x-x-H-x-x-x-W-[P/D]) using the predicted proteome of S. leeuwenhoekii (code:
Actinobacteria, Streptomyces, sle). The Uniprot server was used for the identification of
the proteins (www.uniprot.org) and the NCBI server for the BLAST searches and identity
sequence confirmation (blast.ncbi.nlm.nih.gov/Blast.cgi). Multiple sequence alignments
were prepared using 45 protein sequences in MUSCLE software (v3.8.31) configured
with default settings for highest accuracy and employing the UPGMB clustering
method. The phylogenetic tree was reconstructed using the maximum likelihood (ML)
method implemented in MEGA 7.0 (500 bootstrap replications). The default substitution
model was selected assuming an estimated proportion of invariant sites and 4 gamma-
distributed rate categories to account for rate heterogeneity across sites (WAG model).
Nearest-Neighbor Interchange (NNI) ML heuristic method was chosen. Initial tree(s) for
the heuristic search were obtained by applying the BioN] method to a matrix of pairwise
distances estimated using a JTT model*>**.

Reagents, bacterial strains and plasmids

All chemical reagents were purchased from Sigma-Aldrich, Difco or Merck, unless
otherwise stated. Oligonucleotide primers synthesis and DNA sequencing were
performed by Macrogen. The genes were amplified by PCR from genomic DNA isolated
from S. leeuwenhoekii C34. Escherichia coli TOP10 (Thermo Fischer) and E. coli NEB
10 (New England Biolabs) were used as host strain for recombinant DNA. The pCRE2
vector was used for expressing the target proteins fused to phosphite dehydrogenase
(PTDH) equipped with an N-terminal His-tag'?. Lysogenic broth (LB), terrific broth
(TB), and mannitol soya flour media (SFM) were used for bacterial growth*. PTDH-
PAMO (phenylacetone monooxygenase fused to phosphite dehydrogenase) and PTDH-
TmCHMO (Thermocrispum municipale cyclohexanone monooxygenase fused to phosphite
dehydrogenase) were from GECCO-Biotech.

Cloning, expression and purification

S. leeuwenhoekii was grown in SFM and its genomic DNA was isolated and purified
using Purelink” Genomic DNA kit (Invitrogen) according to the recommendations of the
manufacturer. Genes encoding the putative enzymes were amplified by PCR using Phusion
High-Fidelity DNA Polymerase with the same program: 95 °C-420 s, [95 °C-40 s, 59 °C-40
§-73 °C-120s] x 35 cycles, 73 °C-600 s and 4 °C-overnight. For the sle_13190 gene the forward
and reverse primers were: 5-CCT GCG GCT GAC TCG AGA TCT GCA GCT GGT ATG
GCC CGC GCC GAA and 5-TTT TGT TCG GGC CCA AGC TTG GTA ATC TAT GTA
TCCTGG TCA GCG CAG TTC GAG GCC, respectively. For the sle_62070 gene the forward
and reverse primers were 5-CCT GCG GCT GAC TCG AGA TCT GCA GCT GGT ATG
ACA CAA GGT CAG ACG TTG TCC and 5-TTT TGT TCG GGC CCA AGC TTG GTA
ATC TAT GTA TCC TGG TCA GCT CAC CGT GGA GCC, respectively. For the sle_41160
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gene the forward and reverse primers were: 5-CCT GCG GCT GAC TCG AGA TCT GCA
GCT GGT ATG GCC GAG CAC GAG CAT and 5-TTT TGT TCG GGC CCA AGC TTG
GTA ATC TAT GTA TCC TGG TCA CGC GGT CAC CCC. For the pCRE2 amplification
the primers were 5-CCA GGA TAC ATA GAT TAC CAA GCT TGG GCC CGA ACA AAA
AC and 5-ACC AGC TGC AGA TCT CGA GT. The PCR conditions were optimized to
a final concentration of 3 % DMSO and 125 nM of each primer. Purified PCR products
were cloned into the pCRE2 vector by Gibson assembly*. Products were used directly for
transformation of competent E. coli TOP10 cells. Colonies were grown on LB-agar plates
supplemented with ampicillin at 37 °C. Plasmids were isolated (Wizard Plus SV Minipreps
DNA Purification System) and sequenced for cloning confirmation (Macrogen). Verified
plasmids were transformed in competent E. coli NEB 10f used for protein expression. For
purification, a single colony was taken for growing a preculture in LB at 37 °C overnight.
An aliquot of the preculture (1:100) was used to inoculate fresh TB medium supplemented
with 50 ug mL* ampicillin. Cultures were incubated at 37 °C with shaking until an OD_ of
0.7 was reached after which expression was induced by adding L-arabinose. To optimize the
expression, different inducer concentrations (0.002 %, 0.02 % and 0.2 %) and temperatures
(17 °C, 24 °C, 30 °C and 37 °C) for 16, 24 and 48 h were tested. Cells were harvested by
centrifugation (6,000 x 20’ at 4 °C using a JLA-9100 rotor, Beckman Coulter) and suspended
in lysis buffer (50 mM Tris HCI pH 7.0, 10 % w/v glycerol, 1.5 mg mL" lysozyme, 10 uM
FAD and 1 mM PMSF). Cell extracts (CE) were obtained by sonication (Vibra cell, Sonics &
materials) for 10" (amplitude 70 %, 7 s on and 7 s off). The cleared cell extracts (CCE) were
obtained by centrifugation at 10,000 rpm for 1 h at 4 °C (Centrifuge 5810R, Eppendorf). CCE,
CE and insoluble fraction were analyzed by SDS-PAGE to verify expression of the respective
BVMOs. After establishing proper expression conditions, CCE was prepared, filtered (0.45
uM) and loaded on 3 mL of nickel sepharose HP (GE Health Care) pre-equilibrated with
buffer and incubated for 1 h at 4 °C in a rotating system. Then, the column was washed with
ten column volumes of buffer (50 mM Tris HCI pH 7.0, 10 % glycerol, 0.5 M NaCl) followed
by two column volumes of 50 mM Tris HCI pH 7.0, 10 % glycerol, 0.5 M NaCl and 5 mM
imidazole. The protein was eluted using buffer with 500 mM imidazole. Fractions containing
yellow protein were loaded on a pre-equilibrated EconoPac 10DG desalting column (Bio-
Rad). The final sample was flash frozen with liquid nitrogen and stored at -80 °C. The purity
of each purified enzyme batch was confirmed by SDS-PAGE analysis.

Fluorescence and spectrophotometric analysis

To determine the protein concentration based on FAD content, samples were diluted until
an absorbance of around 0.5 at 440 nm. After collecting a full UV-vis spectrum, sodium
dodecyl sulfate (SDS) was added to a final concentration of 0.1 % w/v. An UV-vis spectrum
was recorded again after 10 min. The spectrum obtained with SDS was used to determine
the FAD concentration (¢=11,300 M™' cm™), and the extinction coefficient for the protein
by comparison with the spectrum of the native protein'>'%.
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The apparent melting temperatures (T,’) were determinate by using the ThermoFAD
method®. For this, 20 pl samples were prepared in a 96-well PCR plate. The samples
contained 1 mg mL" enzyme in different buffered solutions: 50 mM BisTris HCI, 50 mM
Tris HCI or 10 mM CAPS NaOH buffer adjusted at desired pH, cosolvents, and other
additives. The plate was heated from 20 °C to 99 °C, increasing the temperature by 0.5 °C
every 10 seconds, using an RT-PCR instrument (CFX96-Touch, Bio-Rad). By measuring
fluorescence using a 450-490 nm excitation filter and a 515-530 nm emission filter, the
T,/ or unfolding temperature was determined as the maximum of the derivative of the
sigmoidal curve.

Enzyme activity was screened by measuring the oxidation of NADPH at 340 nm (e=62,220
M cm™) in 96-well F-bottom plates (Greiner BioOne GmbH) at 25 °C using a SynergyMX
micro-plate reader (BioTek). The reactions were performed in 200 uL containing 10
% glycerol, 50 mM BisTris HCI, 50 mM Tris HCI or 10 mM CAPS at the desired pH,
cosolvent concentration, and additive, 0.45 uM of purified BVMO, 150 uM NADPH and
5.0 mM phenylacetone. As a control, to measure NADPH consumption in the absence
of substrate (uncoupling activity), phenylacetone was omitted. For determining kinetic
parameters, activity was analyzed using a V-660 spectrophotometer (Jasco) using a 100
uL quartz cuvette at 25 °C, and NADPH oxidation at 340 nm was followed. The reaction
mixture contained 50 mM Tris HCI pH 8.0, 10 % glycerol, 100 mM NaCl, 0.45 uM of
purified BVMO, 150 uM NADPH and substrate solubilized in 1,4-dioxane (2.5 % v/v final
concentration). The control reaction contained no substrate and the same concentration of
cosolvent. The reaction was started by adding the nicotinamide cofactor and mixing, after
which the absorbance was measured for 60 s.

Biotransformation studies

The substrate scope analysis was performed using 6 different substrate mixtures (400 uM
final concentration of each substrate and 2.5 % v/v 1,4-dioxane). For transformations, the
reaction mixture was prepared in 500 pL containing Tris HCI pH 7.0, 10 % glycerol, 100
mM NaCl, 30 uM FAD, 10 mM Na PO,+5H,0, 150 uM NADPH and 2.7 uM of purified
enzyme in a 20 mL glass vial. The mixture was subsequently shaken at 150 rpm and 24
°C for 24 h. The mixture was extracted three times by mixing one volume of ethyl acetate
for 60 s. Subsequently, anhydrous sulfate magnesium was added to the organic solution to
remove residual water. Analysis was carried out using a GC-MS QP2010 ultra (Shimadzu)
with electron ionization and quadrupole separation with a HP-1 column. The temperature
program, column data and injection volumes are in the supplementary data file (Table S1).

Afteridentifying the positive substrates and optimizing the conditions, biotransformations

withsinglesubstrateswere carried outinbuffer Tris HCIpH 8.0 using the same concentration
for the additives, enzyme, cofactor and phosphite described above. The conversion of
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racemic bicyclo[3.2.0]hept-2-en-6-one, phenylacetone, 2-phenylcyclohexanone and
4-phenylcyclohexanone was performed using a final substrate concentration of 5.0 mM.
For benzoin, a concentration of 1.0 mM was used. The reaction mixtures were incubated
at 24 °C and 150 rpm for 2 and 24 h. After incubation, samples were extracted three
times with one volume of tert-butyl methyl ether containing 0.1 % v/v mesitylene as an
external standard and vortexed for 1 minute. Then, the GC analysis was performed in
the same instrument described above, for chiral analysis of bicyclo[3.2.0]hept-2-en-6-
one, 2-phenylcyclohexanone and 4-phenylcyclohexanone the substrates were analyzed
using a 7890A GC System (Agilent Technologies) equipped with a CP Chiralsil Dex CB
column. The enantiomers were identified by comparing with reported retention times and
biocatalytic preference'®4-42,

'H-NMR analysis

For 'H-NMR analysis, the reactions were carried out at 4 mL for 2-phenylcyclohexanone
(10 mM) and 10 mL for benzoin (1.0 mM). Extraction was performed three times with ethyl
acetate, dried over anhydrous sulfate magnesium and concentrated by rota-evaporation.
The extracts were suspended in 1 mL CDCI, and NMR analysis was performed in a 400
MHz Varian Unity Plus spectrometer.

Statistical analysis

All analyses were performed using GraphPad Prism v6.05 for Windows (GraphPad
Software, La Jolla, USA). To assess statistical significant differences between more than
two groups of data, a two-way ANOVA test was used, with the Tukey post-test used to
compare each different group, using a p < 0.05. Kinetic parameters were obtained by fitting
the obtained data to the Michaelis-Menten equation. Chromatograms and MS spectra
were analyzed using GCMSsolution Postrun Analysis 4.11 (Shimadzu). The library for the
MS spectra was NIST11.

RESULTS

Genome analysis and molecular cloning

By using the sequence motif for Rossmann fold (GxGxxG/A) and two previously
described Type I BVMO-specific sequence motifs ([A/G]GxWxxxx[F/Y]P[G/M]xxxD
and FxGxxxHxxxWP/D)***, we could identify three putative BVMOs in the predicted
proteome of S. leeuwenhoekii C34: Sle_41160, Sle_13190 and Sle_62070 (Uniprot codes
AO0AOF7VV32, AOAOF7VUW?7 and AOAOF7W6X7, respectively) (Table S2). A sequence
alignment analysis revealed that Sle_13190 displays 92 % sequence identity with PntE
(pentalenolactone D synthase from S. arenae)* while, Sle_62070 only has 50 % sequence
identity with PntE. Another known BVMO that is closely related in sequence with

194

552980-I-bw-Scheuch
Processed on: 16-12-2020 PDF page: 194



BVMOs from S. leeuwenhoekii

Sle_62070 is PockeMO (Polycyclic Ketone Monooxygenase, 39 % seq. ident.) from the
fungus T. thermophile''. These two putative BVMOs share 49 % of sequence identity. On the
other hand, Sle_41160, has 36 % sequence identity with HAPMO (4-hydroxyacetophenone
monooxygenase from P. fluorescens)®® and shares around 30 % sequence identity with
the other two predicted BVMOs. A phylogenetic molecular analysis was inferred using
Maximum likelihood™®. The resultant tree revealed that Sle_13190 and Sle_62070 belong
to a distinct clade of Type I BVMOs (Figure S1). Based on the recently elucidated crystal
structure of PockeMO, it has been reported that this group of BVMOs have a special
structure feature in common that allows them to accommodate relatively large substrates
in their active site'’. This suggests that Sle_13190 and Sle_62070 should have the capacity
to deal with bulky compounds. On the other hand, Sle_41160 was clustered close to
HAPMO, a Type I BVMO described to catalyze the reaction of 4-hydroxyacetophenone to
the corresponding acetate ester™.

The sle_13190, sle_62070 and sle_41160 genes have 69, 71 and 73 % of G+C % content which
is similar to the chromosomal DNA of S. leeuwenhoekii’. We amplified the three genes
from the isolated genomic DNA after optimizing PCR conditions. Thereupon, we cloned
them into a pCRE2 vector that harbors a NADPH-recycling phosphite dehydrogenase as
a N-terminal fusion partner with a N-terminal histidine tag. The generated expression
plasmids were used to transform E. coli TOP10, the subsequent expression of soluble protein
was tested at various temperatures. The best results for Sle_13190 and Sle_62070 were
obtained when expression was performed at 17 °C for 48 h using 0.02 % of L-arabinose. For
Sle_41160, no expression could be obtained at any of the tested conditions and therefore
was discarded for further experiments. The proteins were purified through Ni**-affinity
chromatography in one step, a clear yellow color was indicative of proper folding and FAD
binding. The purified proteins displayed UV-vis spectra that are characteristic for flavin-
containing proteins displaying a maxima absorbance at 385 nm and 440 nm (Figure S2).
Using SDS as unfolding agent, the extinction coefficient at 450 nm of each flavoprotein
was determined: 14.1 and 15.7 mM™* cm™ for Sle_13190 and Sle_62070, respectively.

Characterization of the Atacama BVMOs

To obtain a better view on the biochemical properties of the two purified flavoenzymes,
their thermostability and tolerance towards cosolvents were studied. The ThermoFAD
method was used to probe their thermostability. This method determines the apparent
melting temperature (T,) of a flavoprotein based on the increase in flavin fluorescence
when the flavin cofactor is released upon protein unfolding®. First, we determined the T,
of the enzymes at various pH values using different buffers (Tris HCI, Bis Tris HCl or CAPS)
in the presence of 100 mM NaCl and 10 % w/v glycerol. Interestingly, both flavoproteins
display a similar pH-dependent unfolding profile (Figure 1a). For Sle_13190 and Sle_62070,
the T,’ was around 45 °C between pH 7.5 and 10.0, showing that the two enzymes are
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Figure 1. Determination of apparent melting temperature of S. leeuwenhoekii Type I BVMOs.
(a) The thermostability of Sle_13190 (yellow dots) and Sle_62070 (purple dots) were measured at
different pH (5.0-11.0). (b) The effect in the T’ by the presence of cosolvents at 5 % v/v (light
column) and 10 % v/v (dark column) was analyzed for Sle_13190 and Sle_62070 in Tris HCI pH 7.0.

relatively thermostable. To discard a possible buffer composition effect, HEPES at pH
7.0-7.5 and citrate buffer at pH 6 were also tested, resulting in highly similar T, values.
Subsequently, the effect of several commonly used cosolvents on the thermostability was
explored by analyzing samples containing 5 and 10 % v/v of DMSO, methanol, acetonitrile
(ACN), ethanol, 1,4-dioxane, acetone, isopropanol, 2-butanol, ethyl acetate, benzene
or hexane (Figure 1b). Again, both flavoenzymes displayed similar patterns of solvent
tolerance. For both enzymes, a major deleterious effect was observed with 10 % ACN, ethyl
acetate and 1,4-dioxane, resulting in a drop of 7-8 °C with ACN and ethyl acetate, and a
drop of >10 °C with 1,4-dioxane. The data suggest that the enzymes can be employed in
the presence of various solvents. The effect of increasing concentrations of NaCl, ectoine,
5-hydroxyectoine and proline was also analyzed. These additives were chosen because
the BVMOs may have evolved to operate in the presence of high concentrations of these
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compounds as S. leeuwenhoekii thrives in a highly salty environment. While Sle_13190
was rather insensitive to increasing amounts of NaCl, Sle_62070 was more stable at lower
concentrations (Figure S3). For the other additives, no significant differences in effects
on the T, values were observed. While increasing amounts of ectoine resulted in lower
T, values, 5-hydroxyectoine (0-200 mM) and proline (0-4 mM) did not have a significant
effect (Figure S3).

Substrate profiling of the Atacama’s BVMOs

After the thermostability analysis, the substrate scopes for both flavoenzymes were studied
through a high-throughput GC-MS analysis approach by verifying product formation for
each potential substrate. Each enzyme was incubated with 6 different mixtures containing
3-6 distinct ketones and thioethers at a final concentration of 400 pM each and 2.5 %
1,4-dioxane as cosolvent. In this way, a total of 30 different potential substrates were
tested with each BVMO (Fig. S4). For regeneration of the nicotinamide coenzyme, the
fusion partner of the recombinant enzymes, phosphite dehydrogenase, was exploited
by including phosphite and a catalytic amount of the coenzyme. The conversions were
incubated for 24 h at 24 °C and after extraction the analysis revealed a broad substrate
acceptance for both enzymes. For Sle_13190, 15 compounds were identified as substrate
through detection of formed substrate, while Sle_62070 was found to convert 17 of the 30
tested compounds (Table 1). The substrate profiles include several cyclic aliphatic ketones,
aromatic ketones and sulfides, linear aliphatic ketones and also a steroid, stanolone. The
two BVMOs shared most of the uncovered substrates but also some striking differences
were noted. For example, of the tested octanones, Sle_13190 converted 2-octanone, and
Sle_62070 converted 3- and 4-octanone (the predicted products are included in the Figure
S5)

To determine the optimal conditions and robustness of the potential biocatalysts,
phenylacetone was selected as model substrate as it was found to be well-accepted substrate
(Table 1). We measured the rate of NADPH consumption in the absence or presence of 5.0
mM of this ketone at various pH values (Figure 2). The data confirm that Sle_62070 has a
good activity with phenylacetone as substrate, and a significantly higher activity with the
substrate over the uncoupling activity (consumption of NADPH in absence of substrate).
The highest activity (around 2.4 s) was observed at pH 7.5-10. Sle_13190 has a relatively
low activity on phenylacetone (around 0.24 s at pH 7.0-9.5), which is only slightly higher
when compared with its uncoupling activity. Based on these activity results we chose a
pH value of 8.0 for the subsequent experiments. We also compared the effect of seven
water-miscible solvents at 2.5, 5 and 10 % v/v (Figure S6). This revealed that DMSO is
probably a substrate for both BVMOs. For Sle_62070 the rate of NADPH consumption
increased significantly at higher DMSO concentrations while for Sle_13190 the observed
rate with DMSO were even equal to the rates in the presence phenylacetone. BVMO

197

552980-I-bw-Scheuch
Processed on: 16-12-2020 PDF page: 197



Chapter VI

activity on DMSO has also been noted before and therefore is not a suitable cosolvent®.
Interestingly, up to 10 % v/v of the other six cosolvents seem to be compatible with both
BVMOs, even at the highest concentration these cosolvents did not significantly affect the
observed activities. While the BVMO activities were in the same range when compared in
buffer, only some modest increase in uncoupling activity was seen in the presence of ACN,
methanol and isopropanol. This demonstrates that both biocatalysts are rather tolerant
towards regularly used cosolvents.

Table 1. Substrate scope analysis of Type I BVMOs. The 30 compounds tested in the substrate
scope analysis are shown with their respective CAS number. Conversion was determined semi-
quantitatively for each substrate by analysis of the peak areas in the GC chromatograms normalized
by the compound(s) of the mixture that were not accepted by the enzyme. The results are categorized
by the observed degree of conversion as 100-81 %, +++++; 80-61 %; ++++; 60-41 %, +++; 40-21 %,
++; < 20, + or <1 %, - .

Mix Substrate CAS number Sle_13190 Sle_62070
1 2-hexylcyclopentanone 13074 65-2 e+t et
1 3-methyl-2,4-pentanedione 815 57-6 - -

1 benzylphenyl sulfide 831 91-4 - +++
1 cycloundecanone 878 13-7 - -

1 indole 120 72-9 - -

1 phenylacetone 103 79-7 e+t +H+++
2 2-propylcyclohexanone 94 65-5 e+t ++
2 3-octanone 106 68-3 - ++
2 bicyclo[3.2.0]hept-2-en-6-one 13173 09-6 +++++ +H+++
2 cyclododecanone 830 13-7 - -

2 cyclopentanone 120 92-3 - -

2 methyl-p-tolyl sulfide 1519 39-7 e+t +++
3 2-phenylcyclohexanone 1444 65-1 e+t +H+++
3 androst-1,4-diene-3,17-dione 897 06-3 - -

3 cyclopentadecanone 502 72-7 + +
3 nicotin 54 11-5 - -

3 vanillylaceton 122 48-5 - -

4 4-hydroxyacetophenone 99 93-4 - -

4 4-phenylcyclohexanone 4894 75-1 e+t e+
4 androst-4-ene-3,17-dione 63 05-8 ++++ ++
5 4-octanone 589 63-9 - +

5 acetophenone 98 86-2 - -

5 cyclohexanone 108 94-1 +++ +

5 pregnalone 145 13-1 -

5 thioanisole 100 68-5 +++ +H++
6 2-octanone 111 13-7 +

6 4-methylcyclohexanone 589 92-4 ++ +++
6 benzoin 119 53-9 ++ +H+++
6 cyclooctanone 502 49-8 -

6 stanolone 521 18-6 ++ -+t
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In order to test the effects of known microbial osmoprotectants we studied their effects
on Sle_62070 because this BVMO seemed to exhibit better kinetic properties. We chose
1,4-dioxane (2.5 % v/v) as cosolvent. The effect of increasing concentrations of ectoin,
5-hydroxyectoin (0-200 mM) and proline (0-4 M) on BVMO activity of Sle_62070 was
studied (Figure S7). None of the osmoprotectants exerted a dramatic effect on the BVMO
or uncoupling activities. A slight boost (20 %) on BVMO activity was observed with 200
mM ectoin, while 4 M proline decreased the BVMO activity by 30 %. To have a better view
on the kinetic properties of Sle_62070, the initial rates of NADPH consumption with a set of
ketones and sulfides were determined (Figure S8a). These kinetic data revealed a relatively
high k , with bicyclo[3.2.0]hept-2-en-6-one, phenylacetone, 2-phenylcyclohexanone and
4-phenylcyclohexanone, and a lower activity with the thioethers methyl-p-tolyl sulfide,
benzylphenyl sulfide and thioanisole and the cyclic ketones 2-hexylcyclopentanone and
cyclopentadecanone. The other tested compounds did not shown a significant difference
in activity when compared with the uncoupling rate. The steady-state kinetic parameters
for four substrates on which Sle_62070 displayed a relatively high activity were determined
(Table 2). As it was found for other Type I BVMOs, Sle_62070 displays a relatively high
activity with bicyclo[3.2.0]hept-2-en-6-one and phenylacetone, showing a k_, of 4.0 s for
both compounds, and K, values of 0.2 and 3 mM, respectively (Figure S8b,c). In addition,
Sle_62070 shows high activity with 2-phenylcyclohexanone and 4-phenylcyclohexanone,
displaying k_, values of >4.0 s and K values of >3.0 mM for both phenylcyclohexanones
(Figure S8d,e). We also attempted to determine kinetic parameters for Sle_13190, but the
observed rates were too low for an accurate kinetic analysis. Clearly, using the applied
conditions, Sle_62070 is a superior biocatalyst concerning its kinetic properties.

Table 2. Kinetic parameters of Sle_62070. NADPH oxidation rates were spectrophotometrically
followed in 50 mM Tris-HCl at pH 8.0, 10 % glycerol and 100 mM NaCl at 25 °C (enzyme 0.45 uM,
NADPH 150 uM) with four ketones in increasing concentrations. The data obtained were fit using
a Michaelis-Menten equation in GraphPad Prism.

k K k K !

Substrate [sﬁj m . | [s‘imm u b
bicyclo[3.2.0]hept-2-en-6-one 4.0+ 0.06 0.20+0.01 20
phenylacetone 41+£0.2 3.0+0.3 13
2-phenylcyclohexanone >4.0 >3.0 L3
4-phenylcyclohexanone >4.0 >3.0 L3

After establishing the substrate profiles and kinetic properties of the two newly
discovered BVMOs, some substrates were selected as candidates to perform conversions
at a larger scale. Racemic bicyclo[3.2.0]hept-2-en-6-one was chosen as a hallmark BVMO
substrate for enantio- and regioselectivity, phenylacetone as a well described ketone
for BVMOs, and thioanisole to include a thioether for testing a sulfoxidation reaction.
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2-Phenylcyclohexanone, 4-phenylcyclohexanone and benzoin were selected as relatively
unexplored BVMO substrates. All the compounds were tested at 5.0 mM except for the
conversion of benzoin; due its poor solubility it was used ata concentration of 1.0 mM. Upon
incubating the substrates with 2.7 uM Sle_62070-PTDH for 2 h, complete conversion was
observed with most targeted compounds (Table 3). For 2-phenylcyclohexanone merely 69
% was converted and for thioanisole only 18 % conversion was obtained. Extending the
incubation to 24 h only resulted in a minor improvement (83 % and 22 % conversion
for 2-phenylcyclohexanone and thioanisole, respectively). Sle_13190 was only tested for
the conversion of benzoin, resulting in 40 % conversion after 2 h incubation. By GC-MS
analysis it was found that both enzymes produce benzaldehyde when converting benzoin.
NMR analysis revealed that, except for benzaldehyde, also benzoic acid is formed upon
conversion of benzoin (Figure S9a). Also, the conversion of 2-phenylcyclohexanone was
subjected to 'H-NMR analysis. The NMR spectral data revealed the production of the
proximal lactone when 2-phenylcyclohexanone was converted by Sle_62070 (Figure S9b).

Table 3. Biocatalysis performance of Sle_62070. Biotransformation assays were carried out for
2 h at 24 °C for 6 different substrates, consumption percentages are shown. Enantioselectivity

was determined for bicyclo[3.2.0]hept-2-en-6-one. N:A, ratio normal and abnormal product, ee,
__ (Amajor—Aminor)

enantiomeric excess of the product calculated as ee = ——— x 100 .
(Amajor+Aminor)
bicyclo[3.2.0]hept- ce ¢ phenyl- 2-phenyl- 4-phenyl- benzoin thioanisole
2-en-6-one N A acetone cyclohexanone cyclohexanone

>99 % >99%  >99%  >99 % 69 % >99 % >99 % 18 %

To probe the enantioselectivity of Sle_62070, chiral GC analyses were performed. First,
the conversion of 4-phenylcyclohexanone was studied. As reference the conversion of
4-phenylcyclohexanone with TmCHMO-PTDH was performed. The reaction using
CHMOs is described to produce preferably the S lactone***. The results revealed that
Sle_62070 is highly enantioselective towards this ketone as only the S lactone was formed
(Figure S10). Using 2-phenylcyclohexanone as racemic substrate, Sle_62070 was found
to be highly enantioselective for convert the R enantiomer substrate. The reaction was
compared with TmCHMO-PTDH which is described to display a higher preference
for the same enantiomer*"** (Figure S10). The enantioselective properties of Sle_62070
with racemic bicyclo[3.2.0]hept-2-en-6-one as substrate was also analyzed. As reference
reaction, the biotransformation of the racemic prochiral cyclic ketone was also performed
with PAMO-PTDH resulting in the formation of all four possible lactone products'®. After
2 h conversion, two of the four possible lactone products, in equal amounts, were observed
when using Sle_62070: the (-)-1S,5R normal lactone and the (-)-1R,5S abnormal lactone.
The enantiomeric excess for both products were determined as >99 % (Figure S11). Finally,
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the reaction was analyzed in time (Figure S12ab) which revealed that Sle_62070 has no
preference for one of the two substrate enantiomers.

DISCUSSION

By genome sequence analysis, we have identified two new actinobacterial BVMOs.
As far as we know, these are the first BVMOs described from an Atacama Desert’s
microorganism. Both BVMOs were shown to be rather robust by tolerating cosolvents
up to 10 % v/v and by displaying relatively high melting temperatures. Compared with
CHMO from Acinetobacter sp. or STMO from Rhodococcus rhodochrous (both having
a T, of 39 °C), these two new BVMOs showed a higher T,’ (5-6 °C higher). The two
BVMOs are similar in thermostability when compared with the recently reported
PockeMO (T, of 47 °C) which was identified from a thermophilic fungus (Fiirst et al.,
2016). Both uncovered enzymes showed activity on a wide variety of ketones and sulfides,
a typical feature of Type I BVMOs. As already can be deduced from the clustering of
the sequences based on sequence homology with other BVMOs that are known to act
on bulky compounds, Sle_13190 and Sle_62070 also accept rather complex compounds
as substrate, including biphenyls and a steroid. Remarkably, even though the substrate
scope is similar between these two enzymes, Sle_62070 showed to be more promising by
acting on more compounds and by exhibiting higher activities. Sle_62070 also revealed
to be highly enantio- and regioselective in converting bicyclo[3.2.0]hept-2-en-6-one
into two enantiopure lactones. Interestingly, it is also efficient in converting benzoin
which, as far we know, was only reported as substrate for CPMO without any product
identification®. We have identified for the first time the products formed by BVMO-
catalyzed benzoin oxidation: benzaldehyde and benzoic acid. For the production of these
compounds, we suggest the formation of a labile ester product which decomposes to from
the two aromatic products (Figure 3). Overall, this work has delivered two new BVMOs
to complement the available collection of known BVMOs. The extreme environment of
the Atacama Desert may develop as an interesting source for new robust enzymes. Using
metagenomic approaches it should become feasible to tap novel biocatalysts from this rich
source of actinobacterial “biosynthetic dark matter”, which is unique due to the special
soil subsurface geochemistry, ecological diversity and environmental conditions of this
hyper-arid desert?>?.
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Figure 3. Proposed reaction of benzoin oxidation by Sle_62070. Mechanism of the hydrolysis of
oxidation product to benzaldehyde and benzoic acid.
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SUPPORTING INFORMATION CHAPTER VI

Tables

Table S1. Gas chromatography parameters

GC program . L
Analysis Column ° . Split  Injection
Y Rate [°C~ Temperature Holdtime patio (uL]
min] [°C] [min]
_ 40 _
Racemic bicyclo[3.2.0] 10 130 15 500 ;
hept-2-en-6-one :
10 40
] 80 -
CP Chiralsil Dex 10 110 R
4-Phenylcyclohexanone  CB Agilent, 25 m x 1 50.0 3
0.25mm x 0.25 um 10 200 20.00
80
_ 40 -
10 180 0
2-Phenylcycloh 20.0 1
enylcyclohexanone ) 200 s
10 40 0
- 30.0 5.00
Phenylacetone 5.00 70.0 5.00 5.0 2
5.00 130.0 10.00
- 30.0 5.00
2-Phenylcyclohexanone
4-Phenylcyclohexanone 10.00 1600 500 100 2
5.00 250.0 5.00
- 55.0 5.00
HP-1 Agilent, 30 5.00 78.0 3.00
mx 0.25 mm x
0.25 um 10.00 170.0 1.00
Benzoin 5.0 2
5.00 180.0 3.00
5.00 215.0 5.00
10.00 250.0 3.00
- 30 5
5 70 5
Substrate scope analysis 5.0 2
5 130 5
10 325 5
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Figures
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Figure S1. Molecular phylogenetic analysis. The evolutionary history was inferred by using
the Maximum Likelihood method; the tree with the highest log likelihood (-14431,27) is
shown. The tree is drawn to scale, with branch lengths measured in the number of substitutions
per site. The analysis involved 45 amino acid sequences including CDMO (cyclododecanone
monooxygenase), CPDMO (cyclopentanone monooxygenase), PockeMO (polycyclic ketone
monooxygenase), CPMO (cyclopentanone monooxygenase), MEKMO (methylethylketone
monooxygenase), ACMO (acetone monooxygenase), PAMO (phenylacetone monooxygenase),
SAPMO (4-sulfoacetophenone monooxygenase) STMO (steroid monooxygenase), OTEMO
(2-0x0-A%-4,5,5- trimethylcyclopentenylacetyl-CoA monooxygenase), CHMO (cyclohexanone
monooxygenase), HAPMO (4-hydroxyacetophenone monooxygenase), EthA (Ethionamide
monooxygenase), pentalenolactone biosynthetic genes PenE, PntE and PtlE, 24 BVMOs from
Rhodococcus jostii RHA1 and the three putative proteins from S. leeuwenhoekii C34.
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Figure S2. Purification of Sle_13190 and Sle_62070. (a) UV-Vis absorbance spectra of purified
Type I BVMOs; Sle_13190 in black and Sle_62070 in gray. (b) SDS-PAGE of both purified
flavoproteins and their respective clarified crude extracts.
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Figure S3. Determination of apparent melting temperatures (T,’) of S. leeuwenhoekii Type I
BVMOs with additives. The T, of Sle_62070 (gray column) and Sle_13190 (white column) were
determined using increasing concentrations of NaCl, ectoine, 5-hydroxyectoine and proline as
additives, n=3.
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Figure S5. Substrate and product MS identification. "The products of 2-phenylcyclohexanone
and benzoin were analyzed by 'H-NMR. While the product for 4-phenylcyclohexanone was not in
the MS spectrum library: the molecular structure depicts the expected BV product.
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Figure S6. Effects of water-miscible cosolvents in BVMO and NADPH oxidase activity. Activity
(k,,,) was measured using 5.0 mM phenylacetone or in the absence of substrate [(a) Sle_13190 and
(b) Sle_62070]. The effect of cosolvent was tested using 2.5 (light column), 5 (dark column) and
10 % v/v (black column) of the cosolvent (DMSO, acetonitrile, methanol, 1,4-dioxane, propanol,
isopropanol or ethanol), n=3
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Figure S9. Identification of reactions products using Sle_62070 as biocatalyst. (a) 'H-NMR
analysis in CDCI, at 400 MHz of reaction with benzoin as substrate and MS spectrum of
benzaldehyde obtained in GC-MS. (b) "H-NMR analysis of 2-phenylcyclohexanone reaction in
CDCI, at 400 MHz.
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Figure S10. Biotransformation of Sle_62070 using 2- and 4-phenylcyclohexanone. Reactions
contained purified enzyme (2.7 uM), 2-phenylcyclohexanone or 4-phenylcyclohexanone (5.0 mM),
NADPH (150 pM), Na,PO,+5H,0 (10 mM), FAD (30 uM), NaCl (100 mM), glycerol (10 % w/v) in
50 mM Tris-HCl at pH 8.0 and 1,4-dioxane as cosolvent (2.5 % v/v). For (a) 4-phenylcyclohexanone
reactions were analyzed by chiral GC after 2 h at 24 °C. (b) Substrate and (c) synthetized racemic
products were also analyzed. Chromatograms were compared with (d) TnCHMO-PTDH described
to produce preferably the S lactone. For 2-phenylcyclohexanone reactions were analyzed after (e) 0,
(f) 2 and (g) 24 h at 24 °C. Chromatograms were compared with (h) TmCHMO-PTDH described
to display R selectivity.
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Figure S11. Chromatograms of the biotransformation using Sle_62070. Reactions contained
purified enzyme (2.7 puM), rac-bicyclo[3.2.0]hept-2-en-6-one (5.0 mM), NADPH (150 pM),
Na,PO,«5H,0 (10 mM), FAD (30 uM), NaCl (100 mM), glycerol (10 % w/v) in 50 mM Tris-HCI
at pH 8.0 and 1,4-dioxane as cosolvent (2.5 % v/v). Reactions containing rac-bicyclo[3.2.0]hept-2-
en-6-one were analyzed by chiral GC after (a) 0 and (b & d) 2h at 24 °C. Sle_62070 fully converted
rac-bicyclo[3.2.0]hept-2-en-6-one and produced almost exclusively one regioisomer from each
enantiomer, namely (1S,5R)-2-oxabicyclo[3.3.0]Joct-6-en-3-one (normal product) and (1R,5S)-
3-oxabicyclo[3.3.0]oct-6-en-2-one (abnormal product). Retention times were compared with (c)
where PAMO-PTDH was used for converting rac-bicyclo[3.2.0]hept-2-en-6-one and which is
known to yield all four possible lactones.
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Figure 12. Biotransformation of rac-bicyclo[3.2.0]hept-2-en-6-one in time. Biotransformations
using Sle_62070 and rac-bicyclo[3.2.0]hept-2-en-6-one were followed in time. (a) Conversion of
(-)-1S,5R (black) or (+)-1R,5S (white) substrate are shown in time. (b) Chromatograms of time point
reaction are shown (15, 30, 45, 60, 90, 120 and 180 min). Retention time of substrates (-)-1S,5R,
(+)-1R,5S and the products (abnormal and normal) were 9.47, 9.67, 17.68 and 18.85, respectively.
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Chapter VII

SUMMARY AND CONCLUSIONS

Nowadays, biocatalysis has a crucial role in society. Enzymes have been developed for a
plethora of biotechnological applications. New biocatalytic advances aim to reduce the
environmental impact of chemical processes. In this context, many years have passed
since the field of biocatalysis abandoned the merely curiosity-driven research in academia
and became a more mature field for e.g. the chemical and pharmaceutical industries.
This occurred because biocatalysts allow a tight control over the selectivity of reactions,
making enzymes exquisite alternatives for chemical catalysts. They can also contribute to
a greener industry and untapped new chemistry.

Flavoenzymes are a remarkable example of biotechnologically interesting biocatalysts.
These enzymes are highly versatile biomolecular machines that perform a wide range of
reactions, and represent a vast number of biocatalysts in the toolbox that enables redox
chemistry. Flavoenzymology is a multidisciplinary field, which aims to increase the
overall understanding of flavin-containing enzyme, by gaining a deeper insight into their
catalytic mechanisms, kinetic properties and sequence-structure-function relationships.
An improved understanding of these enzymes permits the further development of
enhanced biocatalysts. For example, knowledge-based enzyme engineering can lead to
improved chemo-, regio- and enantioselectivities required for the synthesis of valuable
compounds.

The advantages of biocatalysis are well-exemplified for the Baeyer-Villiger oxidation
reactions reported in Chapter 1. Even though the chemical method for such oxidations
offers a simple synthetic route to oxidize ketones into esters/lactones, it requires the
usage of hazardous reagents and is typically not chemo-, regio- or enantioselective. As an
appealing alternative, the flavin-containing Baeyer-Villiger monooxygenases (BVMOs)
have been investigated for a long time for their potential as biocatalysts'. In the last
few decades various BVMOs have been discovered or engineered that exhibit activities
suitable for the synthesis of valuable compounds. In chapter 1, we summarized the state
of the art for BVMOs as biocatalysts, thereby focusing on their biochemical, mechanistic
and structural properties. Although it appears to be a relatively mature field, there are still
intricacies for flavoenzymologists to unravel. Limitations, such as moderated stability,
undesired specificities and cofactor dependency often prohibit industrial applications.
Ongoing research is making progress in overcoming these issues.

Many (flavo)enzymes depend on a dissociable cofactor, such as NAD(P)H, for catalysis.
The costs related to such cofactor dependency can be partly overcome by using self-
sufficient bifunctional enzymes that are efficient in cofactor regeneration. In chapter 2
we designed an experimental protocol to evaluate the effect of the length of a flexible
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glycine-rich linker on the properties of the self-sufficient ThDPADH-TmCHMO fusions.
This experimental protocol enables the generation of optimized biocatalysts. Moreover,
the procedure can be easily modified to generate a similar library of other fusion proteins.
As demonstration reaction, the generated ADH-BVMO fusion enzymes were tested for
the synthesis of e-caprolactone, a valuable polymer precursor, starting from cyclohexanol.
Such reaction takes advantage of the fact that both enzyme activities satisfy their cofactor
dependency: ADH activity converts NADP* into NADPH, while, in turn, BVMO activity
oxidizes NADPH into NADP". Furthermore, fused bifunctional biocatalysts may enhance
the protein stability and promote product intermediate channeling by proximity effects.
There are no uniform design rules for an optimal linker to fuse two enzymes. However,
a ‘wrong’ linker can lead to detrimental effects on the biocatalytic performance®. The
presented work concerned the evaluation of the effect of fifteen linker variants, differing
in size, on: expression, thermostability, activity and conversion levels. All the obtained
variants exhibited high expression levels (250-360 mg L") and were obtained mainly as
holo proteins. For both TmCHMO and TbADH, it was observed that the length of the
linker did not show a significant deleterious effect on their thermostability. Concerning
activity, the alcohol oxidation (ADH) and sulfoxidation (BVMO) activities were similar
for the 9 shortest variants, while the fusions with the linker length of 10, 12 and 15 amino
acids showed a slightly increased activity. Small-scale bioconversions resulted in highest
turnover numbers (TON) for the fusions with 2, 3, 6, 7, 13 and 14 amino acid linkers
(TONSs of 20,000-25,000). The TON of the reaction catalyzed by the non-fused enzymes
was around 12,000.

In chapter 3, we studied the reactivity of flavoenzymes with dioxygen, a captivating topic
for flavoenzymologists. Dioxygen is a four-electron oxidant that can be enzymatically
activated and reduced to hydrogen peroxide or water through consecutive one-electron
transfers. In some cases, other reactive oxygen species (ROS) can be formed, such as
superoxide. In chapter 3, we investigated ROS formation —or uncoupling— during the
flavin-mediated reduction of dioxygen by flavoprotein oxidases and monooxygenases,
using PAMO, ., PAMO_,. ., EUGO and HMFO as test enzymes. The analysis of the
uncoupling in flavoproteins is of great relevance because ROS have an important role
in biology and may complicate the use of flavoenzymes as biocatalysts. Moreover, the
mechanism of flavoenzyme-mediated ROS formation is not fully understood.

Accurate profiles of hydrogen peroxide and superoxide production under different
operational conditions were determined for all studied flavoenzymes. Remarkably, all
proteins were found to produce significant amounts of superoxide. Furthermore, increased
superoxide levels were detected at higher pH, which could be indicative of a pH-sensitive
caged radical pair dissociation. Despite the accumulation of superoxide, no detrimental
effect on biocatalysis was demonstrated. Interestingly, for PAMO, . and EUGO, the
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addition of catalase significantly increased the catalytic performance. The results provide
a better view on the conditions that promote ROS formation in flavoenzymes which is
industrially relevant and could help to reduce formation of hazardous ROS and avoid the
waste of valuable reducing equivalents.

The second part of this thesis deals with the identification and characterization of several
newly discovered flavin-containing monooxygenases. Such studies on new flavoenzymes
provide more insights into the chemistry feasible with natural enzymes and may also
lead to new enzyme-based applications. In chapter 4, in collaboration with the Institute
of Microbiology of the ETH (Ziirich, Switzerland), the involvement of BVMOs in the
production of some specific polyketides was studied. It was shown that oxygen insertion
via a Baeyer-Villiger oxidation into a nascent polyketide backbone is achieved by bacterial
enzymes. The biochemical properties of two of such BVMOs, Oock and LmbC-Ox, were
established. These FAD-containing enzymes were shown to be involved in an oxygen-
insertion reaction that is part of the biosynthesis of the secondary metabolites oocydin
and lobatamide.

Chapter 5 describes efforts in finding promising type I or type II flavin-containing
monooxygenase (FMOs). Through genome mining we identified two proteins from
Chloroflexi bacterium and the tardigrade Hypsibius dujardini: CbFMO (type II) and
HdFMO (type I), respectively. Both enzymes displayed distinctive biochemical features.
HdAFMO was found to be only active with sulfides, did only accept NADPH as hydride
donor, and presented a moderated thermostability (T, ** of 45°C). In contrast, CbFMO
converted preferentially ketones into the respective esters or lactones, and displayed a
poor thermostability (T, *” of 34°C). The motivation for studying CbFMO, a type IT FMO,
was partly because of the relaxed nicotinamide cofactor specificity of previously reported
type II FMOS’. Yet, CbFMO was found to have a strong preference for NADPH. Therefore,
comparing with the already described collection of flavoprotein monooxygenases, both
FMOs do not seem very appealing for biocatalysis.

Finally, in chapter 6 two type I BVMOs from Streptomyces leeuwenhoekii C34 were
identified, namely: Sle_13190 and Sle_62070. Both enzymes were successfully expressed
with phosphite dehydrogenase as fusion partner. Similar to other type I BVMOs, both
proteins showed NADPH-dependent Baeyer-Villiger oxidation. The sequences of
Sle_13190 and Sle_62070 clustered, based on sequence homology, with other BVMOs
that are known to act on bulky compounds. In this context, it was not surprising that
they accepted rather complex compounds as substrate, including biphenyls and a steroid.
Moreover, both enzymes were found to be moderately robust, exhibiting a T, *” of 45
°C and tolerating water-miscible cosolvents. In particular, Sle_62070 was found to be
highly active with cyclic ketones and displayed a high regioselectivity producing only one
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lactone from 2-phenylcyclohexanone, and high enantioselectivity producing only normal
(-)-1S,5R and abnormal (-)-1R,5S lactones (e.e. >99 %) from bicyclo[3.2.0]hept-2-en-6-one.
These two newly discovered BVMOs may develop as valuable additions to the known
collection of BVMOs.

The work described in this thesis delivered several new enzymes, that can be employed
as biocatalysts, and new insights into their catalytic properties. The work confirms that
extreme environments can be a great source of untapped robust enzymes, as demonstrated
with the two BVMOs identified in a bacterium isolated from Atacama Desert (chapter 6).
Also, an flavoenzyme from a tardigrade, a microscopic animal that can be cryopreserved
and had not been considered before as source for biocatalysts, was obtained and studied.
Unfortunately, this did not yield a very promising biocatalyst. It shows that organisms
that can survive extreme conditions do not always (only) harbor robust biocatalysts.
Besides of exploring sequence genomes of (thermophilic) microorganisms, employing
a metagenomic approach may also be useful if one is looking for a robust biocatalyst.
Current metagenomic approaches allow the handling of rich sources of biosynthetic dark
matter, which can lead to new (bio)chemistry®®. In this sense, the combined effort in the
discovery of novel enzymes, more mechanistic insights and the engineering of enzymes
will make biocatalytic reactions even more efficient, reliable and environmentally friendly.
This will allow biocatalysis to gain ground to compete in a sustainable way with classical
chemical routes, or allow totally new enzyme-based applications.
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NEDERLANDSE SAMENVATTING —
Vertaald door Yannick Kok en Titia R. Oppewal _
Biokatalyse vervult tegenwoordig een cruciale rol in de samenleving. Zo zijn er enzymen
ontwikkeld voor verscheidene biotechnologische applicaties. Door innovatie in biokatalyse
wordt ook getracht de milieulasten van chemische processen te verlagen. Het is daarom niet
verrassend dat biokatalytisch onderzoek al lange tijd niet meer alleen gemotiveerd wordt
vanuit pure academische nieuwsgierigheid, maar ook vanuit interesse voor chemische- en
pharmaceutische industriéle toepassingen. Biokatalysatoren (enzymen) zijn in staat om
reacties te laten verlopen met ongekende selectiviteit, waardoor ze een excellent alternatief
vormen voor chemische katalysatoren. Ze kunnen bovendien bijdragen aan een groenere
industrie en nieuwe typen reacties aanboren die eerder niet mogelijke waren.

Flavine-bevattende enzymen zijn een goed voorbeeld van biotechnologisch relevante
biokatalysatoren. Het zijn veelzijdige biomoleculaire machines, in staat om een grote
verschijdenheid aan reacties uit te voeren. Ze zijn in grote aantallen vertegenwoordigd
in de klasse van enzymen die redox chemie (oxidaties en reducties) mogelijk maken.
Flavoenzymologie is een multidisciplinair onderzoeksveld dat erop gericht is om flavine-
bevattende enzymen beter te begrijpen. Onder andere door beter begrip van hun
katalytische mechanismen, kinetische eigenschappen, en de relatie tussen aminozuurketen,
structuur en functie, wordt getracht deze enzymen te ontcijferen. Door al deze kennis te
combineren kunnen enzymen worden ontworpen met betere chemische- en regio- en
enantioselectiviteit voor de synthese van waardevolle chemische verbindingen.

De voordelen van biokatalyse zijn evident voor de Baeyer-Villiger oxidatiereacties die
besproken worden in Hoofdstuk 1 van dit proefschrift. Voor de oxidatie van ketonen naar
esters/ lactonen, bijvoorbeeld, bestaat reeds een simpele chemische synthetische route.
Echter wordt hier gebruik gemaakt van gevaarlijke stoffen en zijn de reacties bovendien vaak
niet chemo-, regio- of enantioselectief. Als potentieel alternatief zijn de flavine-bevattende
Baeyer-Villiger monooxygenasen (BVMO'en) uitgebreid bestudeerd. In de afgelopen
decennia zijn er dan ook verscheidene BVMO'en ontdekt en ontworpen die geschikt zouden
zijn om als biokatalysatoren waardevolle stoffen te produceren. In Hoofdstuk 1 wordt de
state-of-the-art beschreven voor BVMO?n als biokatalysatoren en gaan we met name in op
hun biochemische, mechanistische en structurele eigenschappen. Hoewel het op het eerste
gezicht een volwassen veld lijkt, zijn er nog altijd relevante aspecten waar enzymologen een
waardevolle bijdrage kunnen leveren. Middelmatige stabiliteit, ongewenste specifiteit, en
de athankelijkheid van een cofactor beperken vooralsnog de industriéle applicatie van deze
enzymen. Lopend onderzoek probeert hier verandering in te brengen.
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Vele (flavo)enzymen zijn athankelijk van een dissocieerbare cofactor zoals NAD(P)H voor
hun katalytische werking. De kosten van dergelijke athankelijkheid kunnen deels worden
overkomen door het gebruik van zelfvoorzienende bifunctionele enzymen die de co-factor
efficiéntkunnenregenereren. In Hoofdstuk 2 hebben we de bijdrage van een flexibele glycine-
linker voor de effectiviteit van zelfvoorzienende TbADH-TmCHMO fusies onderzocht. We
hebben hiertoe een protocol ontworpen om dit zo goed mogelijk uit te kunnen zoeken en
zo geoptimaliseerde biokatalysatoren te kunnen ontwikkelen. De procedure kan bovendien
gemakkelijk aangepast worden om vergelijkbare bibliotheken van andere eiwitfusies te
verkrijgen. Ter demonstratie werden de ADH-BVMO fusies gebruikt in de synthese van
e-caprolactone, een waardevol startmateriaal voor de productie van polymeren. Deze
omzetting van cyclohexanol tot e-caprolactone maakt gebruik van het feit dat beide
enzymen worden voorzien van hun cofactor door elkaar. ADH zet NADP* om in NADPH,
dat BVMO op zijn beurt weer oxideert tot NADP*. Het fuseren van biokatalysatoren komt
bovendien de eiwitstabiliteit ten goede en bevordert het doorgeven van substraten door
de fysieke nabijheid. Er bestaan geen uniforme regels voor het ontwerp van de flexibele
linker tussen de te fuseren eiwitten. Echter kan een ‘verkeerd’ ontworpen linker wel degelijk
schadelijk zijn voor de biocatalytische prestaties van de enzymen. In dit proefscrift zijn de
effecten van vijftien verschillende linkers onderzocht op zowel de katalytische prestaties
(activiteit en conversie), als ook de algemene thermostabiliteit en expressie van de enzymen.
Alle verkregen varianten vertoonden hoge expressieniveaus (250-360 mg L) en werden
voornamelijk verkregen als holo-eiwitten. Voor zowel TmnCHMO als TbADH had de lengte
van de linker geen significant nadelig effect op hun thermostabiliteit. Wat betreft activiteit
waren de alcoholoxidatie- (ADH) en sulfoxidatie- (BVMO) activiteiten vergelijkbaar voor
de 9 kortste varianten, terwijl de fusies met de linkerlengte van 10, 12 en 15 aminozuren
een licht verhoogde activiteit vertoonden. Bioconversies op kleine schaal resulteerden in de
hoogste omzetcijfers voor de fusies met 2, 3, 6, 7, 13 en 14 aminozuurlinkers (omzetcijfers
van 20.000-25.000). De omzetcijfers van de reactie gekatalyseerd door de niet-gefuseerde
enzymen was ongeveer 12.000.

In Hoofdstuk 3 hebben we de reactiviteit van flavoenzymen met zuurstof (O,) bestudeerd,
een boeiend onderwerp voor flavoenzymologen. Zuurstof is een oxidatiemiddel dat
enzymatisch kan worden geactiveerd en gereduceerd tot waterstofperoxide of water door
opeenvolgende overdrachten elektronen (resp. 2 and 4 electronen). In sommige gevallen
kunnen andere reactieve zuurstofsoorten (ROS) worden gevormd, zoals superoxide. In
Hoofdstuk 3 onderzochten we ROS-vorming —of ontkoppeling— tijdens de flavine-
gebaseerde reductie van zuurstof door flavoproteine oxidasen en monooxygenasen, met
PAMO,,, PAMO_,
in flavoenzymen is van groot belang omdat ROS een belangrijke rol spelen in de biologie

EUGO en HMFO als testenzymen. De analyse van de ontkoppeling

en het gebruik van flavoenzymen als biokatalysatoren in de weg kunnen staan. Bovendien
wordt het mechanisme van de ROS formatie door flavoenzymen nog niet volledig begrepen.
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Voor alle bestudeerde flavoenzymen werden daarom nauwkeurige profielen bepaald
van de productie van waterstofperoxide en superoxide onder verschillende operationele
omstandigheden. Het is opmerkelijk dat alle eiwitten aanzienlijke hoeveelheden superoxide
bleken te produceren. Bovendien werden er bij een hogere pH, verhoogde superoxideniveaus
gedetecteerd. Dit zou een indicatie kunnen zijn voor pH-gevoelige dissociatie van gekooide
radicaalparen. De ophoping van superoxide had echter geen nadelig effect op de biokatalyse.
Interessant is dat voor PAMO,
prestaties significant verhoogde. Al deze resultaten samen geven een beter zicht op de

en EUGO de toevoeging van katalase de katalytische

omstandigheden die de vorming van ROS in flavoenzymen bevorderen. Dit is relevant voor
de industrie en zou kunnen helpen de vorming van gevaarlijke ROS te verminderen met als
gevolg minder van de aanwezige reducerende cofactoren te verspillen.

Het tweede deel van dit proefschrift behandelt de identificatie en karakterisatie van een
aantal recent ontdekte monooxygenases die flavine bevatten. Dergelijk onderzoek naar
nieuwe flavoenzymen geeft steeds meer inzicht in de chemie die mogelijk is met natuurlijke
enzymen en kan leiden tot nieuwe toepassingen. In Hoofdstuk 4 is in samenwerking met
het Microbiologisch Instituut van de ETH (Ziirich, Zwitserland) de rol van BVMO?n in de
productie van enkele specifieke polyketiden bestudeerd. We ontdekten dat zuurstofinbouw
in een nieuwe polyketide-keten wordt bereikt door bacteriéle enzymen via een Baeyer-
Villiger oxidatie. De biochemische eigenschappen van twee van zulke BVMO%en, Oock en
LmbC-Ox, werden vastgesteld. Deze FAD-bevattende enzymen bleken betrokken te zijn
bij een zuurstof-insertiereactie die deel uitmaakt van de biosynthese van de secundaire
metabolieten oocydine en lobatamide.

Hoofdstuk 5 beschrijft de inspanningen om veelbelovende type I of type II flavine-
bevattende monooxygenasen (FMO'en) te vinden. Door middel van genoom “mining”
hebben we twee eiwitten geidentificeerd van respectievelijk de Chloroflexi bacterie en het
beerdiertje Hypsibius dujardini: CbFMO (type II) en HAFMO (type I). Beide enzymen
bleken onderscheidende biochemische kenmerken te hebben. HIFMO bleek alleen actief te
zijn met sulfiden, accepteerde alleen NADPH als hydridedonor en vertoonde een gematigde
thermostabiliteit (T, %? van 45 °C). Daarentegen zette CbFMO bij voorkeur ketonen om in
de respectievelijke esters of lactonen, en vertoonde het een slechte thermostabiliteit (T,
van 34 °C). De motivatie voor het bestuderen van CbFMO, een type II FMO, was deels
vanwege eerder onderzoek naar de binding van nicotinamide door type II FMO’en. Er werd
eerder namelijk voor de FMO’n een lage coenzym bindingsspecificiteit gerapporteerd!..
Toch bleek CbFMO een sterke voorkeur te hebben voor NADPH. Vergeleken met de
reeds beschreven flavoproteine monooxygenasen, lijken beide FMO®en daarom niet erg
aantrekkelijk voor biokatalyse.
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Ten slotte werden in Hoofdstuk 6 twee type I BVMO'en van Streptomyces leeuwenhoekii
C34 geidentificeerd, namelijk: Sle_13190 en Sle_62070. Beide enzymen werden succesvol
tot expressie gebracht met fosfietdehydrogenase als fusiepartner. Net als bij andere type
I BVMO'en vertoonden beide eiwitten NADPH-athankelijke Baeyer-Villiger oxidatie. De
sequenties van Sle_13190 en Sle_62070 clusteren, gebaseerd op sequentichomologie, met
andere BVMO’n waarvan reeds bekend is dat ze actief zijn op vrij grote substraten. In
deze context was het niet verrassend dat ze tamelijk complexe verbindingen als substraat
accepteerden, waaronder bifenylen en een steroide. Daarbij bleken beide enzymen matig
robuust te zijn, met een T, *” van 45 °C en tolereerden ze aanwezigheid van met water
mengbare oplosmiddelen. In het bijzonder bleek Sle_62070 zeer actief te zijn op cyclische
ketonen en vertoonde het een hoge regioselectiviteit die slechts één lacton produceerde uit
2-fenylcyclohexanon. Ook vertoonde het een hoge enantioselectiviteit en produceerde het
alleen normale (-)-1S,5R en abnormale (-)-1R,5S lactonen (e.e. > 99%) uit bicyclo [3.2.0]
hept-2-en-6-one. Deze twee nieuw-ontdekte BVMO®en kunnen uitgroeien tot waardevolle
toevoegingen aan de bekende verzameling BVMO'en.

Het werk dat in dit proefschrift wordt beschreven, heeft verscheidene nieuwe enzymen
opgeleverd die kunnen worden gebruikt als biokatalysatoren. Dit proefschrift geeft
daarnaast nieuwe inzichten in de katalytische eigenschappen van deze nieuwe enzymen.
Het werk bevestigt dat in natuurlijke extreme omstandigheden vele onaangeboorde
robuuste enzymen kunnen worden gevonden, zoals aangetoond met de twee BVMO’n die
zijn geidentificeerd in een bacterie die is geisoleerd uit de Atacama-woestijn (Hoofdstuk 6).
Ook werd een flavoenzym verkregen en bestudeerd uit een beerdiertje, een microscopisch
klein dier dat kan worden gecryopreserveerd en nog niet eerder werd beschouwd als bron
van biokatalysatoren. Helaas leverde dit geen veelbelovende biokatalysator op. Het laat
zien dat organismen die extreme omstandigheden kunnen overleven niet altijd robuuste
biokatalysatoren herbergen. Naast het onderzoeken van het genoom van (thermofiele)
micro-organismen, kan het toepassen van een metagenomische benadering ook nuttig
zijn als men op zoek is naar een robuuste biokatalysator. De huidige metagenomische
benaderingen maken het mogelijk om met verschillende typen biosynthetische donkere
materie om te gaan, waar nieuwe bio(chemie) uit kan ontstaan *°. Op die manier zal het
bundelen van krachten in de zoektocht naar- en in het ontwerpen van nieuwe enzymen,
meer mechanistische inzichten opleveren en de biokatalytische reacties nog efficiénter,
betrouwbaarder en milieuvriendelijker maken. Hierdoor kan biokatalyse terrein winnen
om op een duurzame manier te concurreren met klassieke chemische routes, of totaal
nieuwe enzymgebaseerde toepassingen mogelijk maken.
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RESUMEN EN ESPANOL

En los ultimos anos se han desarrollado una variedad de enzimas para una gran cantidad
de aplicaciones biotecnoldgicas, haciendo que hoy en dia, la biocatalisis tenga un papel
fundamental en la sociedad. Los nuevos avances en biocatalisis tienen como objetivo reducir
el impacto ambiental de los procesos quimicos. En este contexto, ya hace mucho tiempo
que la biocatalisis abandond la mera curiosidad academica; hoy en dia se ha convertido
en un campo maduro y ampliamente explotado, como por ejemplo, por las industrias
quimica y farmacéutica. Esto ocurrié porque los biocatalizadores (enzimas) permiten un
control estricto sobre la selectividad de sus reacciones, esto hace a las enzimas alternativas
exquisitas para catalisis quimica. Por otro lado, también contribuyen al desarrollo de una
industria mas ecoldgica y a destapar nueva quimica que esta atin sin explotar.

Las flavoenzimas son un excelente ejemplo de biocatalizadores biotecnolégicamente
interesantes. Estas enzimas son mdquinas biomoleculares altamente versatiles que realizan
una amplia gama de reacciones y representan una gran cantidad de los biocatalizadores
que actualmente se encuentran disponibles para la quimica RedOx. La flavoenzimologia
es un campo multidisciplinario, cuyo objetivo es aumentar la comprension general de estas
enzimas que contienen flavina como cofactor. Esto tltimo, bajo un profundo enfoque en
el estudio de los mecanismos cataliticos, propiedades cinéticas y relaciones de secuencia-
estructura-funcién. Una mejor comprension de estas enzimas ha permitido el desarrollo de
biocatalizadores mejorados.

En el Capitulo 1, las ventajas de la biocatélisis para las reacciones de oxidacién de tipo
Baeyer-Villiger son bien ejemplificadas. Aunque el método quimico para tales oxidaciones
ofrece una ruta sintética simple para oxidar cetonas en ésteres o lactonas, requiere el uso
de reactivos peligrosos. Ademas, son tipicamente no quimio-, regio- o enantioselectivos.
Como alternativa atractiva, las monooxigenasas de tipo Baeyer-Villiger (BVMOs) que
contienen flavina como grupo prostético, se han investigado durante mucho tiempo por su
alto potencial biocatalitico'*!. En las ultimas décadas se han descubierto o disefiado varias
BVMOs que exhiben actividades adecuadas para la sintesis de compuestos valiosos. En el
capitulo 1, resumimos el estado del arte del uso de estas enzimas como biocatalizadores,
nos centramos asi en sus propiedades bioquimicas, mecanisticas y estructurales.
Aunque pareciera ser un campo relativamente maduro, todavia existen desafios que los
flavoenzimoélogos deben desentraiar. Limitaciones como estabilidad moderada, baja
especificidad y la dependencia de cofactores, a menudo disminuyen las opciones de ser
usadas a nivel industrial. De todos modos, actualmente, se esta avanzando en la superacion
de todas estas limitaciones.
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Muchas (flavo)enzimas dependen de cofactores disociables para la catalisis, como el NAD(P)
H. Los costos relacionados con tal dependencia de cofactores pueden superarse en parte,
mediante el uso de enzimas bifuncionales autosuficientes que regeneran el cofactor de
manera eficiente. En el capitulo 2, disenamos un protocolo experimental para evaluar el
efecto de la longitud de un linker flexible rico en glicinas sobre las propiedades de fusiones de
TbADH y TmCHMO. Este protocolo experimental permite la generacion de biocatalizadores
optimizados. Ademas, el procedimiento se puede modificar ficilmente para generar una
biblioteca similar de otras proteinas de fusién. Como reaccién de demostracion, las enzimas de
tusion ADH-BVMO generadas, se analizaron para la sintesis de e-caprolactona, un precursor
de polimero valioso, usando ciclohexanol como sustrato inicial de la cascada. Tal reaccién
aprovecha el hecho de que ambas actividades enzimaticas satisfacen su dependencia de
cofactor: la actividad ADH convierte NADP* en NADPH, mientras que, a su vez, la actividad
BVMO oxida NADPH en NADP*. Ademas, los biocatalizadores bifuncionales fusionados
pueden mejorar la estabilidad de la proteina y promover la canalizacién de intermediarios
del producto por efectos de proximidad. Vale la pena mencionar, que no existen reglas
uniformes para disear linkers ptimos para proteinas de fusién. Sin embargo, un enlazador
“incorrecto” puede provocar efectos perjudiciales sobre el rendimiento biocatalitico®®. El
trabajo presentado se enfocd en la evaluacion del efecto de quince variantes de linker de
diferente largo sobre la: expresion, termoestabilidad, actividad y niveles de conversion. Todas
las variantes obtenidas exhibieron altos niveles de expresion (250-360 mg L) y se obtuvieron
o). Tanto para TmCHMO
como para TbADH, se observé que la longitud del linker no mostré un efecto perjudicial

principalmente como holoproteinas (segun la razén A, :A

significativo sobre su termoestabilidad. En cuanto a la actividad, las actividades de oxidacién
del alcohol (ADH) y sulfoxidacién (BVMO) fueron similares para las 9 variantes mas cortas,
mientras que las fusiones con la longitud del conector de 10, 12 y 15 aminoacidos mostraron
una actividad ligeramente aumentada. Las bioconversiones a pequefia escala dieron como
resultado turnover numbers (TON) mas altos para las fusiones con linker de 2, 3,6, 7, 13 y
14 aminoacidos (TON de 20.000-25.000). El TON de la reaccion control catalizada por las
enzimas no fusionadas fue de alrededor de 12.000.

En el capitulo 3, estudiamos la reactividad de flavoenzimas con dioxigeno, un tema
fascinante para la flavoenzimologia. El dioxigeno es un oxidante de cuatro electrones que
puede activarse enzimaticamente y reducirse a peréxido de hidrégeno o agua mediante
transferencias consecutivas de un electrén. En algunos casos, se pueden formar otras
especies reactivas de oxigeno (ROS), como el superoxido. En el capitulo 3, investigamos
la formacién de ROS —o desacoplamiento— durante la reduccion de dioxigeno mediada
por el cofactor de flavoproteinas (oxidasas y monooxigenasas), utilizando PAMO,,,
PAMOC65D’
flavoproteinas es de gran relevancia porque el ROS tienen un papel relevante en biologia

EUGO y HMFO como enzimas a analizar. El analisis del desacoplamiento en

(transduccion de senales), por otro lado, puede complicar el uso de flavoenzimas como
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biocatalizadores. Ademas, el mecanismo de formaciéon de ROS mediada por flavoenzimas
adin no se comprende completamente.

Para este capitulo, se determinaron perfiles precisos de produccién de perdxido de
hidrégeno y superdxido en diferentes condiciones operativas para todas las flavoenzimas
estudiadas. Sorprendentemente, se descubrié que todas las proteinas producen cantidades
significativas de superoxido. Ademas, se detectaron mayores de esta molécula a pH mas
altos, esto sugiere una disociaciéon de los pares de radicales sensible al pH. A pesar de
la acumulacién de superdxido, no se demostréd ningin efecto perjudicial de este sobre
la biocatdlisis. Curiosamente, para PAMO,, y EUGO, la adicién de catalasa aument6
significativamente el rendimiento catalitico. Los resultados proporcionan una mejor visiéon
de las condiciones que promueven la formacién de ROS en flavoenzimas y podria ayudar a
reducir la formacion de estas especies a nivel industrial, evitando el desperdicio de valiosos
equivalentes reductores.

La segunda parte de esta tesis trata de la identificacién y caracterizacion de varias
monooxigenasas que contienen flavina. Estudios sobre nuevas flavoenzimas proporcionan
mas informacion sobre la quimica con enzimas naturales y también pueden conducir a
nuevas aplicaciones biocataliticas. En el capitulo 4, en colaboraciéon con el Instituto
de Microbiologia del ETH (Ziirich, Suiza), se estudié la participacién de BVMO en
la produccién de algunos policétidos especificos. Se demostr6 que BVMO de origen
bacteriano eran capaz de insertar un atomo de oxigeno a través de una oxidacion de Baeyer-
Villiger en esqueletos de policétido naciente. Se establecieron las propiedades bioquimicas
de dos BVMOs: Oock y LmbC-Ox. Finalmente, se demostré que estas flavoenzimas estan
involucradas en la biosintesis de los metabolitos secundarios oocidina y lobatamida.

El Capitulo 5 describe los esfuerzos para encontrar prometedoras flavin-containing
monooxigenases (FMOs) de tipo I o tipo II. Mediante mineria gendmica, identificamos
dos proteinas: una de origen bacteriano (Chloroflexi) y otra proveniente del tardigrado
Hypsibius dujardini: CbFMO (FMO de tipo II) y HIFMO (FMO de tipo I), respectivamente.
Ambas enzimas mostraron caracteristicas bioquimicas distintas. HIFMO mostré solo
actividad con sulfuros, y solo acepté6 NADPH como donante de hidruro, ademds de
presentar una termoestabilidad moderada (T ** de 45 ° C). Por el contrario, CbFMO
convirtié preferentemente cetonas en los respectivos ésteres o lactonas y mostré una baja
termoestabilidad (T, *® de 34 ° C). La motivacién para estudiar CbFMO, un FMO de tipo
II, se debi6 en parte, a que este grupo de enzimas han sido descritas con una promiscua
especificidad por el cofactor de nicotinamidal”l. Sin embargo, se encontr6 que CbFMO
tiene una fuerte preferencia por NADPH. Por lo tanto, en comparacién con la coleccién ya
descrita de monooxigenasas de flavoproteinas, ambas FMO no parecieron muy atractivas
para procesos biocataliticos.
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Finalmente, en el capitulo 6, se identificaron dos BVMO de tipo I de Streptomyces
leeuwenhoekii C34: Sle_13190 y Sle_62070. Ambas enzimas se expresaron con éxito,
fusionadas con un regenerador de cofactor (fosfito deshidrogenasa). Al igual que otros
BVMO de tipo I, ambas proteinas mostraron oxidacién de Baeyer-Villiger dependiente de
NADPH. Las secuencias de Sle_13190 y Sle_62070 se asociaron basandose en la homologia
de secuencia, con otras BVMOs descritas que actiian sobre compuestos voluminosos. En
este contexto, no fue sorprendente que aceptaran como sustrato compuestos bastante
complejos, incluidos bifenilos y un esteroide. Ademds, se encontré que ambas enzimas
eran moderadamente robustas, exhibiendo una T, ** de 45 ° C y tolerancia a cosolventes
miscibles en agua. En particular, se encontré que Sle_62070 es altamente activo con
cetonas ciclicas y mostré una alta regioselectividad produciendo solo la lactona de 2-fenil-
ciclohexanona, y una alta enantioselectividad para la conversion de biciclo[3.2.0]hept-2-
en-6-ona produciendo solo las lactonas (-)-1S, 5R normal y (-)-1R, 5S abnormal (e.e. > 99
%). Estas dos BVMOs recién descubiertas pueden convertirse en valiosas adiciones a la
colecciéon de BVMOs.

El trabajo descrito en esta tesis proporcioné varias enzimas nuevas, que pueden emplearse
como biocatalizadores, ademas de nuevos conocimientos sobre sus propiedades cataliticas.
El trabajo recalca que los ambientes extremos pueden ser una gran fuente de enzimas
robustas sin explotar, como se demostré con las dos BVMOs identificadas en una bacteria
aislada del desierto de Atacama (capitulo 6). Ademas, se obtuvo y estudié una flavoenzima
de un tardigrado, un animal microscépico que se puede criopreservarse, el cual no se habia
considerado antes como fuente de biocatalizadores. Desafortunadamente, esta busqueda no
condujo a la obtencion de un catalizador muy prometedor. Muestra de que los organismos
que pueden sobrevivir en condiciones extremas no siempre (solo) albergan biocatalizadores
robustos. Ademas de explorar las secuencias de genomas de microorganismos (termofilos),
el empleo de un enfoque metagendmico también puede ser de alta utilidad para la busqueda
de enzimas con enfoque industrial. Los enfoques metagendémicos actuales permiten el
manejo de fuentes ricas en materia biosintetica oscura, lo que puede conducir a descubir
nueva (bio)quimica®. En este sentido, el esfuerzo combinado en el descubrimiento de
nuevas enzimas, estudios de mecanismos y la ingenieria de enzimas hara que las reacciones
biocataliticas sean aun mds eficientes, fiables y amigables con el medio ambiente. Esto
permitira que la biocatalisis sea un competidor sustentable a las rutas quimicas clasicas,
permitiendo nuevas aplicaciones basadas en enzimas a nivel industrial.
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