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Abstract

Oxidative cyclization of N-methyl-dopa by a fungal flavoenzyme of the amine
oxidase family

Flavin-dependent enzymes catalyze many oxidations, including formation of ring
structures in natural products. The gene cluster for biosynthesis of fumisoquins,
secondary metabolites structurally related to isoquinolines, in the filamentous fungus
Aspergillus fumigates harbors a gene that encodes a flavoprotein of the amine oxidase
family, termed fsgB (“fumisoquin biosynthesis gene B”). This enzyme catalyzes an
oxidative ring closure reaction that leads to the formation of isoquinoline products.
This reaction is reminiscent of the oxidative cyclization reported for berberine bridge
enzyme and tetrahydrocannabinol synthase. Despite these similarities, amine oxidases
and berberine bridge enzyme-like enzymes possess distinct structural properties,
prompting us to investigate the structure-function relationships of FsgB. In this thesis,
| report the recombinant production and purification of FsqB, elucidation of its crystal
structure, and kinetic analysis employing five putative substrates. The crystal structure
at 2.6 A resolution revealed that FsgB is a member of the amine oxidase family with a
covalently bound FAD cofactor. N-methyl-dopa was the best substrate for FsgB and
was completely converted to the cyclic isoquinoline product. The absence of the
meta-hydroxyl group, as e.g. in L-N-methyltyrosine, resulted in a 25-fold lower rate
of reduction and the formation of the demethylated product L-tyrosine, instead of a
cyclic product. Surprisingly, FsqB did not accept the D-stereoisomer of N-
methyltyrosine, in contrast to N-methyl-dopa, for which both stereoisomers were
oxidized with similar rates. On the basis of the crystal structure and docking
calculations, | postulate a substrate-dependent population of distinct binding modes

that rationalizes the stereospecific oxidation in the FsgB active site.

VI



The characterization of the wild type of electron transferring flavoprotein from
Saccharomyces cerevisiae

Electron transferring flavoproteins (ETFs) are a group of FAD-dependent proteins
typically operating in the mitochondrial matrix of eukaryotic organisms. The main
function of these proteins is to accept electrons from client dehydrogenases and the
subsequent transfer of electrons to the respiratory chain for ATP production. The
mechanism of these proteins is still under investigation. Recently, it was reported that
the FAD cofactor in human ETF (hETF) is subject to oxidation at the 8a-methyl
group leading to the formation of 8-formyl-FAD. In present thesis, the ETF from the
yeast Saccharomyces cerevisiae (YETF) was recombinantly produced and purified in
order to investigate if 8-formyl-FAD is formed in this basic unicellular eukaryotic
organism. The protein was successfully purified in sufficient amounts. However,
formation of 8-formyl-FAD was not observed at any of the tested pH conditions.
Furthermore, anoxic photoreduction of yETF showed a different reduction pattern in
comparison with hETF. The homology model of yETF showed a high degree of
structural similarity to its human counterpart with the exception of fTyr-16 in hETF,
which appeared to be a phenylalanine in YETF. Since this tyrosine residue plays a
crucial role in the formation of 8-formyl-FAD in hETF, the replacement of this
residue by a phenylalanine in the yeast protein rationalizes, at least in part, the finding
that the 8a-methyl group is not oxidized to the 8-formyl group in YETF. Further
investigations will be necessary to fully understand the differences of these two

electron transferring flavoproteins.

Vil



Zusammenfassung

Oxidativer Ringschluss von N-Methyldopa durch ein Flavoenzym der Aminoxidase-
Familie

Flavoenzyme sind bekannt daftr in der Natur viele Oxidationsreaktionen zu
ermoglichen. Dazu zadhlen auch Ringschlussreaktionen in komplexen Verbindungen
wie etwa pflanzlichen Sekunddrmetaboliten. Im Gencluster der Fumisoquin-
Biosynthese des filamentdsen Pilzes Aspergillus fumigatus findet sich fsqB
(,,fumisoquin biosynthesis gene B), das ein Flavoprotein der Aminoxidase Familie
kodiert und mutmaBlich die Bildung wvon Isoquinolinen in oxidativen
Ringschlussreaktionen katalysiert. Bis jetzt waren derartige Reaktionen nur von
Enzymen Berberine Bridge Enzym Familie (wie BBE oder
Tetrahydrocannabinolsynthase) bekannt, die sich jedoch strukturell sehr stark von den
Aminoxidasen unterscheiden. Diese Tatsache veranlasste mich dazu die Struktur und
Funktion von FsgB genauer zu beleuchten. Die Kristallstruktur von FsqB zeigte, dass
das Protein mit einem kovalent gebundenen FAD-Kofaktor zur Aminoxidase Familie
zu zéhlen ist. In kinetischen Experimenten mit funf unterschiedlichen Substratanaloga
erwies sich N-Methyldopa als bestes Substrat fur FsqB: N-Methyldopa wurde
vollstdndig zum zyklischen Isoquinolinprodukt umgesetzt. Das Fehlen der meta-
Hydroxylgruppe, wie etwa in L-N-Methyltyrosin, fihrte zu einer 25-mal langsameren
Reduktionsrate und zur Bildung des demethylierten Produktes L-Tyrosin anstelle des
zyklischen Endproduktes. Uberraschenderweise wurde im Gegensatz zu N-
Methyldopa, wo beide Stereoisomere mit ahnlichen Raten umgesetzt wurden, das D-
Stereoisomer von N-Methyltyrosin nicht als Substrat von FsqB akzeptiert. Aufgrund
der vorliegenden Kristallstruktur und verschiedener Dockingexperimente postuliere
ich daher, dass verschiedene Substrate unterschiedlich im Aktivzentrum von FsgB
gebunden werden und dadurch unterschiedliche stereospezifische Oxidationen

ermoglicht werden.

Vil



Charakterisierung des Elektronentransferierenden Flavoproteins (ETF) der Hefe
Saccharomyces cerevisiae

Elektronentransferierende Flavoproteine (ETFs) sind eine Gruppe von FAD-
abhangigen Proteinen, die in der mitochondrialen Matrix von Dehydrogenasen
Elektronen aufnehmen und diese an die Atmungskette weiterleiten. Der Mechanismus
von ETFs ist immer noch Gegenstand vieler Untersuchungen. Erst kirzlich wurde
berichtet, dass der FAD Kofaktor des menschlichen ETF (hETF) oxidiert wird und
dabei die 8a-Methylgruppe zum 8-Formyl-FAD umgewandelt wird. Im Rahmen
meiner Arbeit wurde das Elektronentransferierende Flavoprotein der Hefe
Saccharomyces cerevisiae (YETF) heterolog hergestellt und gereinigt, um zu
untersuchen, ob 8-Formyl FAD auch in einfachen eukaryontischen Zellen gebildet
wird. yETF konnte in ausreichenden Mengen hergestellt und gereinigt werden. Das 8-
Formyl-FAD konnte jedoch bei keiner der getesteten Bedingungen (pH —Werte
zwischen pH 7 bis pH 8.5) nachgewiesen werden. Photoreduktionsexperimente
zeigten Unterschiede in dem Reduktionsverhalten zwischen hETF und yETF. Ein
Homologiemodell zeigte eine hohe Ahnlichkeit zwischen YETF und hETF mit einem
entscheidenden Unterschied im Tyrosin-Rest (BTyr-16), welches im humanen Protein
eine entscheidende Rolle bei der Bildung des 8-Formyl-Produktes spielt. Im yETF
befindet sich anstelle des Tyrosinrestes ein Phenylalanin und daher kann davon
ausgegangen werden, dass dieser Aminosdureaustausch fur die beobachteten
Unterschied verantwortlich ist. Weitere Untersuchungen sind allerdings notwendig

um diese Unterschiede auf molekularer Ebene zu verstehen.
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Oxidative cyclization of N-methyl-dopa by a
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family



Chapter 1: Introduction



Flavoenzymes and the family of amine oxidase
Flavoproteins constitute a versatile group of enzymes playing major roles in the catalysis of
different redox reactions (1). These enzymes employ either flavin adenine dinucleotide (FAD)
or flavin mono nucleotide (FMN) as cofactor (2). These two cofactors are derived from
riboflavin (vitamin B2) and comprise a redox-active isoalloxazine ring. Flavoproteins are
broadly spread in all domains of life including fungi, where they are mostly found in the
saprotrophs (3). Most of these enzymes are oxidases or dehydrogenasse that are used by the
fungus in diverse biosynthetic pathways leading to the production of secondary metabolites
such as alkaloids (3, 4). Flavin-dependent enzymes catalyze a broad range of oxidations
including reactions that entail the formation of rings in natural product biosynthesis, such as
tetrahydrocannabinol and isoquinoline alkaloids (5). Thus far, oxidative cyclisation reactions
appeared to be confined to flavoenzymes belonging to the vanillyl oxidase family, such as
tetrahydrocannabinol synthase (THCS) and berberine bridge enzyme (BBE) (6, 7). An oxidase
isolated from Aspergillus fumigatus was found in the biosynthesis of the isoquinoline alkaloid
fumisoquin and belonging to amine oxidase family. This enzyme named FsgB has a similar
function to berberine bridge enzyme (BBE) isolated from Eschscholzia californica (8). Both
FsqB and BBE are involved in the biosynthesis of isoquinoline alkaloids (8, 9). Flavin-
dependent amine oxidases have a well-defined structural topology that diverges substantially
from the vanillyl oxidase family. On the other hand, covalent linkage of the FAD cofactor to
the protein backbone was reported for both the amine oxidases (e.g. sarcosine oxidase, MSOX
and N-methyltryptophan oxidase, MTOX) and the family of berberine bridge enzyme-like
enzymes (e.g. berberine bridge enzyme and tetrahydrocannabinol synthase). The suggested
mechanism of FsgB is similar to BBE. In both enzymes a hydride is abstracted from the
substrate to reduce FAD subsequently. A proton is abstracted from the phenol moiety in a
concerted or stepped wise manner enabling the nucleophilic attack on the iminum
intermediate leading to the formation of the cyclized product (6, 10, 11). FsgB is structurally
similar to sarcosine oxidase (accession number EAL85695), a member of the D-Amino acid
oxidase family, that is well known to operate by a hydride transfer mechanism from methyl
group of the substrate to the FAD (11). It is suggested that FsqB shows the P-
hydroxybenzoate hydroxylase (PHBH) fold which is common for D-amino acid oxidases
(DAAOS) (12). This fold contains generally two domains; FAD binding domain consisting of
B-sheets sandwiched by a-helices and catalytic domain consisting of eight B-sheets that form
the cavity, where the FAD-isoalloxazine ring is embedded. These sheets are also surrounded
by long a-helices (12-14).



The family of D-amino acid oxidases (DAAO)

The first D-amino acid oxidase (DAAO), which is classified as a subgroup of the
dehydrogenase-oxidase class of flavoproteins, was discovered in pig Kidney (15) in 1935.
Warburg O. and Christian W. identified FAD as cofactor in this enzyme in 1938 (16). Since
then, this enzyme family turned to be interesting for further investigationsand new members
of the enzyme family were characterized like glycine oxidase. These enzymes have the same
proposed mechanism as the pig kidney DAAO, although they have different biological
function that vary from metabolic utilization in yeast to neromodulator in humans. It has been
proved by steady state kinetics and presteady state kinetic studies that in the reductive half
reaction, a hydride equivalent [scheme 1] is transferred from the substrate to the flavin to
yield the reduced cofactor and the oxidized substrate bound to the reduced enzyme. The active
site of DAAOSs has a loop which changes its conformation upon binding of the substrate. This
switch increases the hydrophobicity of the active site and improves the efficiency of hydride
transfer (17-21). In detail, the enzyme dehydrogenates the amino acid to the corresponding
imino acid by forming the reduced flavin. Then, the imino acid hydrolysis non-enzymatically

to a-keto acid and ammonia (19).
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Scheme 1. Hydride transfer mechanism of DAAO (19)

After product dissociation from the enzyme, the reduced flavin reacts subsequently with
oxygen to regenerate the oxidized enzyme. Alternatively, oxygen can react with the reduced
enzyme before the product dissociates and then followed by product dissociation from the

oxidized enzyme (11) [scheme 2].



Scheme 2. Kinetic mechanisms proposed for the catalytic cycle of DAAO. The upper part represents a sequential

mechanism and the lower one shows a ping-pong mechanism (19)

DAAO enzymes have a conservative three dimensional structure among all species from
representatives in microorganisms to mammals (22—-24). This structure was named PHBH fold
[P-hydroxy benzoate hydroxylase] (12, 25). This fold contains generally two domains; The
FAD binding domain consisting of B-sheets sandwiched by a-helices and the catalytic domain
consisting of eight B-sheets that form the cavity, where the FAD-isoalloxazine ring is
embedded. These sheets are also surrounded by long a-helices. In all DAAO enzymes, the
FAD binding domain contains the Rossman fold paf, motif which is known as the
dinucleotide binding motif. The isoalloxazine ring of flavin is located at the interface of two
domains with its re-face facing the inner part of the substrate binding cavity. It is noteworthy
to mention that all DAAO enzymes are covalently bound to FAD through a histidyl or
cysteinyl bond on the 8a position of FAD (23, 12-14). It is proved that covalent attachment of
the flavin to the enzyme enhances the oxidative power of flavin (26). The N1_C2=0 locus of
the flavin is in contact with a positively charged N-terminus of a-helix (<3.5A). The positive
charge of this location can stabilize the anionic form of the reduced FAD and increases the
redox potential of the flavin (12, 27). DAAOSs stabilize the anionic semiquinone form of the
cofactor. However, this flavin semiquinone does not prove that catalysis involves radical
species (11). The reaction catalyzed by DAAO follows a sequential kinetic mechanism in
which the rate-limiting step is represented by the product release from the reoxidized enzyme

(28). DAAOs show a higher catalytic efficiency for hydrophobic substrates, such as D-



phenylalanine, D-tryptophan, D-proline, and D-tyrosine, and catalyze the oxidation of (29).
For the activation of the substrate, the enzyme stabilizes the deprotonated form of the amino
group on the substrate and facilitates the formation of the imino product (27). To protect the
substrate from the solvent, a mobile loop in DAAO plays the role of a gate to close and open

the active site and protect the substrate (27).

105

Figure 1. Overall structure of the hDAAO holoenzyme in complex with benzoate. FAD and benzoate are shown
as ball-and-stick representations in A and B. (A) The DAAO homodimer colored by secondary structure (helix in
red, sheet in yellow, loop in green). (B) The DAAO subunit colored spectrum in rainbow from the N terminus
(blue) to the C terminus (red). Secondary structure elements are labelled. (C) Topology of the DAAO subunit
(helix in red, sheet in yellow)(29).

Sarcosine oxidase family

In this family, which is considered as a part of DAAOSs, the substrates are N-methylated amino
acids like sarcosine (N-methyl-glycine) and N-methyl-tryptophan. The reaction differs from
that of DAAOs in that the bond between the amino nitrogen and the methyl group is oxidized
instead of the bond between the amino nitrogen and the « -carbon and the formed product is
the demethylated substrate with the corresponding aldehyde (11)[scheme 3].

This family does not contain only sarcosine (N-methyl-glycine) oxidase, but also N, N-

dimethyl-glycine oxidase, N-methyl-tryptophan oxidase (MTOX), an archaeal proline



dehydrogenase, heterotetrameric sarcosine oxidase (TSOX), pipecolate oxidase (OIPOX),
sarcosine dehydrogenase (SDH) and NikD. These enzymes catalyze similar reactions and

have similar structures (30-35).

H H H
co Floy Flog COo, H,0 CH,0 :

Scheme 3. Oxidation of N-methyl amino acids (D-isomers) catalyzed by sarcosine oxidase family (11).

The bacterial sarcosine oxidase (SOX) enzymes are induced in various microorganisms, when
grown on sarcosine as the sole source of carbon and energy. These bacterial enzymes can be
divided into three subclasses: the monomeric (MSOX), the heterodimeric (DSOX), and the
heterotetrameric (TSOX) enzymes (36).

Structural studies show that the sarcosine substrate binds in the opposite orientation to that in
DAAO, providing an explanation for the altered substrate specificity (11). The FAD in these
enzymes is covalently attached to the protein through the bond between a cysteine residue and
the methyl group at 8a position of the flavin (37). The mutation of this cysteine residue to
alanine leads to the apoenzyme.

Four mechanisms were proposed for the sarcosine oxidase family. In all these four reaction
mechanisms, two electrons and one proton are transferred from the substrate to the flavin (38).

These four mechanisms can be summarized as following [scheme 4].

MSOX suggested mechanisms

a) Single electron transfer mechanism (SET)

First, a single electron is moved from the nitrogen of the substrate to the flavin, to generate a
radical pair. Next, a single proton transfers from the amine radical cation in the sarcosine
anion to the flavin anion radical; this is followed by the transfer of another electron, resulting
in the formation of the corresponding imine product and 1,5-dihydroflavin in sequence. In the
other route, after the initial one-electron transfer, a hydrogen radical, that is, a hydrogen atom,
moves from the sarcosine radical to the flavin radical, yielding the imine product (38).

b) Polar mechanism

The substrate acts as nucleophile and attacks the C(4a) atom of the flavin ring resulting in the
formation of a flavin—substrate adduct, wherein the lone-pair electrons of the N atom of the

substrate are transferred to the flavin, which acts as electron sink. This is followed by the loss
7



of a proton from the methyl group of the substrate. Then the adduct collapses to form the
oxidized substrate and reduced flavin (11, 38, 39). Classical studies on sarcosine oxidase
family showed that this mechanism is not preferable since no redox intermediate was
observed and there is no base in the active site to abstract the proton from the substrate (38,
40, 41). On the other side, this mechanism was strongly suggested for the mono amino
oxidase (MAO) family (42-44).

¢) Hydride transfer mechanism

A hydride (H) ion is directly transferred from the methyl group of the substrate to the flavin
N(5) atom (38). The soaking of sarcosine oxidase crystals with inhibitors showed that the
methyl group of sarcosine is located above the N(5) of the flavin and the nitrogen of sarcosine
is above C(4a) of the flavin and this position is suitable for hydride transfer mechanism (45).
The favorable thermodynamics for hydride transfer and the absence of evidence for
semiquinone in the reductive half reaction, suggest that hydride transfer is the most likely
mechanism for sarcosine oxidase family (11).

d) Carbanion mechanism

A proton from the methyl group of the substrate is abstracted by a base. Then, a transient
intermediate forms a covalent bond between the carbanion and the flavin N(5) atom. This
reaction was suggested based on stopped-flow spectroscopy studies of heterotetrameric
sarcosine oxidase (TSOX) (35).
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Abe et. al. (2017) found that a hydride transfer mechanism is the most feasible one for the
sarcosine oxidase enzyme based on energy barrier calculations. Based on the HOMO (highest
occupied molecule orbital) distribution in the transition state and the changes in the atomic
charge density during the reaction, the investigated MSOX reaction is suggested to involve

the HACET mechanism (Hydrogen atom coupled electron transfer). In this mechanism, two



electrons are transferred completely to the flavin ring via the transfer of a hydrogen and
orbital overlapping between sarcosine and the flavin (38).

For MSOX re-oxidation, Lys 265 is responsible for a positive charge of the pocket above the
si-face. Lys 265 provides an organized binding site for a superoxide anion. Mutation in Lys
265 causes a loss in the positive charge that results in great reduction of re-oxidation.
Moreover, the same mutation disrupts the water relay system near the falvin N(5) atom that
probably causes ionization of the protonated sarcosine intermediate (46). Wagner et al. (2000)
showed that reoxidation proceed via a modified ping pong mechanism. In this mechanism, the
oxygen reacts with the reduced form of the enzyme-product prior to dissociation of the imino
acid product (45).

Stopped-flow studies on dimethyl glycine oxidase [DMGQ] showed the existence of the imine
product as intermediate since the flavin reduction is triphasic. The first observed phase is
flavin reduction. The second phase is iminium release from the active site. And the third slow
phase is as yet unknown (34).

The protein fold of the sarcosine oxidase family is named PHBH and is the same as for
DAAOQOs(47). FAD is covalently bound to the enzyme and it has an extended conformation and
it is almost isolated from bulk solvent (33). Interestingly, a butterfly bending of the flavin is
observed. This type of bending modulates substantially the reduction potential of the flavin to
favor reduction by the substrate (48). Trickey et. al. [1999] showed that the enzyme has an a-
helix, named as aF4, which helps to stabilize the electrophilic character of the flavin ring and
the anionic forms of the hydroquinone and semiquinone (33).

Concerning the mechanism of MSOX, the carboxylate group of the substrate forms a
hydrogen bond with the amino group of Lys 348 and the guanidinium side chain of Arg52
(33). Whereas, the position of Lys 348 is not changed, the binding with Arg 52 causes the
movement of this residue into the active site and the displacement of two water molecules in
the active site (40). It should be noticed that the three residues: His225, Tyr259, and Gly270
are very conservative residues. His225 forms a hydrogen bond to Tyr259, which is located
close to the N(5) of the flavin. The position of this His—Tyr pair allows glycine to occupy
position 270 (30).The His-Tyr dyad facilitates ionization of the sarcosine cation to allow a
nucleophilic attack at the flavin C(4a) position (34). Arg49 is located below the flavin ring on
the si-face and its side chain forms a VVan der Waals contact with the ring. The flavin O(2) of
MSOX forms a hydrogen bond with the Lys348 side chain. The ribityl hydroxyl O(2) is
linked to the side chain of Arg49 (33). The N(5) atom of the flavin forms two hydrogen bonds

with two water molecules. The first water molecule is located on the re-face and the second
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one is located on the si-face. This type of bonds between N(5) and water seems to be a part of
a proton relay system (PRS). The PRS involves Thr48, Lys265 and four water molecules.
Water molecule 1 is hydrogen bonded to the flavin N(5), the carbonyl oxygen of Thr48 and
the e-amino group of Lys265 (Figure 1a). The other three water molecules are accessible to
bulk solvent(33). Moreover, Trickey et. al found that Arg52 and the loop region from Gly56
to Glu60 play the role of a switch for the active site, in which the loop is flexible in the
absence of the substrate. Once Arg52 coordinates to the substrate, the loop is locked into a
fixed conformation (33). Different studies showed that the anionic substrate is the active form
that can be catalyzed by MSOX (40, 49, 50). It is noteworthy to mention that MSOX does not
have an acidic residue in the region surrounding the flavin ring. It is believed that the positive
residues in the pocket and an a helix dipole, which starts at Phe347, might cause a positive
shift in the flavin redox potential (33).

Covalent flavinylation

The covalent bond between the flavin and the apoenzyme of MSOX occurs via initial flavin
tautomerization to give an electrophilic iminoquinone methide. The g-amino group of Lys348
in MSOX is 2.8 A away from the C(2) carbonyl oxygen of the isoalloxazine ring. The positive
end of a helix dipole (aF4) also points toward the same carbonyl oxygen. Both are ideally
positioned to facilitate the development of a negative charge at the N(1)-C(2) = O(2) locus
during tautomerization. In a second step, the nucleophilic addition of Cys315 thiolate to the
flavin iminoquinone methide generates the (8a— S-cysteinyl)-1,5-dihydroFAD anion. A base
is needed to act as a proton acceptor from the 8a-methyl group of FAD during tautomerization
and possibly to generate the reactive thiolate form of Cys315 (Scheme 5) (33).
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Scheme 5. Proposed mechanism for covalent flavinylation in MSOX (33).

Figure 2. Cartoon representation of MSOX from Bacillus sp. showing the dimeric form of the enzyme and

covalent attachment of the flavin to the enzyme by a cystein residue. The protein is shown in green; Flavin is

shown in yellow and the cystein residue that binds the flavin is in magenta. The pdb code for this structure is

2GB0 (33).

The second important member of the sarcosine oxidase family is N-methyl-tryptophan

oxidase (MTOX). This enzyme catalyzes the oxidation of N-methyl-tryptophan as substrate

and to a lesser extent sarcosine is accepted (37). MTOX catalyzes the oxidation of the L-
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stereoisomer of the substrate(51). In both MSOX and MTOX, the anionic form of the
substrate forms a charge transfer complex with the oxidized form of flavin, which serves as
charge acceptor (52-54). Moreover, this complex is stabilized by the pairs of (MSOX/MTOX:
R49/R48-K265/K259 and R52/R51-K348/K341 on the si and re face of flavin,
respectively)(54, 55). In MTOX, amine oxidation leads to a reduction of the flavin through
two-electron transfer. The flavin, then, is reoxidized by molecular oxygen and produces
hydrogen peroxide through a modified ping-pong mechanism (56). According to the quantum
mechanics study of Karasulu and Thiel (2015), the proton relay system in MSOX was not
observed in MTOX. A proton shuttle was not observed in any of the NVT ensembles with N-
methyl-tryptophan (NMT), except for the special case of Non-ZWNMT (Nonzwitterionic
form) with both K259 and K341 residues in un-protonated state. Interestingly, Karasulu and
Thiel (2015) also reported that the active form of the NMT substrate is the anionic form and it
is achieved only in one case: when Lys259 is protonated and Lys341 is unprotonated.
Whereas, it is proved that there is a water molecule on the re-face of flavin in MSOX, which
plays a role in the proton relay system, no water molecules were found in MTOX (57).
Talking about the redox potential of flavin, in MTOX, no butterfly effect was observed like in
TMADH (48), however, it was shown that the flavin is not planar (57).

Finally, the QM/MM studies for the mechanism of MTOX shows that this enzyme follows the
hydride transfer mechanism. The following docking figure shows the substrate pose in the
MTOX pocket (57).

Figure 3. Typical snapshot from the NVT ensemble for AnNNMT (K259, protonated; K341, deprotonated).
Depicted are FAD and NMT (ball and stick), important MTOX residues (stick), and the MTOX structure
(cartoon).
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FsgB, a new enzyme member in the family of
sarcosine oxidase

In 2016, Baccile et. al. reported a new enzyme from Apergillus fumigates -named FsqB-
which catalyzes the same reaction as berberine bridge enzyme (BBE) and oxidizes the
methylamine of a product involved in the biosynthesis pathway of an isoquinoline alkaloid
named fumisoquine [scheme 6]. This enzyme is part of a cluster that is synthesized by a

nonribosomal peptide synthesis like gene (NRPS) (8).
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Scheme 6. The biosynthetic pathway of isoquinoline alkaloid fumisquin in Apergillus fumigates. The Fsq cluster
catalyze the biosynthesis of this alkaloid and FsqB enzyme oxidizes the methyl amine functional group and leads

to a ring closure reaction (8).

The genes coding for FsgB cluster consist of seven genes represented as following:

fsgA fsqB fsqC fsqD fsqE fsqE fsqG
(TF)  (FAD) (MT) (p-Ala) (Trs) (NRPS-like) (MO)

Scheme 7. fsq gene cluster. fsgA is a TF transcription factor; fsqB is FAD-binding domain protein; fsqC is MT,
N-methyltransferase; fsqD is ATP-grasp enzyme (D-alanine ligase); fsqE is Trs, transporter; fsqF possesses an
adenylation (A); thiolation (T); short-chain dehydrogenase/reductase (R) domain; and a pyridoxal phosphate (P)

binding domain; and fsqG is a phenol 2-monooxygenase (MO).

FsgB is a flavoenzyme, which is covalently attached to FAD through Cys414 residue (8). The
enzyme accession number is EAL85695 and contains a sarcosine oxidase region. The non-

natural substrate for this enzyme is N-methyl-dopa as shown in scheme 8.
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Scheme 8. Reaction catalyzed by FsqB. The N-methyl-dopa gets oxidized by the enzyme and a C-C bond is

formed between the carbon of imine species and the adjacent carbon of the phenol ring.

Since FsqB oxidizes the methyl amine bond of the substrate, the formed intermediate is a
imine species or what so called Schiff base. Baccile et. al (2016) proved this hypothesis
through capturing this intermediate with dimedone (scheme 10). Later on, and similar to the
suggested mechanism of berberine bridge enzyme (BBE), it was suggested that in FsqBthere
is an amino acid that plays the role of a base and abstracts the proton from the hydroxyl group

(meta position) on the benzene ring and thus leads to a ring closure as shown in scheme 6 (8).

Interstingly, the cyclized product was not observed when N-methyl- tyrosine or reticuline, the
substate of BBE, were incubated with FsgB. Moreover, it was observed that FsgB tends to be
regioselctive as shown in the following scheme (scheme 9) (8):

Oy H.O
O 2 a2 O 0
o OH = on @ OH
e — 4
HO = _NH Phosphate buffer |, — NH HO NH
pH 7,100 mM
OH n OH 12 13

Scheme 9. Oxidation of N-methyl-dopa with FsqB shows that the reaction is regioselective.

15



OH

NH
HO -
14

Phosphate buffer
FsgB

.'"II I'\O 0
- Hgoff' \ +
y 1 15
0
0
OH
OH
“HaN
NH:;_ HO
HO o o

L-Tyrosine
m/z =182

i 2 "
Sy
g e 8
b gy 7
T T T I T
8 9 10 9 10 il
Retention time (min) Retention time (min)

Scheme 10. Reaction of L-N-methyl-tyrosine oxidized by FsqB and the intermediate captured by dimedone (8).

The family of Berberine bridge enzyme like
enzymes

Berberine bridge enzyme (BBE) is considered the key stone in the biosynthesis pathway of
the isoquinoline alkaloid berberine. BBE catalyzes the oxidative cyclization of the N-methyl
moiety of (S)-reticuline into the berberine bridge carbon, C-8, of (S)-scoulerine. (scheme 11)
(1, 20).

EcBBE

0, H0,

(S)reticuline (S}scoulerine

Scheme 11. Reaction catalyzed by BBE during isoquinoline biosynthesis in plants.
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BBE exhibits typical flavoprotein oxidase properties as proved by the occurrence of an
anionic semiquinone species (9). The reaction of BBE involves the oxidation of N-methyl
functional group to the corresponding iminium species with subsequent cyclization to (S)-
scoulerine (9). It is hypothesized that the electrons are passend to the flavin molecule either in
a single two electron reduction step or in two one electron steps (10).

Two reaction mechanisms were proposed for this enzyme. The first one is a step-wise
mechanism; a hydride equivalent is transferred from the substrate to the flavin, forming a
methylene iminium ion intermediate; subsequently, an active-site base, Glu417, deprotonates
a substrate phenol, making the adjacent carbon more nucleophilic and allowing its attack on
the N-methylene group, yielding the cyclized product (58). The second mechanism is a
concerted one; deprotonation of the phenol occurs during the concomitant attack on the N-
methyl group by C2’ and the transfer of a hydride to the flavin (scheme 12) (6).

Stepwise

F,‘ Concerted

Scheme 12. Proposed mechanisms for BBE. The scheme shows the concerted and step-wise mechanisms (58).

One interesting hallmark of the family of BBE-like proteins was found during the in depth
characterization of BBE and glucooligosaccharide oxidase (GOOX) from Acremonium
strictum: a bicovalently attached FAD cofactor. The characteristic 6-S-cysteinyl-, 8a-N1-
histidyl-FAD linkage is only found in the BBE-subfamily of the FAD-linked oxidases and has
been shown to increase the redox potential of the cofactor by more than 300 mV compared to
free flavin. The family of BBE-like enzymes forms a relatively large subgroup featuring a
characteristic C-terminal structural element following the substrate binding region. BBE-like
enzymes form a subgroup of the superfamily of FAD linked oxidases (SCOPe d.58.32) that is
structurally characterized by a typical fold observed initially for vanillyl-alcohol oxidase

(VAO). Therefore, the structural architecture has been described initially as the VAO-fold and
17



all members of this superfamily share a common architecture that can be divided into a FAD
binding domain and a substrate binding domain, which is also referred to as the cap domain
(Figure 4) (5) .

A B
B8 C
. 4 a3 2
0
d4 5 g6 pl1o@s' B2 plt
6 83 u
g1 §°L| dofs
2 R7 7 aiN
— 1
g6 B7 fs
3
3 old o5

al a2 B4 B1 B3 B2

Figure 4. Overview of structural properties of the BBE-like family. A: The overall structure of a representative
member (ECBBE; pdb 3D2J) is shown in cartoon representation. Individual sub-domains of the upper flavin-
binding module are coloured in purple, blue and red. The FAD cofactor (shown as orange stick model) is bound
in an extended conformation with the ribityl chain and the adenyl moiety sandwiched between all three
subdomains. The isoalloxazine ring projects towards the active site that is formed by residues from the substrate
binding module (green) and the initial part of the BBE-like specific C-terminus. B: Topology plot of the structure
shown in panel A. Secondary structure elements are numbered consecutively for a-helices and B-strands in the

flavin- and substrate-binding modules and are labelled in green and blue, respectively(5).

Isoquinoline alkaloids

Alkaloids, in general, are bicyclic, tricyclic, and tetracyclic derivatives of Nitrogen-containing
low-molecular weight compounds. Alkaloids are widely distributed in species belonging to
different families. They are found to have antimicrobial activity against fungal or bacterial
phytopathogens and they were used historically as poisons and active agents in traditional
medicine (59-61).

Benzylisoquinoline alkaloids are a large group of alkaloids, which are derived from tyrosine
by a series of decarboxylation, intramolecular coupling, reduction, methylation,

hydroxylation, and further modification reactions. And they share the benzylisoquinoline
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heterocycle as common structural feature. Berberine and fumisoquin are good examples of
this class of alkaloids (Figure 5) (62, 63).

OH 0O

Fumisoquin A:R=H

Fumisoquin B: R = 505H Fumisoquin C
0\
0
g
o
CH; O
3 HCHg
Berberine

Figure 5. Structure of two different alkaloids, fumisoquin and berberine.
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Chapter 2: Aim of the study



The oxidation of N-methyl groups by members of the flavin-dependent amine oxidases results
in the formation of an imine, which subsequently hydrolyses to the free amino group and
formaldehyde. Thus the reaction reported for FsqB diverges from the canonical reaction
scheme, because the imine is not hydrolysed but subject to nucleophilic attack by the catechol
moiety of the substrate. In this sense, the reaction catalysed by FsgB is analogous to those by
BBE and THCS (1). This analogy in the outcome of the reactions, i.e. oxidative cyclisation of
the substrate, prompted us to ask whether FsqB also shares the mechanism of action with the
enzymes of the berberine bridge enzyme-like enzyme family. Thus, we initiated the
biochemical and structural characterization of the enzyme to pave the way for a more detailed
understanding of FsqB. Here, we report the crystallographic structure of FsgB and kinetic
parameters of the wild-type enzyme using a set of five putative substrate analogs. Based on
the crystallographic structure, we have generated six protein variants to further analys the role

of amino acid residues in the active site of the enzyme.
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Chapter 3: Material &
Methods



Chemicals

The gene encoding FsqB was synthesized by Invitrogen Life Technologies (Carlsbad, CA,
USA). Restriction enzymes, ligases, and Phusion DNA polymerase were from Thermo Fisher
Scientific (Waltham, MA, USA). Pre-packed nickel sepharose fast flow columns were from
GE Healthcare (Little Chalfont, UK). Solvents, media components and buffer salts were from
Carl Roth GmbH (Karlsruhe, Germany). Enzyme substrates, redox dyes used for the
determination of redox potentials, and salt free purified oligonucleotides for site directed
mutagenesis were from Sigma-Aldrich (St. Louis, MO, USA). N-methyl-dopa, and N-methyl-
meta-tyrosine were synthesized by Prof. Dr. Wofgang Kroutil and Dr. Michael Fuchs
according to the protocol listed in the supplementary section. All raw materials were
purchased from Sigma Aldrich, Acros Organics or Alfa Aesar and used as received. Solvents

were obtained from Roth.

Molecular cloning

On ordering, the gene sequence of FsgB (Afu6g03440) (listed below) was codon optimized
for expression in E. coli and an octa-histidine-tag was added to the C-terminus. Additionally,
the gene was flanked with an Ndel and a Notl restriction site at the 5* and 3’-end, respectively
(figure 1).

Sspl (1045)
(52%) Msel Tagll (1057)
{500) BspHI® Bmrl (1075)
(810) MspAll - Pvull BeeYI (1143)
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i 10007 15007
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Figure 1. FsgB gene sequence and gene map with restriction sites. Restriction enzymes Ndel & Notl were used
to transform the gene start end from blunt to sticky ends. The processed gene was ligated then with pET21a

plasmid.

The DNA string was cloned into a shuttle vector (pJET) and transformed into E. coli Top 10 cells
(Stratagene) for strain preservation and plasmid propagation. After digestion with Ndel and Notl the

gene was cloned into the E. coli expression vector pET21a (figure2), conferring ampicillin resistance.
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Correct insertion of the gene sequence was verified by sequencing, before transforming the plasmid

into E. coli BL21 Star (Stratagene) cells for expression.
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Figure 2. The map of pET21a vector showing the restriction sites with the Ampicillin resistance gene. The map

was taken from biovisualtech.com.

Protein expression and purification

Protein production and purification was adapted from Bacille et al.(1). FsqB was expressed in
shake flasks in an HT Multitron Standard shaking system (Infors AG, Basel, Switzerland).
Main cultures were inoculated to an optical density at 600 nm (ODgqo) of about 0.1, by adding
an overnight culture to fresh LB medium containing 100 pg/ml ampicillin, and incubated at 37
°C and 140 rpm until an optical density of 0.7 was reached. Then, production of FsqB was
induced by adding 300 uM IPTG, before incubating the cultures at 18 °C for 15 h to
maximize the protein yield. The cells were harvested by centrifugation at 5,000 g for 15
minutes and stored at -20 °C until further use. Protein purification was carried out under low
light conditions at 4 °C. To purify the enzyme, the pellet was suspended in lysis buffer (100
mM phosphate/NaOH, 150 mM sodium chloride, 10 mM imidazole pH 7.6 containing 1 mM
PMSF and 0.1 mg/ml lysozyme) and sonicated using a Labsonic U sonication probe (B. Braun
Biotech, Berlin, Germany) for 10 min. The lysate was centrifuged at 38500 g for 60 min and
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the supernatant was filtered through a filter paper. The clear supernatant was loaded onto a
Ni-NTA sepharose fast flow column (GE Healthcare) prewashed with lysis buffer without
PMSF and lysozyme. The column was washed with 10 column volumes of washing buffer
(100 mM phosphate/NaOH 150 mM NaCl,30 mM imidazole pH 7.6), before FsgB was eluted
with elution buffer (100 mM phosphate/NaOH, 150 mM NaCl,150 mM imidazole pH 7.6).
The eluted protein was dialyzed against 100 mM phosphate/NaOH, 150 mM NaCl pH 7.6
(storage buffer) overnight. Then, the protein was concentrated in an Amicon Ultra-15
centrifugal filter with a 30-kDa cut-off (Merck-Millipore, Darmstadt, Germany). For protein
crystallization FsqB was further purified by size exclusion chromatography using a Superdex
200 prep grade XK 16/60 column (GE Healthcare), equilibrated with storage buffer and
attached to an AKTA FPLC system (GE Healthcare) at 4 °C. Protein purity was monitored by
SDS-PAGE with 12.5% separation gel (FsqB molecular mass is 55 kDa).

UV-Vis absorption spectroscopy and calculation of
the extinction coefficient

A Specord 210 spectrophotometer (Analytik Jena, Jena, Germany) was used for UV-Vis
absorption spectroscopy. Concentrations of purified enzyme samples were determined
according to the absorption of bound FAD at 450 nm. The molar extinction coefficient for

FsqB was determined as described in reference (2).

Protein thermal stability

The thermal stability of FsqB was assessed by recording the change in fluorescence due to the
release of the FAD cofactor as an intrinsic probe to monitor protein stability and folding in a
ThermoFAD assay (3). The measurements were carried out in triplicate with an FX Connect
real-time PCR system (Bio-Rad) in a 25 pL mixture of 100 mM phosphate/NaOH, pH 7.6
containing 150 mM NaCl, and 3 mg/ml protein. The starting temperature was 20 °C for 5
minutes, then it was increased at a rate of 0.5 °C/min to 95 °C. The CFX Manager 3.0
software was used to determine the melting temperatures for wild type FsqB and the variants
generated by site-directed mutagenesis. Furthermore, ThermoFAD was used to assess the

impact of substrates and substrate analogs on the melting point of FsgB.
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Circular dichroism spectroscopy

Circular dichroism (CD) measurements were performed with a Jasco J715 (JASCO Inst.,
Gross-Umstadt, Germany) spectropolarimeter using a 0.01 cm water-jacket cylindrical cell.
The far-UV spectra were recorded at 20 °C from 190 to 260 nm as an average of three scans.

A protein concentration of 0.2 mg/ml was used for all measurements.

Product identification

The products generated from the conversion of substrates by FsqB were analyzed by HPLC-
MS. For HPLC-MS analysis, 5 mM of the potential substrate were incubated with 5 uM FsqB
in 1 ml of 10 mM phosphate/NaOH buffer, pH 7.6 for 1 hour at 25 °C with shaking at 600
rpm. Then the reactions were quenched with 200 ul of 0.2 M guanidine hydrochloride and the
samples were spun down at 10,000 g for 10 min to remove denatured protein. The supernatant
was then analyzed by HPLC-MS. Low resolution mass spectra were recorded with an Agilent
Technologies 6120 Quadrupole LC/MS detector in combination with an Agilent Technologies
1260 Infinity HPLC system, equipped with a Kinetex 2.6 i C-18 100A column (50 x 4.6 mm,
2.6 micron). Water/acetonitrile (+0.1 vol-% of formic acid) was used as eluent. HPLC-UV
analysis was carried out with a Shimadzu HPLC system [DGU-20A (degasser), LC-20A
(pump), SIL-20A (autosampler), CTO-20AC (column oven), SPD-M20A (detector), CBM-
20AC (controller)] with water/acetonitrile (+0.1 vol-% of trifluoroacetic acid) as eluent using
a Phenomenex Luna 5 p C18 100A column. High resolution mass spectra were recorded on a
Agilent 6230 TOF LC/MS (APCI, positive mode). Optical rotation values were measured on a
Perkin Elmer Polarimeter 341. Flash chromatography was performed using Merck silica gel
60 (mesh size 40-63 um). Petroleum ether had a boiling range of 60-95 °C. NMR-spectra
were recorded with a Bruker NMR unit at 300 (1H) and 75 (13C) MHz, shifts are given in

ppm and coupling constants (J) are given in Hz.

Crystallization and crystal structure determination

Screening for crystallization conditions was performed with an Oryx8 robot (Douglas

Instruments, Berkshire, U.K.) using the following commercially available screens: JCSG+

MD1-37, Morpheus Screen MD 1-46 (Molecular Dimensions, Suffolk, U.K.) and Index HT

HR2-144 (Hampton Research, Aliso Viejo, U.S.A.). Trials were set up in 96-well Swissci
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plates (Molecular Dimensions, Suffolk, U.K.) using the sitting drop vapor-diffusion method.
Drops of 1 pL were pipetted with a 1:1 ratio of protein (concentrations of 10, 20 and 30
mg/ml in 100 mM phosphate/NaOH pH 7.8 and 150 mM NaCl) and screening solution. The
crystallization plates were incubated at 289 K.

Initial crystals of FsqB were obtained within 2 weeks in a crystallization condition containing
0.26 M ammonium sulfate and 0.2 M lithium sulfate in 0.1 M Tris/HCI, pH 8.5. Most of the
crystals showed anisotropic diffraction to only 3.5-4 A resolution. The best native crystal
diffracted to 2.6 A and this dataset was used for structure solution. Crystals were also soaked
with different potential substrates of FsqB by adding a 0.125 mM solution of the respective
compound directly to the crystallization drop using a cryo-loop. The soaked crystals were
flash-cooled after different soaking times (15 sec to 5 min) without the use of an additional

cryoprotectant.

Crystals were screened and diffraction data were collected at 100 K at the synchrotron sources
Elettra (Trieste, Italy; beamline XRDI), ESRF (Grenoble, France; beamlines 1D23-1, 1D23-2,
ID30A-3, ID30B) and PETRA Il (Hamburg, Germany; beamlines P11 and P14). The data
were processed and scaled using the XDS program package (4). The structure was solved by a
combination of molecular replacement using the program Phaser (5), extensive manual
rebuilding in Coot (6) and refinement using the PHENIX software suite (7). Molecular
replacement was performed using the structure of fructosamine oxidase from Aspergillus
fumigatus (PDB-entry: 3DJE) (8) as search template. A randomly chosen set of 5% of the
reflections was not used in the refinement, but was set aside for Ry calculations (9). The
stereochemistry and geometry of the resulting model were analyzed using the program
Molprobity (10). Data collection and processing statistics are summarized in Table 3. Atomic
coordinates and structure factors have been deposited in the Protein Data Bank as entry 6GG2.

Visualization of structures (Figures 3-8) was done using the program PyMOL (11).

Site-directed mutagenesis

The pET2la-FsgB wild type construct was used as a template in the polymerase chain
reaction based mutagenesis. Primers were designed in order to introduce the desired mutations
in the codons pertaining to the targeted amino acids (12). The validity of the generated
variants was confirmed by sequencing. Table shows the sequence of primers used to generate

the variants.
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Table 1: list of primers used for site directed mutagenesis

Mutated . . i
) Direction Primers
residues
Forward CAAATGCAGCTACCAGCCGTGTTATTCGTCGTGATTATCC
Asp 60 to Ala

Reverse CAAATGCAGCTACCAGCCGTGTTATTCGTCGTGATTATCC

Forward CAGATACCAGCATGGTTATTCGTCGTGATTATC
Arg 63 to Met

Reverse GACGAATAACCATGCTGGTATCTGCATTTG

Forward | ccAGCCGTGTTATTATGCGTGATTATCCGCATG

Arg 66 to Met
Reverse ATAACACGGCTGGTATCTGCATTTGCTGCTG

Forward CGTGTTATTCGTCGTGATTTCCCGCATGGTCCG
Tyr 69 to Phe

Reverse CACGACGAATAACACGGCTGGTATCTGCATTTGCTG

Forward | ccGTGAATTTCATCAAAAAAGCCTATGCCATTAGCTGCGAACTG

Tyr 121 to Phe
Reverse GCTTTTTTGATGAAATTCACGGTTTCCAGTGCTTTCGGAGG

Forward GCCTTCATCCAGCTGACCAAAGAAGAAGCAGACGAAC
Tyr 266 to Phe

Reverse CAGCTGGATGAAGGCAACAAATTCGCTATACACATCACACAG

Forward GTCTGGCTTTTGGCCACTTTAGCTATAGCGGTATTGTTGATGTTCTG

Lys 304 to Ala
Reverse GTGGCCAAAAGCCAGACAATTATCATGATCCGGACCAACTG

Forward GTTGGTTCAACGATACACCGGCACTGGATTTTGTTGTTGATTATCATC
Tyr 416 to Phe

Reverse CGGTGTATCGTTGAACCAACATTTACGAACACGGGTAAACGG

Forward GCGACCGGTGGTTGTGCACATGCATTCAAATTTCTG

Asp 444 to Ala
Reverse CACCGGTCGCAACAAACAGGGTTTTGCCATAGC

Forward GCATTCGCTTTTCTGCCGATTATTGGTGAAAAAACCCTGGC
Lys 448 to Ala

Reverse GGCAGAAAAGCGAATGCATGATCACAACCACCGGTC

34




Molecular docking

The natural substrate (truncated to the methyl-thioester, see Figure 7) was docked into
the active site using the program ADFR (13). Protein and ligand structures were
prepared using the program Maestro from the Schrodinger package (11). 52
independent docking runs employing the genetic-algorithm (GA) optimizer
implemented in ADFR were executed with a maximum number of 2.5 million energy
evaluations. During these simulations the side chains of the following residues were
treated as flexible: V64, L100, 1284, V286, F293 and V295. The resulting docking
poses were clustered using a maximum root-mean-squares-deviation (rmsd) of 2 A,
The lowest-energy docking pose from each cluster was then visually analyzed with
respect to the distance of the N-methyl group to the N(5) of the flavin as well as
regarding the conformation assumed to be necessary for promoting ring closure.
Selected complex structures were further optimized using the program Prime from the
Schrédinger package (11). In these calculations, all amino acid residues within 10 A
of the bound ligand were allowed to move and an implicit solvent model was

employed.

We have also performed docking simulations with N-methyl-tyrosine and the two
stereoisomers of N-methyl-dopa using the Autodock Vina Plugin (14) of the Yasara
structure suite (version 17.3.30, Yasara Biosciences (15)). Docking was performed
with the receptor kept rigid, while the ligand was flexible, and with a docking cell
lining the cavity of the active site of FsgB. For each ligand 250 independent docking
runs were performed and the resulting poses were clustered with an RMSD cut-off of
1 A. Docking poses representing the lowest energy clusters were inspected visually.

Determination of pH optimum and steady-state
Kinetics

To evaluate the catalytic activity and the pH-optimum of FsgB, the oxygen
consumption in the presence of various concentrations of N-methyl-dopa was
recorded in triplicate. The measurements were performed utilizing a retractable

needle-type oxygen sensor (Type OXR50-UHS) (Pyro Science GmbH, Aachen,
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Germany (16)). The pH optimum was determined by monitoring the enzymatic
conversion of N-methyl-dopa (2 mM) as a substrate for FsgB in different buffer

systems with different adequate pH (table 2)

Table 2: buffer systems used for pH optimum experiment with their adequate pH

range

Buffer system pH range
0.1 M citrate/NaOH 40t05.5
0.1 M Hepes/NaOH 6.0t0 7.0
0.1 M Tris/HCI 7.0t0 8.0
0.1 M borate/HCI 8.0t0 9.0

Kinetic assays were performed in 100 mM Tris/HCI, 150 mM NaCl buffer, pH 7.6,
saturated with ambient air at 25 °C with enzyme concentrations of 10 uM in an air-
tight cell. Experiments were started by the addition of FsqB to the sample cell
containing 0-5 mM N-methyl-dopa. The oxygen consumption was monitored for 1
min and the initial velocity was determined in the linear part of the measurement

(typically 12 sec).

Pre-steady-state kinetics and determination of
Kox

Presteady-state reaction kinetics were measured anaerobically with a Hi-Tech stopped
flow instrument (SF-61DX2; TgK Scientific Limited, Bradford-on-Avon, UK) in a
glove box (Belle Technology, Weymouth, UK) at 25 °C. The reductive rates of
enzyme-bound FAD were determined using a final concentration of 25 uM FsgB in
100 mM phosphate/NaOH buffer, 150 mM NaCl pH 7.6. Enzyme was mixed with
various concentrations of substrates (0 to 10 mM) or N-methyl-tyrosine (0-5 mM)
dissolved in 100 mM phosphate buffer, 150 mM NaCl pH 7.6, and spectral changes
were detected with a Kineta-ScanT diode array detector (MG-6560; TgK Scientific
Limited) and subsequently analyzed at 460 nm. Flavin reduction was monitored at

each substrate concentration in triplicate and the observed rate constants (Kops) for
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different substrate concentrations were calculated using an exponential fitting
function in the KINETIC STUDIO software (TgK Scientific Limited). By plotting
these observed rate constants as a function of the respective substrate concentrations,
the reductive rates (kweq) as well as dissociation constants (Kp) could be determined
employing ORIGIN 8.6 (OriginLab Corp.). The oxidative rates (kox) were determined
three times at a final oxygen concentration of 135 uM, by mixing substrate-reduced
FsqB with air saturated buffer (100 mM phophsate/NaOH, 150 mM NacCl, pH 7.6).
By dividing the observed rate constants by the amount of oxygen dissolved in the
buffer (final conc: 135 uM), bimolecular rate constants (Kox) could be obtained.

Anaerobic photoreduction and reoxidation

Photoreduction of FsqB was done according to the procedure reported by Massey and
Hemmerich (17). About 40 uM of FsqB in 100 mM phosphate/NaOH, pH 7.6, 1 mM
EDTA, 1 uM 5-deaza-FMN and 2 uM methyl viologen were rendered anaerobic by 2-
h incubation in an anoxic, nitrogen-filled glove box (Belle Technology). The anoxic
samples were transferred to quartz cuvettes and sealed. Photoirradiation was carried
out with a 10 W LED flood light (Luminea, Buggingen, Germany), while cooling the
cuvette to 15 °C. Spectra were recorded between 300 and 800 nm until no further
changes were observed. For reoxidation of the enzyme, the cuvettes were opened to
expose the sample to air and again absorption spectra were recorded between 300 and

800 nm until no further changes were observed.

Determination of redox potential

The redox potential of the enzyme-bound FAD was measured by the dye-equilibration
method using the xanthine/xanthine oxidase system as described by Massey (18). The
concentrations of enzyme and redox dye were chosen in a way that their absorption
maxima were in the same range. The reactions were performed with a Hi-Tech
stopped flow device (SF-61DX2; TgK Scientific Limited).

The measurements were performed in triplicate under anoxic conditions in a glove
box (Belle Technology) at 25 °C in 50 mM HEPES/NaOH, pH 7.0. The simultaneous
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reduction of FAD and the redox dye was monitored with a KinetaScanT diode array
detector (MG-6560; TgK Scientific Limited). The reaction was started by mixing a
solution containing 300 uM xanthine, 5 uM methyl viologen, and an appropriate
amount of enzyme with a solution containing catalytic amounts of xanthine oxidase
(approximately 200 nM, from bovine milk, Grade Il purity; Sigma-Aldrich) and the
redox dye toluidine blue salt (Eo = 34 mV at pH 7.0, 25 °C). The redox potential was
calculated using double logarithmic plots, log(ox/red) of the enzyme versus
log(ox/red) of the dye, according to Minnaert. A linear least-squares fit was done with
Excel 2010 (Microsoft, Redmond, WA, USA).
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Chapter 4: Results



Production, purification and characterization
of FsgB

FsgB gene was preceded and ligated to pET21a vector, transformed and expressed
successfully in E. coli BL21*. The figure 1 shows the digestion of plasmid by Ndel
and Notl restriction enzymes in order to confirm the identity of both insert and vector.

Figure 1. DNA agarose gel (1%) for digested FsgB containing plasmid. Lane 1; 1 KB gene ruler. Lane
2 to 7 digested samples. Sample 6 was excluded since it has 3 bands and other samples were accepted
since they contained two bands (the plasmid and the gene). The first band which is about 5 KB is the
pET21a vector and the second band which is about 1.5 KB is the gene with sticky ends.

Small scale induction was performed to confirm that FsqB can be expressed in

sufficient amount in E. coli BL21star (Figure 2).
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Figure 2. SDS page (12.5% concentration) showing small scale induction of FsqB enzyme. Lane 1;
pre-stained protein ruler. Lanes 2-5; induced FsgB lysates. Lane 6; negative control (LuxF enzyme).
Lanes 7-10; none induced FsgB lysates. Lane 11; none induced negative control (luxF enzyme). The

FsqB enzyme has the molecular weight of 55 kDa.

FsqB was expressed in E. coli BL21star at large scale yielding 1 mg of FsqB from 1 g
of pellet after purification by Ni-NTA affinity chromatography. For crystallization,
the protein was further purified by means of size exclusion chromatography (Figures
3 & 4). The aim of purifying the protein by size exclusion chromatography is to get
rid of all impurities and all aggregates that might affect the crystal growth of the

enzyme.
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Figure 3. SDS page (12.5%) showing purified FsqB after large scale expression. Lane 1; is pre-stained
protein ruller. Lane 2; is FsqB lysate. Lane 3; is purified FsqB by Nickel affinity column. Lane 4; is

purified FsgB by size exclusion chromatography.
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Figure 4. Purification graph of FsgqB by size exclusion column connected to FPLC AKTA system.
Aggregates are eluted first then FsgB is eluted in a later step. The violet line shows the UV absorbance

at 280 nm due to the content of aromatic amino acids found in the enzyme.

The UV-Vis absorption spectrum of FsqB possesses the typical features of an FAD
containing protein with absorption maxima at 460 and 370 nm, (Figure 5). The

bathochromic shift of the long wavelength absorption maximum by about 10 nm
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compared to free FAD is most likely due to the mono-covalent attachment of the 8a.-
methyl group to cysteine residue 414. Similar UV-Vis absorption spectra were
previously reported for hDMGDH (1) and N-methyl-tryptophan oxidase (2), which
feature the same covalent linkage. The most distinguished part of the spectrum is
between 460 and 500 nm where there is a unique shoulder for the mentioned

enzymes.

The extinction coefficient of the FAD bound to FsqB was calculated to be 12,350 M™
cm™ (3) (figure 6).
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Figure 5. UV-Vis absorption spectrum of FsqB (solid blue line) in comparison with free FAD (solid
red line). The absorption spectrum of FsqB was recorded in sodium phosphate buffer, pH 7.6.
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Figure 6. UV-VIS absorption spectrum of FsqB before denaturation (blue line) and after denaturation

(red line). This experiment was applied to define the extinction coefficient of FsgB to the extinction

coefficient of free FAD.

In order to define the pH optimum of FsqB, the coversion of N-methyl-dopa was
monitored from pH 4 to 9 using an oxygen sensor to monitor the reaction yielding a

bell-shaped profile with an optimum at pH 7.6. (Figure 7)
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Figure 7. pH optimum experiment showing the rate of N-methyl-dopa (applied concentration of 2 mM)

at the tested pH spectrum. The results shows that the optimum pH is 7.6.

Photoreduction of FsgB led to the formation of a stable flavin semiquinone with an
absorption maximum at 396 nm. Further reduction of the flavin semiquinone to the
hydroquinone could not be achieved by light. The flavin semiquinone was reoxidized

very slowly by molecular oxygen reaching completion after ca. 70 minutes (Figure 8).
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Figure 8. Photoreduction of FsqB as a function of light irradiation, which causes a decrease of

absorption at 460 nm and a sharp increase of absorption at 396 nm indicating the formation of the red

anionic semiquinone.

Substrate screening

As part of the biosynthetic gene cluster in Aspergillus fumigatus, the cognate substrate
of FsgB is shown in figure 9. Thus this substrate is neither available nor convenient
for the study of reaction kinetics (4).

HO

HO

OH NH,

S-methyl (25.45.55)-2-amino-6-(3 4-dihydroxyphenyl)-4-hydroxy-5-
(methylamino)hexanethioate

Figure 9. Chemical structure of the truncated, natural substrate used in the docking calculation.

Moreover, we were interested to explore the reaction mechanism of FsgB using

substrate analogs. Additionally, we aimed to test the potential use of the enzyme for
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biocatalytic applications. The five potential substrates tested with FsqB featured

different hydroxylation at the aromatic ring (Figure 10).

Product analysis by HPLC-mass spectrometry, revealed that only N-methyl-dopa was
oxidized to the corresponding isoquinoline derivative whereas substrates lacking
either the para- or meta-hydroxyl group, i.e. N-methyl-meta-tyrosine and N-methyl-
tyrosine, yielded increased amounts of the demethylated product (24 and >99%,
respectively, Table 1). On the other hand, adrenalone, epinephrine and phenylephrine
were unable to reduce the bound FAD cofactor of FsqB and thus are apparently not
accepted as substrates.

OH OH

N N
HO / HO /

OH OH

rac-N-methyl-dopa .-N-methyl-dopa

OH

N

~

OH

rac-N-methyl-meta-tyrosine

o o}

OH

N

HO - HO -~
L-N-methyl-tyrosine p-N-methyl-tyrosine

Figure 10. List of tested substrates.
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Table 1. Conversions of FsgB-catalyzed biotransformations

Conversion [%]°

Entr Substrate Variant HPLC-MS HPLC-UV®
y A B C D A B C D
1 WT 23 76 - <1 5 95 - <1
1 1
rac-N-methyl-dopa <
2 D444A 91 6 3° <1 94 6 | <1
< <
3 WT 15 85 <1 11 89 <1
1 1
L-N-methyl-dopa < <
4 Dad4A 85 15 [ <1 98 2 | <
rac-N-methyl-meta- WT 49 25° 2 24 43 28° 5 24
6 tyrosine D444A 39 27° 3 31 54 23° 12 16
Entr Conversion [%]?
Substrate Variant HPLC-MS HPLC-UV®
y E = G E F G
! L-N-methyl-tyrosine WT <1 <1 >99 3 <1 97
8 yi-ty Dad4A 73 <1 27 43 <1 57
9 D-N-methyl-tyrosine WT >99 <1 <1 >99 <1 <1
10 yi-ty D444A  >99 <1 <1 >99 <1 <«

WT, wild type enzyme; a) conversions were determined by peak area integration of the
corresponding MS or UV response. b) HPLC-UV chromatograms were recorded at 230 nm
wavelength. ¢) no reference material was available, peak identity is assumed in comparison
with the other experiments and product formations and the m/z trace of the HPLC-MS peaks.

HPLC chromatograms are shown in the Supplementary section.
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Kinetic parameters of FsgB

Following product analysis, we also determined pre-steady state parameters in the stopped-
flow apparatus for rac-N-methyl-dopa, L-N-methyl-dopa, N-methyl-meta-tyrosine L-N-
methyl-tyrosine, and D-N-methyl-tyrosine. The highest rate of flavin reduction was observed
with (racemic) N-methyl-dopa whereas (racemic) N-methyl-meta-tyrosine and L-N-methyl-
tyrosine were at 10-25 times slower (the kqs-values given in Table 2 were measured at a

single fixed concentration of 2.5 mM).

Table 2. Summary of pre-steady state kinetic parameters for wild-type FsqB with
different substrates.

Substrate Krea [$7] Kreq (%0) Krea [s']" Krea (%)% Kp [MM]
rac-N-methyl-dopa 51+2.7 100 10.4 +0.1 100 9.2+0.7
L-N-methyl-dopa 21+3 41 47+0.01 45 8+1.3
rac-N-methyl-meta- ¢, 5 ¢ 12 0.9 +0.008 9 1542

tyrosine
L-N-methyl-tyrosine nd.” - 0.6 + 0.0004 6 nd.”
D-N-methyl-tyrosine n.r. - n.r. - -

n.d. = not determined; n.r. = no reaction

For comparison, the values of k.4 were recorded at 2.5 mM substrate concentration due
to the limited solubility of L-N-methyl-tyrosine

Z Percentages are given in comparison to the reaction of wild-type FsgB using rac-N-
methyl-dopa as the substrate.
" Rate of reaction increased linearly with increasing concentration preventing calculation
of a Kpand a limiting rate of reduction.
A more detailed analysis of the reduction of FsgB using rac-N-methyl-dopa or the L-
stereoisomer yielded limiting rates of 51 + 2.7 and 21 + 3 s, as well as  dissociation
constants of 9.2 + 0.7 and 8 £ 1.3 mM, respectively (Figure 11 & 12). Thus, the limiting rate
for L-N-methyl-dopa is only ca. 2.5-fold lower than for the racemate indicating that both
stereoisomers are accepted by the enzyme. Furthermore, this result also suggests that the
enzyme has a preference for D-N-methyl-dopa (commercially not available). In order to
distinguish the rate of reduction for the D- and L-stereoisomer, we repeated the pre-steady
state measurements at a lower concentration of rac-N-methyl-dopa (i.e. 0.2 mM) and obtained
a clear biphasic behavior with observed rates of 1.63 + 0.04 and 0.61 + 0.01 s, respectively,
presumably reflecting the rate of reduction for the two stereoisomers in the racemic mixture.
This 2.5-fold difference is similar to the difference observed for the racemate in comparison
to the L-stereoisomer (Table 3), supporting our conclusion that the D-stereocisomer is a

slightly better substrate than the L-sterecisomer.
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Figure 11. Pre-steady state measurement of the conversion of rac-N-methyl-dopa by wilt-type FsgB.

The standard deviation was calculated based on three measurements for each substrate concentrations.
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Figure 12. Pre-steady state measurement of the converstion of L-N-methyl-dopa by wild type FsgB.

All experiments were done in triplicate.

Interestingly, reduction of the FAD-cofactor was not observed with D-N-methyl-
tyrosine suggesting that FsgB exhibits a strict stereo-preference for the L-stereoisomer
(S configuration) (Figure 13) in contrast to what was found with N-methyl-dopa.
However, the conversion of L-N-methyl-tyrosine by FsqB shows does not show any
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saturation (linear curve). Therefore, the presteady state kinetic parameter for this
substrate could not obtained.

0,0 T T T T T T T T ! I ! 1
0,0 0,5 1,0 1,5 2,0 2,5 3,0

Substrate [mM]

Figure 13. Pre-steady state measurement of the conversion of L-N-methyl-tyrosine by wild-type FsgB.

All measurements were done in triplicate.

The hyperbolic curve for presteady state kinetics of FsgB wild type against N-methyl-
meta-tyrosine was also determined (figure 14).
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Figure 14. Pre-steady state measurement of the conversion of rac-N-methyl-meta-tyrosine by wild-
type FsqB.

Steady-state kinetics were determined for N-methyl-dopa (racemate and the L-
stereoisomer), L-N-methyl-tyrosine, and rac-N-methyl-meta-tyrosine using oxygen
depletion to monitor enzyme turnover. Enzyme activity is a function of substrate
concentration reaching saturation at ~ 8 s™. Similarly, the Ky, for the racemate and the
L-enantiomer of N-methyl-dopa differed only slightly, i.e. 0.16 £ 0.01 and 0.27 + 0.02
mM, respectively. For L-N-methyl-tyrosine and rac-N-methyl-meta-tyrosine
saturation was reached at ~4 and ~3.5 s, respectively. The Ky for these substrates
was 2.1 £ 0.2 and 1.6 £ 0.6 mM, respectively. Table 4 summarizes the kinetic
parameters for all substrates oxidized by FsgB. As obvious, by the resulting Keai/Kw
values, N-methyl-dopa (racemate and the L-enantiomere) is more efficiently oxidized
by FsgqB than L-N-methyl-tyrosine and rac-N-methyl-meta-tyrosine (Table 3).

Figures 15, 16, and 17 show the hyperbolic behavior of rac-N-methyl-dopa, L-N-
methyl-dopa, and L-N-methyl-tyrosine respectively. Kinetic parameters are listed in
table 3.
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Figure 15. Steady state curve for the conversion of rac-N-methyl-dopa by wild type FsqB. The

standard deviation was calculated based on three measurements for each substrate concentrating.
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Figure 16. Steady state measurement of the conversion of L-N-methyl-dopa by wild-type FsgB. The

standard deviation was calculated based on three measurements for each substrate concentrating.
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Figure 17. Steady state measurement of the conversion of L-N-methyl-tyrosine by wild-type FsqB. The

standard deviation was calculated based on three measurements for each substrate concentrating.

Table 3. List of steady-state kinetic parameters of the studied substrates.

Substrate Ky (MM) Keat (5™ ke Ky (MM™.5)
Rac-N-methyl-dopa 0.16 £0.01 85+0.1 53+4
L-N-methyl-dopa 0.27 £ 0.02 8.2+0.2 303
Rac-N-methyl-meta-tyrosine 16+0.2 35+0.1 2.18+0.04
L-N-methyl-tyrosine 21+0.2 39+0.2 1.91 +£0.02

D-N-methyl-tyrosine - - -

The kinetic parameters were revealed by reacting the listed substrates with the wild
type enzyme.

To determine the rate of reoxidation of FsqB, the enzyme was reduced with either (racemic)
N-methyl-dopa, N-methyl-meta-tyrosine or L-N-methyl-tyrosine under anoxic conditions and
reacted with oxygen-containing buffer in the stopped-flow apparatus. This yielded rates for
the reoxidation of 20473 + 852, 4710 + 121 and 4193 + 59 M™ s, respectively. The results of

Kox parameters are listed in table 4.
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Table 4. K, values of FsqB enzymes (Wild type and variants) against different

substrates.

Enzyme Reducing substrate Kox values
WT N-methyldopa 20473 s
WT N-methyltyrosine 4700 st
WT N-methyl-meta-tyrosine 4193 st

D60A N-methyldopa 4148 s
K304A N-methyldopa 183 w5
Y416F N-methyldopa 13019 w''s™

X-ray crystallographic structure of FsqB

We determined the crystal structure of FsqB to a resolution of 2.6 A (Figure 18)
(Table 5). The asymmetric unit of the hexagonal crystals contained only one protein
chain, but an analysis using the EBI-Pisa server (5) indicated the existence of a
dimeric assembly involving a symmetry related molecule generated by a
crystallographic two-fold symmetry axis (Figure 19). In this assembly, approximately
2900 A? of solvent accessible surface are buried on each protomer predicting that this

dimer should also be formed and should be stable in solution.

Figure 18. FsgB crystal exhibiting a yellow color due to the oxidized flavin.
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Figure 19. Cartoon representation of the FsqB dimer present in the crystal as predicted by the EBI-Pisa

server (5) looking down the crystallographic two-fold symmetry axis. The two protomers are colored

pink and light-blue, respectively, the bound flavin cofactors are depicted as spheres.

Table 5. Crystal structure determination: Data collection and refinement statistics.

FsgB
Wavelength (A) 0.95
. 45.06 - 2.60
Resolution range (A) (2.69 - 2.60)°
Space group P6522
. o 90.12, 90.12, 266.28
Unit cell (A, °) 90, 90, 120
Total reflections 316554 (28058)
Unique reflections 20505 (1862)
Multiplicity 15.4 (15.1)
Completeness (%) 98.9 (92.7)
<l/o(l)> 24.20 (2.66)
Wilson B-factor 65.53
Rimerge 0.0827 (0.7854)
Rineas 0.0856 (0.8121)
Rpim 0.0218 (0.2039)
CCyp 1 (0.95)
CccC* 1(0.99)
Reflections used in refinement 20430 (1856)
Reflections used for Ryee 1022 (93)
Rwork 0.2123 (0.2647)
Riree 0.2432 (0.3362)
CCuork 0.95 (0.93)
CCfree 0.96 (082)
Number of non-H atoms 3945
macromolecule 3856
ligands/cofactors 53
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solvent 36

rmsd bonds (A) 0.006
rmsd bond angles (°) 0.83
Ramachandran favoured (%) 95.73
Ramachandran allowed (%) 4.27
Ramachandran outliers (%) 0.00
Rotamer outliers (%) 0.00
Clashscore 7.89
Average B-factors (A?) 71.43

macromolecules 71.68

ligands/cofactors 60.67

solvent 61.05

Statistics for the highest-resolution shell are shown in parentheses.

The FsqB protomer consists of two discontinuous domains (Figure 20), an FAD
binding domain (residues 1-97, 183-257 and 419-496) and a substrate binding domain
(residues 98-182 and 259-418). The FAD-binding domain exhibits a 3-layer pa-fold
with the diphosphate group of FAD bound at the C-terminal end of a mostly parallel,
central B-sheet. The most prominent feature of the substrate binding domain is a
seven-stranded, mostly antiparallel B-sheet, which spans across the bound flavin. The
two N-terminal strands of this sheet wrap around the dimethyl-benzene part of the
isoalloxazine ring system and provide the amino acid residue C414, which is
covalently bound to the 8a-methyl group of the FAD cofactor. The substrate binding
domain is also responsible for dimer formation. The central portion of the interface
between the two protomers is formed by a long a-helix situated on top of the seven-

stranded B-sheet as well as by surrounding loop regions (Figure 20).
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Figure 20. Cartoon representation of the structure of the FsqB protomer. The FAD binding domain is
shown in magenta (B-strands) and pink (a-helices) and the substrate binding domain is shown in light
blue (B-strands) and light cyan (a-helices). The covalently bound FAD is depicted as sticks (yellow)
together with the tethering amino acid Cys414.

A search for structurally similar proteins using the PDBeFold server yielded the
fructosamine oxidase from Aspergillus fumigatus (PDB-entry 4WCT, (6)) and the
fructosyl peptide oxidase from Eupenicillium terrenum (PDB-entry 4RSL,) as the
closest structural homologs with Q-scores greater than 0.35 and root-mean-square-
deviations (rmsd) of approximately 2 A. A superposition of FsqB with these two
structures is shown in figure 21 highlighting the fold similarities.
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Figure 21. Cartoon representation of FsqB structure (pink) superimposed on the structure of
(A) fructosamine oxidase from Aspergillus fumigatus (cyan) and (B) the fructosyl peptide

oxidase from Eupenicillium terrenum (green).

The active site of FsgB is located at the interface between the FAD binding and the
substrate binding domain at the core of the protein and is connected to the solvent by
a long and rather broad tunnel. The covalently bound isoalloxazine ring is surrounded
on both sides by mostly polar residues, but a hydrophobic pocket — lined by V64,
L100, F102, 1284, V286, F293 and F308 — is situated on the re-side of the cofactor
(Figure 22).
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Figure 22. Close-up view of the active site cavity in the vicinity of the flavin cofactor. The cavity
volume is depicted as a surface representation colored by hydrophobicity (red: hydrophobic, green:
hydrophilic). Cavity points were calculated and annotated using the program CASoX (G. Steinkellner,
unpublished). The FAD cofactor as well as the sidechains lining this part of the active site cavity are

shown as sticks.

Modeling of the substrate complex

Crystals of FsgB were soaked with various, potential substrates in order to determine
the structure of an enzyme substrate complex. However, the treated crystals did either
not diffract to high resolution or the resulting difference electron density was not clear
enough to be interpreted as a bound substrate. Therefore, we resorted to molecular
docking simulations in order to obtain a model of such a complex. For these
calculations, we chose a truncated variant of the natural substrate, S-methyl
(2S,4S,5S)-2-amino-6-(3,4-dihydroxyphenyl)-4-hydroxy-5-(methylamino)-

hexanethioate (Figure 23A). A number of active site residues, especially around the
hydrophobic pocket (Figure 22) were treated as flexible (see Experimental
Procedures). Due to the high number of the resulting internal degrees of freedom, we
obtained many different docking poses and analyzed them with respect to mechanistic

plausibility, i.e. we selected poses where the N-methyl group was close (< 4 A) to the
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N(5) atom of the FAD and was appropriately positioned to form a C-C bond with the
dihydroxyphenyl moiety in order to form the isoquinoline ring. Out of about twenty

different binding modes only one fulfilled these requirements (Figure 23B).

In this model structure, the dihydroxyphenyl group is bound in the hydrophobic
pocket and interacts with the side chain of R66. In addition, the 3-OH group forms a
hydrogen bond with the C(4)=0 of the flavin cofactor. Furthermore, R63 and K304
are near the isoalloxazine ring of the FAD and the dihydroxyphenyl group of the
substrate. The resulting positive electrostatic potential could facilitate deprotonation
of the substrate or favor the binding of an already deprotonated substrate. In the
crystal structure, there is also an ordered water molecule located right between
C(4)=0 and the amino group of K304, which may be displaced upon substrate
binding.

The carbon atom of the N-methyl group is close to N(5) of the flavin (required for
hydride transfer) and is also appropriately positioned in order to attack C2 of the
aromatic ring (3.5 A). The corresponding nitrogen atom is in hydrogen bonding
position to the main chain carbonyl oxygen of D444. The nitrogen atom at the 2-
position of the substrate on the other hand forms salt bridges to the side chain
carboxylates of D315 and D444. Thus, these two residues are very likely primarily

involved in substrate binding and orientation.

The methyl-thioester group of the bound ligand is oriented towards the entrance of the
active site tunnel. This binding mode is therefore compatible with a longer chain (e.g.

as in a CoA-derivative) being attached to the substrate.
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OH NH,

S-methyl (25 45.,55)-2-amino-6-(3 4-dihydroxyphenyl)-4-hydroxy-5-
(methylamino)hexanethioate

Figure 23. Panel A: Chemical structure of the truncated, natural substrate used in the docking
calculations. Panel B: Close up view of the active site of FsqB in the modelled complex with the
truncated, natural substrate (pink). The flavin cofactor is shown in yellow. Positively charged residues
in vicinity are shown in blue, negatively charged residues in magenta. Residues forming the
hydrophobic pocket are shown in grey. Green dashed lines depict hydrogen bonding interactions. The
interaction between the N-methyl group of the substrate and N(5) as well as the aromatic moiety are

shown as light-orange, dashed lines.

Addionally, we tried a different approach of molecular docking, where the natural

substrate was linked with the phosphopantetheine moiety. The crystal structure of
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FsqB in complex with the mono-covalently linked FAD co-factor and the docked
substrate were used for molecular docking. Molecular docking experiments were
performed utilizing the Yasara Structure suite (version 17.3.30, Yasara Biosciences
(7). Crystal waters were removed from the structure prior to the docking experiment.
Molecular docking was performed utilizing the Autodock Vina Plugin (8) of the
Yasara Structure suite. Docking was performed with the rigid receptor while the
ligand was flexible with a docking cell lining the cavity of the active center of FsqgB.
Ligands chosen for docking experiments were the putative non-natural substrates of
FsqB, namely the putative natural substrate, N-methyl dopa and potential conversion
intermediates. 250 docking runs per experiment were performed with a RMSD cut-off
of 1 A. Resulting docking poses were inspected visually. The natural substrate was
generated taking the origin of FsgB into account. FsqB is part of a non-ribosomal
peptide synthase pathway. The natural substrate of FsgB is linked to the FsqgF NRPS
via a thiol ester (1). It is known that in NRPS linker molecules are utilized to fuse the
substrate to the carrier protein. The acyl carrier protein (ACP) is a prominent linker
moiety (9) During biosynthesis of fatty acids and polyketides the elongated chain of
the substrate/product is fused to the ACP via a thiol ester at the distal thiol of the
utilized 4'-phosphopantetheine moiety. This utilization of a phosphopantetheine
moiety is believed to be a common feature of linker molecules among NRPS systems.
Therefore the natural substrate of FsqB determined by Bacille et al. (2016) (4) was
generated in-silico linked to a phosphopantetheine moiety. Subsequently this natural
substrate-phosphopantetheine molecule was used as ligand for molecular docking
experiments. Figure 24 shows the suggested scenario for position of the natural

substrate inside the FsqB pocket.
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Y121

Figure 24. Docking of natural substrate with the phosphopanteine moiety.

In addition, we performed molecular docking simulations with the substrates used in
our study, i.e. N-methyl-dopa and N-methyl-tyrosine. Due to the reduced spatial
requirements of these substrates, we found two distinct binding modes that are
different to the binding pose for the (truncated) natural substrate. As shown in Figure
25 (panel A), N-methyl-tyrosine binds with the carboxylate group oriented toward the
pair of positively charged amino acids (R66 and K448) and the phenolate interacts
with Y121. This pose also places the N-methyl group near N(5) of the isoalloxazine
ring thereby allowing the transfer of a hydride. In contrast to the binding pose of N-
methyl-tyrosine the two stereoisomers of N-methyl-dopa may bind in a different
orientation with the catechol-ring oriented toward R66 and Y121. In both poses, the

N-methyl group is placed above N(5) of the flavin to enable hydride transfer (Figure
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25, panel B and C). In all three docking poses, the amino acid side chain of D444 is
within 3-4 A distance of the N-methyl group.
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Figure 25. Stick representations of the suggested binding scenarios for L-N-methyl-tyrosine (panel A)
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W

and the two stereoisomers of N-methly-dopa (panel B and C). Amino acid side chains near the binding

site are shown in green. The isoalloxazine ring of FAD is shown in yellow. The docked substrates are
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shown in cyan. The distances of the carboxylate group of L-N-methyl-tyrosine to R66 and K448 and of
the catechol to R66 are shown as yellow dashed lines. Panel A, B and C show a model for L-N-methyl-

tyrosine, D-N-methyl-dopa and L-N-methyl-dopa bound to the active site of FsqB, respectively.

Site-directed mutagenesis of active site amino
acid residues

Based on the crystal structure of FsqB and the molecular docking of the natural
substrate, we generated several FsqB variants. (List of primers’s sequence are shown
in table 5) to probe the involvement of amino acids in catalysis using N-methyl-dopa
as the substrate. Figure 26 shows the SDS page of small scale expression tests. With
the exception of the K448A variant, all variants exhibited a similar thermal melting
point (54.5 + 3 °C) (figure 27 and table 6) and a similar CD-spectrum (figure 28)
indicating that the proteins were properly folded and possessed a similar stability.
Replacement of the three basic residues R63, R66 and K304 severely compromised
enzymatic activity and the R63M and K304A variants showed only residual activity
amounting to 0.3 and 3% of the activity of the wild-type enzyme (Table 7). Similarly,
replacement of Y121 to phenylalanine resulted in a substantial loss of activity (3%
residual activity). Very surprisingly, the D444A variant substantially reduced
enzymatic activity of FsgB (0.04% residual activity), suggesting an important role in
catalysis. Interestingly, the K304A variant exhibited a very slow rate of reoxidation of
183 + 37 M™ s and thus is apparently involved in the oxidative half reaction, i.e.
oxidation of the reduced FAD by dioxygen. The role of K448 for covalent
flavinylation was probed by replacing this residues with alanine. The resulting K448A
variant was completely devoid of FAD confirming earlier findings for MSOX that this
residue plays an essential role for establishing the covalent bond between the 8a-
methyl group and the corresponding cysteine residue (10). From the results of the
mutagenesis study (Table 7), we suggest that the positively charged side chains of
residues R66 and K448 are important for substrate binding whereas the carboxyl-
group of the side chain of D444 activates the substrate by proton abstraction from the
amino-group of the substrate. On the other hand, R63 located on the si face stabilizes

the negatively charged flavin cofactor after hydride transfer from the substrate.
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Finally, K304 was identified as a central player in the reoxidation of the reduced

flavin by dioxygen.

Figure 26. SDS pages (12.5% concentration) showing small scale induction of FsqB. Lane 1; pre-stained protein
ruler. Lane 2; induced D60A variant. Lane 3; not induced D60A variant. Lane 4; induced R63M variant. Lane 5;
not induced R63M variant. Lane 6; induced R66M variant. Lane 7; not induced R66M variant. Lane 8; induced
variant Y69F. Lane 9; not induced variant Y69F. Lane 10; induced Y121F variant. Lane 11; not induced Y121F
variant. Lane 12; induced Y266F variant. Lane 13; not induced Y266F variant. Lane 14; FsqB wild type as positive
control. Lane 15; induced K304A. Lane 16; not induced K304A. Lane 17; induced K304A (repeated). Lane 18; pre-
stained protein ruler. Lane 19; induced Y416F variant. Lane 20; not induced Y416F variant. Lane 21; induced
D444A variant. Lane 22; not induced D444A variant. Lane 23; K448A variant. Lane 24; not induced K448A
variant. Lane 25; induced Y266F variant (repeated). Lane 26; not induced variant Y266F (repeated). Lane 27;
induced K448A variant (repeated). Lane 28; not induced K448A variant (repeated).
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Figure 27. Thermal stability of FsgB WT and variants. ThermoFAD experiment shows that all the

variants except for K448A are in the same range as the wild-type protein.

Table 6. Melting points of FsgB wild type and its generated variants.

FsqB-WT D60A R63M R66M Y69F  Y121F Y266F K304A Y416F DA444A K448A

Melting

point 54.5 50.5 505 565 525 515 515 555 545 53 36.5
[°c]

20
10
0 4
E
= 101 WT
(o] -
E 1 — DBDA
20 R63M
= — R66M
Y69F
230 - ——Y121F
Y266F
—— K304A
40 - —— Y416F
— D444A
—— K448A
-50
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200 210 220 230 240 250 260
Wavelength [nm]

Figure 28. CD experiments show that the content of o helices and B sheets for all variants are

comparable to wild-type protein.

Table 7. Summary of pre-steady state kinetic parameters for FsqB variants with rac-/N-
methyl-dopa

Enzyme Kons [$]" Kops (%0) 2
R63M 0.027 £ 0.003 0.3
R66M n.d, _
Y121F 0.24 £0.03 2
K304A 0.3+0.03 3
Y416F 3.4+0.02 33

D444A 0.0036 + 0.0004 0.03

“ the values of ks were recorded for comparison at 2.5 mM substrate concentrating due to
the limited solubility of L-N-methyl-tyrosine.
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"2 percentages are given in comparison to the reaction of wild-type FsqB using rac-N-
mehtyl-dopa as the substrate.

Detection of binding residues in FsgB

Two main experiments were carried out to define the binding residues in the FsqB
pocket. In both experiments, changes in spectral properties of the flavin are
determined, which occur when the flavin isoalloxazine ring interacts with its
environment. In the first experiment, the change in flavin spectrum is observed due to
adding an excessive amount of the substrate to the enzyme (10x). In the second
experiment, the change in the FAD fluorescence emission is determined by applying
the ThermoFAD experiment. It is suggested that residues Arg66, Tyr 69 and Tyr 121
are responsible for coordination the substrate inside the pocket (figure 29). Results of

both experiments confirm that these 3 residues are the binding residues.
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Figure 29. (A) FsqB spectrum without substrate shown as blue line. FsgB spectrum with 10x
concentration of N-methyldopa in magenta. The graph shows the shift which is due to substrate binding
to the flavin. Whereas in (B) the same substrate cannot bind to the flavin because of the mutation in the
gene coding for the binding residue Arg 66. (C) ThermoFAD experiment for the wild type enzyme with
and without N-methyl-meta-tyrosine. The blue line shows the enzyme alone where there is an increase
in fluorescence due to the release of flavin. The magenta line shows fluorescence signal change of the
enzyme with the substrate. (D) There is no change in the R66M variant signal when the substrate is

added to this variant.

The redox potential of Flavin bound to FsqB
enzyme:

The redox potential of FsqB was calculated to +30mV. The formation of the
semiquinon adduct is recorded, where the maximum absorbance of the red product is
observed at 396 nm (Figure 30).
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Figure 30. The redox potential (EO) of FsqB-bound FAD. This value was determined by the dye-
equilibration method using the xanthine/xanthine oxidase system (11). The measurements took place
under anaerobic conditions utilizing a stopped flow device at 25 °C in 25 mM HEPES.NaOH, 150 mM
NaCl buffer (pH 7.0). The concentrations of enzyme and redox dye were chosen in a way that their
absorption maxima are in the same range. Measurements were done in triplicate. The redox potential
was calculated using double logarithmic plots, log (ox/red) of the enzyme versus log(ox/red) of the dye.
A linear least-squares fit was done with Excel 2010. ORIGIN 8.6 software was used to produce the

figure. The redox potential for the reduction of FAD bound to FsqB was calculated to be 30 + 1 mV.
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This value is common also for other enzymes from the same family (DAAOQO) which is covalently link

to flavin via 8" position.
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Chapter 5: Discussion



FsqB belongs to the family of D-amino acid oxidases (DAAOSs) (1). Based on the
sequence similarity to members of the amine oxidase family, e.g. MSOX and MTOX, it
was recently suggested that FsqB shares the topology of this protein family. FsqB
possesses the same fold as P-hydroxybenzoate hydroxylase (PHBH) (2). This fold
contains generally two domains; a FAD binding domain consisting of [B-sheets
sandwiched by o-helices and a catalytic domain consisting of eight B-sheets that form
the cavity where FAD-isoalloxazine ring is embedded. These sheets are also
surrounded by long a-helices (1-3). The X-ray crystal structure of FsqB reported here
supports this assumption. This family of FAD-dependent oxidases was extensively
studied in terms of the mechanism of oxidation. Among the discussed mechanisms, a
hydride transfer mechanism, entailing the transfer of a hydride from the N-methyl
group to the N(5)-position of the isoalloxazine ring, appears to be the most favorable
(4-6). In addition, recent fragment molecular orbital and mixed quantum
mechanics/molecular mechanics calculations have concluded that a hydride transfer
mechanism is the most likely scenario (5, 6). Therefore, we assumed that the oxidative
cyclization catalyzed by FsqB might be initiated by a hydride transfer, followed by the
nucleophilic attack of the catechol moiety of the substrate to yield the isoquinoline
product because the electron-rich catechol moiety can be easily deprotonated at the 3-
OH (pKj; = 9-9.5,(7)). Moreover, HPLC data (table 2 in the results section) show that
FsqB is regioselective. The hydroxyl group on benzene carbon number 3must be close
to the oxidized methyl-amine bond (imine species) in order to start the nucleophilic
attack. Whereas, in the chemical reaction (the substrate is oxidized by a chemical and
not by an enzyme) the 3-OH group is detected on the other side of the imine species.
Our results are in agreement with the results of Baccile et. al (2016) (8). In fact,
docking of the proposed natural substrate to the active site of FsqB suggested that the
N-methyl group is positioned on the re-side of the isoalloxazine ring close to the N(5)
in accordance with the steric requirements for a hydride transfer (Figure 21, results
section). Although this docking pose is compatible with a hydride transfer mechanism,
it fails to explain the effects on catalysis observed in some of the generated FsqB
variants, most notably the R66M and D444A variants. Thus, we hypothesized that the
substrates tested in our study adopt a different binding pose as suggested for the natural
substrate. In fact, docking simulations with L-N-methyl-tyrosine and N-methyl-dopa

showed that both of these substrates can bind in different orientations as compared to
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the natural substrate. In the case of L-N-methyl-tyrosine the carboxylate group interacts
with the side chains of R66 and K448 and the phenolate ring points toward Y121
(Figure 23, panel A, results section). This binding mode is very similar to the binding
of substrates in other members of the amine oxidase family (PF01266), notably MTOX,
MSOX and NikD (9-11) and is clearly also possible in FsqB because of the
conservation of this pair of positively charged amino acid residues. In addition, this
binding mode also provides a role for the side chain of D444 as the carboxylate is
located near the N-methyl group of the substrate and may act as an active site base to
promote the transfer of a hydride to the N(5) of the isoalloxazine ring thus accounting
for the large effect on catalysis observed in the D444A variant. Interestingly, docking
of the two stereoisomers of N-methyl-dopa suggested a different binding mode with the
catechol ring moiety engaging in a salt bridge with the guanidinium group of R66 and
the carboxylate group pointing toward the side chain of Y416 (Figure 23, panel B and
C, results section). Again, in these binding poses the side chain of D444 is in close
proximity to the N-methyl group and may participate in catalysis as an active site base.
Overall, the putative binding poses for N-methyl-dopa are in agreement with effects
observed with the generated FsgB variants: Very low activity for the R66M and D444A
variants, a less pronounced effect for the Y121F variant and a very small effect in the
case of the Y416F variant. It is also noteworthy that both sterecisomers are
productively converted to the isoquinoline product with similar kinetic rates, indicating
that both poses are conducive for the ring closure reaction. In this context, it is very
interesting to note that the distinct binding poses for L-N-methyl-tyrosine and N-
methyl-dopa also provide a rationale for the finding that FsgB accepts only the L- but
not the D-stereocisomer of N-methyl-tyrosine whereas both stereoisomers of N-methyl-
dopa are accepted, albeit with slightly different kinetic rates (Table 3, results section):
L-N-methyl-tyrosine is anchored to R66 and K448 via its carboxylate group fixing the
chiral carbon in the position shown in Figure 23, panel A (results section) and thus
binding of the D-stereoisomer would require the rotation of the substrate (by ca. 180°)
above the re-side of the isoalloxazine ring, which is very unlikely because there are no
residues “on the other side” to interact with the carboxylate group. In contrast, a similar
rotation is not required for N-methyl-dopa because the substrate is anchored to R66 by
the catechol moiety and not the carboxylate group and therefore it is sufficient to allow

rotation of the C-C bond connecting the chiral carbon atom to thef-carbon atom. In
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keeping with this interpretation, N-methyl-dopa (and the L-enantiomer) is more
efficiently consumed by FsgB than N-methyl-tyrosine and N-methyl-meta-tyrosine (20-
fold difference in kq/Knm, Table 4, results section), suggesting that positioning the
catecholate moiety toward R66 is the preferred binding mode for these substrate
analogs. In summary, our results suggest that the observed stereospecificity for N-
methyl-tyrosine (and N-methyl-meta-tyrosine) is the result of the specific binding mode
whereas the different binding mode of N-methyl-dopa in combination with the active
site plasticity of FsgB accommodates both stereoisomers. Currently, efforts to obtain a
crystallographic structure of D- and L-N-methyl-tyrosine bound to FsqB are under way
to obtain more structural insights into the parameters that control substrate binding and
oxidation in particular with regard to the observed stereospecificity.

The demethylation observed with rac-N-methyl-meta-tyrosine and L-N-methyl-tyrosine
(Table 2, results section) can be explained by the lack of the meta-hydroxyl group in
the case of the latter and a lower efficiency for the ring closure reaction in the binding
mode adopted by these substrates (Figure 23, panel A, results section). The reduction of
the flavin by the substrate results in the formation of an imine that is subsequently
attacked by the phenolate ring (see Scheme 1). However, this reaction is not possible in
L-N-methyl-tyrosine and thus the imine intermediate will hydrolyze to the
demethylated product, i.e. L-tyrosine. The lack of the para-hydroxyl group, on the
other hand, may also slow down the ring closure step and therefore lead to an efficient
competition by hydrolysis yielding a mixture of cyclized and demethylated product in
the case of rac-N-methyl-meta-tyrosine as substrate.

The oxidation of reduced FAD by molecular oxygen in the family of amine oxidases
has been subject of several detailed studies revealing the importance of a positive
charge near the site of reoxidation, the C(4a)-position of the isoalloxazine ring (12, 13).
In accordance with these studies, we have identified K304 as a central amino acid
residue for the oxidative half reaction since the K304A variant exhibited a more than
100-fold decreased rate. The importance of this residue for the reactivity of the reduced
FAD with oxygen was also observed with the related MSOX (14) thus our finding adds
further support to the current concept of oxygen activation in flavoprotein amine
oxidases. Jorns et. al. (2010), reported that replacing the lysine residue responsible for
flavin reoxidation results in the elimination or displacement of a positive charge from

the pocket above the si face of the flavin ring. This results in the loss of a charge-
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stabilized binding site for the superoxide anion, an intermediate in the oxidative half-
reaction of MSOX, and greatly reduces the rate of oxygen reduction. At the same time,
the mutation disrupts a water relay system near the flavin N(5) atom that probably
catalyzes the ionization of a protonated sarcosine intermediate, leading to a transient
accumulation of a charge-transfer intermediate along the pathway of product release
from the reoxidized enzyme (15). We have also observed different rates for the
reoxidation of reduced FsgB depending on the substrate used for the reduction, i.e a fast
reaction with N-methyl-dopa and five-fold lower reaction with L-N-methyl-tyrosine
and rac-N-methyl-meta-tyrosine. In the case of MSOX, it was proposed that oxygen
reacts with the enzyme-product complex (16). The reoxidation proceeds via a modified
ping pong mechanism in which the oxygen reacts with Enzyme-FADred-Product prior
to the dissociation of the imino acid product (16). Thus the observed differences in the
Kinetic rates may reflect the differences of the enzyme-product complex obtained with
L-N-methyl-tyrosine (only demethylated product, i.e. tyrosine) and rac-N-methyl-meta-
tyrosine (demethylated and isoquinoline product) on the one hand and N-methyl-dopa
(only isquinoline product) on the other hand.

Different studies show that the anionic form of sarcosine is the active form that can be
converted by MSOX (17-19). We suggest that all tested substrates, that are oxidized by
FsqB, are also in their anionic form. The anionic form the substrate forms a charge
transfer complex with the oxidized form of the flavin, which serves as charge acceptor
(9, 11, 20). Moreover, this complex is stabilized by R66/K448 on the re face of flavin
and R63/K304 on the si face of the flavin (21). The variant Y121F leads to a sharp
decrease in the activity of FsqB (2% of the original activity). The primary tests show
that Y121F is responsible for coordinating the substrate inside the pocket. In the study
of Ewing et. al. (2017) they proved that the tyrosine residues in VAO’s pocket might
play a role in deprotonating the substrate (22). Thus, it is suggested in FsgB that the
Y121 residue might have the same role.

In the study of Trickey et. al. (1999), it is proved in MSOX that K348 (the same
residue as K448 in FsqB) is responsible for the covalent flavinylation (23). FsqB
K448M also led to the same conclusion since this variant was only obtained as
apoenzyme without the cofactor.

Photoreduction of FsgB shows the anionic semiquinone (1+1 electron reduction). When

the redox potential of the FsgB is determined in stopped flow experiments, the cofactor
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is clearly reduced in a two electron transfer system. This feature is common for the
amine oxidase family (4, 24). Moreover, it is proved that the electron transfer type can
be changed in a given flavoenzyme with different conditions and upon substrate
binding to the pocket (25).

In summary, our study has shown that FsqB is a member of the family of amine
oxidases, but in contrast to previously characterized members of this family it combines
the oxidation of a N-methyl group with the generation of a heterocyclic ring system.
Although FsgB is the first characterized representative of this group of “oxidative
cyclases” data base searches using the FsqB sequence revealed many more putative
enzymes that may catalyze a similar ring closure reaction in natural product
biosynthesis, in particular in fungi. Also, the plasticity of the active site of FsgB, and
potentially of other yet uncharacterized homologs, may encourage further
developments to improve the substrate scope of the enzyme for biocatalytic

applications.

Scheme 1

Proposed reaction mechanism for the ring closure reaction with N-methyl-dopa (top) and for

the demethylation via hydrolysis of the imine with N-methyl-tyrosine (R;= OH, R, = H) and

partially with N-methyl-meta-tyrosine (R;= H, R, = OH) (bottom)
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Chapter 6: Supplementary data



The chemical synthesis of substrates

Preparation of (S5)-3-(3,4-dihydroxyphenyl)-2-(methylamino)propanoic acid (4):

(S)-Benzyl 2-(benzylamino)-3-(3,4-bis(benzyloxy)phenyl)propanoate (2). L-DOPA (1, 1.3 g, 6.6 mmol),
potassium carbonate (3.0 g, 21.7 mmol), tetrabutylammonium iodide (420 mg, 1.14 mmol) and sodium
iodide (100 mg, 0.67 mmol) were suspended in acetone (40 mL) and benzylbromide (3.0 mL, 4.3 g, 25.3
mmol) was added. The mixture was refluxed for 16 h, cooled to room temperature and filtered. The filter
cake was washed with additional acetone (40 mL) and the combined filtrate was concentrated. The obtained crude product was purified
via flash chromatography (SiO,, hexanes/EtOAc 3/1) to give compound 2 as yellow oil (952 mg, 1.71 mmol, 26%).
[O0]D20 =-6.4 (c 1.2, CHCI3); 1H-NMR (300 MHz, CDCls): 7.50-7.19 (m, 20H), 6.84 (d, J = 8.3, 1H), 6.80 (d, J = 2.0, 1H), 6.67 (dd, J1
=8.3,J2=2.0, 1H),5.16 (s, 2H), 5.09 (s, 2H), 5.07 (s, 2H), 3.81 (d, J = 13.2, 1H), 3.64 (d, J = 13.2, 1H), 3.55 (t, J =7.0, 1H), 2.91 (d, J =
7.0, 2H); 13C-NMR (75 MHz, CDCls): 174.5, 148.8, 147.8, 139.5, 137.4, 137.3, 135.7, 128.6, 128.5, 128.4, 128.32, 128.29, 128.2,
127.8, 127.33, 127.29, 122.2, 116.1, 115.1, 71.4, 71.2, 66.4, 62.0, 52.0, 39.2; IR (film) © = 1730, 1588, 1510, 1454, 1262, 1214, 1162,
1135, 1023, 906, 725, 694; HRMS(APCI): m/z: calc. for C37H3sNO4+: 558.2639 [M+H]+, found: 558.2634.

(S)-Benzyl 2-(benzyl(methyl)amino)-3-(3,4-bis(benzyloxy)phenyl)propanoate (3). Compound 2 (883 mg, 1.58
mmol) was dissolved in dichloromethane (22 mL). Anhydrous sodium sulfate (898 mg, 6.32 mmol), sodium
triacetoxyborohydride (2.35 g, 11.1 mmol) and formaldehyde (37 wt-% solution in water, 552 pL, 11.7
mmol) were added. The mixture was stirred for 16 h at room temperature. The reaction was quenched by the

addition of saturated agueous ammonium chloride solution (10 mL), the phases were separated, the agueous phase was washed with
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EtOAc (2 x 15 mL) and the combined organic phase was dried over sodium sulfate, filtered and concentrated. The crude product was
purified via flash chromatography (SiO,, hexanes/EtOAc 3/1) to give the target compound 3 as pale yellow oil (881 mg, 1.54 mmol,
98%).

[0]D20 = -25.3 (c 0.66, CHCI3); 1H-NMR (300 MHz, CDCl3): 7.44-7.10 (m, 20H), 6.82 (d, J = 8.2, 1H), 6.76 (d, J = 2.0, 1H), 6.66 (dd,
J1=8.2,J2=2.0, 1H), 5.13 (s, 2H), 5.10 (s, 1H), 5.08 (s, 1H), 5.04 (s, 2H), 3.76 (d, J =13.9, 1H), 3.58-3.53 (m, 2H), 3.07 (dd, J1 = 13.9,
J2 =7.8, 1H), 2.27 (s, 3H); 13C-NMR (75 MHz, CDCls): 171.8, 148.9, 147.6, 139.3, 137.7, 137.5, 136.0, 131.9, 128.8, 128.63, 128.58,
128.55, 128.4, 128.33, 128.27, 127.84, 127.82, 127.4, 127.0, 122.3, 116.3, 115.2, 71.6, 71.3, 67.4, 66.1, 58.8, 38.1, 35.6; IR (film) 0 =
1727, 1510, 1454, 1262, 1214, 1155, 1167, 1023, 906, 725, 694; HRMS(APCI): m/z: calc. for C3gH3gNO4+: 572.2795 [M+H]+, found:
572.2790.

(S)-3-(3,4-dihydroxyphenyl)-2-(methylamino)propanoic acid (4). Compound 3 (398 mg, 0.69 mmol) was dissolved
in MeOH (10 mL) and Pd/C (10 wt-%, 40 mg) was added. The reaction mixture was stirred vigorously under a
hydrogen atmosphere (1 atm.) for 24 h. After removal of the hydrogen atmosphere, HCI (2 vol-% in H,0, 10
mL) was added and the mixture was centrifuged and the supernatant was filtered through a syringe filter (0.45
pm). The filter was washed with additional HCI (2 vol-% in H,0, 2 x 10 mL). The obtained filtrate was immediately frozen in liquid
nitrogen and lyophilized again. Compound 4 was obtained as a colorless solid (112 mg, 0.53 mmol, 77%).
[O0]D20 =-18.2 [c 1.0, HCI (2 vol-% in H20)]; 1H-NMR (300 MHz, CDCI3): 6.56 (d, J = 8.1, 1H), 6.48 (d, J = 2.1, 1H), 6.40 (dd, J1 =
8.1,J2=21, 1H), 3.76 (t, J =6.0, 1H), 2.88 (dd, J1 = 6.0, J2 = 5.6, 2H), 2.42 (s, 3H); 13C-NMR (75 MHz, CDCI3): 170.2, 144.0, 143.4,
125.4, 121.6, 116.6, 116.3, 61.5, 33.8, 31.6; IR (film) © = 3426 (br), 3132 (br); 1570, 1481, 1386, 1294, 1200, 780, 542, 527,
HRMS(APCI): m/z: calc. for C1oH14NOy4+: 212.0917 [M+H]+, found: 212.0917.
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Preparation of (rac)- 3-(3-hydroxyphenyl)-2-(methylamino)propanoic acid (9):

(rac)-2-{[(benzyloxy)carbonyl]amino}-3-(3-{[(benzyloxy)carbonyl]oxy}phenyl)propanoic acid (6). meta-Tyrosine (5,
1.0 g, 5.5 mmol) was dissolved in NaOHag. solution (11 mL, 0.5 M) and cooled to 4 °C. A solution of benzyl
chloroformate (1.88 g, 11 mmol, 1.57 mL, 2 equiv.) in Et,O (15 mL) and a NaOHag. solution (19 mL, 1.00
M) were added dropwise simultaneously over a period of one hour. The reaction mixture was stirred for 1 h at
4 °C and 2 h at room temperature. The obtained slurry was filtered and the filtrate’s pH was adjusted to 1-2 by the addition of solid citric
acid. The aqueous phase was extracted with Et;O (3 x 50 mL), the combined organic phase was dried over Na,SQ,, filtered and

concentrated to give a yellow oil (2.3 g), which was directly used for the next reaction step without further purification.

(rac)-methyl  2-{[(benzyloxy)carbonyl](methyl)amino}-3-(3-{[(benzyloxy)carbonyl]loxy}phenyl)propanoate (7).
Crude product 6 (2.3 g, 5.1 mmol) was dissolved in DMF (10 mL), Cs,CO; (5.4 g, 16.5 mmol) and
iodomethane (4.68 g, 33 mmol, 2.05 mL) were added. The reaction mixture was stirred for 16 h at 90 °C. The
reaction mixture was cooled to room temperature and quenched by the addition of NH,Claq., sat. solution (10
mL). The mixture was extracted with EtOAc (3 x 50 mL), the combined organic phase was dried over Na,SO,, filtered and concentrated
to give a crude product oil, which was purified via flash chromatography (SiO,, hexanes/EtOAc 3/1) to give the 7 as colorless oil (245
mg, 0.51 mmol, 10%), which was inseparable from EtOAc (ca. 25% according to NMR). The low vyield is due to partial deprotection of

the carbonate group and methylation of the deliberated phenol under the reaction conditions.

1H-NMR (300 MHz, CDCls): 7.43-7.21 (m, 11H), 7.09-6.99 (m, 3H), 5.25 (s, 2H), 5.09 (s, 1.2H, rotamer 1), 5.04 (s, 0.8H, rotamer 2),
491 (dd, J1 = 10.6, J2 = 5.4, 0.6H, rotamer 1), 4.73 (dd, J1 = 10.4, J2 = 4.9, 0.4H, rotamer 2), 3.73 (s, 1.8H, rotamer 1), 3.65 (s, 1.2H,
rotamer 2), 3.39-3.27 (m, 1H), 3.12-2.94 (m, 1H), 2.82 (s, 1.2H, rotamer 2), 2.79 (s, 1.8H, rotamer 1); 13C-NMR (75 MHz, CDCI3):
171.3 (rotamer 1), 171.1 (rotamer 2), 156.6 (rotamer 1), 155.9 (rotamer 2), 153.7 (rotamer 1), 153.6 (rotamer 2), 151.33 (rotamer 2),
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151.26 (rotamer 1), 139.2 (rotamer 2), 139.1 (rotamer 1), 136.7, 136.4, 134.9, 129.7, 128.9 (rotamer 2), 128.8 (rotamer 1), 128.7 (rotamer
1), 128.6 (rotamer 2), 128.2 (rotamer 2), 128.1 (rotamer 1), 128.0, 127.7, 126.70 (rotamer 2), 126.67 (rotamer 1), 121.7 (rotamer 1),
121.6 (rotamer 2), 119.6 (rotamer 2), 119.5 (rotamer 1), 70.4, 67.6 (rotamer 2), 67.4 (rotamer 1), 60.8 (rotamer 2), 60.4 (rotamer 1), 52.5,
35.2 (rotamer 1), 34.8 (rotamer 2), 32.6 (rotamer 1), 32.2 (rotamer 2); IR (film) ¥ = 1730, 1588, 1510, 1454, 1262, 1214, 1162, 1135,
1023, 906, 725, 694; HRMS(APCI): m/z: calc. for C3;H3sNO,4+: 558.2639 [M+H]+, found: 558.2634.

(rac)-methyl2-{[(benzyloxy)carbonyl](methyl)amino}-3-(3-{[(benzyloxy)carbonyl]oxy}phenyl)propanoate (6). 7 (225
mg, 0.47 mmol) was dissolved in THF (5 mL) and NaOHag. solution (1.8 mL, 3.5M) was added. The reaction
mixture was stirred for 32 h at room temperature. The pH of the mixture was adjusted to 1 with HCI (6 M) and
the slurry was extracted with Et,O (3 x 20 mL). The combined organic phase was dried over Na,SQO,, filtered

and concentrated. The obtained crude product was directly used for the next reaction step, without further purification.

(rac)- 3-(3-hydroxyphenyl)-2-(methylamino)propanoic acid (9). Crude product 8 (153 mg, 0.47 mmol) was
dissolved in MeOH (5 mL). Pd/C (10 wt-% Pd, 20 mg) was added and the reaction mixture was vigorously
stirred under a hydrogen atmosphere (1 atm.). After 6 h the hydrogen atmosphere was removed and
hydrochloric acid (2 M, 2 mL) was added. The obtained slurry was filtered through a syringe filter (0.45 pm).
The filter was washed with additional hydrochloric acid (2 M, 2 x 4 mL) and the combined filtrate was frozen in liquid nitrogen and

lyophilized. Compound 9 was obtained as a pale yellow solid (72 mg, 0.37 mmol, 79% over 2 steps).

1H-NMR (300 MHz, D,O + DCI): 7.26 (t, J = 7.9, 1H), 6.85 (d, J = 2.1, 1H), 6.82 (d, J = 2.0, 1H), 6.76 (t, = 1.9, 1H), 4.17 (¢, J = 4.2,
1H), 3.73 (dd, J1 = 6.1, J2 = 4.3, 1H), 2.71 (s, 3H); 13C-NMR (75 MHz, D,O + DCI): 170.9, 155.9, 135.4, 130.5, 121.4, 116.1, 114.9,
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62.3, 34.8, 31.9; IR (film) © = 1730, 1588, 1510, 1454, 1262, 1214, 1162, 1135, 1023, 906, 725, 694, HRMS(APCI): m/z: calc. for
Cs7H36NO4+: 558.2639 [M+H]+, found: 558.2634.
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NMR data to confirm the identity of synthesised substrates

Scheme 1

L-Benzyl 2-(benzylamino)-3-(3,4-bis(benzyloxy)phenyl)propanoate (2).
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L-3-(3,4-dihydroxyphenyl)-2-(methylamino)propanoic acid (4).
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(rac)-methyl 2-{[(benzyloxy)carbonyl](methyl)amino}-3-(3-{[(benzyloxy)carbonyl]loxy}phenyl)propanoate (7).
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93



04529
S£9L°9
S69L'9
99189l
€eeg 9
62489
86v8'9
S€€T’L
£65°L
098Z°L

mf_FUM-FC-407-01

6'0
M\mm.c

0T

Fror

95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 0.0
f1 (ppm)

10.0

98'TE~
LLYE—

L9 —

88'pTT ~
80911/
SETCT

C¢S'0ET —
SE'GET —

98'GST —

06'0LT —

mf_FUM-FC-407-01

-10

80 70 60 50 40 30 20 10

100 90
f1 (ppm)

150 140 130 120 110

170 160

190 180

210 200

94



Conversions of FsgB-catalyzed biotransformations

Conversion [%0]

Entry Substrate Variant HPLC-MS HPLC-UV®
A B C D A B C D
1 rac-N-methyl-dopa WT 23 76 <1 <1 5 95 <1 <1
2 D444A 91 6 3¢ <1 94 6 <1 <1
3 L N-methyl-dopa WT 15 85 <1 <1 11 89 <1 <1
4 D444A 85 15 <1 <1 08 2 <1 <1
S rac-N-methyl-meta-tyrosine WT 49 25° 2 24 43 28 5 24
6 DA44A 39 27° 3 31 54 23° 12 16
Conversion [%]
Entry Substrate Variant HPLC-MS HPLC-UV®
E F G E F G
7 . WT <1 <1 >99 3 <1 97
8 L-N-methyl-tyrosine D444A 73 <1 27 43 <1 57
9 D-N-methyl-tyrosine WT >99 <1 <1 >99 <1 <1
10 D444A >99 <1 <1 >99 <1 <1
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HPLC chromatograms

Compound 4.

HPLC-UV method. HPLC-UV chromatograms were measured on a Phenomenex Luna 5 p C18 100A column.
Water/acetonitrile (+0.1 vol-% of trifluoroacetic acid) was used as eluent starting with 100% water for 2 min, going
to 100% acetonitrile within 16 min and hold it at 100% acetonitrile for 2 min.

AL
1000 2 PDA Multi 2 230nm. 4nm|
5001
ﬂ_"\__ A ./'n“
D.EI'I - lE:EI o IE:EI - ?:5 o .1 E:'.i]l - .12|.5I o l15|.|:l'l - I*I?.E. - IEE:.EII o IEEI.E
min
PDA Ch2 230nm
Peak# Ret. Time | Mame _ Area . Height | Area%
1 10,304 | . 7636546 1042815 100,000
Total 7636546 1042815 100,000

Fig SI01. HPLC-UV chromatogram of compound 4
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PDA Ch2 230nm
Peak# Ret. Time | Name . Area | Height | Area%
1 9,982 | 12356904 | 1226556 94,975
2 10,356 | 653784 128730 5,025
Total 13010688 1355286 100,000

Fig S102. HPLC-UV chromatogram of the biotransformation of substrate 4 with fsqB-WT (reaction time 1h)
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1. 10,110 _ 922659 | 165604 5,901
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Fig. SI03. HPLC-UV chromatogram of the biotransformation of substrate 4 with fsqB-Var9 (reaction time 1h)

HPLC-MS Method. Samples were measured on a Kinetex 2.6 u C-18 100A column (50 x 4.6 mm, 2.6 micron).
Water/acetonitrile (+0.1 vol-% of formic acid) was used as eluent starting with 100% water and going to 100% of

acetonitrile within 10 min at a flow rate of 0.2 mL/min (40°C oven temperature). MS spectra were recorded in
positive mode (API-ES, 3000 V capillary voltage).
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Fig SI04. HPLC-MS chromatogram and m/z trace of compound 4
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Signal 2: MSD2 TIC, MS File

Peak RetTime Type  Width Area Area Name
#  [min] [min] %
1 4,295 W @.3780 1.85985e7 76.81%1 ?
2 4,851 W 8.3171 5.732%6e6  23.1889 ?

Fig SI05. HPLC-MS chromatogram and m/z traces of the biotransformation of substrate 4 with fsqB-WT (reaction

time 1h)
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Signal 2: MSD2 TIC, MS File
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2 4.432 W 0.1749 1.76817e6 5.7221 ?
3 4.756 W ©.4237 2.79432e7 90.8400 ?

Fig. SI06. HPLC-MS chromatogram and m/z traces of the biotransformation of substrate 4 with fsqB-var9 (reaction
time 1h)

Compound 7.

HPLC-UV method. HPLC-UV chromatograms were measured on a Phenomenex Luna 5 p C18 100A column.

Water/acetonitrile (+0.1 vol-% of trifluoroacetic acid) was used as eluent starting with 100% water for 2 min, going
to 100% acetonitrile within 16 min and hold it at 100% acetonitrile for 2 min.
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Fig. SIO7. HPLC-UV chromatogram of compound 7
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Fig. SI08. HPLC-UV chromatogram of the biotransformation of substrate 7 with fsgB-WT (reaction time 2h)
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Fig. SI09. HPLC-UV chromatogram of the biotransformation of substrate 7 with fsqB-Var9 (reaction time 2h)

HPLC-MS Method. Samples were measured on an Agilent Zorbax 300-SCX column (250 x 4.6 mm, 5 micron).
Water/acetonitrile (+0.1 vol-% of formic acid) was used as eluent starting with 100% water for 2 min, and going to
100% of acetonitrile within 15 min at a flow rate of 2.0 mL/min (40°C oven temperature) and stay at 100%
acetonitrile for 2.5 min. MS spectra were recorded in positive mode (API-ES, 3000 V capillary voltage).
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Fig. S110. HPLC-MS chromatogram and m/z traces of the biotransformation of substrate 7 with fsqB-WT (reaction
time 2h)
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Signal 2: MSD2 TIC, MS File

Peak RetTime Type  Width Area Area Name
#  [min] [min] x
D R e R R R L e e e e L e LT L e
1 2.166 MM @.8535 1.53533e6  38.7528 ?
2 4.273 MM @.7846 1.23832e6  31.2562 ?
3 5.762 MM ©.5201 1.16788e5  2.9458 ?
4 8.782 MM 8.6668 1.87149e6  27.8452 ?
Fig. SI11. HPLC-MS chromatogram and m/z traces of the biotransformation of substrate 7 with fsqB-Var9 (reaction
time 2h)

Compound 10.
HPLC-UV method. HPLC-UV chromatograms were measured on a Phenomenex Luna 5 p C18 100A column.

Water/acetonitrile (+0.1 vol-% of trifluoroacetic acid) was used as eluent starting with 100% water for 2 min, going
to 20% acetonitrile within 16 min and increasing to 100% of acetonitrile within 2 min.
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Fig. SI12. HPLC-UV chromatogram of compound 10
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Fig. SI113. HPLC-UV chromatogram of tyrosine (11)
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Fig. SI14. HPLC-UV chromatogram of the biotransformation of substrate 10 with fsgB-WT (reaction time 2h)
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Fig. SI15. HPLC-UV chromatogram of the biotransformation of substrate 10 with fsqB-Var9 (reaction time 2h)
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HPLC-MS Method. Samples were measured on a Kinetex 2.6 p C-18 100A column (50 x 4.6 mm, 2.6 micron).
Water/acetonitrile (+0.1 vol-% of formic acid) was used as eluent starting with 100% water and going to 100% of
acetonitrile within 10 min at a flow rate of 1.5 mL/min (40°C oven temperature). MS spectra were recorded in
positive mode (API-ES, 3000 V capillary voltage).
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Signal 2: MSD2 TIC, MS File

Peak RetTime Type Width Area Area Name
# [min] [min] %

T EERE |- | emmeee ] EECREERE O RCEECRRCECEEEEE
1 8.851 W 8.8915 5.36367e6 100.0000 ?

Fig. SI16. HPLC-MS chromatogram and m/z traces of substrate 10 (reaction time 2h)
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Signal 2: MSD2 TIC, MS File
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#  [min] [min] %
T R |- | = mmeee |- mmemeeee | -mmeee O RCEECRRCECEEEEE
1 8.761 BV 8.8999 4.82498e6 186.8008 ?
Totals : 4.82498e6

Fig. SI17. HPLC-MS chromatogram and m/z traces of the biotransformation of substrate 10 with fsqB-WT (reaction
time 2h)
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Fig. SI18. HPLC-MS chromatogram and m/z traces of the biotransformation of substrate 10 with fsqB-Var9 (reaction
time 2h)

'H-NMR of biotransformation. Substrate 4 (15 mg, 0.071 mmol) were dissolved in buffer (100 mM P; buffer in D,0,

pH = 7.6) and purified fsqB enzyme was added (50 pL, enzyme conc. ???). The reaction was shaken for 16 h in

horizontal position at 30°C before it was transferred to a NMR tube and analysed.
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Section |1

The characterization of the wild type of
Electron transferring flavoprotein from
Saccharomyces cerevisiae
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Chapter 1: Introduction



Electron transfer flavoprotein

Electron transfer flavoproteins (ETFs) are a group of enzymes, which employ flavin as a
cofactor and which are located on the matrix face of the inner mitochondrial membrane.
The main role of these enzymes is to accept electrons from primarily nine mitochondrial
matrix dehydrogenases and to transfer the electrons to the terminal respiratory system in
eukaryotic (1, 2). Reduced ETF is then reoxidized by the ETF ubiquinone oxide
ETF/ETF:QO that functions as a short electron transfer pathway (3) (Figure 1).

Octanoyl-CoA ; MCAD

2e

Octenoyl-CoA Vi @f Sess s
/ b') 2x1e
£

Figure 1. Electron-transfer from Octanoyl-CoA to Ubiquinone is mediated by ETF and ETF-QO. The two
electron reduced flavin cofactor (FADH2) of MCAD is reoxidized by two equivalents of the electron-
transfer flavoprotein, which is a one electron carrier. The ETF flavin semiquinone is in turn reoxidized by
ETF-QO, which catalyses the transfer of the electrons to the mitochondrial ubiquinone pool. The ETF/ETF-
QO system serves as the electron acceptor for nine mitochondrial flavoprotein dehydrogenases: short-chain
acyl-CoA dehydrogenase (EC 1.3.99.2); medium-chain acyl-CoA dehydrogenase (EC 1.3.99.3); long-chain
acyl-CoA dehydrogenase (EC 1.3.99.13); very long-chain acyl-CoA dehydrogenase; ACAD-9; isovaleryl-
CoA dehydrogenase (EC 1.3.99.10); 2-methyl-butyryl-CoA dehydrogenase; isobutyryl-CoA dehydrogenase
and glutaryl-CoA dehydrogenase (EC 1.3.99.7). The same pathway is also responsible for accepting
electrons from sarcosine dehydrogenase (EC 1.5.99.1) and dimethylglycine dehydrogenase (EC 1.5.99.2).
The figure is drawn with Pymol (v0.99 using the following pdb files MDD (MCAD), 1EFV (ETF) and
2GMH (ETF-QOQ). Figure and legend are quoted from the review of Watmough and Frerman (3).

The human ETF was characterized by Roberts et al. (Figure 2). This structure has
provided insight into the amino acid side chains that may be involved in stabilization of
the anionic ETF semiquinone and hydroquinone and suggested a possible structure for a
binary complex of ETF and medium chain acyl-CoA dehydrogenase (4). ETFs are

heterodimeric enzymes consisting of two subunits: alpha and beta. The protein consists of
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three domains, two contributed by the a subunit (al and all), and a third contributed
entirely by the B subunit, which contains the noncovalently bound AMP. ETFs employ a
flavin adenine dinucleotide (FAD) as cofactor (4-6). In human, defects in either ETF or
ETF:QO lead to glutaric acidemia type Il (2).

Figure 2. A cartoon representation of the human ETF structure (PDB code: 1EFV). FAD (yellow) binds in
a cleft formed by the o (orange) and 3 (cyan) subunits. The AMP (salmon) is located entirely within the b
subunit.

Electron transfer flavoprotein in Yeast

The budding yeast Saccharomyces cerevisiae is considered a simple eukaryotic organism,
which has been proven to be a good model for the investigation of many aspects of cell
biology, including the study of mitochondria at genetic, molecular, and physiological
level (7). This facultative aerobe organism is an important tool for energetic studies,
because this yeast is still able to grow under fermentative conditions after generating
deficient mutations, thus allowing the isolation and study of deficient mitochondria.
When grown on a non-fermentable carbon source, such as lactate, yeast mitochondria
exhibit a general organization and function very similar to mammalian mitochondria (8).

122



Botstein et al. (1997) proved that 31% of yeast open reading frames (ORF) have a
homologue in mammalian genomes (9). It is estimated that 30% of human genes involved
in human diseases have a yeast homologues (10). Moreover, S. cerevisiae played a central
role in the discovery of the first flavoenzyme (11) .The yeast orthologues of ETFa, ETFp
and ETF-dH were reported to be mitochondrial proteins and are encoded by, respectively,
AIM45, YGR207c/CIR1 and YOR356w/CIR2 (Scheme 1) (11, 12, 8). The study of
Grandier-Vazeille et al. (2001) suggests that yeast ETF and ETF-dH could play additional
roles in mitochondrial metabolism. By the analysis of yeast cell extracts by two-
dimensional electrophoresis and identification by mass spectrometry, it was hypothesized
that YprOO4c/Aim45 and Yor356w/Cir2 are associated in a mitochondrial
dehydrogenases supramolecular complex (8). The close interaction of ETF and ETF-dH
with mitochondrial dehydrogenases and their role in electron transfer from metabolic
reactions to the electron transfer chain (ETC) suggests that they play a role in the
oxidative stress response and they can be a source of reactive oxygen species (ROS)

under impairment of mitochondrial function (7).

kynurcnine  3-hydroxykynurenine L-arabinono-1,4-lactonc  D-dchydro-arabinono-1,4-lactonc + H,0,

U U outer membrane
| | | Bna4 ; ; ; ; ; ; Alolp ;?;;?:}\?Q;?;
| | P | f % %

Miad0 (red) Ervin Cyb2p

‘ , intermembrane space

Mia40 (ox) Cyt.c {\

Cyc2p
L-lactate pyruvatc D-lactate NADH NAD Gly3P

DHAP

Emi5p

% - % - % b % - Nde, -

inner membrane
L-proline

Putlp -
succinate ﬁlmaratc N ADH NATS

D-lactate Aim45p z,luS 3
Dld2p matrix
- Lpdlp

pyruvate

Scheme 1. Shows the ortholog ETF enzymes in S. cerevisiae, which are Aim45p (the o subunit) and Cirlp
(the B subunit. This enzyme receives electrons from D-lactate-dehydrogenase (DLD2) in the matrix part of

mitochondria (11).
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According to the study of Gudipati el al. (2014), the yeast ETF (YETF) receives the
electron from D-lactate dehydrogenase (DLD2) (11). S. cerevisiae possesses three DLDs
that operate in different compartments of the cell. DId1lp is located in the inner
mitochondrial membrane, DId2p in the matrix and DIdI3 in the cytosol (13, 14). D-lactate
dehydrogenase activity is required in these compartments to oxidize D-lactate to
pyruvate. Oxidation of D-lactate by the D-lactate dehydrogenase (DId2p) localized in the
mitochondrial matrix is coupled to ATP synthesis and therefore DId2p apparently donates
substrate-derived electrons to the ETC (15).
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Chapter 2: Aim of study



The human electron transfer protein (hETF) functions as electron acceptor for thirteen
mitochondrial dehydrogenases (1). It is known that the ETF protein from Saccharomyces
cerevisiae  (YETF) receives electrons from only one protein named D-lactate
dehydrogenase 2 (DLDZ2) (2). This simple eukaryotic system of yeast makes it a good
model for the investigation of many aspects of cell biology, including the study of
mitochondria at genetic, molecular, and physiological level (3). Augustin et al. proved
that the flavin cofactor in hETF forms a special adduct named 8-formyl-FAD that plays a
crucial role in interaction between ETF and the corresponding nine electron donors (4).
This study aims to express and purify the wild type of yETF. In later stage, the purified
protein will be characterized in order to reveal if it possesses 8-formyl-FAD as well and

to compare it to its human homologue.
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Chapter 3: Materials
and Methods



Chemicals

The gene encoding YETF in Saccharomyces cerevisiae was synthesized by Invitrogen
Life Technologies (Carlsbad, CA, USA). Restriction enzymes, ligases, were from Thermo
Fisher Scientific (Waltham, MA, USA). Pre-packed nickel sepharose fast flow columns
were from GE Healthcare (Little Chalfont, UK). Solvents, media components and buffer

salts were from Carl Roth GmbH (Karlsruhe, Germany).

Molecular cloning

On ordering, the gene sequence of yETF (listed below) was codon optimized for
expression in E. coli. The gene was designed to be flanked with Ncol and Notl restriction
sites at the 5’ and 3’-end, respectively (figure 1). Since YETF consists of two subunits (a
and B), the gene sequence that was ordered contains the sequence coding for the two

subunits with a linker region in between.

More information about the genes coding for yETF subunits can be found in NCBI under
the following links:

https://www.ncbi.nlm.nih.gov/nuccore/NC_001148.4?report=genbank&from=564007 &to
=565041&strand=true

https://www.ncbi.nlm.nih.gov/nuccore/NC_001139.9?report=genbank&from=910843&to
=911628&strand=true

The DNA string was cloned into a shuttle vector (pJET) and transformed into E. coli Top
10 cells for strain preservation and plasmid propagation. After digestion with Ncol and
Notl to create sticky ends, the gene was cloned into the expression vector pETM-11
(figure2), conferring Kanamycin resistance. This vector contains a N-terminal hexa-His
tag. Correct insertion of the gene sequence was verified by sequencing. The YETF
containing plasmid was transformed to different strains of E. coli to find the best

expression strain for this gene.
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Figure 2. The map of pETM-11 vector showing the restriction sites with the kanamycin resistance gene.
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Protein expression and purification

YETF was expressed in E. coli Rosetta expression strains that confer chloramphenicol
resistance in shake flasks in an HT Multitron Standard shaking system (Infors AG, Basel,
Switzerland). Main cultures were inoculated to an optical density at 600 nm (ODggo) of
about 0.1, by adding an overnight culture to fresh LB medium containing 50 mg/ml
Kanamycin and 20 mg/ml Chloramphenicol and incubated at 37 °C and 140 rpm until an
optical density of 0.7 was reached. Then, production of yETF was induced by adding 200
uM IPTG, before incubating the cultures at 20 °C for 15 h to maximize protein yield. The
cells were harvested by centrifugation at 5,000 g for 15 minutes and stored at -20 °C until
further use. Protein purification was carried out at 4 °C. To purify the enzyme, the pellet
was suspended in lysis buffer (50 mM phosphate/NaOH, 150 mM sodium chloride, 15
mM imidazole pH 7) and sonicated using a Labsonic U sonication probe (B. Braun
Biotech, Berlin, Germany) for 10 min. The lysate was centrifuged at 38500 g for 60 min
and the supernatant was filtered through a filter paper. The clear supernatant was loaded
onto a Ni-NTA sepharose fast flow column (GE Healthcare) prewashed with lysis buffer.
The column was washed with 10 column volumes of washing buffer (100 mM
phosphate/NaOH, 150 mM NaCl,15 mM imidazole pH 7), before the enzyme was eluted
with elution buffer (100 mM phosphate/NaOH, 150 mM NaCl, 200 mM imidazole pH 7).
The eluted protein was incubated at 30 °C to precipitate the separated subunits. The
precipitated protein was removed by centrifugation and the resulting enzyme solution was
dialyzed against 100 mM phosphate/NaOH, 150 mM NaCl pH 7 (storage buffer)
overnight. Then, the protein was concentrated in an Amicon Ultra-15 centrifugal filter
with a 30-kDa cut-off (Merck-Millipore, Darmstadt, Germany).

The protein sequence for both a and 3 subunit is as following:
Aim45: (alpha)

MFKSLAAVLPRASKAKFLOKNYASTLAFIESSKDGSVSRSSLSLLAAAQKLSNPITAVITGSKAEKTAEA
LKSSYSCSNLEKLVIFEDSKLDTCLPEQLTPLLVKLLKGGDYSHFVVSNSSVGKSVLPRVGALLDVQPVC
EVTVIKDPKTFIRPIYAGNIISTIECQAEKKLLIIRASAFPPIAEGSMDSVTIEKRTDIPPCDLNVTWVKTIL
TKSERPELTSAQNVVTGGRALKDKETFEKLLSPLADVLHAAIGATRASVDNGLCDNSLQIGQTGKVV
APNLYIAIGVSGAVQHLAGMKDSKVIVAINNDPDAPIFNVADYGLQGDLYKIVPELTEKLGKYK
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Cirl: (beta)

MSAKQQLRILVPVKRVVDFQIKPRVNKTLTGIETSGIKFSINPFDDIAVEEAIRIKEKNKSLVESTHAVSI

GSAKAQDILRNCLAKGIDTCSLIDSVGKENIEPLAIAKILKAVVEKKGSNLVLMGKQAIDDDCNNTGQ

MLAGLLNWPQATNAAKVEFLDNGRVQVTREIDDGEEVIEASLPMVITTDLRLNTPRYVGLPKLMKA

KKKPIEKLDIAKDFPEINIEPQLKIVSMEEPKTKSPGVKLNSVDELIEKLKEVKAI

YETF parameters

Table 1. The Expasy protparam software shows the following parameters for yETF:

Number of amino acides 605
Molecular weight: 65543.3
Theoratical pl 8.75
Total number of negatively charged residues 72

The estimated half-life

30 hours (mammalian reticulocytes, in vitro).

>20 hours (yeast, in vivo).
>10 hours (Escherichia coli)

The instability index (1) 35.24 (stable)

UV-Vis absorption spectroscopy and calculation
of the extinction coefficient

A Specord 210 spectrophotometer (Analytik Jena, Jena, Germany) was used for UV-Vis
absorption spectroscopy. Concentrations of purified enzyme samples were determined
according to the absorption of bound FAD at 450 nm. The molar extinction coefficient of

FsqB was determined as described in reference (1).

Protein thermal stability

The thermal stability of yETF was assessed by recording the change in fluorescence due
to the release of the FAD cofactor as an intrinsic probe to monitor protein stability and
folding in a ThermoFAD assay (2). The measurements were carried out in triplicate with
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an FX Connect real-time PCR system (Bio-Rad). The starting temperature was 20 °C for
5 minutes, then it was increased at a rate of 0.5 °C/min to 95 °C. The CFX Manager 3.0
software was used to determine the optimal pH (in the range between 6.5 and 8.5) for
wild type YETF.

Anaerobic photoreduction and reoxidation

Photoreduction of FsgB was done according to the procedure reported by Massey and
Hemmerich (3). About 40 uM of YETTf in 200 mM phosphate/NaOH, pH 7, 1 mM EDTA,
1 uM 5-deaza-FMN and 2 uM methyl viologen were rendered anaerobic by 2-h
incubation in an anoxic, nitrogen-filled glove box (Belle Technology, Weymouth, UK).
The anoxic samples were transferred to quartz cuvettes and sealed. Photoirradiation was
carried out with a 10 W LED flood light (Luminea, Buggingen, Germany), while cooling
the cuvette to 15 °C. Spectra were recorded between 300 and 800 nm until no further
changes were observed. For reoxidation of the enzyme, the cuvettes were opened to
expose the sample to air and again absorption spectra were recorded between 300 and 800

nm until no further changes were observed.

135



References

1.

Macheroux, P. (1999) UV-Visible Spectroscopy as a Tool to Study Flavoproteins.
in Flavoprotein Protocols. Methods in Molecular Biology, pp. 1-7, 10.1385/1-

59259-266-X:1

Forneris, F., Orru, R., Bonivento, D., Chiarelli, L. R., and Mattevi, A. (2009)
ThermoFAD, a Thermofluor??-adapted flavin ad hoc detection system for protein
folding and ligand binding. FEBS J. 276, 2833-2840

Massey, V., and Hemmerich, P. (1978) Photoreduction of Flavoproteins and Other
Biological Compounds Catalyzed by Deazaflavins. Biochemistry. 17, 9-17

136



Chapter 4: Results



Production and transformation of yETF plasmid
to an expression strain

YETF was ligated into the pETM-11 vector and correct insertion of the gene was checked
by digestion with Ncol and Notl. The correct sequence of the gene was confirmed by

plasmid sequencing.

Figure 1. DNA agarose gel (1%) for digested yETF containing plasmid. Lane 1; 1 kb gene ruler. Lane 2 to
5 digested samples. Lane 6; 1 kb ruler. The first band which is about 6 kb is the pETM-11 vector and the

second band which is about 1.9 kb is the gene with sticky ends.

YETF containing plasmid was transformed to different E. coli expression strains in order
to detect the best expressing strain by performing small scale induction (Figure 2). The
small scale induction was done under two different pH conditions: 7 and 8.5.
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Figure 2. Small scale induction of yETF containing plasmid. 3 different colonies were taken from every

expression strain. The molecular weight of the a and 3 subunits are 36.8 and 39.6 kDa respectively.
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Panel A. Lane 1; pre-stained-protein ruler. Lane 2; none induced sample 1 in E. coli Rosetta strain (pH
8.5). Lane 3; induced sample 1 in E. coli Rosetta strain. Lane 4 (pH7). Lane 4; induced sample 1 in E. coli
Rosetta strain (pH 8.5). Lane 5; none induced sample 2 in E. coli Rosetta strain (pH 8.5). Lane 6; induced
sample 2 in E. coli Rosetta strain (pH 7); lane 7; induced sample 2 in E. coli Rosetta strain (pH 8.5). Lane 8;
none induced sample 3 in E. coli Rosetta strain (pH 8.5). Lane 9; induced sample 3 in E. coli Rosetta strain
(pH 7). Lane 10; induced sample 3 in E. coli Rosetta strain (pH 8.5). Lane 11; none induced sample 1 in E.
coli Rosette DE3 strain (pH 8.5). Lane 12; induced sample 1 in E. coli Rosetta DE3 strain (pH 7). Lane 13;
induced sample 1 in E. coli Rosetta DE3 strain (pH 8.5). Lane 14; none induced sample 2 in E. coli Rosetta
DE3 strain (pH 8.5). Lane 15; induced sample 2 in E. coli Rosetta DE3 strain (pH 7).

Panel B. Lane 1; induced sample 2 in E. coli Rosetta DE3 strain (pH 8.5). Lane 2; none induced sample 3 in
E. coli Rosetta DE3 strain. Lane 3; induced sample 3 in E. coli Rosetta strain (pH 7). Lane 4; induced
sample 3 in E. coli Rosetta strain (pH 8.5). Lane 5; pre-stained protein ruler. Lane 6; none induced sample 1
in E. coli RP strain (pH 8.5). Lane 7; induced sample 1 in E. coli RP strain (pH 7). Lane 8; induced sample
1in E. coli RP strain (pH 8). Lane 9; none induced sample 2 in E. coli RP strain (pH 8.5). Lane 10; induced
sample 2 in E. coli RP strain (pH 7). Lane 11; induced sample 2 in E. coli RP strain (pH 8.5). Lane 12; none
induced sample 3 in E. coli RP strain (pH 8.5). Lane 13; induced sample 3 in E. coli RP strain (pH 7). Lane
14; induced sample 3 in E. coli RP strain (pH 8.5).

Panel C. Lane 1; lane 2; lane 3; negative controls. Lane 4; pre-stained protein ruler. Lane 5; none induced
sample 1 in E. coli RIL strain (pH 8.5). Lane 6; induced sample 1 in E. coli RIL strain (pH 7). Lane 7;
induced sample 1 in E. coli (pH 8.5). Lane 8; none induced sample 2 in E. coli RIL strain (pH 8.5). Lane 9;
induced sample 2 in E. coli RIL strain (pH 7). Lane 10; induced sample 2 in E. coli RIL strain (pH 8.5).
Lane 11; none induced sample 3 in E. coli RIL strain (pH 8.5). Lane 12; induced sample 3 in E. coli RIL
strain (pH 8.5). Lane 13; induced sample 3 in E. coli RIL strain (pH 8.5).

The optimal pH for yETF for purification and
stability

E. coli Rosetta expression strain was chosen for the protein expression at large scale. The
yield of expression was high. However, the protein was not stable since it consists of two
subunits, which tend to precipitate easily. Therefore, the protein was purified under
different pH conditions from pH 6.5 to 8.5 and the melting point of purified protein was

determined under different pH and buffer conditions (table 1 and table 2).
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Table 1: Melting point of yETF in different pH. The used buffer is 50 mM Hepes; 150 mM

NaCl buffer.
pH Melting point [°C]
8.5 44.5
8 46
7.5 47.5
7 50.5
6.5 51

Table 2: Melting point of yETF enzyme in different buffers and pH conditions.

Buffer Melting point
[°C]
50 mM TRIS/HCI pH 6 53.5
50 mM TRIS/HCI pH 7 52.5
50 mM TRIS/HCI pH 8 49
50 mM HEPES/NaOH pH 5 56
50 mM HEPES/NaOH pH 7 54.5
50 mM phosphate pH 6 54
50 mM phosphate + 150 mM NaCl pH 7 52.5
50 mM phosphate + 150 mM NaCl pH 7 + 10% 51
glycerol
50 mM MOPS pH 7.5 53.5
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Expression and purification of yETF and spectral
properties

FsqB was expressed in E. coli Rosetta at large scale and purified by mean of Ni-NTA
affinity chromatography. 50 mM phosphate/NaOH + 150 mM NaCl (pH 7) was chosen to
purify yETF. The purified protein was run on SDS page to confirm the identity (Figure
3). The UV-Vis absorption spectrum of FsqB possesses the typical features of an FAD
containing protein with absorption maxima at 438 and 378 nm, (Figure 4). The
bathochromic shift of the long wavelength absorption maximum by about 10 nm
compared to free FAD is most likely due to the non-covalent binding of FAD to yETF.

Figure 3. SDS page (12.5%) showing purified yETF after large scale expression. Lane 1; is pre-stained
protein ruler. Lane 2-5; purified protein from different elution fractions. The protein was purified in 50 mM
HEPES/NaOH pH 7.
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Figure 4. UV-Vis absorption spectrum of yETF (solid blue line) in comparison with free FAD (solid red
line). The absorption spectrum of yETf was recorded in sodium phosphate buffer, pH 7.

Definition of the extinction coefficient

The extinction coefficient of the FAD bound to yETf was calculated to be 13000 M cm™
(Figure 5). The extinction coefficient of free FAD was used to define the flavin linked to

yETF (1).
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Figure 5. UV-VIS absorption spectrum of yETF before denaturation (blue line) and after denaturation (red

line). This experiment was applied to define the extinction coeffiecient of yETF in relevance to the

extinction coefficient of FAD.

143



Photoreduction of yETF

Photoreduction of yETF led to the formation of a flavin semiquinone for short time with
an absorption maximum at 396 nm. Then the flavin was fully reduced to hydrogquinone

(Figure 6). The reduced flavin was reoxidized by molecular oxygen reaching completion

after ca. 85 minutes (Figure 7).
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Figure 6. Shows the photoreduction of yETF as a function of light irradiation.
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Figure 7. Shows the reoxidation of yETF by molecular oxygen.
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yETF Homology structure

The yETF homology structure was created by using is a fully automated protein structure
homology-modelling server. SWISS-MODEL. The protein structure of human ETF
(hETF) was used as a template (PDB code 1EFV). The primary sequence alignment
(Figure 8 between the yETF and hETF shows that both proteins have the same
conservative residues that play a role in the mechanism and that hETF is a valid template

to create the homology model of yETF (Figure 9 and 10). PyMOL software was used to

visualize the PDB files and the created homology structure.

1EFV:

yETF

1EFV:

yETF

1EFV:

yETF

1EFV:

¥yETF

1EFV:

yETF

1EFV:

yETF

1EFV:

yETF

1EFV:

yETF

1EFV:

vETF

1EFV:

yETF

1EFV:

yETF

Figure 8. Sequence alignment between hETF and yETF. The asterix symbol shows the conserved residues

in these two proteins. The Clustal omega (1.2.4) software was used to perform this alignment
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Figure 9. The Homology model of yETF based on the crystal structure of hETF (PDB code 1EFV). The a
subunit is shown in cyan and B subunit is shown in green. FAD molecule is shown as yellow sticks. The

AMP molecule is shown as orange sticks.
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Figure 10. Superimposed active sites of yETF and hETF. hETF is shown in orange and YETF is shown in

cyan. The figures show the most important residues that play a role in the mechanism of ETF.
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Chapter 5: Discussion



The yETF containing plasmid was purified in two different pH conditions (7 and 8.5). At
pH 8.5, the enzyme shows only low stability, which may be due to its isoelectric point at
~ 8.5. The aim of this purification at two different pH values is to reveal if yETF
possesses the 8-formyl-adduct of the flavin similar to hETF, where the adduct is formed
at pH 8.5 and appears as a spectral peak at 415 nm(1). yETF does not show this adduct
even after incubation of the protein for a long time (24 hours) at room temperature as
described in the experimental work of Augustin et. al (2018) (1). 8-formyl FAD is usually
formed to allow the ETF system in human to choose the appropriate electron donor. Until
now, thirteen clients are recognized as electron donors for hETF (2, 3). To the best of our
knowledge, there is only one electron source for yETF, which is DLD2. Thus, the
formation of 8-formyl-FAD seems to be not beneficial in this ETF system, although it
was observed in the fungal enzyme formate oxidase, but for another role (4). Melting
point experiments show that yETF is more stable at a pH value around 7 (Table 1 in the
results section). On the other side, the alignment of yETF protein sequence with hETF
protein sequence shows high similarity that allows us to create a homology structure of
YyETF. By creating this homology structure we could compare the residues responsible for
the open and closed conformation in both human and yeast enzymes. Except for BTyr 16
in hETF that is found to be BPhe 19 in yETF (Figure 10 in the results section), all the
studied residues that form the active site are conserved in both enzymes. Ausgustin et. al
(2018) suggested that the phenolate side chain of BTyr 16 in hETF plays the role of base
in the process of oxidizing the 8 methyl group to 8 formyl in FAD (1). Since the
formation of 8-formyl FAD is not required for yETF, it is rational that the yeast enzyme

possesses phenylalanine instead of the tyrosine residue.

Whereas the photorduction of hETF leads to the clear formation of an anionic red
semiquinone (1), the photoreduction of yETF leads to the formation of an anionic red
semiquinone for a short time that appeared as slight increase in the absorbance at 396 nm
and then the flavin is reduced to the hydroquinone. This observation proves that the

mechanism of flavin reduction is not the same in both enzymes.
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List of abbreviations
BBE: berberine bridge enzyme

FsqB: amine oxidase of fumisoquin biosynthesis

MTOX: N-methyl-tryptophan oxidase

MSOX: (monomeric) sarcosine oxidase

NikD: amino acid oxidase involved in nikkomycin biosynthesis
THCS: tetrahydrocannabinol synthase.

hETF: Human Electron Transfer Flavoprotein

YETF: yeast Electron Transfer System
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Jun 2012 - August 2015 Career centre director
International University for Science and Technology (IUST)
http://mww.iust.edu.sy/project _careerCenter.aspx

¢ Main activities: Organizing free soft skills courses for students to increase their opportunities to
find vacancies in labour market.
Sector Education

Jun 2012 - August 2015 Quiality control director
International University for Science and Technology (IUST)

www.iust.edu.sy

e  Main activities: working with TEMPUS project (European Union) to obtain accreditation for
school of Dentistry.
Sector Education

Sep 2011 - August 2015 Biology and Microbiology lab instructor

International University for Science and Technology (IUST)

www.iust.edu.sy

e Main activities: Teaching undergraduates the practical part of biology and Microbiology.
Sector Education

Jul2007 - Sep 2011 Monitoring and Evaluation officer, and Reporting officer
Department Of Ecumenical Relations And Development

e  Main activities: Monitoring and evaluation officer and reporting officer for multi-sectors Iraqi
refugee program (education, vocational training, community services projects, distribution of
relief items, psychosocial support, and health awareness)

Sector Relief

Feb 2005-Jun 2006  Biology and Microbiology lab instructor
Lebanese American University (LAU)
www.lau.edu.lb

e  Main activities: Teaching undergraduates the practical part of biology and Microbiology.


http://www.iust.edu.sy/project_careerCenter.aspx
http://www.iust.edu.sy/
http://www.iust.edu.sy/
http://www.lau.edu.lb/

Sep 2002 — Sep 2003

EDUCATION AND TRAINING

Dec 2009

Sep 2004 - Sep 2007

Sep 2002 - Sep 2003

Sep 1997 — Sep 2002

PERSONAL SKILLS
Mother tongue(s)

Other language(s)

English

German

Communication skills

Organisational / managerial skills

Job-related skills

Computer skills

Voluntary work

Sector Education

Medical lab technician

Assad University Hospital

www.auhd.edu.sy

e  Main activities: Part time work in the context of postgraduate study.
Sector Education

Project Management Professional course (35 hours)
AMIDEAST (Lebanon) (certificate of attendance)

Master of Science (Molecular Biology)
Lebanese American University (Beirut University College) Lebanon

Diploma of Microbiology, Immunology, and Haematology
Damascus University (Syria)

Bachelor of Pharmacy and Pharmaceutical Chemistry
Damascus University (Syria)

Arabic
UNDERSTANDING SPEAKING WRITING
Listening Reading Spoken interaction | Spoken production
Very good Very good Very good Very good Very good
TOEFL Certificate (2013)
Intermediate Intermediate Intermediate Intermediate Intermediate

Good communication skills gained through my experience as Reporting officer during my work for
International Orthodox Christian Charities (IOCC)

Leadership through my work as monitoring and evaluation officer for IOCC and Career Centre
director for [UST

Good experience in microbiology field through working as lab technician in university hospital and
microbiology lab instructor in LAU and IUST.

Good command of Microsoft Office™ tools
2003: First aid course, and volunteer for one year at Syrian Arab Red Crescent

2011 - 2012: Volunteer at department of ecumenical relations and development (DERD) in the media
department.


http://www.auhd.edu.sy/

ADDITIONAL INFORMATION

International events

Quality control project

Career centre project

POSTERS

PUBLICATIONS

REFERENCES

Sep 17/ 2012 — Oct 17/ 2012: Peacemaker program organized by Presbyterian Church in the
United States of America.

Aug 4/ 2010 - Jan 14/ 2014: Accreditation — Pathway to Quality Assurance (TEMPUS
PROJECT).

Apr 4/ 2010 - Jan 14/ 2014: Skills and Career centres — Pathway to labour market (TEMPUS
PROJECT).

Characterization of putative fructosyl amino oxidase from Aspergillus fumigates. Majd Lahham,
Bastian Daniel, Karl Gruber,Tea Pavkov-Keller, Wolfgang Kroutil, Michael Fuchs and Peter
Macheroux (Oxizymes 2016).

Biochemical characterization of a berberine bridge enzyme homologue from Aspergillus
fumigates. Majd Lahham, Bastian Daniel, Michael Fuchs, Tea Pavkov-Keller, Wolfgang Kroutil,
Karl Gruber, and Peter Macheroux (OGMBT 2016)

Investigating the active site of an oxidase ring closure enzyme from Aspergillus fumigates. Majd
Lahham, Bastian Daniel, Michael Fuchs, Tea Pavkov-Keller, Wolfgang Kroutil, Karl Gruber, and
Peter Macheroux (17" DocDay - Graz University of Technology)

Characterization of an oxidase ring closure enzyme from Aspergillus fumigates. Majd Lahham,
Bastian Daniel, Michael Fuchs, Tea Pavkov-Keller, Wolfgang Kroutil, Karl Gruber, and Peter

Macheroux (18th DocDay - Graz University of Technology)

Lahham, M., Pavkov-Keller, T., Fuchs, M., Niederhauser, J., Chalhoub, G., Daniel, B., Kroutil, W.,
Gruber, K., Macheroux, P. (2018) Oxidative cyclization of N-methyl-dopa by a fungal
flavoenzyme of the amine oxidase family J. Biol. Chem. published online September 7, 2018

Daniel, B., Konrad, B., Toplak, M., Lahham, M., Messenlehner, J., Winkler, A., and Macheroux, P.
(2017) The family of berberine bridge enzyme-like enzymes: A treasure-trove of oxidative
reactions. Arch. Biochem. Biophys. 632, 88-103

Dipl.-Ing.Dr. Silvia Wallner

Institute of biochemistry - Graz University of Technology
Petersgasse 12/11

8010 Graz / Austria

+43991332340

silvia.wallner@tugraz.at

Prof. Dr. Costantin Daher

Assistant dean of school of natural sciences - Lebanese American University
Byblos- Lebanon

+61-3-998985

cdaher@lau.edu.lb


mailto:cdaher@lau.edu.lb

