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Abstract

Human flavin-containing monooxygenase 1 (FMO1) is a membrane protein
bound to the endoplasmic reticulum expressed mainly in the kidney and involved
in NADPH dependent oxidation reactions of soft nucleophilic heteroatoms of drugs,
pesticides and dietary compounds. In this work, hFMO1 was heterologously
expressed in E. coli and purified by affinity chromatography. The structure and
functionality of purified protein were studied by using spectroscopical methods
such as UV/Vis, CD, and Stopped-flow, differential scanning calorimetry and
amperometry. The catalytic properties were tested in vitro and in vivo (in bacterial
cells) using different substrates: drugs (methimazole, benzydamine, tamoxifen,
dasatinib and vandetanib), pesticides (methiocarb, phorate and fenthion) and
endogenous compounds (hypotaurine and indole).

The catalytic activity of hFMO is dependent on the formation and stability of
the Cda hydroperoxyflavin intermediate that is responsible for the
monooxygenation reaction. The formation of this highly stable C4a
hydroperoxyflavin intermediate of hFMO1 upon reduction by NADPH and in the
presence of O, was demonstrated by stopped-flow spectrophotometry. The
measured half-life of this flavin intermediate revealed it to be stable and not fully
re-oxidized even after 30 min at 15 °C in the absence of substrate, the highest
stability ever observed for a human FMO. In addition, the investigated uncoupling
reactions of FMO1 demonstrate that this enzyme is <1% uncoupled in the presence
of the substrate, forming small amounts of H20> with no observable superoxide as
confirmed by EPR spin trapping experiments. These data are consistent with the
higher stability of the hFMOL intermediate and shed light on the possible reason
for the different behaviors of this enzyme in comparison with other members of the
FMO family.



To assess the feasibility of an in vitro bioelectrochemical platform, hFMO1 was
immobilized on glassy carbon electrodes modified with graphene oxide (GO) and
cationic surfactant didodeycyldimethylammonium bromide (DDAB). Uv-vis,
contact angle and AFM measurements support the effective decoration of the GO
sheets by DDAB which appear as 3 nm thick structures. To demonstrate the
possibility to mimic the metabolic pathway of Xxenobiotics using a
bioelectrochemical platform, the pesticide phorate was tested. Two bioelectrodes
were used in a tandem system with hFMO1 and CYP3A4 resulting in both phorate
sulfoxide as well as phoratoxon sulfoxide i.e., the same two metabolites produced

in humans.

Finally, another biotechnological application of FMOs as environmentally-
friendly biocatalysts was demonstrated by the oxidation of indole leading to the
production of indigoids such as indigo and indirubin. In this case, in addition to
FMO1 a Baeyer-Villiger monooxygenase was also investigated resulting in yields
of indirubin up to 5 mg/L and 138 mg/L respectively.
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1.1 Human drug metabolizing enzymes

Understanding the mechanisms behind drug and xenobiotic metabolism in the
human body is crucial for pharmaceutical, medical and health sciences.
Investigating the mechanisms of the enzymatic reactions and determination of the
metabolites being formed gives us the key to understanding the principles behind
product formation, transformations and interactions between different drug
metabolising enzymes.

As already well documented, human drug metabolism is the chain of
biochemical reactions that occurs in our body and is driven by enzymes that mainly
carry out two types of reactions: functionalization reactions known as Phase |
reactions that include oxidations, reductions, hydrations/dehydrations and,
conjugation reactions known as Phase Il reactions that add endogenous hydrophilic
groups to the original molecule in order to form water-soluble inactive compounds
that can be excreted from the body [1]. Therefore, from a chemico-physical
perspective drug metabolism lowers the hydrophobicity of the parent drug resulting
in faster excretion [2]. Nevertheless, biotransformation reactions can sometimes
result in the activation of a prodrug or in the generation of highly toxic metabolites
[3,4]. Therefore, understanding how a drug can be modified by drug-metabolizing
enzymes is crucial to predict its functionality upon administration [5].

Phase | reactions are mainly driven by two major classes of oxidative enzymes:
cytochromes P450 (CYP) and flavin-containing monooxygenases (FMOs). Human
FMOs are responsible for approximately 2.2% of all metabolic reactions in the
human body and about 5.4% of Phase | metabolic reactions.

1.2 Human FMO family

The human flavin-containing monooxygenases (hFMOs) are Phase | drug
metabolizing enzymes with a flavin adenine dinucleotide (FAD) as cofactor and are
widely distributed in the human body. Humans possess five functional FMO genes,
designated FMO1, FMO2, FMO3, FMO4 and FMOS5 [6]. This is the family of
enzymes bound to the membrane of the endoplasmic reticulum and mainly
expressed in tissues listed in Table 1 (created by using the information published
on Human Protein Atlas - www.proteinatlas.org)


http://www.proteinatlas.org/
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Table 1: Summary of RNA expression of different hFMOs

Human Tissues FMO1 FMO2 FMO3 FMOA4 FMO5
Brain
Endocrine tissues
Respiratory system (Lung) Medium
Proximal digestive tract
Gastrointestinal tract Medium
Liver & Gallbladder
Pancreas
Kidney & Urinary bladder
Male tissues
Female tissues
Muscle tissues
Connective & Soft tissue
Skin
Bone marrow & Lymphoid tissues
Where: High - > 50 nTPM, Medium - > 20, <50 nTPM, Low - <20 nTPM, EXL/ND - <1 nTPM

Proteins of the FMO family prefer soft nucleophiles, sulfur- and nitrogen-
containing heteroatoms as substrates which include many different types of organic
compounds, pesticides, drugs and xenobiotics [6-9].

All members of hFMO family act in the same way with their catalytic cycle
shown in Figure 1. However, the kinetic parameters and stability of the formed
intermediates are different for each enzyme which causes variation in the substrate
preferences and their natural functions [10-14]. The catalytic cycle consists of two
main parts: reducing of the enzyme-bound FAD by NADPH/NADH to FADHo,
Figure 1(1) and reoxidation of the prosthetic group to its natural state, Figure 1(2-
7) by binding of molecular oxygen to the reduced form with the formation of the
reactive FAD-OOH intermediate. This intermediate is stabilized by NADP*/NAD*
until the substrate reaches the active site and becomes monooxygenated.
Subsequently, the second oxygen atom is coupled with two hydrogens and produces
water with complete reoxidation of the FAD cofactor.

Besides the main reactions within the catalytic cycle, there are other reactions
named "uncoupling reactions™ that result in the formation of reactive oxygen
species forming H20. or superoxide as shown in Figure 1(a,b,c).
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Figure 1: General scheme of the catalytic cycle of human FMOs [14]

As mentioned earlier, hFMOs are involved in a broad range of oxidation
reactions with substrates including drugs, pesticides and dietary-derived
compounds. However, the substrate spectrum of each member of this family of
enzymes is different [15,16]. In addition, in the specific case of hFMOS5 it has been
shown that it is also capable of carrying out Baeyer—Villiger oxidation reactions
[17-19].

1.3 Flavin-containing monooxygenase 1

The first evidence of FMOL1 was presented in 1970s by Ziegler’s lab [20]
followed by the determination of its DNA sequence and mapping of this single gene
to chromosome 1 by Dolphin and Shephard [21]. The protein contains 532 amino
acid residues and has a molecular weight of approximately 60.32 kDa. It is
expressed mainly in fetal liver and kidney tissues, but in adults it is detected only
in the kidney, small intestine and skin [22,23].

It has been found that hFMOL is highly polymorphic and these mutations may
have an impact on the activity of the enzyme [9,24,25]. The most common
polymorphic variants found are H97Q, 1303V, 1303T, R502X, T249T and V396V
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[26] but approximately 129 single nucleotide polymorphic variants of FMO1 have
been reported in the SNP database [27]. From a personalized medicine point of
view, polymorphism plays an important role in drug metabolism and clearance
which might lead to different response to therapy.

The hFMOL1 protein structure has not been elucidated as yet, but recently
Bailleul and colleagues successfully crystalized and obtained the X-ray crystal
structure of an ancestral FMO1, AncFMOL1, with 89.8% identity to the human
FMO1 [28] shown in Figure 2A. The enzyme contains two distinct domains that
are NAD(P)H and FAD-binding domains, characteristic of the human FMOs [29].
The structure also has a large transmembrane C-terminal helix, Figure 2B (dark
brown zone), that plays the role of the anchor to the membrane [16,30].

A B

Figure 2: (A) Dimeric representation of the AncFMO1 crystal structure. (B) Hydrophobicity
surface representation wherein dark red demonstrates the large hydrophobic C-terminal helix that
provides the interaction of the enzyme with the membrane.

Analysing the active site of the AncFMO1 the authors observed some structural
differences between their obtained model and previously published data that point
to the creation of a wider and hydrophobic pocket at the base of the active site. This
observed structural difference might cause differences in the enzyme’s activity.

Like other members of the hFMO family, FMOL catalyzes the oxygenation of
nitrogen-, sulfur-, phosphorus, selenium and some carbon-containing xenobiotics
with high stereoselectivity [26,26,31,32]. But what is the role of this enzyme in the
human body? Recently, Veeravalli et al. reported that h(FMOL is involved in taurine
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production from hypotaurine [33]. Taurine is one of the most abundant amino acids
that play an important role in cell volume regulation and is an essential organic
osmolyte. The identification of hFMOL1 as the enzyme responsible for the synthesis
of this compound is therefore important.

As hFMOL1 enzyme is expressed not only in the kidney but also other tissues
such as the small intestine, adrenal gland, breast, skin, thymus and female tissues,
it is also involved in drug metabolism of the substrates specific for those tissues.

Table 2 reports the main substrates that can be metabolized by hFMOL.

Table 2: Substrates of human FMO1

Substrate Role Reaction Reference
N1-Substituted-6- Selective irreversible inhibitors of human S-oxvaenation [34]
arylthiouracils myeloperoxidase Y9
4-fluoro-N-methylaniline  Organ toxicant C-oxygenation [35]
Aldicarb Carbamate insecticide S-oxygenation [36]
Arecoline Nicotinic acid-based mild N-oxvaenation [37]

parasympathomimetic stimulant alkaloid Y9
Benzydamine Anti-inflammatory N-oxygenation [28,38-40]
Cabozantinib Antitumor drug for patients with multiple -

cancer types N-oxygenation [41]
Carbophenothion Insecticide S-oxygenation [31]
Cediranib Highly potent vascular endothelial growth ) -

factor (VEGF) inhibitor N-oxygenation [42]
Cimetidine Histamine H2-receptor antagonist of

therapeutic utility in the treatment of ) .

peptic ulcer disease and gastric S-oxygenation [32]

hypersecretory syndromes
Darexaban maleate Anticoagulant and antithrombotic, direct N-oxvaenation [43]

competitive factor Xa inhibitor Y9
Demeton-O Insecticide and acaricide S-oxygenation [31]
Deprenyl MAO-B inhibitor N-oxygenation [44]
Disulfoton Organophosphate acetylcholinesterase ) .

inhibitor used as an insecticide S-oxygenation [45]
Ethiofencarb Pesticide S-oxygenation [31]
Ethionamide Antitubercular drug S-oxygenation [46,46-48]
Fenthion Organothiophosphate insecticide, avicide, S-oxvgenation [26,31]

and acaricide Y9 '
Fonofos Organophosphate acetylcholinesterase ) .

inhibitor used as a pesticide S-oxygenation [31]
GSK5182 Anti-diabetic agent, inverse agonist for N-oxygenation [49]

estrogen-related receptor y
Hypotaurine Endogenous neurotransmitter S-oxygenation [33]
Imipramine Tricyclic antidepressants N-oxygenation [26]
Ketoconazole Antifungal agent N-hydroxylation [50,51]
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Lorcaserin

Selective 5-hydroxytryptamine 2C

receptor agonist and a potential N-hydroxylation [52]
therapeutic agent for weight management
Methamphetamine P(_)tent central nervous system (CNS) N-oxygenation [44]
stimulant
Methimazole Antlthyr_md agent that inhibits the actions S-oxygenation [26,39,53]
of thyroid peroxidase
Methiocarb Acetylcholinesterase inhibitor, and .
neurotoxin that is used as a pesticide S-oxygenation [31.45]
MK-0767 Peroxisome p_rollferator-actlvated S-oxygenation [54]
receptor agonist
N-(3R)-1-
azabicyclo[2.2.2]oct-3- a7 nicotinic acetylcholinergic receptor ) .
ylfuro[2,3-c]pyridine-5- agonist N-oxygenation [55]
carboxamide
N,N- . .
dimethylamphetamine Central nervous system stimulant N-oxygenation [56]
Nomifensine Antidepressant drug with a powerful ) .
inhibitory effect on dopamine uptake N-oxygenation [57]
N-substituted N'-(4- Histamine H3 antagonist, HIVV-1 non-
imidazole-ethyl)thioureas  nucleoside reverse transcriptase S-oxygenation [58]
inhibitors, cytotoxins
Olopatadine Histamine H1 receptor-selective N-oxygenation [59]
antagonist
Pargyline MAO-B inhibitor with antihypertensive N-oxygenation [22]
properties
Phorate Organophosphorus insecticide and .
acaricide S-oxygenation [45]
Procainamide Type | antiarrhythmic agent N-oxygenation [60]
Quazepam Sedative and hypnotic used for insomnia Desulfuration [61]
treatment
S-Allyl-L-cysteine Antioxidant and antiproliferative effects
on melanoma and prostate carcinoma S-oxygenation [62]
cells
Selenomethionine Amino acid, major component of
selenium used for cancer Se-oxygenation [63,64]
chemoprevention in several clinical trials
S-methyl-esonarimod Inhlblto_r of the inflammatory cytokines S-oxygenation [64]
production
S-MethyIN,N- Metabolite of the alcohol deterrent S-oxvgenation [65]
diethyldithiocarbamate disulfiram Y9
SNI-2011 Paras_ympathomlmetlc and muscarinic N-oxygenation [66]
agonist
S-phenyl Pesticide S-oxygenation [31]
Sulindac sulfide Non-steroidal anti-inflammatory drug S-oxygenation [39]
Sulprofos Organophosphate acetylcholinesterase ) .
inhibitor used as a pesticide S-oxygenation [45]
Tamoxifen : .
Non-steroid anti-estrogen for the .
treatment of breast cancer N-oxygenation [67-69]
Tazarotenic acid Potent and selective agonist of the .
S S-oxygenation [70]
retinoid receptor
TG100435 Multi-targeted Src family kinase inhibitor
with demonstrated anticancer activity in N-oxygenation [71]
preclinical species
Thiacetazone Antitubercular drug S-oxygenation [46,48]
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Thione AGN11 Pulmonary toxicants S-oxygenation [72]

Tozasertib Anticar}cer c_hemotherapeutic pan-aurora N-oxygenation [39]
kinase inhibitor

Vandetanib Anti-thyroid-cancer drug N-oxygenation [73,74]

Voriconazole Antifungal agent N-oxygenation [75]

Xanomeline Muscarinic acetylcholine receptor agonist ~ N-oxygenation [76]

1.4. Bioelectrochemistry

Each year more areas are investigated to improve personalized medicine
approaches which aim to help prescribe the specific therapy for the single patient
to obtain the maximal drug efficiency and decrease the cost of the treatment.
Genetic differences [77], family health history [78], place of residence and food
preferences [79] play a key role in the response of the patient to the applied therapy.
This is why different strategies for the implementation of personalized medicine in
various fields such as oncology, neurodegenerative and genetic diseases [80-82]
have been investigated.

Expanded Data Capture Clinical Research Expanded Data Sources
Agvanceq R Nonrandomized Randomized
enomics
Proteomics Exposures to Exposures International registries
d trials, such as
Metabolomics Study Sample Study Sample a b

L
Imaging UK Biobanlc
Electronic health records Health eHeart

Demographics

Family history Exposures A Exposures PatientsLikeMe
- A
gedlcatlans a ¥ . American Heart Association
lagnoses ﬂ A A B Cardiovascular Genome
Procedures Phenome Study
Mobile digital technologies Outcomes Outcomes
Lifestyle

Socioeconomic data
Environmental data
Physical activity

Population Medicine Personalized Medicine

[ ]
n“ [ «*
Figure 3: Tools being used in clinical research to understand the population and personalized

medicine [83]

Digitalization and miniaturizing already help to create the devices, such as
biosensors, for personal usage and monitoring the important vital parameters,
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collecting them with ones own smartphone and, if required, staying in contact with
the personal doctor by using novel telematic medicine.

Multidisciplinary sciences such as bioelectrochemistry are currently in the
forefront of research due to interest in direct measurements of the interactions of
biologically  active  molecules  with  artificial ~ functional  devices.
Bioelectrochemistry itself contains a wide range of multidisciplinary scientific
research fields such as biology, biophysics, electrochemistry and chemistry. Today
the main aims of the scientific interest in the bioelectrochemical area could be
divided into the following applications as shown in Figure 4: Pharmaceutical and
Biotechnology, Bioenergetics, Biolayers and Biomembranes, Biosensors and
Electrified interfaces, Electric and magnetic field and, Lab-on-chip. One of the most
promising fields of study at all levels of biotechnology, pharmacology, and
medicine is personalized and point-of-care approaches. Developing sensitive,
selective, usable, low-cost, and rapid devices for controlling the concentrations of
drugs, steroids, hormones, sugars, xenobiotics and hazardous chemicals in the
human body will help to provide the correct diagnosis of various illnesses and
predict the reaction of the organism with selected therapies. Moreover, the creation
of a rapid system for monitoring the pharmacokinetics parameters of novel drugs
or their full metabolic pathway in one-pot reactions could be a powerful approach
to personalized medicine.

Electrochemical applications in

Biotechnology
medicine and biotechnology

Bioelectrosynthesis of
various chemicals,

; S drug delivery and gene transfer to cells and
bioelectrocatalysis

| tissues, iontophoresis, skin electroporation,
injury and repair

Electrified interfaces

Electric double layers, adsorption,
electron transfer, protein
clectrochemistry. biosensors

Biomembranes and biofilms
Bioenergetics
Thermodynamics and mechanics, membrane transport,
Energy conversion, electroporation, fusion and insertion, electrochemical
photosynthetic and visual interrogation of biofilms as generated by microorganisms and
membranes tissue reaction associated with medical implants

Figure 4: Bioelectrochemistry and its applications

The mimicking of the metabolism pathway, screening and estimating the
properties and applications of new medications by using enzyme-based electrodes
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is a way to personalized medicine. The metabolism of commonly used drugs and
the main detoxification processes are carried out in Phase I, which correspond to
the oxidation, reduction and hydrolysis reactions [84] mainly by the two human
enzyme families of CYPs [85,86] and FMOs [87].

Recently, one of the main areas of research in biosensing has been focused on
anticancer drugs tamoxifen, ftorafur, cyclophosphamide, ifosfamide [88,89] and
antituberculosis drugs ethambutol, pyrazinamide, isoniazid and rifampicin [90,91].
The main target of these sensors is the detection and quantification of relevant
metabolites in human blood plasma or urine to provide strict regulation and dosage
during therapy.

Immobilized proteins on the electrode could be activated through the electron
and proton transfer without the necessity of reducing agents such as NADPH or
NADH. In the case of CYPs and FMOs that are membrane-bound human proteins,
their immobilization on electrode surfaces has proven to be quite challenging,
however, different strategies for their covalent and non-covalent immobilization
have been reported by different research groups [92]. One of the most important
limitations is the sensitivity of the signal and deceleration of electron transfer from
the electrode to the immobilized protein active center through the surfactant layer.
In order to miniaturize the electrode and enhance the sensing characteristics,
different nanostructured materials have been used such as nanoparticles of noble
metals, high-surface metal-oxides and organic polymers, 1D, 2D, and 3D
nanostructured materials (graphene and its derivates, nanotubes, nanorods,
nanoplates, nanodendrites), different types of lipids and surfactants, quantum dots,
etc. The main advantages of using nanostructured materials for the design and
fabrication of electrochemical biosensors are their efficient electrocatalyst
properties, high surface area or surface-to-volume ratio, enhancement of electron
transfer, high current density and capacity to deposition of molecules [93].

Graphene and its derivative graphene oxide have occupied a dominant place in
the biosensing field due to their large surface area and efficient electrochemical and
catalytical properties [94,95]. The biocompatibility of these materials has made
them an excellent couple for the various biological structures such as DNA,
enzymes, cell and tissues.

In the protein electrochemistry field other materials have also been used such
as particles of gold, silver and palladium. [96]. The advantages of using carbon
nanotubes (CNT) in the biosensing field is mainly due to their large
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electrochemically active surface area and high sensitivity [97]. Nanoporous
structures such as anodic aluminium oxide [98] and titanium oxide [99], are also
promising materials due to their unique structure and tight regulation of shape, type
and depth.

For the immobilization of membrane proteins on electrode surfaces, entrapment
in lipid bilayers is the most common strategy. The lipids and surfactants are the
optimal environments to stabilize these proteins in the native state. The structure,
orientation and compactness of lipids could easily be controlled according to
particular needs. The most commonly used lipids for enzyme biosensors are
didodecyldimethylammonium bromide (DDAB), polydiallyldimethylammonium
chloride (PDDA), cardiolipin and phospholipids [100]. Functionalization of the
enzymatic electrode should be done according to the type and function of the
protein and also the reaction conditions.

Bioelectrochemistry of h(FMO1

In literature, the electrochemical approaches using hFMO1 were investigated
initially to create a kind of “biosniffer” sensor for the detection of various sulfur
and nitrogen-containing toxic and hazardous volatiles such as triethylamine,
ammonia, trimethylamine (TMA), dimethyl sulfide and methylmercaptan in the
liquid and gaseous phases [101-104]. The bioelectrochemical sensor consisted of a
modified dialysis membrane with hFMOs (1, 3 and 5) within a Clark-type dissolved
oxygen electrode. The principle of detection was based on the consumption of
dissolved oxygen as a result of the enzymatic oxidation reaction of the enzymes in
the presence of the specific substrate. Amplification of the electrode output signal
was carried out by the substrate regeneration system base on ascorbic acid.
Measurements were carried out at -600 mV (vs Ag/AgCl), with the sensor showing
good selectivity and specificity for the FMO substrates tested.

Another method for the detection of trimethylamine was based on hFMO3
conductometric biosensor [105]. The enzyme was immobilized onto the surface of
gold-interdigitated electrodes by using a cross-linking method together with bovine
serum albumin in saturated glutaraldehyde vapor. The sensitivity of the obtained
sensor was tested under certain optimal conditions in the range of TMA
concentrations from 10 to 400 pg/mL. Improved enzymatic glutaraldehyde-BSA
electrode was demonstrated by Castrignano et al. [106]. Redox properties of the
bioelectrode were analyzed by cyclic voltammetry. Bioelectrocatalytic properties
of the hFMO3 electrode were tested on well-known substrates such as
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trimethylamine, ammonia, triethylamine and benzydamine. The kinetic parameters
were estimated by the fitting of electrode response according to Michaelis—Menten
equation owing to the titration in the presence of increasing concentrations of
analytes under similar conditions.

Another type of trimethylamine bioelectric sensor for fish freshness detection
was reported based on amperometric and impedimetric measurements [107].
Human FMO3 was covalently bound by exposed amine groups of lysine residues
to the N-hydroxy phtalamide reactive group of poly(N-hydroxyphtalimidepyrrole-
co-pyrrole) copolymer. The fresh enzymatic electrode was functionalized by
ferrocene groups which played a role as redox mediator. The sensor’s amperometric
response upon the changing of TMA concentration was followed by decrease in the
oxidation signal of the ferrocenyl groups. This was caused by the conversion of
TMA to its N-oxide form as a result of reaction mediated by hFMO3. Detection
measurements carried out by electrochemical impedance spectroscopy
demonstrated similar behavior.

In order to improve the stability of the enzyme immobilized on the electrode it
is best to covalently link it to the electrode surface. Creating this kind of interaction
with human enzymes such as the FMOs is quite challenging, but Sadeghi and
colleagues managed to solve this issue and provided the first successful
immobilization of hFMO3 on gold and glassy carbon (GC) electrodes to obtain
direct electron transfer for drug metabolism studies [88]. In the reported work, the
GC electrode was modified by a mixture of cationic surfactant DDAB and pure
hFMO3. The covalent binding strategy was chosen for the immobilization of the
enzyme on the gold electrode by dithio-bismaleimidoethane (DTME) linkers.
Formation of the maleimide-terminated crosslinkers helped to covalently bind the
enzyme via the surface exposed sulfhydryl groups of cysteine residues.
Bioelectrocatalytic properties of the immobilized protein were tested with two
common substrates of hFMO3: benzydamine and tamoxifen.

Another reported method of modification of the gold electrode is by using
naphthalenethiol (Np-S) thin-film before hFMO1 and hFMO3 immobilization
[108]. Direct electron transfer and enzymatic catalytic activity were demonstrated
for both bioelectrodes.
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Figure 5: (A) Reaction scheme for the electrochemically driven catalytic cycle of the hFMOs.
(B) Cyclic voltammograms of hFMO3 on DDAB glassy carbon electrodes in the absence (dashed
line) and in the presence (solid line) of AuNPs. Inset: plot of cathodic (filled symbols) and anodic
(empty symbols) peak currents versus scan rate for (FMO3 on DDAB glassy carbon electrodes in
the absence (circles) and in the presence (triangles) of AuNPs [109]. (C) TEM images of DDAB
stabilized AuNPs in the absence and in the presence of hFMO3 protein [109]. (D) Schematic
representation of immobilized hFMO protein coupled with AuNPs.

The first successful implementation of nanostructured surfaces such as gold
nanoparticles (AuNPs) coupled with hFMO3 protein was demonstrated by
Castrignano and co-workers [109]. The glassy carbon working electrode was
modified by AuNps (6.5 - 8.5 nm in diameter) protected and stabilized with DDAB
in the presence of purified hFMO3. As was reported, entrapped protein with
nanoparticles inside the cationic surfactant layer showed an enhanced electrode
response and improved electron transfer in comparison to the electrode without gold
nanoparticles as shown in Figure 5. Square-wave voltammetry measurements also
demonstrated a higher current response in the presence of AuNPs as expected. The
electrocatalytic properties of hFMO3-DDAB-AUNPs electrode were tested in the
presence of sulindac sulfide and benzydamine as substrates and estimated kinetic
parameters were found to be in agreement with those published in the literature
obtained by other analytical methods which characterized the current system as an
optimal model for the therapeutic drugs screening. The next nanostructured material
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that was tested was graphene oxide [110,111]. The hydrophilic properties of this
material and the presence of a huge amount of oxygen-containing and carboxylic
groups help to provide different types of surface functionalization to create an
optimal environment for biomolecules used for biosensing and drug metabolism
investigations. Enhancement of the direct electrochemical response in the presence
of graphene oxide was studied with hFMO3 and its two polymorphic variants
E158K and E308G. All proteins were immobilized onto a glassy carbon electrode
modified by cationic surfactant DDAB and entrapped with graphene oxide inside.
The electrocatalytic efficiency of the enzymes in the presence of graphene oxide
was tested for benzydamine, tamoxifen and sulindac sulfide.

In the specific case of hFMO1, some of the immobilization strategies are
summarized in Table 3.

Table 3: The main immobilization strategies reported for human FMO1

Human Electrode system Drug Ref.
enzyme
FMO3 GC/DDAB/hFMO3 benzydamine and tamoxifen [88]
AU/DTME/hFMO3
GC/hFMO3-BSA benzydamine [106]
GC/DDAB/hFMO3 sulindac sulfide and benzydamine  [109,112]
GC/AuNps/DDAB/hFMO3
GC/DDAB/hFMO3 benzydamine, tamoxifen and [110,111]
GC/DDAB/GO/hFMO3 sulindac sulphide
GC/DDAB/GO/E308G
GC/DDAB/GO/E158K
HLM GC/Au@RGO- ketoconazole, testosterone, [113]
CS/PDA/HLM progesterone, estrone
EPG/MNPamine/HLM diclofenac [114]

Finally, the demonstration of various ways of using hFMOs coupled with
nanostructured materials in electrochemical systems opens the possibility of
creating in vitro bioelectrochemical platforms for high throughput drug screening,
metabolite identification and more importantly, mimicking the fate of drugs during
their metabolism in humans.
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2.1. Introduction to the production of the recombinant
hFMO1

Human FMOL together with other monooxygenases plays an important role in
different soft nucleophilic oxidation reactions involving the metabolism of drugs
and xenobiotics. Investigation of its catalytic mechanism and properties are of high
interest in pharmacology and toxicology fields. Dolphin and Shephard [21] isolated
the full-length cDNA of hFMO1 from the human liver libraries and found that it
encoded a polypeptide of the target enzyme with 532 amino acid residues and FAD
and NADPH binding sites. Later studies showed that the sequence similarity
between human flavin-dependent monooxygenases is in the range of 50% to 60%
[115] but the identity between human and pig FMO1 was found to be higher, around
88% [21].

The primary structure analysis of hFMO1 was carried out by Phillips and co-
workers [22]. They demonstrated the presence of a hydrophobic region located near
the C-terminus which was identified as the small domain that could assist in the
protein’s attachment to the membranes of the endoplasmic reticulum. On the basis
of this knowledge, the first recombinant hFMO1 was expressed in a baculovirus
expression vector system [9,38,53,69,73,116,117] and purified using anion
exchange diethylaminoethyl (DEAE) and hydroxyapatite chromatography [116].
Expression of hFMOL1 in E. coli expression systems was also reported by other
research groups [39] [28].

In the current work, the active recombinant hFMO1 was expressed in E. coli
and purified from the membrane fractions using anionic and affinity
chromatography. As the process of purification of folded and active human
membrane proteins is generally challenging the main parameters such as pH,
temperature and the amount and type of detergent should be regulated [116-119].

Once successfully purified, the secondary structure of the protein was
investigated by circular dichroism (CD) and the stabilizing effect of bound NAD*
and NADP™ cofactors was determined by differential scanning calorimetry (DSC)
and CD. The activity of the purified enzyme was initially measured by a
colorimetric methimazole assay and subsequently by in vitro oxidation of known
substrates of h(FMOL1 including benzydamine, tamoxifen, dasatinib and vandetanib.
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2.2. Materials and methods

Reagents

Human FMO1 plasmid purification was carried out by GenElute™ HP Plasmid
Maxiprep Kit and gene extraction by GenElute™ Gel Extraction Kit purchased
from Sigma Aldrich (ltaly). E. coli IM109 was from Promega Corporation (Italy).
Restriction enzymes Hindlll and Xbal, buffer Tango (10X), SYBR Safe DNA Gel
Stain and 6x Mass Loading Dye were purchased from Thermo Scientific™ (ltaly).
T4 ligase enzyme and 10xT4 DNA Ligase Buffer were from New England Biolabs
(UK). Chromatographic resins were purchased from GE Healthcare (Italy).
Chemicals including tryptone, yeast extract, glycerol, agar, ampicillin, isopropyl-
beta-D-thiogalactopyranoside (IPTG), phenylmethanesulfonylfluoride (PMSF),
riboflavin, flavin adenine dinucleotide (FAD), B-mercaptoethanol, glycerol,
lysozyme, IGEPAL, NADPH, NADP*, NADH, NAD", NaCl, KCI, MgCl; x 6H.0,
MgSO4 x 7H20, MnClz x 4H,0, CaCl, x 2H,0, KH2PO4, KoHPO4, RbCl, NaOH,
MOPS, Tris-base, EDTA, potassium acetate, acetic acid, glucose, acetate, glycine,
histidine, Tris-HCI, SDS, bromophenol blue, Coomassie Brilliant Blue buffer,
glacial acetic acid, methanol, 5,5'-dithio-bis-[2-nitrobenzoic acid] (DTNB),
dithiothreitol (DTT), methimazole, acetonitrile, formic acid, benzydamine,
benzydamine N-oxide were all purchased from Sigma-Aldrich, tamoxifen and
tamoxifen N-oxide from Toronto Research Chemicals (Canada); dasatinib and
dasatinib N-oxide were purchased from BIOZOL Diagnostica Vertrieb GmbH
(Germany) and vandetanib and vandetanib N-oxide from BioVision Incorporated
(USA). All used chemicals were purchased HPLC grade and were used without any
purification. All media, solutions and buffers were prepared with deionized Milli-
Q water.

Bacteria growth media preparation

Super Optimal broth with Catabolite repression (SOC medium) was prepared
by dissolving 2 g of tryptone, 0.5 g of yeast extract, ImL of 1 M NaCl and 0.25 mL
of 1 M KCI in 98 mL of distilled water. The solution was autoclaved and cooled
down to room temperature, after that under the sterile atmosphere the 1 mL of the
filter-sterilized Mg?* stock (1 M MgCl, x 6H,0, 1M MgSOa x 7H,0) and 1 mL of
2 M filter-sterilized glucose was added (final concentration for both was 20 mM in
the total medium). The complete medium was filtered through a 0.2 um filter. The
final pH was 7.0.
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Luria-Bertani (LB) liquid medium was prepared by dissolving 10 g of tryptone,
5 g of yeast extract and 5 g of NaCl in 1 L of distilled water. Then the pH was
adjusted to 7.5 with NaOH, the medium was autoclaved at 120 °C for 20 minutes.
For preparing the LB agar for plates 15 g of agar was included before autoclaving.

Terrific Broth (TB) liquid medium was prepared by mixing 12 g of tryptone, 24
g of yeast extract and 5 mL of glycerol in 900 mL of distilled water. Separately the
mixture of the salts for the buffering was made by dissolving 2.3 g of KH2PO4 (0.17
M final concentration) and 12.54 g of K;HPO4 (0.72 M final concentration) in water
to reach 100 mL total volume. Both obtained solutions were autoclaved at 120 °C
for 20 minutes. Salt was added to the medium before using it under a sterile
atmosphere.

E. coli IM109 competent cells preparation

E. coli IM109 was streaked onto an LB plate and incubated overnight at 37 °C.
A single colony was picked and grown overnight in 3 mL of the sterile LB at 37 °C
with shaking at 200 rpm. The 10 mL of LB was preheated for 30 min at 37 °C then
the 200 puL of inoculum was added and bacteria were grown under agitation at 200
rpm at 37 °C until ODeoo reached 0.4 — 0.5. The 2 mL of the cell culture was diluted
in 100 mL of preheated LB and continued growing at 37 °C and 180 rpm until the
ODeoo Was about 0.5 again. Obtained cells were transferred in two precooled sterile
50 mL falcon tubes and incubated on ice for 15 min. After that, the cells were
centrifuged for 12 min at 2400 rpm at 4 °C. The supernatant was discarded and each
pellet was resuspended in 16.5 mL of the ice-cold rubidium buffer (100 mM RbCI,
50 mM MnCl, x 4H,0, 30 mM potassium acetate, 10 mM, 15% glycerol v/v, pH
5.8 adjusted with 0.2 M acetic acid, filter-sterilized by 0.2 um filter). Cells were
incubated for 15 min on ice and centrifuged for 12 min at 2400 rpm at 4 °C. The
supernatant was discarded again in the cold room and each pellet was resuspended
with 4 mL of the second rubidium buffer (10 mM RbCI, 10 mM MOPS, 75 mM
CaCl, x 2H.0, 15% v/v glycerol, pH 6.8 adjusted with 0.25 M NaOH, filter-
sterilized by 0.2 um filter). After 15 min incubation on ice, the competent cells were
aliquoted and frozen in the liquid nitrogen and stored at -80 °C until use.

E. coli IM109 transformation

One 100 pL aliquot of the competent cells was removed from -80 °C and placed
on ice for 5— 10 min until thawed. The aliquot was slightly mixed with a cold pipet
tip and divided into two 50 pL portions. 25 — 50 ng of plasmid DNA were added to
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the first portion of the competent cells and mixed gently with the pipet tip. The
second part of the cells was used as negative control. Cells were immediately placed
on ice and incubated for 30 min. The transformation reaction was heat-shocked for
90 seconds in the water bath at 42 °C and immediately transfered to ice for 2 min.
After incubation, the 450 pL of room-temperature SOC medium was added to each
reaction and incubated for 1 hour at 37 °C with shaking at 225 rpm. The cells were
centrifuged for 2 min at 4000 rpm and the pellet was resuspended in the 100 ul of
left-over supernatant. The transformed and control cells were plated on separate LB
plates supplemented with 100 pg/mL ampicillin and incubated overnight at 37 °C
approximately for 16 hours.

Plasmid isolation and purification

Plasmid extraction and purification was carried out following the standard
protocol of the GenElute™ Plasmid Miniprep Kit provided by Sigma-Aldrich.
Briefly: E. coli cells containing target plasmid were distributed in the
microcentrifuge tubes and pelleted at >3500 rpm for 5 minutes. The supernatant
was discarded, and the pellet was resuspended in 200 pL of the Resuspension
Solution. After adding 200 pL of the Lysis Solution to the resuspended cells total
mixture was gently mixed by 6 — 8 inversions. After 2 -3 min the 350 pL of the
Neutralization/Binding Solution was added to precipitate the E. coli residuals. The
tubes were gently inverted 4 — 6 times and after that debris was pelleted by
centrifuging at >12,000 x g for 10 minutes. GenElute Miniprep Binding Column
was assembled and prepared by washing with 500 pL of the Column Preparation
Solution by centrifugation at >12,000 x g for 1 minute after that all flow-through
liquid was discarded. The transparent lysate fraction was transferred to the column
and centrifuged at >12,000 x g for 1 minute, flow-through was discarded. In the
next step, the column was washed with 750 uL. Wash Solution and centrifugation
at>12,000 x g for 1 minute. The flow-through liquid was discarded and the column
was centrifuged again without the addition of any solution for 3 min. The column
was transferred to the new collection tube and 50 pL of the preheated water was
added. The target plasmid was eluted after centrifugation at >12,000 x g for 1
minute. The flow-through liquid contained target DNA and was collected and
stored at —20 °C until use.

Plasmid double digestion

The circular plasmid containing the hFMO1 gene was digested into two
fragments, vector and gene, by restriction enzymes Xbal and Hindlll using
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corresponding restriction sites with further separation and visualization on the
agarose gel. The reaction mixture contained 1 unit of each restriction enzyme for
1ug of the DNA, Milli Q water and the required amount of the 10X Tango buffer
to reach the total single reaction volume of 20 pL.

Agarose gel electrophoresis

Separation and visualization of the digested fragments were performed in 1%
agarose gel. The gel was prepared by melting 1% agarose powder in 1X TAE buffer
(40 mM Tris, 20 mM acetate and 1 mM EDTA, pH 8.6). SYBR Safe DNA Gel
Stain (fluorescence dye) was added to the gel during the preparation steps to
intercalate it in the agarose matrix and then, during the run, bind to the DNA and
help to visualize under UV light. 6x Mass Loading Dye was mixed in the proportion
with the double digestion reaction mixture and the sample was run for 1 h at 120 V
at room temperature. The results were observed under UV of the Bio-Rad
transilluminator device.

DNA extraction from the agarose gel

The extraction and purification of the DNA from agarose gel were done by
following the standard protocol of the GenElute™ Gel Extraction Kit provided by
Sigma-Aldrich. Briefly: The slice of the agarose gel containing the target DNA
fragment was isolated by excising with the scalpel and after that, the piece was
weighed. Obtained gel was dissolved in the 3 gel volumes of the Gel Solubilization
Solution by incubation at 50 — 60 °C for 10 minutes with the interval vortexing until
complete solubilization. The binding column was assembled and washed with the
Column Preparation Solution by centrifugation at >12,000 x g for 1 minute. To the
yellow mixture 1 gel volume of 100% isopropanol was added and mixed until
homogenous. The gel mixture was transferred into the binding column and
centrifuged at >12,000 x g for 1 minute. After DNA binding the column was washed
with 700 uL of Wash Solution by centrifugation at >12,000 x g for 1 minute, one
extra step of the centrifugation without the addition of any solution was performed.
Finally, the binding column was transferred to a fresh collection tube and DNA was
eluted with 50 uL of the hot water after centrifugation at >12,000 X g for 1 minute.
The flow-through liquid contained target DNA was collected and stored at —20 °C
until use.
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Ligation of the hFMOL gene into pJL2 vector

The isolated hFMOL1 gene was ligated into the pJL2 vector using Xbal and
Hindlll restriction sites. The ratio between the insert and vector for the ligation
reaction was decided based on the size and concentration of each. The optimal
condition was found to be one unit of the vector with five units of the insert. The
reaction mixture contained one unit of the T4 ligase enzyme (M2200S), one unit of
the 10xT4 DNA Ligase Buffer, 1 unit of the pJL2 vector and 5 units of the hFMO1
insert and 2 units of the Milli Q water and incubated overnight at 4 °C. Obtained
DNA was used for the bacterial transformation.

FMOL1 Expression in E. coli

Human FMO1 was expressed in E. coli JM109 cells in two-liter glass conical
flasks containing 500 mL of Terrific Broth (TB). Inoculum of 5 mL, overnight
growing cell culture in Luria-Bertani (LB) liquid medium with ampicillin (100
pg/mL), was diluted in TB media with the addition of 100 ug/mL ampicillin
solution. Cells were grown until ODeoo reached 0.5 - 0.6 at 37 °C and 200 rpm.
Protein expression was induced by the addition of IPTG (final concentration 1 mM)
and the process was continued at 24 °C and 180 rpm. After 1 hour 50 mg/L of
riboflavin was added. 24 hours post-induction cells were harvested by 20 min
centrifugation at 4000 rpm at 4 °C, cell pellet was stored at -20 °C until use.

FMO1 Purification

Protein was purified from the membrane fractions via DEAE anion exchange
and Ni-chelating Sepharose fast-flow affinity column, following the procedure
described by Catucci and co-workers [30]. Briefly: the pellet containing hFMO1
was resuspended in Buffer A (50 mM KPi pH 8.0, 20% glycerol, 5 mM B-
mercaptoethanol) with 0.5 mM PMSF using 5 mL/g of cells. Then 0.5 mg/mL of
lysozyme was added and stirred for 1 hour at 4 °C. The ultrasonication procedure
was carried out on ice for 10 x 30 seconds with 1-minute intervals to prevent
overheating. The lysate was ultracentrifuged at 41000 rpm for 60 min at 4 °C to
isolate the membrane fraction. Then the pellet was resuspended using a Dounce
homogenizer in Buffer A with 1% IGEPAL as detergent after that the membrane
fraction was solubilized by stirring for 2 hours at 4 °C. The second step of
ultracentrifugation was applied to the final suspension also at 41000 rpm for 60 min
at 4 °C. The supernatant was loaded into preequilibrated, by Buffer B (Buffer A
with 0.1% of IGEPAL), DEAE-Sepharose Fast Flow column (150 mL) at flow rate
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of 0.5 mL/min. Human FMO1 protein was eluted from the DEAE column to the
Nickel-chelating Sepharose Fast Flow column (25 mL) by Buffer B with 2 mM of
KCI. After that, as His-tagged protein was bound to the Ni column, the washing
procedure was started by following the next steps: 2 column volumes of Buffer C
(Buffer B with 50 mM of KCI and 100 uM of FAD), 2 volumes of Buffer C with
50 mM of glycine, 2 volumes of Buffer C with 1 mM of histidine, 2 volumes of
Buffer C with 5 mM of histidine. Protein was eluted and collected in 1 mL fractions
by Buffer C with 40 mM of histidine. The elution profile was monitored by UV/Vis
spectroscopy. Protein- containing fractions were concentrated using a 30 kDa cutoff
Amicon™ Ultra Centrifugal Filter. The elution buffer was exchanged for storage
buffer (100 mM KPi pH 8.0, 20% of glycerol, 1 mM EDTA), and protein was stored
at -80 °C in small aliquots to prevent repeated thawing/freezing.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE)

The separation and visualization of the protein was carried out using 12.5%
separation gel with 4% stacking gel, recommended for proteins with molecular
weight in the range of 10 — 70 kDa, following the standard Bio-Rad’s procedure for
the gel preparation. The lysate of the cells, elution fractions and protein samples
were prepared in 2x Laemmli Loading Buffer (62.5 mM Tris-HCI (pH 6.8), 2%
SDS, 25% glycerol, 5% R-mercaptoethanol, 0.01% bromophenol blue) in the
proportion 1 volume of the analyte: 2 volumes of the buffer. The electrophoretic
separation was carried out at 70 V until the frontline of the samples crossed boarded
line between stacking and separation gels, then the voltage was increased to 120 V
and the process was continued for 70 min for an optimal separation. After the
separation, the gel was stained for 30 min in Coomassie Brilliant Blue buffer, and
after rinsing with the water the gel was destained for another 30 min in the
Destaining Buffer (10% glacial acetic acid, 40% methanol, 50% Milli Q water).
After double washing with the water, the gel was analyzed.

UV/Vis characterization

The UV/Vis spectra of the pure enzyme and its reduction/reoxidation state and
pH preference were monitored by Agilent HP-8453E spectrophotometer under
anaerobic conditions. All spectra were recorded at 15 °C. The enzyme stability and
pH preference were measured in the 50 mM potassium phosphate buffer at pH range
5.5, 6.0, 6.5, 7.0, 7.4, 8.0 and time range from 0 to 30 min with the 5 min interval
for each sample. Enzyme-bound FAD cofactor was monitored by the two
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characteristic peaks at 375 and 450 nm in the presence of 0.1 M potassium
phosphate buffer pH 7.4. The concentration and obtained yield of hFMO1 were
estimated by Beer-Lambert law using the FAD molecular extinction coefficient of
11300 M?cm? at 450 nm. To reduce the cofactor and stabilize the
hydroperoxyflavin (FAD-OOH) intermediate the equimolar amount of aerated
NADPH was used. Intermediate formation and decay were followed at 368 nm and
reoxidation of FAD at 450 nm.

Circular Dichroism

The CD spectra of h(FMO1 were obtained by a J-815 CD spectrometer (JASCO
International Co., Tokyo, Japan). The scan was performed in 0.1 M phosphate
buffer pH 7.4 with protein concentration 3.5 pM at 25 °C. The spectral range was
from 190 nm to 260 nm with a scan rate of 100 nm/min applied 1 nm data pitch
using 1 nm bandwidth in a 0.1 cm path length cell. The protein secondary structure
was estimated by fitting the experimental data by the Beta Structure Selection
(BeStSel) method [120].

Differential scanning calorimetry experiments

Investigation of the stabilization effect that occurred by binding the ligand to
the enzyme was characterized by DSC using a Microcal VP-Capillary DSC,
Malvern Instruments Ltd. Worcestershire, UK. All scans were performed at a scan
rate of 90 °C/h in the temperature range from 27 to 90 °C in 0.1 M phosphate buffer
pH 7.4 with a protein concentration of 10 uM in the absence and presence of ligand
(0.5 mM of NADP* or NAD™). Before the experiment, the working cell was pre-
equilibrated with 10 cycles of working buffer and after that equilibrated for 10 min
at 25 °C. According to the procedure, the scan of the work sample was followed by
the control rescan to check the absence of refolding process and to use this control
sample for background correction during the data proceed [121]. Protein melting
temperature and all required deconvolution steps were performed by fitting the data
with the Levenberg-Marquardt non-linear least-square method using Origin
software of the MicroCal package.

Activity assays

The monooxygenation activity of the purified hFMO1 was followed by the S-
oxygenation of methimazole in the presence of NADPH or NADH as a reducing
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agent, hypotaurine S-oxidation to taurine and N-oxidation of benzydamine,
tamoxifen, dasatinib and vandetanib.

Methimazole colorimetric assay

Methimazole oxidation to its S-oxide mediated by FMO1 was monitored in the
kinetic mode by Agilent HP-8453E spectrophotometer at 412 nm. The reaction
mixture contained: 0.5 uM of the pure enzyme, 0.1 mM of NADPH or NADH, 60
UM of 5,5'-dithio-bis-[2-nitrobenzoic acid] (DTNB), 20 uM of dithiothreitol
(DTT), 1 mM of methimazole and 0.1 M potassium phosphate buffer pH 7.4 up to
1 mL of total volume. Before starting, the required volume of the buffer was
preheated in the cuvette to 37 °C then DTNB, DTT, FMO1 and NADPH/NADH
were added and mixed. The cuvette was placed inside the spectrophotometer and
the substrate-independent rate was recorded for 30 — 60 sec. When the stable
baseline was reached the methimazole was added to the sample, and mixed gently
and after a few seconds of the equilibration, the reaction rate was recorded
following the disappearance of the yellow colour at 412 nm.

Hypotaurine oxidation

The confirmation of taurine production by hFMO1 from hypotaurine was
performed in collaboration with lon Source & Biotechnologies Srl (Milan, Italy).
Analysis was carried out employing an LC-SACI-MS (LC - SANIST Ultimate
3000, Dionex; MS — SANIST platform, ISB) working in positive ion mode.

Sample preparations: 1 mL of reaction mixture contained: 0.1 M potassium
phosphate buffer pH 7.4, 0.5 uM purified enzyme, 0.5 mM NADPH and substrate
concentration 250 and 500 pM. The reaction was initiated by adding NADPH and
incubated at 37 °C and after 4 or 24 hours immediately terminated by adding 500
uL of ice-cold acetonitrile. The mixture was centrifuged at 12000 x g for 5 min and
the supernatant was used for analysis. Before the analysis, each sample was diluted
1:10 in double distilled H20O.

Preparations of standards for LC-SACI-MS analysis: the standards of
taurine (5.3 mg) and hypotaurine (1.9 mg) were both solubilized in 1 mL of double
distilled H20, obtaining a concentration of 5.3 mg/mL and 1.9 mg/mL, respectively.
Both were diluted 1:100 in double distilled H2O to a final concentrations of 53
pg/mL and 19 pg/mL, respectively.
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LC-APCI-MS setup: Analysis was performed using an Ultimate 3000 HPLC
(Thermofisher, USA). The column used was a Phenomenex Kinetex F5 50 x 4.6 p.
The analyses were performed using a biphasic gradient: Phase A (H20 + 0.1%
formic acid) and Phase B (CH3OH + 0.1% formic acid) at a flow rate of 0.25
mL/min. The volume of the sample injected was 5 uL. The chromatographic
gradient used: 0-5 min 2% of Phase B, 5-6 min 80% of Phase B, 6-14 min 80% of
Phase B, 14-14.1 min 2% of Phase B, 14.1-21 min 2% of Phase B.

Benzydamine N-oxidation

The reaction mixture for benzydamine conversion mediated by hFMO1
contained: 0.5 uM enzyme, 0.5 mM NADPH, and 0.5 mM benzydamine in 0.1 M
potassium phosphate buffer pH 7.4 up to 200 pl of total volume. The reaction was
initiated by adding the NADPH to the reaction mixture and incubating for 15 min
at 37 °C. The reaction was terminated by adding 100 ul of ice-cold acetonitrile to
the reaction mixture . The reaction mixture was subsequently centrifuged at 12000
x g for 5 min and the supernatant was used for HPLC analysis of metabolite
formation.

The separation and quantitation of the reaction mixture were performed by
using the preliminary calibration of the system by commercially available analytical
standards of benzydamine and its N-oxide. Analysis was performed with an Agilent
1200 quaternary pump HPLC System equipped with a diode array UV detector
(Agilent Technologies, USA) with Kinetex 5um EVO C18 100 A LC column
150x4.6 mm. The substrate and its metabolite were separated by isocratic elution
and were detected at a wavelength of 308 nm. The mobile phase consisted of 22%
of acetonitrile and 78% of 0.1% formic acid, the analysis time was 18 min, and the
flow rate was 0.5 mL/min. The retention time of benzydamine and benzydamine N-
oxide were found to be 8.8 min and 12 min, respectively.

Tamoxifen oxidation

The reaction mixture for tamoxifen conversion mediated by hFMO1 contained:
0.5 uM pure enzyme, 0.5 mM NADPH, and a range of substrate concentration from
0 to 250 uM in 0.1 M potassium phosphate buffer pH 7.4 up to a total volume of
200 pl . The reaction was initiated by adding the NADPH to the reaction mixture
and incubating for 30 min at 37 °C. The reaction was terminated by adding 100 pl
of ice-cold acetonitrile. Subsequently the mixture was centrifuged at 12000 x ¢ for
5 min and the supernatant was used for further HPLC analysis of metabolite
formation.
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The separation and quantitation of the reaction mixture were performed by
using the preliminary calibration of the system by analytical standards of tamoxifen
and its N-oxide. Analysis was performed with an Agilent 1200 quaternary pump
HPLC System equipped with a diode array UV detector (Agilent Technologies,
USA) with Kinetex 5pm EVO C18 100 A LC column 250x4.6 mm. Tamoxifen and
its N-oxide metabolite were separated by isocratic elution and were detected at a
wavelength of 276 nm. The mobile phase consisted of 82% of methanol and 18%
of 1% triethylamine, analysis time was 20 min with a flow rate of 1.1 mL/min [16].
The retention time of tamoxifen and its N-oxide product were 6.5 min and 3.5 min,
respectively.

Dasatinib oxidation

The reaction mixture for dasatinib conversion mediated by hFMO1 contained:
0.5 uM of the pure enzyme, 0.5 mM of NADPH, and a range of substrate
concentration from 0 to 250 uM in 0.1 M potassium phosphate buffer pH 7.4 in a
total volume of 200 pL. The reaction was initiated by adding the NADPH to the
reaction mixture and incubating 30 min at 37 °C and immediately terminated by
adding 100 pl of ice-cold acetonitrile . The mixture was centrifuged at 12000 x g
for 5 min and the supernatant was used for HPLC analysis of metabolite(s) formed.

The separation and quantitation of the reaction mixture were performed by
using the preliminary calibration of the system by analytical standards of dasatinib
and its N-oxide. Analysis was performed with an Agilent 1200 quaternary pump
HPLC System equipped with a diode array UV detector (Agilent Technologies,
USA) with Kinetex 5um EVO C18 100 A LC column 250x4.6 mm. Tamoxifen and
its metabolite were separated by isocratic elution and were detected at a wavelength
of 320 nm. The mobile phase consisted of 22% of acetonitrile and 78% of 0.1%
formic acid, analysis time was 15 min with a flow rate of 1 mL/min. The retention
time of dasatinib and its N-oxide product were 4.1 min and 5.4 min, respectively.

Vandetanib oxidation

The reaction mixture for vandetanib conversion by hFMO1 contained: 0.5 uM
enzyme, 0.5 mM NADPH, and a range of substrate concentration from 0 to 250 uM
in 0.1 M potassium phosphate buffer pH 7.4 in a total volume of 200 uL . The
reaction was initiated by adding the NADPH to the reaction mixture and incubated
for 30 min at 37 °C. The reaction was terminated by adding 100 pL of ice-cold
acetonitrile. The mixture was centrifuged at 12000 x ¢ for 5 min and the supernatant
was used for HPLC analysis of metabolite formation.
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The separation and quantitation of the reaction mixture were performed by
using the preliminary calibration of the system by analytical standards of
vandetanib and its N-oxide. Analysis was performed with an Agilent 1200
quaternary pump HPLC System equipped with a diode array UV detector (Agilent
Technologies, USA) with Kinetex 5um EVO C18 100 A LC column 250x4.6 mm.
Vandetanib and its metabolite were separated by gradient elution and were detected
at a wavelength of 340 nm. The mobile phase consisted of Phase A: methanol and
Phase B: 0.5% triethylamine pH 3, analysis time was 25 min with a flow rate of 1
mL/min. Gradient profile was: 0-2 min 70% Phase B, 2-5 min 35% Phase B, 5-15
min 20% Phase B, 15-20 min 20% Phase B, 20-21 min 70% Phase B, 21-25 min
70% Phase B. Retention time of vandetanib and its N-oxide product were 13 min
and 9 min, respectively.

2.3. Cloning, expression and purification

Oligonucleotides encoding the amino- and carboxy-termini of wild type
hFMO1 were synthesized by GenScript company. Initially, the hFMO1 gene was
digested from the commercial pUC57 plasmid using the Xbal — HindlIl11 restriction
sites with the further separation of the linearized DNA fragments in the 1% agarose
gel. The hFMOL1 gene was extracted from the gel and successfully ligated into the
pJL2 expression vector as shown in Figure 6B [118]. The presence of the h(FMO1
gene in the pJL2 vector was confirmed by the double digestion reaction and results
are shown in Figure 6A lane 5, as a result, two bands were detected: the first linear
fragment 2554 bp corresponds to the pJL2 vector without any insert, and the second
one - 1623 bp to hFMO1 [with a polyhistidine tag, a stretch of four histidine
residues (5 CACCATCACCAT 3”) was inserted at the C-terminus to assist in the
purification] [30]. The control samples of the undigested circular plasmid are shown
in Figure 6A lane 2 and two single digestion reactions in lanes 3, 4 were also
visualized in the gel.
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Figure 6: (A) Agarose gel of the double digestion of -pJL2-hFMO1 where from the left;1st
lane - HyperLadder marker; 2nd lane —undigested plasmid; 3rd lane — single digestion with Xbal;
4th lane — single digestion by Hindlll; 5th lane — double digestion reaction (B) The full map of the
pJL2 plasmid where the gene that encodes hFMO1 was inserted between Hindlll and Xbal.

To confirm the presence of the FMO1 gene inside the designed expression
vector, four plasmid samples obtained from the different transformations were
sequenced by Eurofins Genomics. Four sequencing primers, three forward and one
reverse, were designed as mentioned earlier and are shown in Table 4. The results
of the DNA sequencing were analyzed by NCBI Basic Local Alignment Search
Tool and as expected 99 — 100% identity with Homo sapiens FMO1 was found.

Table 4: Designed primers for the hFMO1-pJL2 plasmid sequencing

Primer N of sample 5'-Sequence-3'

Forward Sequencing Primer-1 (350-800): ASMO0041881 ATGCTCAGATTCTGCTGTCT

Forward Sequencing Primer-2 (801-1200): ASM0041882 TCATGCAAATTACGGCTTAA

Forward Sequencing Primer-3 (1201-1623):  ASM0041883 CCTGGCCATTATTGGCCTCA

Reverse Sequencing Primer (400-1): ASM0041884 CATGCATAGTGACCACCTCC

The obtained plasmid was successfully used for the transformation of the E.
coli IM109 competent cells and the full-length hFMO1 enzyme was heterologously
expressed. After cell harvesting, little traces of a blue insoluble compound were
detected at the top of the pellet. This unexpected observation is due to hFMOL1
conversion of indole, produced by E. coli from tryptophan to indoxyl which after
dimerization forms indigo (see Chapter 5). To obtain a high levels of holoprotein
riboflavin as the precursor of the FAD cofactor must be used.


https://blast.ncbi.nlm.nih.gov/Blast.cgi
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The purification process is based on two sequential chromatographic steps,
mentioned in the method section. As defined by the “ExXPASy Compute pl/Mw
tool” the theoretical isoelectric point of the hFMO1 is 6.92, including the His-tag,
which means that at pH 7.4 or 8.0 the protein has a slightly negative charge. The
flow-through sample after the DEAE Sepharose column was showed the presence
of the characteristic protein-bound FAD with the absorbance maxima at 375 and
450 nm. The enzyme-containing fractions were loaded onto the Ni-chelating
affinity column where the FMO1 protein was bound through its His-tag to the Ni
column. The elution profile from the Ni columns shown in Figure 7A, recorded
using an HP-8453E spectrophotometer.

0.30

70 kDa

o~
+
.
ﬁ'Tv' :

0.20 4

60 kDa

0454 55 kDa

e

Absorbance at 450 nm (AU)

o
o
o

e
o
S

Fraction

A B

Figure 7: (A) Elution profile of h(FMOL1 from the Ni-chelating column. (B) SDS-PAGE of the
hFMOL1 purification steps: from left; Lane 1 Thermo Scientific PageRuler Prestained Protein Ladder
10 - 80 kDa; Lane 2 crude cell extract after lysis and ultrasonication; Lane 3 supernatant after the
first ultracentrifugation (cytosolic fraction); Lane 4 pellet after the first ultracentrifugation
(membrane fraction); Lane 5 supernatant after the second ultracentrifugation; Lane 6 pellet after the
second ultracentrifugation; Lane 7 fraction after DEAE column; Lane 8 fraction Ni-affinity column;
Lane 9 fraction after 30 kDa cut-off Amicon membrane.

Samples from the different stages of the h(FMOL1 purification were run on SDS-
PAGE following the standard procedure described in the methods section. The
progress in the enzyme purification can be seen following the band at 60 kDa.
Overexpression of the target protein in the cell lysate is shown in lane 2. After the
first cycle of ultracentrifugation, FMOL is still bound to the membrane, lane 4. After
membrane solubilization, in the presence of IGEPAL and the second cycle of
ultracentrifugation, hFMO1 was detected in the soluble fraction. Lanes 7 — 9 show
samples after DEAE and Ni chromatography followed by protein concentration
with the 30 kDa cut-off Amicon membrane.
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2.4. Spectroscopic characterization

The physiological pH within the human kidney where FMOL1 is mainly
expressed is in the range of 7.0 — 7.3, and before carrying out any experiments with
the purified enzyme it was important to determine the optimal buffer pH where the
stability of the enzyme was maximal. As described in the methods section, the
UV/Vis spectra of enzyme-bound FAD were recorded in the phosphate buffer with
various pH values, from 5.5 to 8.0. The normalized spectra of the time-dependent
measurements are shown in Figure 8. It can be seen that at pH 5.5 and 6.0 the
enzyme is not stable and the lowest pH value which could be used was 7.0. The
spectra at 7.4 and 8.0 demonstrated the highest stability of FMO1. However, all
subsequent experiments were carried out at pH 7.4 closest to the physiological pH.
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Figure 8: Effect of pH on the absorption spectra of hFMO1. Spectra collected after 1 min
(black) and 30 min (red), pH range 5.5 - (A), 6.0 — (B), 6.5 - (C), 7.0 — (D), 7.4 — (E), 8.0 — (F).

The UV/Vis spectrum of the purified hFMOL1 is shown in Figure 9. As can be
seen in Figure 9A, the characteristic peaks of the enzyme-bound FAD cofactor are
observed at 375 and 450 nm. The concentration and yield of the purified protein
were calculated considering a 1:1 molar content of FAD. The final protein
purification yield was 5 mg/L of culture.

The possibility of the enzyme receiving reducing equivalents from NADPH
could be used as a preliminary characterization of the purified hFMOL1 activity. The
purified enzyme was reduced by equimolar concentration of NADPH, Figure 9B.
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The disappearance of the characteristic 450 nm peak was detected together with the
simultaneous formation of the hydroperoxyflavin intermediate followed at 368 nm.
In the presence of molecular oxygen the cofactor was re-oxidized, with the
absorbance increase at 450 nm.
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Figure 9: (A) UV/Vis spectra of the purified hFMO1, inset typical absorption peaks of the
enzyme-bound FAD in the oxidized state. (B) Spectra of the hFMOL1 reduction by NADPH in
aerobiosis: the black spectrum is the oxidized FAD, the violet spectrum is after reduction by
NADPH, and blue to the red spectra are the re-oxidation of the FAD cofactor.

The observed formation and stabilization of the FAD-OOH intermediate under
aerobic conditions and its slow re-oxidation process have not been observed in other
hFMO enzymes [14,28]. For this reason, the reduction and re-oxidation of the
purified hFMO21 were further studied by stopped-flow spectroscopy and will be
discussed in the following chapter.

2.5. Circular dichroism

Secondary structure content of hFMO1 protein was determined using circular
dichroism (CD) spectroscopy. No CD data or crystal structure have been published
for this protein. The experimentally obtained CD spectrum was then used to predict
the secondary structure content using the PDB2CD [122,123] webserver. This is a
new in silico tool that makes the prediction on the basis of the protein atomic
coordinates and comparison of the secondary structure of the analyzed protein with
the already known and well-studied homologous proteins. As the initial input, the
PDB file of the 3D model of hFMO1 (constructed by the Phyre2 server and with
the FAD cofactor docked inside) was uploaded. In the subsequent step, the
predicted CD spectrum was superimposed with the experimental one. Finally, the
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superimposition resulted in the estimation of the secondary structure, and the
content was calculated by curve fitting and analysis by the BeStSel [124,125]
webserver.
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Figure 10: (A) CD spectrum of the purified hFMO1 (black) and predicted by PDB2CS (red).
(B) Estimated secondary structure content on the basis of the fitting of the CD spectrum to BeStSel
webserver.

The method used by Beta Structure Selectin (BeStSel) can recognize the protein
fold, essentially membrane ones, by analyzing the twist and orientation of the 3-
sheets. The advantage of this tool is that it is not only adequate for fold prediction
but also distinguishing the CATH protein fold, i.e. to detect and predict the presence
of certain fold motifs in the structure. The experimental spectrum of the purified
hFMOL1 at 25 °C shown in Figure 10 has minima at 208 and 222 nm, which overlap
the predicted spectrum, Figure 10A. The estimated secondary structure content,
Figure 10B, is also in line with published data for the hFMOs family [126].

Protein fold recognition and classification prediction for secondary structure
composition were provided by the BeStSel webserver analyzing experimental CD
spectra. The obtained result is based on the CATH classification [127] and
identified the three (3.40.50) Rossmann folds typical for FMOs [24,128,129].

2.6. Differential scanning calorimetry

Recent findings on hFMO3 have highlighted the key role of NADP* in
stabilizing the protein structure, measured as a significant shift of the melting
temperature (Tm) from 45.1 + 0.1 °C to the higher value of 49.1 £ 0.2 °C [126]. For
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this reason, we followed the unfolding of hRFMOL in the absence and in the presence
of NADP* or NAD" using differential scanning calorimetry (DSC) and the results
are shown in Figure 11A. As can be seen in the figure, in the absence of either
cofactor (black line) a T of 40.8 + 0.2 °C is measured. Addition of 0.5 mM NADP?*
causes a shift of the Ty to 47.5 £ 0.1 °C (red line) with an unfolding process starting
at higher temperatures (above 34 °C). On the other hand, when NAD* is added no
significant change is detected in Tm (green line) in comparison to the protein in the
absence of cofactor.

As these data do not exclude a possible role of NAD" in FMO1 catalysis, the
ability of the enzyme to use both NADH or NADPH as source of reducing unit was
investigated. Since pH 7.4 represents a physiological benchmark and for h(FMOL it
has been previously reported that both cofactors are equally effective for catalysis
at this pH [33], all experiments were conducted at pH 7.4.

Table 5: The melting temperatures of the unfolding process for (FMOL in the presence or
absence of ligands

Protein Tmy, °C Tme, °C Tms, °C
hFMO1 38.46 £ 0.85 40.82 £ 0.15
hFMO1/NADP* 44.30 £ 0.52 50.08 + 0.092 47.54 +0.11

hFMO1/NAD* 37.61 +0.52 40.50 £ 0.095
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Figure 11: DSC data of hFMO1: (A) scan of protein without ligand is shown in black, in the
presence of 0.5 mM NADP* in red and with 0.5 mM NAD?* in green. Deconvoluted DSC
thermograms: (B) hFMO1 without ligand; (C) hFMO1 with 0.5 mM - NADP*; (D) hFMO1 with 0.5
mM - NAD*. Experimental thermograms are shown in black, the derived peak 1, 2 and 3 are in blue,
yellow and green respectively and their deconvolution is in red.

Experimental thermograms were deconvoluted to determine the number of
states of the thermal unfolding process together with the melting temperatures in
the absence or presence of the two ligands. The obtained data are summarized in
Table 5. Two peaks were obtained for the enzyme as shown in Figure 11B and in
the presence of the NAD™, Figure 11C corresponds to the existence of two melting
processes that related to the two domains (NADPH/NADH and FAD-binding
domain). The second peak, higher temperature, derives from the transition from the
native folded state to a disordered conformation resulting in total unfolding and
aggregation. The third transition process, observed only in the presence of NADP*
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is more difficult to assign and due to occurring at a higher temperature might be
attributed to a more stable state yet unidentified.

2.7. Activity assays

To prove the catalytic activity of the purified hFMO1 several know substrates
of this enzyme were used: methimazole — an antithyroid agent that inhibits the
actions of thyroid peroxidase [9,53,130], benzydamine - locally-acting
nonsteroidal anti-inflammatory drug [38-40], hypotaurine — an endogenous
neurotransmitter, organic osmolyte and cytoprotective agent, the precursor in the
biosynthesis of taurine [13,33], tamoxifen — selective estrogen receptor modulator
used for early- and advanced-stage breast cancer treatment [69,88], dasatinib —
potent protein kinase inhibitor for the treatment of chronic myeloid leukemia [131-
133] and vandetanib - an inhibitor of vascular endothelial growth factor receptor 2
(VEGFR-2) and epidermal growth factor receptor (EGFR) [73,74,134,135].
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Figure 12: (A) The scheme of methimazole oxidation mediated by hFMO1 as activity
colorimetric assay. (B) Time course methimazile S-oxide production by FMO1 without cofactor
(black line), in the presence of NADPH (red line) and NADH (blue line).

Oxidation of the methimazole to its S-oxide by hFMO1 was measured using
Dixit and Roche assay [136]. The chemical reactions of the methimazole assay are
illustrated in Figure 12A, briefly: in the first step, the 5,5-dithio-bis-(2-nitrobenzoic
acid) (DTNB/Ellman's Reagent) was reduced by dithiothreitol (DTT) to the nitro-
5-thiobenzoate (TNB) a yellow colored product that can be followed
spectrophotometrically at 412 nm. Methimazole S-oxide, produced by FMO1 from
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methimazole in the presence of NADPH, inhibits the reaction of TNB formation
and enzyme activity could be estimated by following the rate of decrease in 412 nm
absorption until the reaction mixture becomes colorless. The reaction was done as
described in the Methods section and results are shown in Figure 12B. The results
obtained demonstrate that the purified hHFMOL is active and can use both, NADPH
and NADH, as reducing agents, but with NADPH having a higher affinity to the
enzyme.

As a second known substrate, the enzymatic conversion of hypotaurine to taurine
by hFMO1 was tested. This reaction has recently been identified and proposed as
the possible natural role of FMOL1 in the chain of biological processes in humans,
Figure 13A [33]. In order to confirm that the purified hFMOL is also capable of
converting the hypotuaurin to taurin, enzymatic reactions were analysed by LC-
MS. The reaction conditions are summarized in Table 6. The ion extraction
chromatograms of the hypotaurine m/z 110 and the taurine m/z 126 are shown in
Figure 13B and 13C, respectively. The fragmentation results obtained for both
control experiments and the enzymatic reactions are reported in Table 6. As can be
seen in the table, in all control samples no taurine was observed whereas all
enzymatic reactions with hFMO1 showed the taurine fragmentation peak at m/z
126.10, as expected for the active enzyme.

Table 6: Mass spectra analysis of hypotaurine oxygenation

Area

Sample Reaction time Reaction conditions h . Area taurine
ypotaurine

hypotaurine - 250 uM

S1 (control) 4 houre hEMO1 - 0.5 UM 96439 -
hypotaurine -250 UM

S2 NADPH - 0.5 mM 47333 19954
hFMO1 - 0.5 uM
hypotaurine - 500 uM

S3 (control) 4 hours hEMOT. - 0.5 uM 126744 -
hypotaurine - 500 uM

S4 NADPH - 0.5 mM 95195 24899
hFMO1 - 0.5 uM
hypotaurine - 500 pM i

S5 (control) 24 hours hEMO1 - 0.5 UM 145962
hypotaurine - 500 uM

S6 NADPH - 0.5 mM 62771 36376
hFMOL1 - 0.5 uM

Std 1 - - 253073 -

Std2 - - - 1967509
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Figure 13: (A) The scheme of hypotaurine conversion to taurine by hFMOL. The mass spectra of
Sample 6: (B) fragmentation profile of hypotaurine (m/z 110.21), (C) fragmentation profile of
taurine (m/z 126.10)

The next substrate to be tested was benzydamine. The enzymatic reaction
mixture in this case was analysed HPLC and the results are shown in Figure 14A.
The HPLC chromatogram in Figure 14B demonstrates that the product,
benzydamine N-oxide, was formed and detected with a retention time of 12 min
only in the sample with hFMO1 (red trace). The chromatogram of the control
reaction carried out with the denatured enzyme, shows only the presence of
benzydamine with a retention time of 8.8 min.
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error bars.
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The next substrate to be tested with the purified hFMO1 was tamoxifen,
currently used for the treatment of breast cancer. The reaction mixute of tamoxifen
oxidation to its N-oxide mediated by hFMO1, Figure 15A, was also analysed by
HPLC and the resulting chromatograms are shown in Figure 15B. Tamoxifen N-
oxide was eluted with a retention time of 3.5 min and only observed in the sample
with the active hFMOL1 (red trace) whereas the control reaction showed only the
presence of tamoxifen with a retention time of 6.5 min. In this case, different
concentrations of tamoxifen were used in order to calculate the Kinetic parameters.
The kinetic parameters Kn and kcat were calculated from the amount of the product
formed and were found to be 114.1 uM and 0.21 s, respectively. These kinetic
data are in line with previously published values [68], confirming the structural as
well as functional integrity of the purified enzyme.

The penultimate substrate to be tested was dasatinib, a targeted therapy
medication used for the treatment of chronic myelogenous leukemia. Dasatinib and
its N-oxide were also separated by HPLC and identified by comparison with
commercially available standards as shown in Figure 16B. The retention times of
dasatinib and its N-oxide were 4.1 min and 5.4 min, respectively. Product was only
present in the sample where the active hFMO1 was incubated in the presence of
dasatinib and NADPH (red trace). The kinetic parameters Km and kcat were
calculated from the amount of the product formed and were 40.9 pM and 0.11 s™,
respectively. These kinetic data are in line with previously published values for the
family of hFMOs [132].
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Figure 6: (A) The scheme of dasatinib oxidation mediated by hFMO1l. (B) HPLC
chromatograms of the in vitro oxidation of dasatinib by hFMO1 (red trace) and control sample with
the denatured enzyme (black trace). Standards of dasatinib and dasatinib N-oxide are shown in green
and blue, respectively. (C) Michaelis-Menten curve for the formation of the dasatinib N-oxide by
hFMO1 with different concentrations of dasatinib. Estimated standard errors of three different
experiments are represented as error bars.

The last substrate to be tested with the purified hFMO1 was vandetanib, used
in treatment of certain tumours of the thyroid gland. Similar to previous enzymatic
reactions, vandetanib and vandetanib N-oxide were separated by HPLC and
identified by comparison with commercially available standards, Figure 17B, with
observed retention times of 13 min and 9 min, respectively. As was expected, the
product of the catalytic reaction was detected only in the sample where the active
hFMO1 was incubated in the presence of vandetanib and NADPH (red trace). The
kinetic parameters K and keat Were calculated from the amount of the product with
values of 45.4 uM and 0.06 s, respectively. These kinetic data are also found to be
in line with previously published values for the family of hFMOs [73].
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Figure 17: (A) The scheme of vandetanib oxidation mediated by hFMO1. (B) HPLC
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To summarize, human FMO1 was successfully expressed in E. coli and
purified. The structural, as well as functional integrity of the enzyme, was
confirmed by various spectroscopic measurements and the enzyme showed its
monooxygenation activity for S- and N-containing substrates. The thermal stability
of the enzyme was estimated by DSC in the presence and absence of the cofactors
where NADPH and NADH demonstrated different behaviors. Using the
colourimetric metimazole assay it was found that the enzyme can use both NADPH
as well as NADH as reducing agent and this requires further and in more depth
investigations.
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3.1. Introduction

Phase | drug metabolism involves monooxygenase enzymes that are able to
split the two atoms of molecular oxygen with the insertion of one of them in a stable,
often unreactive, carbon atom or a heteroatom (sulfur or nitrogen) of the substrate
(drug) with concomitant production of a water molecule [12,13,137,138]

The catalytic cycle of these enzymes involves the formation of an oxygen-
reactive intermediate that is of a different nature depending on the cofactor present
in the enzyme. In cytochrome P450 enzymes, the most studied monooxygenases,
this intermediate consists of an oxyferryl intermediate of the haem cofactor. This
intermediate has been spectroscopically identified [139] and in some cases
characterized by trapping techniques and cryocrystallography [140,141]. As for the
other most studied monooxygenase family, flavin-containing monooxygenases
(FMOs), the C4a-hydroperoxyflavin intermediate of the FAD is responsible for the
heteroatom oxidation of the substrate, and to this date, it has been spectroscopically
characterized for the bacterial FMO [142], isoform-3 of the human enzyme
(hFMO3) [126] and the isoform-1 of pig (pFMO1) [143-146]. The lifetime of these
intermediates is very different, the pFMO1 lasting in the hour timescale, while
hFMO3 lasts for minutes at 15 °C [126,144]. The lifetime of this reactive
intermediate is a very important parameter because it has relevant consequences on
the catalytic performance of the enzyme. Indeed, the catalytic cycle of the FMO
enzymes involves the formation of the reactive intermediate before substrate
binding. Consequently, a short-lived intermediate risk promotes the formation of
hydrogen peroxide or superoxide, uncoupling the consumption of reducing units
and oxygen from the formation of the oxidized product [14,146,147]. On the other
hand, a long-lived intermediate results in highly coupled enzymes.

There are currently no published data on human FMOL regarding pre-steady
state or steady state characterization using NADPH/NADH. After the initial
stopped-flow experiments of Beaty and Ballou more than 40 years ago, which led
to the identification of the important intermediate in the catalytic cycle of these
flavoenzymes [143], the Cd4a-hydroperoxyflavin for pig FMOL, this stable
intermediate has been only inferred for human FMO1 and never observed
spectroscopically. Only recently, AncFMO1 was tested in pre-steady state
conditions, but the intermediate was unstable, and its formation could not be
followed [28].
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Dr. Daniel Ziegler’s lab was the first to determine the catalytic mechanism of
the first mammalian FMO, pig liver FMO, during 1970s to 1990s [148]. Later,
Beaty and Ballou provided the first evidence of the full reaction mechanism of
FMOs in the 1980s [143,144]. In a remarkable reference work for the field, it was
shown how pFMOL1 was initially reduced by NADPH followed by binding of
molecular oxygen and stabilization of a long-lived hydroperoxy-intermediate [143]
that still today is ascribed as the moiety responsible for catalysis.

As mentioned above, the stopped-flow experiments of Beaty and Ballou were
performed using the pFMOL1 [143], but five different FMO genes are present in
humans [149,150]. The most relevant isoforms for drug metabolism are FMO1 and
FMO3 which are also polymorphic [22,151,152]. In addition, FMO5 is also
expressed in the liver and some recent publications suggest that it is an important
drug-metabolizing enzyme capable of carrying out atypical Baeyer-Villiger
oxidations in addition to soft nucleophilic heteroatom monooxygenation [17,19]. In
the last 40 years bioinformatics and recombinant DNA technology have allowed
for the designing of clones and the subsequent heterologous expression of FMOs in
bacterial hosts such as E. coli [153]. More recently it has been shown that hFMO3,
which for a long time was thought to behave like pFMOZ1, only transiently binds
the substrate [154]. Stopped-flow experiments demonstrated that hRFMO3 forms and
stabilizes only a small amount of intermediate in the presence of oxygen that rapidly
decays [11]. A role for NADP™ in the stabilization of the intermediate and the
overall structure of this enzyme was also demonstrated [11,121].

The real physiological substrate of h(FMO1 was only discovered recently. The
research group of Shephard used metabolite analysis by *H NMR spectroscopy to
decipher the role of hFMOL in the biosynthetic pathway of taurine using
hypotaurine as its substrate. Taurine, a highly abundant amino acid in humans, can
be synthesized de novo from hypotaurine. Furthermore, they also demonstrated the
pH-dependent ability of hFMO1 to use either NADH or NADPH as a reducing
cofactor [33].

As the chemical nature of the C4a-hydroperoxyflavin intermediate is the same
in all the FMO enzymes, its lifetime and therefore reactivity is modulated by the
protein environment. Two different approaches can be followed: (1) resolving the
crystal structure and looking at the protein matrix surrounding the flavin cofactor
to justify any differences observed in the catalytic activity of different FMOs and/or
(2) investigating the formation and decay of the FAD intermediate by spectroscopy.
Regarding the first option, to date no 3D structure of any human FMO has been
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resolved since they are membrane-bound proteins and not stable in an aqueous
environment [30]. Association with the membrane is a well-known hindrance to the
general crystallization process of proteins. To overcome this obstacle, synthetic
genes coding for ancestral FMO isoforms were recently synthesized and the
resulting synthetic proteins were crystalized leading to the structures of AncFMO2,
ANcFMO3-6, AncFMO5 and AncFMOL [28,155]. In this work the second option
was followed in order to investigate the reactivity of this intermediate in hFMO1
and compare its behavior to other human FMOs as well as its homologous
counterpart, pFMOL1 (83.1% amino acid similarity).

3.2. Materials and methods

Reagents

The main reagents such as NADPH, NADH, hypotaurine, H>O>, Amplex Red
assay kit (Invitrogen), xanthine, xanthine oxidase, methanol, triethylamine and salts
were all purchased from Sigma-Aldrich. Tamoxifen and tamoxifen N-oxide from
Toronto Research Chemicals (Canada) and 5-(diethoxyphosphoryl)-5-methyl-1-
pyrroline-N-oxide from DEPMPO (Enzo Life Sciences). All used chemicals were
purchased HPLC grade and were used without any purification. All media,
solutions, and buffers were prepared with deionized Milli-Q water.

Rapid kinetics of reductive and re-oxidative half-reactions

Rapid kinetic experiments were performed using the Hi-Tech scientific SF-61
(single mixing controlled by Kinetic studioV3 software, HI-TECH Scientific, UK)
stopped-flow instrument under anaerobic conditions in a glovebox (Belle
Technologies, UK). Solutions needed for the analysis were prepared in outgassed
0.1 M phosphate buffer pH 7.4, except where oxygen was required for protein re-
oxidation. The protein re-oxidation process was initiated by fully reducing 10 uM
hFMOL1 by 1.2 equivalent of NADPH. Once reduced, the protein solution was
subsequently mixed with an oxygen-saturated buffer with/without hypotaurine
solution, as substrate. All re-oxidation experiments were carried out at 15 °C.
Previously published data have indicated that the Cd4a-hydroperoxyflavin
intermediate absorbance can be monitored between 360 and 380 nm [156]. In this
work, the formation of C4a-(hydro)peroxyflavin intermediate was followed at 368
nm as in the case of AncFMOL [28] and the re-oxidized FAD at 450 nm.



Page |46

Reductive half-reaction was monitored in the presence of different NADPH or
NADH concentrations by mixing 1:1 v/v with protein solution at 15 °C. The rate of
the reduction process was estimated by following the absorbance decrease at 450
nm. Both re-oxidation and reduction half-reactions were analyzed by Kinetic Studio
Version 5.1.0.6 software and reduction rates with increased ligand concentrations
were fitted using non-linear regression analysis using OriginPro 2021. All
experiments were carried out in triplicates.

Enzyme NADPH consumption assay

NADPH/NADH consumption by hFMO1 was monitored by Agilent HP-8453E
spectrophotometer at 340 nm. Reaction mixtures typically contained: 0.2 uM
hFMO1 in 0.1 M phosphate buffer pH 7.4 with different concentrations of
NADPH/NADH ranging from 0 to 500 uM. The reaction was followed for 300 sec
at 37 °C. The initial velocity was estimated by following the consumption of
NADPH at 340 nm (enapprnabH = 6220 M~tem™). Kinetic parameters Kw and Keat
were estimated by fitting the data (five replicates of each data point) with the
Michaelis-Menten equation using OriginPro 2021 software. All steady-state
reactions were carried out following the initial setup of linearity regarding both time
and enzyme concentration.

Uncoupling reactions

Enzymatic reactions were analyzed for: a) the oxidation of NADPH, b) the
formation of the tamoxifen N-oxide product and c) the production of H2O». Each
reaction was prepared in 200 pL total volume of 0.1 M phosphate buffer pH 7.4 in
the presence or absence of 100 uM tamoxifen as substrate, 0.5 uM purified hAFMO1
and 0.5 mM NADPH. Reactions were incubated at 37 °C for either 5 or 30 min in
the dark. After reaching the required incubation time (5 or 30 min.), the reaction
mixture was divided into three aliquots to estimate the oxidized NADPH, tamoxifen
N-oxide and H.O>. All experiments were carried out in triplicates.

The amount of consumed NADPH was monitored spectrophotometrically at
340 nm, using 6220 M~*cm™ as extinction coefficient and a sample/buffer dilution
of 1:4. To measure the conversion of tamoxifen to tamoxifen N-oxide by hFMO1,
100 pL of the reaction mixtures were mixed with 50 pL of ice-cold acetonitrile to
terminate the reaction, centrifuged at 12,000xg for 5 min and the supernatant was
injected into HPLC to separate and quantify the N-oxide product. The
quantification of H2O, was carried out using the Amplex Red assay kit (Invitrogen)



Page |47

as previously reported [14] with minor modifications. 50 pL of the reaction mixture
was heated to 95 °C for 5 min to terminate the enzymatic reaction. The sample was
centrifuged at 12,000xg for 5 min and the supernatant was diluted 5 times in the
reaction buffer before performing a 1:2 dilution with 50 uL of AMPLEX RED mix.
Samples were incubated for 5 min at 25 °C before analysis. Hydrogen peroxide
formation was estimated as a linear function from an absorbance intensity at 570
nm of resorufin formation.

High-Performance Liquid Chromatography

The separation and guantitation of the enzymatic reaction product were carried
out by HPLC using the commercially available standards of both tamoxifen and
tamoxifen N-oxide. Analysis was performed with an Agilent 1200 quaternary pump
HPLC System equipped with a diode array UV detector (Agilent Technologies,
USA) with a Kinetex 5 pum EVO C18 100 A LC column 250 x 4.6 mm. Tamoxifen
and its metabolite were separated by isocratic elution and were detected at a
wavelength of 276 nm. The mobile phase consisted of 82% of methanol and 18%
of 1% triethylamine, analysis time was 20 min with a flow rate of 1.1 mL/min [16].
The retention time of tamoxifen and its N-oxide product was 6.5 min and 3.5 min,
respectively.

Detection of superoxide by Electron Paramagnetic Resonance
(EPR) spectroscopy

Trapping of superoxide using 5-(diethoxyphosphoryl)-5-methyl-1- pyrroline-
N-oxide (DEPMPO, Enzo Life Sciences) was performed as previously reported
[157] with minor modifications. hFMO1 or hFMO3 (5.3 uM) was incubated with
6.7 MM NADPH in phosphate-buffered saline (100 mM, pH 7.4) in the presence of
50 mM DEPMPO. To initiate the reaction, the enzyme was added. EPR spectra
were recorded at room temperature using a Miniscope 100 EPR spectrometer,
(Magnettech, Berlin, Germany). Instrument settings: microwave power 7 mW,
modulation amplitude 1 G, scan time 80 s, two scans. Each incubation with the spin
trap was immediately drawn into 50 uL capillary Ringcaps® (Duran glass,
Hirschmann Laborgerate). EPR signal intensities were obtained at 0-20 min
recording the spectra every 3 min.

DEPMPO/superoxide adduct had the highest intensity at 6 min. A positive
control experiment was carried out with 0.36 mM xanthine and 0.01 U/mL of
xanthine oxidase in 50 mM KPi buffer pH 7.4 in the presence of 50 mM DEPMPO.
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The computer simulations of the experimental EPR signals were performed using
the WinSim 2002 software (NIH, USA).

3.3. Catalytic mechanism of the hFMO1 and substrate
preferences

The catalytic activity of the FMO1 enzyme and FAD reoxidation cycle was
already demonstrated by Poulsen and Ziegler [11] on the base of the pig liver

microsomes, Figure 18 is demonstrated a detailed catalytic cycle that is relevant
also for the human FMOL.
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Figure 18: The scheme of chemical steps of the FAD cofactor redox process in the hFMO1
catalytic cycle.

In the initial step of the catalytic reaction, the enzyme-bounded oxidized FAD
gets reduced by using the stoichiometric amount of the reducing equivalent from
the NADPH. When bound to the enzyme the reduced FADH: prosthetic group is
ready to react with the molecular oxygen forming the long-live C4a-
hydroperoxyflavin intermediate, stabilized by NADP™ still bound to the active site.
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The water formation, from the second oxygen atom, causes the complete
breakdown of FADH-OH with the following step of the NADP™ releasing and
completing the reoxidizing of the FAD cofactor. Another oxygen atom from the
FAD-OH is getting in a couple with two hydrogens to form the molecule of the
water that is realized with the following step of the NADP" releasing and
completing the reoxidizing of the FAD cofactor. If during the catalytic reaction, the
hyroperoxyflavin intermediate wasn't stabilized strong enough, it may cause the
spontaneous “uncoupling” reaction, wasting reducing equivalents and the
molecules of the oxygen followed by hydrogen peroxide formation and reoxidation
of the FAD cofactor. The catalytic efficiency of the FMOs enzymes depends on the
lifetime of the intermediate. The lower the percentage of "losses” of reducing
equivalent by the enzyme, the higher catalytic performance it can provide.

3.4. Reductive half-reaction

To understand the NADPH/NADH cofactor preference of hFMOL1 the kinetics
of the reduction half-reaction, Figure 19, was studied in both pre-steady and steady-
state. Both measurement modes are necessary for a complete understanding of the
reduction process and any limitations if present.
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Figure 19: The scheme of FAD cofactor reduction by NADPH/NADH in the hFMOL catalytic
cycle.

The steady-state kinetics measurements help to estimate the NADPH/NADH
specificity of an enzyme by using initial rates of substrate consumption reactions
by the enzyme. But to assess the significance of this preference, pre-steady state
conditions were used to estimate the reductive efficiency of NADPH and NADH as
electron donors of the hFMOL1 enzyme. Pre-steady state kinetic helps to measure
the reaction intermediates' formation in the initial reaction cycle by monitoring the
burst phase of the catalytic reaction directly from the moment of mixing enzyme
with the substrate, where no intermediates exist, until their steady-state
concentrations are reached.
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3.4.1. Steady-state kinetic analysis of NADPH/NADH binding

The CD and DSC data did not exclude a possible role of NAD" in FMO1
catalysis. Therefore, the ability of the enzyme to use either NADH or NADPH as a
source of reducing unit was investigated by methimazole oxidation assay. Since pH
7.4 represents a physiological benchmark and for hFMOL1 it has been previously
reported that both cofactors are equally effective for catalysis at this pH [33], all
experiments were conducted at pH 7.4.
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Figure 20: Michaelis-Menten plot of the steady-state kinetic parameters of hFMOL1 in the
presence of (A) NADPH and (B) NADH. Measurements were carried out in 0.1 M phosphate buffer
pH 7.4. Estimated standard errors of five different experiments are represented as error bars.

Steady-state kinetic measurements of hFMO1 were carried out in order to study
the NADPH/NADH specificity of this enzyme by following the initial rates of
substrate consumption. Steady-state kinetics experiments were performed at a fixed
hFMO1 concentration with various NADPH/NADH concentrations. Kinetic
parameters Kv and keat were calculated by fitting the data (initial rates of the
NADPH/NADH consumption as a function of the concentration of substrate) with
the Michaelis-Menten equation (Figure 20). Similar vmax values were calculated
under these conditions (2.36 + 0.096 uM/min for NADPH and 2.88 + 0.12 pM/min
for NADH) however, the Km value determined for NADH was slightly higher than
that of NADPH (Table 7), indicating the lower affinity of hFMO1 for NADH. Some
differences are observed in the kcat values and also the resulting Kea/Kwm, taken
together suggesting the preference of hFMO1 for NADPH.

T
500
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Table 7: Steady-state kinetic parameters for the hFMOL1 at pH 7.4

Ligand Kwm, [UM] Keat, [$™] Keat/Km, [Y/M] Ref
NADPH 83.46 £9.3 0.19 + 0.008 2276.54 £271.18 present work
NADH 106.65 +10.4 0.24 £ 0.01 2250.35 £ 238.63

NADPH 55+ 13 0.13+0.01 2400 [28]
NADH 91+17 0.11 + 0.009 1200

In general, a similar behavior with NADP(H) and NAD(H) in steady-state
reactions was not expected. These data are also in line with the previous report on
pig FMO1 where it was found that NADP* converts the enzyme completely into a
form that only exhibits a slower reduction rate [144]. Furthermore, NADP was able
to stabilize the structure of AncFMOL1 and also for this enzyme a higher Ku for
NADH is reported [28]. In the case of NAD™ stabilization, no data is available for
direct comparison.

3.4.2. Pre-steady-state kinetic analysis of NADPH/NADH binding

In order to assess the significance of cofactor preference, pre-steady state
conditions were used to estimate the efficiency of NADPH and NADH as electron
donors of the hFMO1 enzyme. Pre-steady state kinetic measurements followed the
formation of FAD intermediates in the initial reaction cycle and to capture these
intermediates stopped-flow experiments were carried out. Reductive half-reaction
rates were measured under anaerobic conditions with increasing concentrations of
NADH or NADPH. The dissociation constants Kq and reduction rate constants Kred
were calculated by fitting the reductive half-reaction to the Michaelis-Menten
equation following the decrease in absorbance at 450 nm.

Fitting the data resulted in a dissociation constant (Kq) of 4.79 + 0.38 uM and
a reduction rate constant (kred) of 0.78 + 0.01 s*. The hyperbolic behavior shown
in Figure 21A indicates a single irreversible hydride transfer step with no other
spectral changes at higher wavelengths. The same experiments were carried out
under the same conditions using NADH as the reductant. Data analysis, in this case,
resulted in a kreg 0f 1.20 + 0.03 s and a Kq of 468.65 + 30.38 uM (Figure 21B).
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Figure 21: Pre-steady-state analysis of the hFMO1 reductive half-reaction. Hyperbolic fitting
of the plots for (A) NADPH and (B) NADH. Reduction spectra of hFMOL1 in the presence of an
equimolar concentration of NADPH (C) and 1:25 of the enzyme to NADH (D). Measurements were
carried out in 0.1 M phosphate buffer pH 7.4 at 15 °C. The reduction rates at different concentrations
of added ligands were determined by fitting the decreased absorbance at 450 nm as a function of
time to a single exponential decay. Final reduction rates with increased ligand concentrations were
fitted using non-linear regression analysis. The process of reduction was monitored starting from
the mixing of the fully oxidized enzyme with the reducing agent. Estimated standard errors of three
different experiments are represented as error bars.

Data from this reductive step indicates that hFMO1 can be reduced much more
efficiently by NADPH and the Figure 21C-D demonstrated that the full reduction
by NADPH was reached at the equimolar concentration with the enzyme, but in the
case, with the NADH the ratio was 1:25. For this reason, experiments on the

subsequent oxidation step in the presence of molecular oxygen were carried out
only with NADPH.

3.5. Oxidative half-reactions

Reduced hFMO1 was rapidly mixed with oxygenated buffer and the formation
and decay of the C4a-hydroperoxyflavin intermediate was followed at 368 nm as
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shown in Figure 22 [28,126]. Moreover, the effect of the presence of the substrate
on the re-oxidation process was investigated in the absence and presence of the
substrate hypotaurine. Figure 23A and B show the spectral features of the reduced
hFMOL1 (black line), the C4a-hydroperoxyflavin intermediate formation (red line)
and the re-oxidized species (green line) in the absence and presence of hypotaurine,
respectively. It can be observed from the spectra that the C4a-hydroperoxyflavin
intermediate builds up rapidly (within 2-3 s) but decays at a slow rate leading to
the oxidized FAD.
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Figure 22: The scheme of chemical steps of the FADH; cofactor re-oxidation process in the
hFMO1 catalytic cycle

Kinetic data following the re-oxidation of the flavin to its ground state were
collected measuring the absorbance increase at 450 nm (Figure 23C). The kinetic
traces demonstrate that the substrate hypotaurine accelerates the re-oxidation
process which is completed in less than 200 s (black trace). On the other hand, in
the absence of the substrate, even at 1750 s the enzyme is not fully re-oxidized (red
trace).

Overall the stopped-flow data indicate that the hFMO1 C4a-hydroperoxyflavin
intermediate is very stable and full re-oxidation can only be observed in the
presence of the substrate. This is in keeping with previously published data by
Beaty and Ballou [143]. In their work the pig FMO1 C(4a)-hydroperoxyflavin
spectrum remained stable for at least 30 min (despite shaking of the cuvette), only
partial reoxidation could be observed after 1 h 42 min and full re-oxidation was
detected only in the presence of substrate [143].
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Figure 23: Oxidative half-reaction. The re-oxidation spectra of NADPH reduced hFMOL1 in
the presence of an oxygenated buffer. Selected spectra showing reduced (violet), intermediate (light
blue) and re-oxidized flavin (red). (A) Traces in the absence and (B) in the presence of hypotaurine.
(C) Comparison of the re-oxidation rates monitored at 450 nm in the absence (red dots) and in the
presence (black dots) of hypotaurine. Measurements were carried out in 0.1 M phosphate buffer pH
7.4 at 15 °C. The re-oxidation process was monitored starting from the fully reduced protein (10 pM
hFMO1 with 1.2 equivalents of NADPH).

Rates for the flavin re-oxidation, intermediate formation and decay all highlight
significant differences in the behavior of hFMO1 when compared to previously
reported data on hFMO3 [126] and AncFMO3-6 (a soluble synthetic protein based
on the ancestral reconstruction of FMO isoforms 3-6) [155] as shown in Table 8.
On the other hand, the remarkable stability of the intermediate of hFMO1 (around
30 min at 15 °C) is in line with what was reported for pig liver FMOL1 where this
was found to last for hours at 4 °C [143].
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Table 8: Kinetic parameters of hFMO1 re-oxidation half-reactions

FAD Intermediate Re-oxidation Reference
. (368 nm) (450 nm)

Protein

kformation kox kdecay

[s7] [s7] [s7]

hFMO1 R1=0.01429 present work
(without substrate) 1.383 R, = 0.00086 <0.00001
hFMO R1=0.02214 present work
(with hypotaurine) 1.768 R, =0.00312 0.0001
hFMO3 R1=0.790
(without substrate) 1.580 R, =0.0009 0.001 [28]
AncFMO3-6 3.7 N/D 0.01 [155]

3.6. Uncoupling reaction

Since the stopped-flow data point to a stable FAD intermediate, it was decided
to also measure the levels of uncoupling in purified hFMOZ1 reactions, Figure 24.
Previous data using baculovirus expressing hFMO1 have indicated that this enzyme
is highly uncoupled producing 40-50% of H2O> [146]. The same researchers also
found that the addition of substrate did not significantly alter the amount of H20>
being formed [146]. No uncoupling data on purified hFMO1 are currently available
but purified hFMO3 was found to be 50-70% uncoupled when benzydamine is used
as substrate [14].
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Figure 24: FMO "uncoupling" reaction where the hyroperoxyflavin intermediate is reoxidized
and H,0; produced without any substrate oxidation.

Whereas the high levels of uncoupling seen in hFMO3 match the intrinsic
instability of its own intermediate [126], the data on baculovirus expressing hFMO1
are not in line with the remarkable stability of the C4a-hydroperoxyflavin
intermediate published for purified pig FMO1 [140]. In addition, the data presented
here on the stability of the purified hFMOL1 intermediate is also contrary to the
baculovirus expressing hFMO1. For this reason, the uncoupling reactions of
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purified hFMO1 were investigated by initially measuring H2O> production. For the
coupled reaction tamoxifen was selected as the substrate because hFMO1 is known
to catalyze its conversion to tamoxifen N-oxide and product formation can be
quantified easily by HPLC separation, whereas hypotaurine requires a lengthy
methodology for its product quantification. To maximize the comparability of the
data NADPH oxidation, tamoxifen N-oxidation and hydrogen peroxide were
measured from the same reaction mixture. NADPH oxidation was quantified by
monitoring the decrease in absorbance at 340 nm, the amount of H>O produced
was measured by mixing aliquots of each reaction with the AMPLEX red kit
components, whereas the amount of tamoxifen N-oxide was calculated by HPLC
analysis. The results obtained are shown in Figure 25.
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Figure 25: Uncoupling measurements of hFMOL1: (A) H2O: (blue), NADP* (red) and
tamoxifen N-oxide formation (black) in the absence or presence of the substrate tamoxifen after 30
min of reaction. (B) Comparison of the uncoupling reactions of h(FMO1 and hFMO3. % uncoupling
calculated as H,O,/NADPH oxidized by each enzyme in the presence of substrate after 5 or 30 min
of reaction. Estimated standard errors of three different experiments are represented as error bars.

In the absence of substrate, 0.5 pM of hFMO1 consumes 3.3 uM of NADPH
after 30 min of reaction, whereas the amount of H2O. produced is 2.8 uM,
respectively. This data indicates that very little NADPH is consumed by hFMOL in
the absence of substrate. On the other hand, in the presence of substrate, 0.5 uM of
hFMO1 consumes ~93 uM of NADPH in 30 min of reaction, whereas the amount
of H2O2 produced is ~0.9 uM respectively (Figure 25A). Indeed, NADPH
consumption is almost 30 times higher in the presence of substrate indicating a
strong coupling effect driven by tamoxifen. Furthermore, when the uncoupling is
evaluated as the ratio of H2O2/NADPH it is as low as 1% (Figure 25B).
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Contrary to the published data on the hFMO3 uncoupling, the unproductive
shorter cycle leading to H2O. leakage is a neglectable phenomenon for hFMO1
because the enzyme is highly coupled and it does not waste the reducing equivalents
of NADPH unless a suitable substrate gains access to its active site. These data are
fully in line with the stopped-flow data presented earlier with the purified enzyme
where the half-life of the C4a-hydroperoxyflavin is found to be reasonably long and
strongly influenced by the presence of the substrate. Tamoxifen conversion to
tamoxifen N-oxide by hFMOL1 results in a low level of uncoupling however we
cannot exclude a substrate dependence phenomenon for hFMO1 reactions and
further studies should aim at clarifying this point using either the physiological
substrate, hypotaurine, or other N- or S-containing molecules.

Previously published data have indicated that hFMO3 forms not only hydrogen
peroxide but to a lesser extent also the superoxide radical anion as the result of its
uncoupling reactions [14]. In order to prove the different behavior of hFMO1
compared to hFMO3 and confirm the higher overall coupling of hFMO1, EPR
spectroscopy experiments were carried out to detect the formation of any
superoxide radical anion using the spin trap DEPMPO. The latter compound has a
long-lived superoxide radical anion adduct (DEPMPO-OOH) with a half-life of
14.8 min [157,158]. EPR experiments were carried out with both purified h(FMO1
and hFMO3 in the presence of large excess of NADPH and DEPMPO. As can be
seen in Figure 26A, no EPR signal was observed for the hFMO1 reaction whereas
hFMO3 displayed the typical spectrum of DEPMPO-OOH adduct with a maximum
signal reached after 6 min of incubation with the spin trap (Figure 26B). As a
positive control for visualization of the superoxide DEPMPO adduct, the
xanthine/xanthine oxidase system was used since the EPR spectra of their
DEPMPO-OO0H adduct is already published [157,158] and the results are shown in
Figure 26C.

Table 9: Coupling constants of the DEPMPO-OOH adduct.

Conformer AP AN Ahp AHy
trans 1 (94%) 48.92 12.80 10.81 0.87
trans 2 (6%b) 40.27 13.57 8.22 0.81

The simulated spectrum of xanthine oxidase was also used for calculating the
coupling constants of the DEPMPO-OOH adduct that are summarized in Table 9
and are comparable to previous literature reports [158].
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Figure 26: Representative EPR spectra of superoxide radical anion adducts of DEPMPO with
either (A) hFMOL1 or (B) hFMO3 reaction taken at three different time points. 50 mM DEPMPO
was incubated with 5.3 uM hFMO and 6.6 mM NADPH in 50 mM KPi pH 7.4. (C) EPR spectra of
DEPMPO-OOH of the reactions of a) hFMO3; b) Xanthine oxidase; ¢) computer-simulated
spectrum of (b).

To summarize, human FMOs have not been studied in depth mainly due to the
difficulties in producing the folded and active forms of the different isoforms of the
enzyme. In this work, hFMOL1 has been successfully purified after heterologous
expression in E. coli in its folded and active form and this allowed us to follow its
catalytic cycle including its reduction and re-oxidation steps. After the initial
stopped-flow experiments of Beaty and Ballou more than 40 years ago which led
to the identification of the important intermediate in the catalytic cycle of these
flavoenzymes, C4a-hydroperoxyflavin [143], this intermediate has been captured
for the first time in human FMOL1 in the current work using the same methodology.
The data demonstrate that human FMO1 differs from human FMO3 because it
forms a more stable C4a-hydroperoxy intermediate that constitutes the basis for
understanding the catalytic properties of this specific isoform.

Furthermore, since the stability of this intermediate results in a higher coupling
of the enzyme reactions this means that, unlike human FMO3, the FMOL1 is a more
coupled enzyme. This was also proven experimentally by measuring the amounts
of ROS produced by this enzyme; hFMOL is <5% uncoupled compared to 50%
hFMO3. Moreover, using EPR spin trapping experiments we further demonstrate
that hFMO3 forms also the superoxide anion radical whereas no superoxide-adduct
was observed for NFMOL.

Although hFMO1 and its enzymatic reactions have not been as extensively
studied as the hFMO3, the kinetic as well as catalytic data presented here,
demonstrate the different enzymatic behaviors of these two closely related human
enzymes.
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4.1. Introduction

Pesticides are an integral part of agriculture for the prevention, control and
elimination of pests. Yearly, >2.4 billion kilograms of broad-spectrum pesticides
are used including mainly organophosphates, carbamates, organochlorines,
neonicotinoids and pyrethroids [159]. But the majority of pesticides are hazardous
chemicals and increasing the field of their action has led to significant attention to
their toxicity and adverse influence on the environment and human health. Chronic
exposure to low levels of pesticides can cause mutations [2]. Among the many
pesticides, organophosphates and carbamates have also been classified as
carcinogens as well as neurotoxic causing neurodegenerative diseases such as
Parkinson's [160-162] and Alzheimer's [163-165]. This has led to legislators
imposing limits for the maximum residual amounts for individual pesticides of 0.1
Mo/L [136].

Exposure to organophosphate and carbamate pesticides can occur in
occupational settings but also in general public. In the case of the general public,
the main routes of exposure include dermal, inhalation and diet [166]. Once they
have entered the human body, pesticides are mainly metabolized by two major
classes of Phase | oxidative enzymes: cytochromes P450 and flavin-containing
monooxygenases (FMOs) [167]. Cytochrome P450 monooxygenases (CYPs) are a
superfamily of haem-containing proteins whereas the FMO family is quite small
with only 5 functional members which have a FAD cofactor [6,12,168]. Both
families are NADPH dependent but FMOs are capable of accepting electrons
directly from NADPH whereas CYPs require a NADPH reductase. Both enzyme
families have been extensively studied in relation to the detoxification of pesticides.
In the case of organophosphate pesticides, the P450 enzymes have been shown to
be involved in oxidative transformations resulting in oxon, sulfoxide and sulfone
[169] whereas the FMOs only produce sulfoxides [8]. Previous studies by Furnes
and Schlenk have shown that amongst the 5 different FMO isoforms, the
extrahepatic FMOL1 primarily found in kidneys and intestines, is the most efficient
in catalyzing the sulfoxidation of carbamate and organophosphate pesticides [31].
Other in vitro studies of pesticide metabolism mediated by hFMO1 have described
the preference of this enzyme for the oxidation of sulfur atoms with a high level of
stereoselectivity and catalytic efficiency [31,9,45].

The main method for determination of the activity of these enzymes towards
the pesticides has been the in vitro enzymatic assay where the reductant NADPH is
added to initiate the reaction. An alternative method can be the use of electrodes
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where these enzymes are immobilized and which have successfully been applied to
drug metabolism studies [170-172]. In addition, in order to miniaturize the
electrode and enhance the sensing characteristics, different nanostructured
materials are widely used such as gold nanoparticles, graphene and its derivates.
The main advantages of using nanostructured materials in enzyme electrodes is
their efficient electrocatalyst properties, high surface area or surface-to-volume
ratio and enhancement of electron transfer [93]. One such material is graphene
oxide which has occupied a dominant place in the biosensing field due to its
efficient electrochemical and catalytical properties [94,95].

In this work, human FMO1 (hFMO1) is initially immobilized on glassy carbon
electrodes in the presence of graphene oxide (GO) for investigating the feasibility
of following the oxidation of different pesticides by the enzyme. The GO
monolayers are functionalized by the cationic surfactant
dimethyldidodecylammonium bromide (DDAB) to avoid denaturation of this
enzyme [110,111] and surface properties of functionalized GO sheets are
investigated by contact angle and atomic force microscopy (AFM). Three well-
known substrates of hFMO1, organophosphate pesticides phorate and fenthion as
well as the carbamate insecticide, methiocarb, are chosen and voltammetric
titrations are carried out for the determination of kinetic parameters. Subsequently
and more interestingly, the possibility of mimicking the complexity of the in vivo
metabolic reactions of phorate within the human body is investigated in an in vitro
tandem bioelectrochemical setup with hFMO1 and CYP3A4 (cytochrome P450
3A4 the most important hepatic P450 in terms of xenobiotic metabolism). The data
obtained confirm the possibility of using immobilized hFMO1 and CYP
bioelectrodes for the in vitro prediction of the metabolic fate of pesticides.

4.2. Material and methods

Reagents

Riboflavin, FAD, IGEPAL, B-mercaptoethanol, glycerol, PMSF, lysozyme,
NADPH, didecyldimethylammonium bromide (DDAB), phorate, phorate S-oxide,
phorate sulfone, fenthion, fenthion S-oxide, methiocarb, methiocarb S-oxide,
acetonitrile, phosphoric acid, methanol, and salts were all purchased from Sigma-
Aldrich. Phorate oxon sulfoxide was purchased from Toronto research chemicals,
Canada. GO (4 mg/mL, water dispersion) was purchased from Graphenea
(Donostia, Spain). PK-4 Polishing Kit and all supplements for electrochemical
measurements were from BASi (USA). All chemicals were of the highest quality
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and used without any further purification. All media, solutions, and buffers were
prepared with deionized Milli-Q water.

Purification of human FMO1

Human FMO1 was expressed in E. coli JM109 cells in 2 L conical flasks
containing 500 mL Terrific Broth in the presence of ampicillin (100 pg/mL) and
riboflavin (50 mg/L) as described previously [126]. After expression, the protein
was purified from the membrane fractions via DEAE anion-exchange and Ni-
chelating Sepharose fast-flow affinity column, following the procedure, described
previously [173]. The concentration and yield of obtained FMO1 protein were
estimated by UV/Vis spectroscopy considering a 1:1 molar content of FAD. Protein
purity was verified by separation and visualization in a 12% SDS polyacrylamide
gel stained with Coomassie Blue. The activity of the purified FMO1 was
determined by the methimazole assay described by Catucci and co-workers [174].

In vitro metabolic assay

To estimate Kinetic parameters for S-oxygenation of pesticides mediated by
hFMOL, reactions were set up in a final volume of 200 pL in 50 mM potassium
phosphate buffer pH 8.0 containing 0.5 uM enzyme, 0.5 mM NADPH and different
concentrations of pesticide from 0 to 200 uM. The reaction was initiated by adding
NADPH and incubated at 37 °C for 30 min. The reactions were terminated by
adding 100 pL of ice-cold acetonitrile. After protein precipitation, the mixture was
centrifuged at 12000 x g for 5 min and the supernatant was analyzed by HPLC to
identify the metabolite(s) formed.

High-Performance Liquid Chromatography

The separation and quantitation of the reaction mixtures were performed by
using a calibration curve of analytical standards of substrates (phorate, methiocarb,
fenthion) and products (phorate S-oxide, methiocarb S-oxide, fenthion S-oxide).
The analysis was performed with an Agilent 1200 quaternary pump HPLC System
equipped with a diode array UV detector (Agilent Technologies, USA) with a
Kinetex 5 um EVO C18 100A column 250 x 4.6 mm. Pesticides and their
metabolites were separated by gradient elution consisting of A — acetonitrile and B
— 10 mM phosphoric acid as follows: A — 5%, B — 95% (0-2 min); A — 95%, B —
5% (18 min); 20 min: A — 95%, B — 5%; 23 min: A — 5%, B — 95%; 30 min: A —
5%, B — 95%. All metabolites were detected at a wavelength of 210 nm at a flow
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rate of 1 mL/min. The retention time of pesticides and their metabolites were:
phorate 17.2 min, phorate S-oxide 12.7 min; methiocarb 13.7 and 14.2 min
(commercially obtained compound had two peaks), methiocarb S-oxide 8.3 min;
fenthion 16.5 min, fenthion S-oxide 12.2 min.

Preparation of DDAB functionalized graphene oxide (GO-DDAB)

For the preparation of DDAB-GO, 100 mM DDAB water solution with 1
mg/mL of GO dispersion was sonicated for 30 min to obtain a homogeneous
dispersion. After this, the mixture was heated at 80 °C for 1 hour to achieve the
ionic functionalization of GO by cationic surfactant DDAB [175]. After cooling
down the obtained mixture was used for electrode modification and FMO1
immobilization without any additional washing or preparation steps.

Contact angle measurement

Contact angle data were obtained using Kruss Easy Drop DSA100 (Hamburg,
Germany) and analyzed by the Drop Shape Analysis software. Silicon wafers were
cleaned using isopropanol and placed in a sonicator bath for 10 minutes and then
rinsed with Milli Q water. Initially, 20 ul of 1 mg/mL GO solution was placed on
the wafer and after evaporation, the static contact angle was measured. In the second
experiment, 20 ul of a solution DDAB-GO prepared as described above, was placed
on the silicon wafer. Also in this case, after the sample had dried the static contact
angle was measured with the following parameters: sessile water drop with constant
drop volume, volume dispensed 10 pl, needle diameter 1 mm (thin), setting of
Young Laplace equation for the data analysis. The data obtained are the mean of
three independent experiments in which the value of the angle obtained is the mean
of 10 acquisitions.

Atomic force microscopy

AFM measurements were carried out in the intermittent contact mode using a
225 pum long super-sharp Si cantilever (Nanosensors, SSS-NCL), having a tip
radius of approximately 5 nm, which was mounted on a Nanosurf Easyscan2 AFM
instrument equipped with a high-resolution scan head (10 x 10 pum). The instrument,
shielded in an insulated enclosure, was placed on an antivibration platform. Before
analysis, 2 pl of GO sheets dispersed in water (final concentration 1 mg/mL), were
dropped on a freshly cleaved mica support. The scan speed was 0.25 Hz with an
image resolution of 256 x 256 pixels. Root-mean-square roughness (Rms) was
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determined by measuring only the top surface of the sheets. Height distribution
diagrams and Abbott-Firestone curves were determined on a selected region of the
AFM images.

Electrode preparation

All electrodes, 3.0 mm working glassy carbon electrode (BASi, USA), were
mechanically polished with PK-4 polishing kit before each experiment. The
working glassy carbon electrodes were subsequently modified with 5 pL of 100
mM DDAB water solution [88] or 5 uL GO-DDAB. This was followed by the
addition of 5 pL of purified hFMO1 (50 uM) onto the modified electrode surface
and overnight incubation at 4 °C.

Cyclic Voltammetry and pesticide titration

Electrochemical measurements of immobilized hFMO1 in DDAB and/or GO-
DDAB modified electrodes were performed in a three-electrode standard
electrochemical cell with C-2 low-volume sample chamber, 0.5 mm platinum coil
auxiliary electrode and Ag/AgCl (3 M NacCl) reference electrode. The working
electrolyte consisted of 50 mM potassium phosphate buffer pH 8.0 and 0.1 M KCI.
Measurements were carried out using an Autolab PGSTAT12 controlled by Nova
2.1 software (Metrohm/Ecochemie, The Netherlands) at room temperature.

Cyclic voltammograms of h(FMO1 were performed under anaerobic conditions
in a glovebox (Belle Technologies, UK) with a nitrogen atmosphere. Scans were
recorded from 0 to -750 mV with different scan rates from 20 to 120 mV/s.

For the titration experiments with different pesticides (increasing
concentrations from 0 to 280 M) the electrochemical response of the immobilized
hFMO1 was measured after each addition of the pesticide. The electrochemical cell
had a total volume of 500 pl with 50 mM potassium phosphate buffer pH 8.0 and
0.1 M KCI. After each addition the solution within the electrochemical cell was
vigorously stirred for a couple of minutes to minimize mass transport effects and
the cyclic voltammogram was recorded.
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Tandem chronoamperometry with immobilised hFMO1 and
CYP3A4

For the tandem chronoamperometry experiments, CYP3A4 was heterologously
expressed in E. coli for 48 h and purified using two chromatography steps as
described previously [170,176]. The purified enzyme was subsequently
immobilized on glassy carbon (GC) electrodes modified with poly
(diallyldimethylammonium) (PDDA) polymer in a 1:1 mixture of PDDA: enzyme
(25 uM) also described by our group [177].

The tandem chronoamperometry reactions, Figure 27, were carried out in the
presence of oxygen with continuous stirring at 200 rpm to prevent the mass
transport limitations and saturation of the reaction products near the surface of the
working electrode, at the optimal reaction temperature of 37 °C. Cyclic
voltammetry was carried out before and after each chronoamperometric experiment
to estimate the stability of the bioelectrodes. The chronoamperometry
measurements were carried out in 500 pl of 50 mM potassium phosphate buffer pH
8.0 and 0.1 M KCI at a set potential of -650 mV (vs. Ag/AgCly). Initially, the
chronoamperometry was carried out with the immobilized FMO1 on GC-DDAB-
GO in the presence of phorate (final concentration of 500 uM) in the 3-electrode
electrochemical cell described above. After 30 min of the reaction at 37 °C, the
electrode with immobilized hFMO1 was replaced by a new GC electrode, this time
with CYP3A4 immobilized. Before starting the second chronoamperometry
experiment, a 100 ul sample of the electrochemical cell solution was taken for
HPLC analysis. Again, the chronoamperometry experiment was carried out at the
same potential bias for another 30 min at 37 °C after which time a second sample
was taken for HPLC separation and analysis.
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Figure 27: The principal scheme of tandem bio electrocatalysis reaction mediated by hFMO1
and CYP3A4

For the HPLC analyses, a 10 mM stock solution of phorate and its metabolites
was prepared in the methanol and diluted to 100 uM in 0.1 M phosphate buffer
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pH 7.4. Prior to HPLC analysis, the samples were further diluted 2:1 with
acetonitrile. The HPLC analysis was performed with an Agilent 1200 quaternary
pump HPLC System equipped with a diode array UV detector (Agilent
Technologies, USA) with a Kinetex 5 pm EVO C18 100A LC column 250 x 4.6
mm. Phorate and its metabolites were separated by gradient elution with the
required post-analysis washing step. The mobile phase consisted of A — acetonitrile
and B — 10 mM Phosphoric acid. Gradient profile was: 0-2 min: A — 5%, B — 95%;
20 min: A —95%, B — 5%; 23 min: A — 5%, B — 95%; 30 min: A — 5%, B — 95%.
All metabolites were detected at a wavelength of 210 nm at a flow rate of 1 mL/min.
The retention times were: phorate — 17.2 min, phorate sulfoxide — 12.7 min, phorate
sulfone — 14.3 min, phorate oxon sulfoxide — 9 min.

4.3. In vitro measurement of Kinetic parameters for the
conversion of selected pesticides by hFMO1

Human FMOL1 was purified through two sequential chromatography steps as
outlined in the methods section. It was then characterized by spectroscopy where
the characteristic FAD cofactor absorbance maxima at 375 nm and 450 nm were
observed. The spectrum was also used for the calculation of the yield of the
expressed protein as well as the concentration of the protein for subsequent in vitro
experiments.

Subsequently, the in vitro metabolism of carbamate and organophosphate
pesticides mediated by hFMO1 was investigated using three compounds namely
phorate, fenthion and methiocarb. The chemical structures of these pesticides and
their corresponding oxygenated products are shown in Figure 28. Phorate is an
organophosphate insecticide widely used in crops such as corn, potato, cotton,
wheat and peanuts. Fenthion, another organophosphate insecticide has low
solubility in water but is highly soluble in organic solvents. It is used in the post-
harvest treatment of fruits and vegetables. It is moderately toxic to humans but
highly toxic to birds. Both phorate and fenthion act via cholinesterase inhibition
[178,179]. The third pesticide, methiocarb, is a carbamate insecticide. Due to its
toxicity (also an acetylcholinesterase inhibitor), methiocarb approval as a plant
protection product has been withdrawn by the EU effective 2020 [180].

The kinetic parameters Km and Vmax, for each of the three pesticides were
measured with purified hFMO1 as described in the methods section. For each
pesticide, different concentrations were used with of hFMO1 and with the addition
of NADPH. Reactions were carried out at 37 °C for 30 min after which time the
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product(s) was separated and analyzed by HPLC. Typical HPLC chromatograms
obtained are shown in Figure 29. Phorate and its S-oxide have retention times of
17.2 and 12.7 min, fenthion and its S-oxide 16.5 and 12.2 min and methiocarb and
its S-oxide 13.7, 14.2 and 8.3 min, respectively. As can be seen in Figure 29,
methiocarb and to a lesser extent phorate and fenthion, were all actually present in
two forms in the commercially obtained samples. However, in all cases hFMO1 is
highly stereoselective only producing one product consistent with previous reports
[45,181,182]. In the specific case of phorate, Hodgson and colleagues have
previously shown that hFMO produces predominantly the (+) stereoisomer [181].
In this study, we did not embark on separating the isomers and used the
commercially available standards to identify the sulfoxide.
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Figure 28: The chemical structures of the three investigated pesticides and their conversion
to sulfoxides mediated by hFMOL1.
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Figure 29: HPLC chromatograms of the separation of the in vitro sulfoxidation products
obtained from the incubations of the three pesticides with hFMOL (red line) and the respective
control experiments in the absence (black line) of hFMOL1. Reactions were carried out in a final
volume of 200 pL in 50 mM potassium phosphate buffer pH 8.0 containing 0.5 uM enzyme,
0.5 mM NADPH and 200 pM of phorate (A), fenthion (B) and methiocarb (C).

The Kwm values calculated for the in vitro conversion of phorate, fenthion and
methiocarb to their corresponding oxygenated products by purified hFMO1 were
93 + 14 uM, 87 £ 36 uM and 98 + 16 uM, respectively. Different Km values ranging
from 30 to 340 uM have been reported previously [9,31,45] using human liver
microsomes and these differences might be attributed to the source of the enzymes
as well as the solubility of the pesticides used.

4.4. Immobilisation of hFMOL1 on glassy carbon electrodes

The in vitro enzymatic assay of h(FMO1 with the 3 pesticides was followed by
the investigation of the same reactions but with the enzyme this time
entrapped/immobilised on glassy carbon electrodes. To this end, the cationic
surfactant DDAB, which we have successfully used for another human FMO,
hFMO3 [109-111,183], was used with or without the addition of GO. The presence
of GO and its interaction with the DDAB was investigated using different
methodologies including UV/Vis spectroscopy, contact angle and AFM.

Initially, the functionalization of DDAB by GO was followed by UV/Vis
spectroscopy and the data obtained are shown in Figure 30A. As can be seen in the
figure, the main GO absorption peaks at 233 nm corresponding to m-* transition
of the C-C aromatic bonds, and 305 nm corresponding to n-n* transition of C=0
bonds are totally lost in the GO-DDAB spectrum [184]. Since the GO fingerprints
are completely absent in the DDAB-GO spectrum this implies not only that GO is
attached to the DDAB but also its surface is entirely covered by DDAB.
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Figure 30: (A) UV/Vis absorbance spectra of modified GO by cationic surfactant DDAB. (B)
Contact angles of water droplets on the surface of GO and (C) GO-DDAB deposited films. The red
bars demonstrate the changes in the angles measured.

The hydrophilicity of the GO-DDAB was analysed by contact angle
measurements and compared to the GO water suspension. This methodology allows
for the quantitative measurement based on intermolecular interactions between the
surface already functionalized by GO or GO-DDAB and a small drop of water in
contact with it. It is mainly used for assessing the wettability of a surface but here
it was used to determine any changes regarding the hydrophobicity of the GO-
DDAB. The contact angle results are shown in Figure 30B-C. As can be seen in the
figure, the GO water suspension as expected is hydrophilic in character and thus
results in very low water contact angle i.e. 8.0° £ 0.71. On the other hand, the
addition of the DDAB causes an increase in the hydrophobicity of the resulting GO-
DDAB layer and therefore water contact angle of 46° + 0.19 is observed. This value
is in line with data published previously [175]. The observed increase in
hydrophobicity is advantageous for the immobilisation of hFMO1 since this
protein, similar to hFMO3, has a predicted hydrophobic group of amino acids at its
C-terminal which anchor it to the ER membrane [30]. The latter being the reason
behind purifying this protein from membrane fractions and not the E. coli cytosol.

4.5. Atomic Force Microscopy (AFM)

The surface properties of GO and of DDAB-grafted GO sheets were
investigated by means of AFM. Morphological signals, height profiles along
selected lines, and height distributions are shown in Figure 31, respectively. In
Figure 31A, a few GO sheets are AFM imaged. From this figure it is clear that the
majority of the sheets had lateral sizes in the 0.5-1 um range, but smaller sheets
were also present. The root-mean-square average of the profile height deviations
from the mean line value (Rms) [185] of the top surface of GO sheets was calculated
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to be 249 pm. The height profiles of about 1 and 2 + 0.1 nm measured along two
selected lines (Figure 31B) are typically observed for single-layered (1L) and
bilayered (2L) GO sheets, respectively. The height distributions of a region selected
in Figure 31A (red histogram in Figure 31C) revealed three peaks with Gaussian
profiles with maxima spaced of 0.9 + 0.05 nm. Such peaks can be safely assigned
to the atop height of the mica support, 1L- and 2L-GO sheet thicknesses,
respectively. A surface statistical approach was then performed by processing the
cumulative distribution function of the surface heights (known as Abbott-Firestone
curve or bearing curve) [186].
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Figure 31: (A) AFM image of GO sheets deposited on the mica support, (B) related height
profiles along two selected lines, (C) height distribution (red histogram) and Abbott-Firestone curve
(black line) of a selected region in (A); (D) AFM image of DDAB- grafted GO sheets deposited on
the mica support, (E) related height profiles along two selected lines, (F) height distribution (red
histogram) and Abbott-Firestone curve (black line) of a selected region in (D).

As shown in Figure 31C (black curve), the cumulative curve of heights showed
a distinctive profile with three roughly vertical steps in the 0.4-1.0 £ 0.1 nm interval
for ~66% of the bearing area, a second increment in the 1.3-2.0 £ 0.1 nm
corresponding to the ca. 95% of the surface, and a third and smaller increment of
2.3-2.7 £ 0.1 nm corresponding to ca. 99.8% of the bearing area. In summary, these
bearing area values are representative of the predominance of 1L-GO in comparison
with 2L-GO sheets, and a quasi-negligible contribution of multi-layered GO sheets
can be highlighted (1L-GO > 2L-GO >> multi-layered- GO sheets).
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In Figure 31D, two DDAB-functionalized GO sheets are AFM imaged. In this
figure the sheets with lateral sizes in the 0.3-0.5 and 1 um range are shown. Height
profiles of about 2.9 and of 6.0 £0.1 nm was measured along two selected lines
shown in Figure 31D. Such heights could correspond to multi-layered GO and/or
DDAB fully covering the GO sheets. However, from the comparison between Ryms
value of GO sheets (GO Rims = 249 pm) with the same value of DDAB-GO sheets
(DDAB-GO Rms = 1.26 nm) an increase of the Rms of one order of magnitude is
observed. Such increase in Rrms could be associated with the DDAB layer forming
arougher surface on the sheets, as also previously reported for Au surfaces modified
with benzenethiol derivatives [187]. The height distributions of a region selected in
Figure 31D (red histogram in Figure 31E) revealed three peaks with Gaussian
profiles with maxima spaced of 2.75 £ 0.1 nm. Such peaks can be safely assigned
to the atop heights of the mica support and of DDAB-functionalized-GO sheets of
different stacking order, respectively. The Abbott-Firestone curve or is shown in
Figure 31F (black curve), the cumulative curve of heights showed a distinctive
profile with three vertical steps in the 0.1-0.8 + 0.1 nm interval with ~67% of the
bearing area, a second increment in the 2.9-3.4 £ 0.1 nm corresponding to the ca.
91.5% of the surface, and a third smaller increment of 6.0-6.6 = 0.1 nm
corresponding to ca. 99.5% of the bearing area. In summary, these GO bearing area
ranges are representative of a rougher surface after the functionalization with
DDAB.
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Figure 32: The structure model of DDAB-GO

In conclusion, based on UV-Vis spectra, contact angle and AFM
measurements, a structure model of DDAB-GO system can be schematized
(Figure 32). In this figure, GO with oxygen-containing groups (-COOH, -OH,
>C=0) located at the edges and epoxy groups on the basal planes of the GO
structural unit is shown, thus behaving as an amphiphilic system with hydrophobic
basal planes and hydrophilic edges [188]. The GO amphiphilic nature takes place
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at pH =<7 with -COOH protonated species or pH > 8-9 with the carboxylate anions
(—COO0-), respectively [189,190]. From this structure model it is clear that, due to
the interaction of DDAB with GO sheets on the basal planes with the Br ions far
away and the long aliphatic chains facing GO sheets, an effective decoration of the
GO sheet is observed. Such DDAB-decorated GO system appears about 3 nm thick
in line with the AFM data.

4.6. Electrochemical behaviour of immobilized hFMO1

Characterization of redox properties of immobilized hFMO21 on modified GCE
was performed by cyclic voltammetry under anaerobic conditions to prevent
spontaneous regeneration of enzyme-bound FAD cofactor to its oxidized form.
Measurements were performed on both DDAB and GO-DDAB maodified electrodes
(Figure 33) and the results obtained are summarized in Table 10. As expected in the
control experiments, electrodes without immobilized enzyme, no redox peaks were
observed .
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Figure 33: Cyclic voltammograms of hFMO1 immobilized on GC electrodes modified by
DDAB in the presence (blue line) and absence (red line) of GO at scan rate of 100 mV/sec. The
corresponding control cyclic voltammograms of GC electrodes modified with DDAB (dashed red)
and DDAB-GO (dashed blue) are also shown. Bottom panel are original cyclic voltammogram with
the linear dependence of current versus scan rate shown in the insert. Cyclic voltammograms in the
top panel are baseline corrected.
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Table 10: Redox properties of immobilized hFMO1 on modified electrodes #.

Electrode Eox (mV) Ered (MV) AE (mV) Ei. (MV)
GC-DDAB-hFMO1 -346 £ 6 -412 +2 66 +7 -379 £3
GC-GO-DDAB-hFMO1 -364 +£2 425 +£1 61+2 -395+2

# Data obtained from cyclic voltammograms of hFMO1 under anaerobic conditions in a glovebox
at room temperature. Scans were recorded from 0 to - 750 mV with different scan rates from 20 to
120 mV/s in 50 mM phosphate buffer pH 8.0 and 0.1 M KCI.

Electrochemical reduction and oxidation process of immobilized hFMO1
demonstrated a reversible behaviour in both presence and absence of GO. The linear
dependence of increasing current as a function of scan rate (up to 120 mV/s) shown
in Figure 33 inset, is indicative of a thin-film confined electroactive species that are
not under diffusion control as stated by Laviron’s theory [191]. Midpoint potentials
of the immobilised hFMO1 were -379 + 3 and -395 £ 2 mV in the absence and
presence of GO, respectively. Similar midpoint potentials were observed with
hFMO3 immobilised on GC electrodes modified with DDAB [110]. Since the
presence of GO resulted in higher observed currents, the number of electroactive
species in the absence and presence of the GO were determined using the Laviron
equation [191] by integration of the reduction peaks of the cyclic voltammograms.
The surface coverage on GC-DDAB and GC-DDAB-GO were calculated to be 7.0
x 102 and 1.3 x10™* molecules/cm?, respectively.

4.7. Voltammetric titration of pesticides

The efficiency of modified GC/GO-DDAB/hFMOL in the conversion of the
three pesticides was investigated and the Kinetic parameters determined. The
electrode response was recorded in the presence of increasing pesticide
concentration. Control measurements were carried out in the absence of
immobilized protein (data not shown). The proportional increase of cathodic peak
current simultaneously with pesticides concentration corresponds to enzyme
catalytic activity of substrate oxygenation by using molecular oxygen dissolved in
buffer, reducing equivalent and electrons from the electrode.

Human FMO1 immobilised on electrode and the resulting response to titration
with increasing concentrations of each of the three pesticides, methiocarb, fenthion
and phorate was followed by cyclic voltammetry. The obtained increases in the
cathodic peak current upon addition of the pesticides was subsequently plotted
against the known concentration of each pesticide in order to calculate the relevant
kinetic parameters of hFMO1 modified electrodes by fitting the data to the
Michaelis-Menten equation (Figure 34). The calculated Km values for fenthion,
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methiocarb and phorate were 29.5 + 5.1 uM, 38.4 £ 7.5 uM, 29.6 £ 4.1 uM,
respectively.
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Figure 7: Typical cyclic voltammograms of hFMOZ1 immobilised on glassy carbon electrode
modified with GO-DDAB titration with increasing pesticide concentrations from 0 uM (black line)
to 280 UM (red line) in the presence of oxygen (A). Normalized catalytic current values as a function
of the concentration of the pesticide added: methiocarb (B), phorate (C) and fenthion (D) fitted to
the Michaelis-Menten equation. Estimated standard errors of three different electrode measurements
are represented as error bars.

Kinetic values obtained for the conversion of the pesticides by the immobilized
hFMO1 were compared to the in vitro data from the present work as well as
previously published data [9,31,45,181,182]. In general, the Km values are within
the same order of magnitude although for fenthion the values show larger
variations. More studies need to be carried out to clarify the reasons behind these
differences but one parameter could be the source and preparation of the enzyme as
well as the assay conditions.
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4.8. Bioelectrochemical tandem reactions of hFMO1 and
Cytochrome P450 3A4 with phorate

Previously, Levi and Hodgson [181] have shown the conversion of phorate to
different oxidation products with FMO and cytochrome P450s, a summary of which
is shown in Figure 35. According to the latter researchers [181] hFMOL1 is able to
convert phorate (1) exclusively to phorate sulfoxide (2), whereas cytochrome P450
can potentially transform it to other additional oxidation products including
phoratoxon sulfone (3) (via the intermediate phorate sulfone) and phoratoxon
sulfoxide (6) (Figure 35).
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Figure 35: Scheme of FMO and CYP reactions involved in phorate oxidation [181].

Therefore, we investigated the possibility of performing an electrochemically-
driven tandem reaction exploiting two immobilized enzymes on different electrodes
working on a single reaction mixture. Initially, phorate was added to hFMO1
immobilized on DDAB-GO glassy carbon electrode and chronoamperometry was
carried out for 30 min by applying a potential bias of -650 mV in the presence of
oxygen. An aliquot of the reaction was then withdrawn from the mixture and HPLC
separation revealed the expected phorate sulfoxide product (2) as shown in
Figure 36. The same reaction mixture was then further subjected to electrocatalysis
using a cytochrome P450, human hepatic CYP3A4 immobilized on glassy carbon
electrode modified with PDDA (refer to methods section for details). CYP3A4 has
been previously shown to carry out the different oxidation steps of phorate
metabolism [45] although the main cytochrome P450 indicated in phorate
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transformation is 2C9 [45]. The reaction with immobilised CYP3A4 was carried
out for a further 30 min as before. The HPLC separation in this case shows that the
addition of this second step leads to the formation of two extra products: phoratoxon
sulfone (3) and phoratoxon sulfoxide (4). Phoratoxon sulfone was not available as
a pure standard therefore we inferred its presence from a previously published
HPLC separation containing the same analytes [181]. As expected the amount of
phorate sulfoxide (2) in the tandem reaction is increased due to the fact that
CYP3A4 can also perform the same S-oxygenation reaction carried out by FMO1
but at a lower rate [45] (Figure 36). Nevertheless, CYP3A4 does not seem to form
phorate sulfone or phoratoxon that could be postulated as intermediate products on
the route leading to phoratoxon sulfone (3) and phoratoxon sulfoxide (4),
respectively as shown in Figure 37B. For this reason, a reaction with only CYP3A4
using phorate as substrate was also carried out (Figure 37A). In this case, phorate
sulfoxide (2) and phoratoxon sulfone (3) were detected confirming that only the
tandem reaction leads to the formation of phoratoxon sulfoxide (4) and that no
observable intermediate product is formed in the CYP3A4 mediated
transformation.
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Figure 36: HPLC separations of the products of electrochemically driven reactions of h(FMO1
(bottom, blue trace) and hFMOL1 in tandem with CYP3A4 (top, red trace) with organophosphate
pesticide phorate. Each sample contained 500 uM of phorate in 0.1 M phosphate buffer pH 7.4 with
0.1 M KCI as supporting electrolyte. The two enzymes were immobilized on glassy carbon
electrodes as described within the text. Retention times are: phorate 17.2 min, phorate sulfoxide 12.7
min, phoratoxon sulfone 10.8 min and phoratoxon sulfoxide 9.0 min.
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Figure 37: Phorate tandem reactions. (A) HPLC separations of electrochemically driven
reactions and standards. Each sample contained 500 uM of phorate as a substrate in 0.1 M phosphate
buffer pH 7.4 with 0.1 M KCI as supporting electrolyte. (B) Scheme of the reactions involved in
phorate metabolism. Black arrows indicate postulated reactions from previously reported CYP
activity [181]. Red arrows indicate reactions that were observed in this work and that are catalyzed
by FMOL1 or CYP3A4 including the tandem reaction.

Xenobiotic metabolism is a complex process involving different enzymes
often acting in sequence. It would be particularly interesting to have an in vitro
platform able to mimic this complex process. As a step in this direction the data
presented in this paper demonstrates the feasibility of using bioelectrodes with
separately immobilised hFMO1 and CYP3A4, successfully carrying out their
tandem reactions in the conversion of phorate, an organophosphate pesticide.
These bioelectrochemical conversions not only lead to the single phorate
sulfoxide product of hFMO1 but also the phoratoxon sulfoxide, the tandem
enzymatic product of FMOL followed by CYP3A4. These preliminary data are
encouraging and lead the way to construct microfluidic systems which go
beyond the single enzyme cell [192], by using several enzymes immobilised in
a sequential format representing the detoxification pathways of xenobiotics
within the human body.
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Chapter 5

Green production of indigo and
Indirubin by an engineered
Baeyer—Villiger monooxygenase
(and hFMO1)
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5.1. Introduction

Indigoids are a large class of molecules with a wide range of applications in
different industries including textiles [193-195]. The industrial use of indigoids as
dyes is well known and previously described in literature [196,197]. These
molecules derive from the indole scaffold, which consists of a benzene ring fused
to a pyrrole ring. Indigo is a blue-colored molecule that gives the name to this class
of dyes and is one of the oldest and most widely used dyes by mankind [198]. Indigo
blue has been historically extracted from Indigofera tinctoria that can be exploited
for the production of indigo due to the presence of indican (indolyl-B-d-
glucopyranoside), an I-tryptophan derivate and indigotin (chemical responsible for
blue color of indigo) through saccharification and oxidation reactions
[194,199,200]. In 1897 BASF established an industrial process to produce indigo
from aniline, which is still to date the basis for the process used for the production
of indigo [194]. Nevertheless, this process involves harsh and environmentally
harmful reaction conditions such as 200 °C and the use of NaOH [198].

Indigo is employed as a dye for cotton fibers and since this molecule is
insoluble in water, in order to be used, it must be first converted to its water-soluble
form, leuco-indigo, via sodium dithionite (Na2S204) reduction and spontaneous re-
oxidation for the formation of the dimer [201]. Several different strategies have
been developed to overcome the use of strong reducing agents which can be a
source of pollution downstream of these staining processes [196,202]. In line with
new environmental regulations and green policies, the interest to produce indigo by
enzymatic reactions and bio-based processes is growing, also considering the fact
that the by-products of the chemical industrial process are toxic compounds. To this
end, the use of microorganisms to produce indigoids from low-cost carbon sources
is currently being explored as an environmentally friendly alternative route. These
microorganisms can be exploited due to the presence of specific enzymes involved
in the synthesis of indigoids such as: naphthalene dioxygenase [203-211], flavin-
containing monooxygenase (FMO) [212-216], and cytochrome P450 [217-220].
These enzymes catalyze the hydroxylation of the indole molecule leading to the
production of intermediates which upon dimerizing, result in the formation of
indigo or its derivatives.

Another derivative of indole is indirubin which is a purplish-red bisindole
alkaloid and is the major active component of Traditional Chinese Medicine herbal
formulas (Dang Gui Long Hui Wan and Qing-Dai) that contain Isatis tinctoria L
and Indigofera tinctoria L [221]. For some years now, indirubin and its analogues
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have been shown to exhibit different biological properties including anticancer
[221] as well as anti-inflammatory [222]. In the specific case of cancer, indirubins
have been shown to inhibit DNA synthesis, protein kinases as well as cyclin-
dependent kinases thus acting as promising candidates to prevent tumor cell growth
so much so that indirubin-based small molecules in cancer treatment have become
a highly researched area [223].

As mentioned above, in order to overcome the drawbacks of chemical synthesis
of these indigoids, in this work we have employed a Baeyer-Villiger
monooxygenase from Acinetobacter Radioresistens S13 (Ar-BVMO) for the
enzymatic conversion of indole into indigo or indirubin in transformed E. coli cells.
To achieve this goal the Ar-BVMO protein was expressed and purified [224,225]
and its stability and activity compared to an active site mutant, R292A, that has
been previously partially characterized in our laboratory [226]. Both wild type and
mutant enzymes were evaluated for their stability as biocatalysts by differential
scanning calorimetry (DSC). The activity of the purified enzymes towards indole
as a possible substrate was determined. Since only the R292A mutant demonstrated
a significant activity with indole, all subsequent studies were performed with this
mutant. Given the high cost of the NADPH cofactor, the optimization of the
reaction conditions for the production of the two indigoids was performed in an E.
coli whole-cell system overexpressing the Ar-BVMO mutant with a NADPH-
regeneration system. Moreover, in previous studies flavin-containing
monooxygenases have been mainly used for indigo production but we aimed at
using this biocatalyst for indirubin production exploring the cysteine  “switch”
described by Han and colleagues [227].

The second aim of the current study was to investigate the role of hFMO1 in
the oxidation of indole. In the human body, it is known that the indole can be
metabolized by hP450 enzymes [228] and cause the formation of the indoxyl
sulfate, uremic endotheliotoxin that plays a significant role in the progression of
chronic kidney disease and cardiovascular diseases [229,230]. The impact of the
activity/inactivity of hFMOL1 on the formation of indoxyl sulfate has not been
demonstrated yet. Previously was only shown that the indole able to modulate the
FMO3 expression [23] and cause an inhibition effect on the enzyme [231,232]. But
as was already shown in previous chapters the behavior of hNFMO1 and hFMO3 are
different and the real role of the renal representative of the class is not totally studied
nowadays.
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5.2. Materials and methods

Reagents

Acetonitrile, ampicillin, cysteine, dimethyl sulfoxide (DMSO), 5,5'-dithiobis-
(2-nitrobenzoic acid) (DTNB), dithiothreitol (DTT), IGEPAL, indirubin, indole,
isopropyl-beta-d-thiogalactopyranoside (IPTG), lysozyme from chicken egg white,
B-mercaptoethanol, methanol, B-nicotinamide adenine dinucleotide reduced form
(NADH), B-nicotinamide adenine dinucleotide 2’-phosphate reduced form
(NADPH), B-nicotinamide adenine dinucleotide phosphate (NADP*), phosphoric
acid, protease inhibitor phenylmethylsylfonyl fluoride (PMSF), riboflavin,
trisodium citrate were purchased from Sigma Aldrich (ltaly). Glycerol, imidazole,
indigo, tryptone and yeast extract were purchased from Thermo Fisher Scientific
(Italy). All other reagents and buffer components were of the highest grade
commercially available.

Expression, and purification of wild type and mutant BVMO

The expression of both proteins was performed according to the previously
published methodology [224] with minor modifications. Expression was carried out
for 20 hat 24 °C and 180 rpm in presence of riboflavin. At the end of the expression,
cells were harvested by centrifugation at 4000 rpm at 4 °C for 20 min and washed
with 50 mM KPi buffer pH 7.4. Resuspended cells were sonicated for 12 min with
30 s of sonication and 1 min of pause between each sonication. After sonication,
1% v/v of IGEPAL was added and the solution was left to stir for another 30 min
at 4 °C. The solution was subsequently ultracentrifuged at 42,000 rpm at 4 °C for
30 min with Beckman Optima L-90K Ultracentrifuge. The pellet was discarded and
the supernatant was loaded onto the 5 mL HisTrap™ Fast Flow column. Bound
protein was eluted by addition of 500 mM imidazole. Eluted fractions containing
the typical flavin absorbance at 450 nm were pooled, concentrated and buffer
exchanged using Millipore Amicon 30,000 MWCO. Purified proteins were stored
at —80 °C.

Screening for indigo production and calculation of steady state
parameters

The screening assay for indigo production was performed by monitoring the
increase in absorbance at 620 nm. Reaction conditions were: 8.6 uM Ar-BVMO,
800 uM NADPH in 50 mM Tris HCI pH 8.5, at 30 °C for 240 s.
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The steady state Kinetic parameters for indole were determined
spectrophotometrically by monitoring the NADPH consumption rates (AU/s) at
340 nm using 0-20 mM indole. The samples were evaluated in a total volume of
0.5 mL containing 1 pM enzyme and 160 uM of NADPH. Reactions were followed
for 200 s at 30 °C in 50 mM Tris HCI, pH 8.5.

Thermal stability measured by DSC analysis

For DSC analysis a Microcal VVP-Capillary system from Marlvern analytical
was used with the method previously described [126]. The samples were placed in
a 200 pL sample cell against a 200 pL reference cell that was filled with buffer: 50
mM KPi pH 7.4. Equilibration was allowed for 10 min at 25 °C before increasing
the temperature to 90 °C at a scan rate of 90 °C/h. Cells were equilibrated with
buffer for 10 cycles before starting each experiment to allow optimal thermal
history.

Evaluation of optimum pH and cysteine concentration for indigoids
production

To evaluate the optimal pH and cysteine concentration for indigo or indirubin
production, reactions were set up in a microtiter plate (NUNC96-well).

e For Ar-BVYMO:

0.1 M Tris-HCI (pH range 7.0 — 9.0) with 0.5 uM Ar-BVMO R292A, 5 mM
NADPH, 5 mM indole, and 0 — 20 mM I-cysteine.

e For hFMO1:

0.1 M Tris/HCI buffer (pH: 7, 7.4, 8, 8.2, 8.5, 8.8, 9) or 0.1 KPi buffer (pH: 5.8,
6, 6.2, 6.4, 6.6, 6.8, 7.0, 7.2, 7.4, 7.6, 7.8, 8), with 0.5 uM hFMOI, 0.5 mM of
NADPH/NADH, 1 mM of indole and I-cysteine (0, 0.5, 1, 2.5, 5, 10, 25 mM).

The reactions were carried out in a total volume of 200 uL for 48 h at 25 °C
and 200 rpm. Reactions were dried in the oven at 55 °C and after evaporation the
remaining indigo or indirubin powder was resuspended in DMSO. The absorbance
of indigo was monitored at 620 nm, whereas the absorbance of indirubin was
monitored at 540 nm [227] using SPECTROstar Nano (BMG LABTECH).
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Detection of 3-hydroxindole intermediate by fluorescence
spectroscopy

3-hydroxindole is produced as an intermediate in the conversion of indole by
Ar-BVMO biocatalyst. This hydroxylated compound can be detected by
fluorescence: excitation at 365 nm with the resulting fluorescence emission at 470
nm [227], using LS-55 Fluorescence Spectrometer (PerkinEImerR). The reaction
mixtures prepared in 0.1 M Tris-HCI pH 8.0 in a final volume of 150 uL contained
the following: 0.5 uM BVMO mutant, 0.1 mM NADPH, 12.5 mM indole with 10
mM cysteine. Control experiments were carried out in the absence of any cysteine
supplementation.

E. coli whole-cell reactions and quantification of indigo and
indirubin

Pellets of E. coli BL21 cells transformed with the expression vector pT7-
BVMO [224,233], or IM109 with the pJL2-hFMO1 vector, with an optical density
of 10, were resuspended in 0.1 M Tris-HCI buffer pH 8.5. Reactions in a total
volume of 1 mL were carried out for 72 h at 25 °C and 37 °C (only for h(FMO1)
and 200 rpm. As NADPH cofactor regeneration system NADP* (0.3 mM final
concentration), trisodium citrate (50 mM final concentration) and MgCl, (10 mM
final concentration) were used [234]. Citrate in combination with MgCl, has been
previously shown to sustain the activity of monooxygenases both FMO as well as
cytochrome P450 enzymes [235,236]. To investigate the influence of cofactor on
the indole conversion by hFMO1the whole cell reaction was carried out also in the
presence or absence of 0.3 mM NADPH/NADH and 0.125 - 12.5 mM of I-cysteine.

To initiate the reactions, 5 mM (for Ar-BVMO) and 0.25 - 25 mM (for hFMO1)
indole as substrate was added. Samples were withdrawn from the reaction mixture
at 15, 24, 48 and 72 h in triplicates and analyzed.

e For Ar-BVYMO:

At each of these time points, the withdrawn samples were centrifuged at 10,000
g for 10 min, the resulting supernatants were discarded, and the remaining pellets
resuspended in 500 puL of pure DMSO to extract the indigoids within the cells.
Pellets resuspended in DMSO were sonicated for 10 min in a water bath, then
placed for 10 min at 55 °C and centrifuged again 10 min at 10,000 g. If any colored
powders were still visible within the cell pellets, the procedure was repeated until
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complete extraction was achieved. Upon complete extraction 400 uL. were taken
and stored at —20 °C.

e For hFMO1:

At each of these time points, the withdrawn samples were centrifuged at 10,000
g for 10 min, the resulting supernatants were discarded. The products of the
reactions due to their low solubility in water-based environment were extracted
before quantification by UV/Vis. The extraction was done by using the three-phase
liquid extraction briefly:

1. The chloroform : methanol solution (CM solution) for the extraction was
prepared in the ratio 2 : 1 respectively.

2. To 1 mL of reaction mixture the 1.5 mL of CM solution was added.

3. To improve phase separation between the water and organic phases 100 pL of
5 M NaCl was added.

4. Obtained mixture was vortexed 1 min and centrifuged at 10000 x g for 1 min
to reach total separation of the phases.

5. The chloroform phase contained products of the reaction, coloured solution,
was isolated and the chloroform evaporated. After isolation the solutions were
protected from the exposure to light due to indigo sensitivity.

6. After the chloroform evaporation the obtained powder was dissolved in 100 pL
of DMSO.

7. The samples were stored at -20 °C protected from the light.

The concentration of indigo and indirubin within the extracted samples were
measured using the peak absorbance at 620 nm and 540 nm, respectively [227].

HPLC analysis of indigo and indirubin produced by purified
enzyme or E. coli whole-cells

Calibration curves were prepared for both indigo and indirubin by dissolving
the purchased commercial standards in pure DMSO at different concentrations: 0
uM, 10 pM, 20 uM, 30 uM, 40 uM, 50 pM, 60 uM, 70 uM, 80 uM, 90 uM, 100
puM. The samples were analyzed using Agilent 1200 Series Gradient HPLC System
with a 4.6 x 250 mm Kinetex® 5 um EVO C18 100 A column. The mobile phase
was run at a flow rate of 1 mL/min and was composed of acetonitrile (solvent A),
methanol (solvent B) and 1% H3zPOs4 (solvent C). The following gradient was
applied: 0-5 min, 20% A and 80% C, 5-6 min, 40% A, 20% B and 40% C; 6-15
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min, 60% A, 20% B and 20% C; 15-16 min, 20% A and 80% C; 15-20 min, 20%
A and 80% C.

The same protocol was used for analysis of reactions both with whole-cell and
pure protein that were stored at -20 °C. Initially, the samples were thawed at room
temperature and heated at 95 °C for 5 min. Subsequently, the samples were
centrifuged at 10,000 g for 10 min and the clarified supernatant was used for HPLC
analyses. Indigo and indirubin were quantified using the absorbance at 620 nm and
540 nm, respectively [227].

TLC analysis of indigoids produced by E. coli whole-cells

Silica gel TLC was used to analyze the indigoids produced from the E. coli
whole-cell reactions. The samples were evaporated to concentrate the indigoids and
then repeatedly spotted on the TLC. The mixture of acetone and chloroform (50:50)
was used as the mobile phase. The solution was poured into the chamber followed
by 10 min of equilibration. The TLC plate was loaded and removed when the
mobile phase almost reached the end of the plate.

In silico molecular docking studies

Ligand and protein structures were prepared using the YASARA structure
package [237]. YASARA, version 21.12.19, has all the functions embedded useful
to predict and validate macromolecular structures, including ligand docking and
highly accurate force fields with knowledge-based potentials. AMBER 03 force
field was employed throughout all simulations. The 3D homology models of wild
type and mutant Ar-BVMO were built by YASARA software [237] using the
cyclohexanone monooxygenase crystal structure (PDB ID:5M02Z) as the template
structure [238]. 999 runs of docking on WT and R292A Ar-BVMO were carried
out according to a previously published methodology [126,239] with minor
modifications using the Autodock program embedded in YASARA. During the
docking experiment, indole is originally outside the simulation cell and is placed
inside the cell by exploiting the Autodock Lamarckian Genetic algorithm, yielding
different binding modes classified by the binding energy outputs. YASARA
classifies the results of the docking ordering the protein-ligand complexes on the
basis of the binding energy (where positive energies indicate stronger binding and
negative energies equate to no binding). After docking the results are sorted by
binding energy and 3 different poses displaying positive binding energies were
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obtained for WT and R292A. Best binding modes for each protein with the indole
ligand were visualized by UCSF CHIMERA [240].

5.3. Steady-state kinetics of indole conversion by purified
Ar-BVMO

The reason behind exploration of Ar-BVMO as a biocatalyst in the conversion
of indole arose from the simple observation that Ar-BVMO R292A mutant
expressed in E. coli cells resulted in a dark blue pellet after centrifugation, whereas
the wild type enzyme did not accumulate any colored pigments. As the blue color
is not typical of E. coli cells we investigated the reason for this unusual observation.
Previous publications have reported the ability of certain microorganisms to convert
tryptophan into indole using tryptophanases. Indole can then be further oxidized by
a monooxygenase capable of oxidizing C2 or C3 of indole leading to the production
of indigo or indirubin [214,241-243]. Several monooxygenases are able to activate
indole, but only one study has carried out a more in-depth characterization of a
BVMO enzyme performing this reaction [244].
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Figure 38: Stability and activity of Ar-BVMO. (A) Absorbance spectra of purified wild type
(black) and mutant Ar-BVMO (red). (B) DSC thermograms of wild type (black) and mutant Ar-
BVMO (red) at a scan rate of 90 °C/h. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

As a first step to provide experimental evidence that the bacterial Ar-BVMO is
involved in the production of indigo, wild type and mutant proteins were expressed
in E. coli and purified by affinity chromatography due to the presence of a histidine
tag at their C-terminal as reported previously [226]. Both proteins were purified as
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holoproteins as demonstrated by the typical FAD spectra with absorbance maxima
at 375 and 450 nm (Figure 38A).

Differential scanning calorimetry (DSC) was performed to check the stability
of the two purified proteins. The results shown in Figure 38B reveal that both
proteins exhibit comparable thermal stability as demonstrated by overlapping DSC
thermograms with a Tm of 47 °C with almost identical cooperative denaturation
behavior indicating that the enzymes are stable and well-folded. These data are in
line with previously obtained preliminary melting temperatures obtained by
UV/Vis spectroscopy [226].

Once the stability of the purified proteins was established, we investigated their
ability to convert indole into indigo by monitoring the production of indigo in an
initial screening assay. Only R292A Ar-BVMO was able to convert indole into
indigo as demonstrated by the development of a blue color at 620 nm in the Kinetic
traces (Figure 39A) that was absent for the WT. Therefore, the kinetic parameters
were only measured for the mutant enzyme via NADPH consumption in a 200 s
timeframe using increasing concentrations of indole as shown in Figure 39B. The
calculated kinetic parameters, Kmand Keat, for the R292A Ar-BVMO were found to

be 1.75 + 0.24 mM and 0.12 = 0.01 sec™?, respectively.
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Figure 39: (A) Screening assay for indigo production monitoring the increase in absorbance at
620 nm for 240 s. Reaction conditions: 8.6 uM Ar-BVMO, 800 uM NADPH in 50 mM Tris HCI
pH 8.5 at 30 °C for 240 s. (B) Michaelis-Menten curve for the conversion of indole into indigo by
R292A Ar-BVMO. Reaction conditions: 1 uM R292A Ar-BVMO, 160 uM NADPH in 50 mM Tris
HCI pH 8.5 at 30 °C for 200 s. Plots are the average of 3 different replicates. Data are mean + SD
of at least 3 replicates. R2 > 0.98.
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The above activity measurements confirm that substrate recognition is linked
to R292A mutation justifying the accumulation of the dark blue pigment during
protein expression in E. coli.

5.4. The “switch” between indigo and indirubin production

Indole conversion into indigo or indirubin involves both an enzymatic step as
well as a chemical one, as shown in Figure 40. Both steps are dependent on various
parameters including pH, temperature and ionic strength. Although the optimum
temperature used for this enzyme is 37 °C [226], the reaction temperature was
lowered to 25 °C to extend the half-life of this biocatalyst and maintain its activity
for a longer period of time. The temperature also affects the chemical dimerization
reaction, but is not a limiting factor in the quantification of the indigo produced
because samples are always evaporated at 55 °C to obtain the indigo powder and
achieve the complete dimerization of the enzymatic product.
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Figure 40: A simplified scheme of the reaction steps from indole to indigo or indirubin
involving the biocatalyst Ar-BVMO.

In order to find the optimal conditions for the production of indigo and
indirubin a high throughput colorimetric assay was performed to determine the best
reaction conditions regarding pH and cysteine concentration (only in the case of
indirubin). Han and colleagues [227] have previously shown high product
selectivity toward indirubin in E. coli expressing a bacterial flavin-containing
monooxygenase with the addition of cysteine. In this context, cysteine seems to act
as a “switch” diverting all indole to the indirubin production pathway [245].
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Figure 41: The switch between indigo and indirubin production by Ar-BVMO mutant.
Micraotiter plate showing the effect of various pH and cysteine concentrations (0—20 mM) on the
conversion of indole into indigo and indirubin by the mutant enzyme. Reaction conditions: 0.5 uM
Ar-BVMO R292A, 5 mM NADPH, 5 mM indole, pH range 7-9, and 0-20 mM cysteine in 100 mM
Tris- HCI. The reactions were carried out in a total volume of 200 pL for 48 h at 25 °C and 200 rpm.

As shown in Figure 41, production of indigoids from the oxidation of 5 mM
indole by the mutant Ar-BVMO at 25 °C is higher and more selective at pH>8.0.
In addition, in the specific case of indirubin the supplementation with 5-10 mM
cysteine resulted in the higher yields.

5.5. Cysteine “switch” operates via 3-hydroxyindole
intermediate

As mentioned above, the Ar-BVMO mutant produces 3-hydroxyindole from
indole that upon dimerization is converted to indigo. Although Han and colleagues
[227] had demonstrated that the supplementation of cysteine shifts this reaction to
indirubin production, the detailed mechanism of this switch was only recently
elucidated by Kim's group [245]. The latter group demonstrated that the first step
of this switch is based on the reaction of cysteine with 3-hydroxyindole leading to
the formation of 2-cysteinylindoleninone, thereby inhibiting the dimerization of 3-
hydroxyindole and the production of indigo [245]. This first step therefore results
in the accumulation of 3-hydroxyindole, a fluorescent compound that can be
monitored by spectroscopy. In order to investigate whether the same reaction
pathway is also taking place in the case of mutant Ar-BVMO, reactions were set up
with the maximum amount of cysteine (10 mM) added to the enzymatic indole
conversion reaction. The data obtained are reported in Figure 42 and demonstrate
that as expected, cysteine facilitates the accumulation of the fluorescent 3-
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hydroxyindole intermediate (red trace), avoiding its depletion due to dimerization
and therefore indigo formation (no added cysteine-black trace).
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Figure 42: Role of cysteine “switch” from indigo to indirubin in the conversion of indole. Left
graph: Detection of 3-hydroxindole by exciting the sample at 365 nm in kinetics mode for 25 min
and recording the emission at 470 nm. The black data points show the kinetics of the reaction
performed in the absence of cysteine, whereas the red data points are the same reaction in the
presence of cysteine. Right scheme: indole is rapidly converted to 3-hydroxyindole by R292A Ar-
BVMO and consequently to 3-oxindole under oxidative conditions. The addition of cysteine results
in the accumulation of the 3-hydroxyindole intermediate.

5.6. Production of indigo and indirubin in E. coli whole-
cells

In order to enhance the yields of the indigoids produced by Ar-BVMO mutant,
the logical step of moving from the use of purified enzyme to E. coli whole-cells
was taken. The use of live bacterial cells as production systems has many
advantages in biotechnology from the point of view of system stability, cost-
effectiveness and overall yield. Therefore, indigoid production was investigated
with E. coli whole-cell system harboring the expression vector for Ar-BVMO
R292A [224] and addition of indole as substrate. As a preliminary qualitative test,
different culture media (LB: Luria-Bertani, TB: terrific broth, and M9 minimal
medium) were investigated with the resulting percentage of indole conversion
calculated. As shown in Figure 43, TB was found to be the best culture medium for
the production of both indigoids using E. coli whole-cells. In order to be more cost
effective and bypass the addition of NADPH, an NADPH regeneration system
consisting of NADP*, citrate and MgCl, was utilized as it has been shown
previously to result in a sustained activity of monooxygenases [235,236].
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Figure 43: Indigoid production in different culture Media. E. coli whole-cell indigoids
productivity in different media (LB, TB and M9) after 72 h. Blue and red bars indicate the production
of indigo and indirubin, respectively. Experiments were performed three times and the error bars
represent the standard deviation obtained from the three replicates.

Addition of this regeneration system dramatically increased the yields by 7-
and 5-folds for indigo and indirubin, respectively (Figure 44A and B). Under these
optimized conditions, it is also interesting to note that indirubin reaches its
maximum yield within 24 h whereas indigo production requires >72 h (Figure 44A
and B)
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Figure 44: Whole-cell R292A Ar-BVMO mediated conversion of indole into indigo and
indirubin. (A) Whole-cell time dependent conversion of indole to indigo in presence (blue) and
absence (light blue) of a NADPH regeneration system. (B) Whole-cell time dependent conversion
of indole to indirubin in presence (red) and absence (orange) of a NADPH regeneration system.
Experiments were performed three times and the error bars represent the standard deviation obtained
from the three replicates.
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The indigo and indirubin produced using the E. coli whole-cell system were
analyzed by both TLC and HPLC. The results obtained from the TLC separation
are shown in Figure 45A. As can been seen in the latter figure, the commercial
standard of indigo is not entirely pure with the presence of a contaminant. A similar
result is obtained using Ar-BVMO mutant as the biocatalyst for indigo production.
On the other hand, the same Ar-BVMO produces a high purity indirubin with little
or no contamination of indigo.

Further investigation of the enzymatically produced indigoids was performed
by HPLC analysis and the results are shown in Figure 45B—C. As can be seen in
Figure 45, the peaks corresponding to indigo (retention time of 11.1 min) and
indirubin (retention time of 11.6) produced by the E. coli whole-cell system increase
over time. The retention times observed are the same as those of the commercial
standards (Figure 45 insets).
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Figure 45: TLC and HPLC analysis of indigoids produced in E. coli whole-cells. (A) indigo
standard (Lane A), indirubin standard (Lane B), whole-cell produced indigo (Lane C) and whole-
cell produced indirubin (Lane D). Isatin, yellow band, is an intermediate present in all lanes. (B)
Time-dependent production of indigo up to 72 h. Inset: the overlay of chromatograms of indigo
commercial standard (light blue) and whole-cell produced indigo (dark blue) with the same retention
time of 11.1 min. (C) Time-dependent production of indirubin up to 72 h. Inset: the overlay of
chromatograms of indirubin commercial standard (orange) and whole-cell produced indirubin (red)
with the same retention time of 11.6 min. For timepoints of both indigo and indirubin: 15 h (red),
24 h (black), 48 h (green) and, 72 h violet.

Previous research carried out on flavin-containing monooxygenases (FMOs)
has highlighted the ability of this class of enzymes to act as biocatalysts in the
oxidation of indole and its conversion to either indigo or indirubin [201]. These
biocatalysts are responsible for the first step of the indole biotransformation i.e.
formation of intermediate(s), 2- or 3- hydroxyindole, which depending on the
presence of cysteine, a key reactant, can switch to the production of indirubin
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[227,245]. The overall mechanism only partially relies on the enzyme activity
because the dimerization process is strictly dependent on oxygen availability and
can be accelerated by increasing the temperature. Having said that, the initial step
is the enzymatic one and, in this context, FMOs, both as purified enzymes and in
whole-cell preparations, have been studied for many years whereas very little is
known about BVMOs that belong to the same class of FMOs [174,246]. To date,
the only BVMO studied in depth for its ability to produce indigo starting from
indole, is phenylacetone monooxygenase (PAMO) from Thermobifida fusca [244].
Similar to Ar-BVMO, the wild type PAMO does not act as a biocatalyst in indole
conversion rather a mutant, M446G, was found to be active in this transformation
[244]. BVMOs catalyze Baeyer-Villiger as well as heteroatom oxidations (nitrogen
and sulfur containing compounds) but are not able to perform hydroxylations and
are very poor epoxidation catalysts. For mutant PAMO, an alternative mechanism
going through an initial N-oxidation step with subsequent internal molecular
rearrangement was proposed, also in line with observations made with some other
FMOs [244]. It is worth noting that in the case of a bacterial FMO, Kang's group
[247] using crystal structures as well as biochemical assays, have described
overlapping binding sites for NADP* and indole leading to a direct C-3 indole
oxygenation reaction mechanism involving a ping-pong-like interaction of NADPH
and indole. This type of C-3 oxygenation has not yet been demonstrated for any
BVMO.

In the specific case of Ar-BVMO mutant, we have demonstrated that this
biocatalyst leads to the accumulation of 3-hydroxyindole as the reaction
intermediate, and that this molecule dimerizes to yield indigo unless cysteine is
present, which in turn favors the formation of indirubin as the alternative product.
It is clear that Ar-BVMO promotes the accumulation of 3-hydroxyindole however
it is not clear whether this intermediate is obtained through a direct hydroxylation
reaction (not typical of BVMOs) or the result of a rearrangement of the N-oxide as
proposed for PAMO [244]. In order to answer this question, in silico molecular
docking experiments using a 3D homology model of both wild type and R292A Ar-
BVMO with indole were carried out. The docking results are shown in Figure 46
and demonstrate that the mutation of the arginine into an alanine, with a much
shorter side chain, creates a large cavity in the active site for the binding of the
indole substrate (Figure 46A, B).
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Figure 8: In silico molecular docking of indole with Ar-BVMO. (A) Wild type Ar-BVMO in
complex with indole showing that arginine 292 hampers the N-oxidation of the substrate. Three
different binding modes (poses) overlapped (see Table 1 for details), (B) R292A Ar-BVMO in
complex with indole showing that the mutation allows the N-oxidation of the substrate by allowing
different favored binding modes. The best 3 poses are overlapped (see Table 1 for details), (C) The
most favored orientation of indole with the FAD isoalloxazine (pose 1) of wild type shows indole at
a longer distance from the site of N-oxygenation whereas in the mutant (D), the indole is closer in a
productive pose. Indole is colored in green, FAD in yellow and NADP™ in grey. The nitrogen atoms
of FAD are shown in blue with oxygens in red. The molecular surfaces of the different indole poses
are shown as a grey mesh. The figures were generated using the UCSF Chimera program [240].

The docking studies allowed for an indication on the putative positioning of
indole in the active site of both proteins. Interestingly, indole can only interact in a
single productive orientation within the active site of the wild type Ar-BVMO due
to steric hindrance (Figure 45A, Table 11), whereas the mutant allows multiple
poses due to the extra cavity (Figure 46B, Table 11). Consequently, in the best 3
protein-ligand binding modes this leads to a more productive binding of indole with
shorter distances to the C4a-atom in the mutant Ar-BVMO (Table 11). In addition,
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the most favored pose for R292A (pose 1) also shows the secondary amine located
in a suitable position for N-oxidation rather than C2 or C3 hydroxylation (Figure
46D). These data are in support of the hypothesis that was originally proposed for
PAMO [244], i.e. rearrangement of the N-oxide product and the absence of a direct
hydroxylation reaction. Moreover, we have previously shown that the R292A
mutation abolishes the ability of Ar-BVMO to perform BV oxidations [226], so the
mutation that is detrimental for its original BV reaction can result in a gain of
function against a set of N- and possibly S-containing substrates where internal
rearrangement of the product structures are allowed.

Table 11: Molecular docking of indole with Ar-BVMO.

Distance from flavin C4ato N

Ar-BVMO Pose Binding Energy kcal/mol atom of indole (A)
1 4.56 6.2
Wild type 2 4.53 7.1
3 4.25 8.1
1 5.25 5.2
R292A 2 5.07 5.4
3 5.02 5.3

Previous studies with FMOs have been mainly aimed at production of indigo
but in this work, we have demonstrated the possibility of producing even higher
amounts of indirubin using a mutant of Ar-BVMO as a biocatalyst. As shown in
Table 12, Ar-BVMO mutant can produce up to 138 mg/L of indirubin starting from
indole, second only to the E. coli system described by Kim's group [227]. However,
our system has two advantages over the latter reported system; the shorter time-
period of production (24 versus 48 h), and the use of indole (~1 euro/g) instead of
the more expensive tryptophan (~6 euro/g) as the starting material.

Finally, although indirubin is known as a dye, in recent years indirubin-derived
molecules have been exploited to a greater extent as possible drugs in the treatment
of several different pathologies including cancer [223,248]. Moreover, while indigo
is a relatively cheap molecule, indirubin is actually quite expensive. A standard of
indirubin for research purposes can cost in excess of 15,000 euro per gram,
therefore alternative methods for the production of this compound can be highly
desirable.



Page |96

Table 12: Production of indirubin by flavin-containing monooxygenases.

Method E. coli Biocatalyst Substrate Indirubin  Reference
Host
1 mL Whole- BL21 BVMO R292A 5mM 0.138g/L  This work
cell reaction — from indole
24 h Acinetobacter 5 mM Cys
radioresistens
Whole-cell BL21 FMO from 1 mM 0.031 g/L
reaction Methylophaga indole 5 [245]
aminisulfidivorans mM Cys
Flask Topl0 FMO from 12mM Trp  0.103 g/L
fermentation — Corinobacterium [214]
48 h glutamicum
3000L batch DH5a FMO from 10 mM Trp  0.005 g/L
fermentation — Methylophaga [241]
24 h aminisulfidivorans
MPT
10L batch pBlue 1.7  FMO from 10mM Trp  0.223 g/L
fermentation — Methylophaga 3 mM Cys [227]
48 h aminisulfidivorans
MPT

In conclusion, the bacterial whole-cell system of Ar-BVMO not only
constitutes a promising starting point for the scale up of high purity indirubin
production but is also a green and environmentally sustainable alternative process
compared to solely chemical processes.

5.7. In vitro indigo/indirubin production mediated by
purified hFMO1

Similar experiments to those reported above for BVMO were carried out with
hFMOL1. As mentioned in Chapter 2, during the expression of hFMOL1 in E. coli, a
light blue colour was observed in the E. coli pelleted cells. In order to investigate
the nature of this blue colour and after the experiments with BVMO, it was decided
to carryour similar experiments with hFMO1.

Initially, both hFMO1 and hFMO3 were screened for their possible indigo
production with indole as a substrate and the results are shown in Figure 47A. As
can be seen in the figure, hFMO3 is incapable of converting indole whereas hFMO1
showed activity with this substrate and therefore was investigated further.

The formation of the indoxyl sulfate in the human body, as was described by
Banoglu’s group [228] and demonstrated in Figure 47B, starts with the intestinal
bacterial microflora producing indole from tryptophan. Subsequently, the hepatic
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P450s (CYP2A6 and CYP2E1) carryout the hydroxylation of the 3@ C-atom of the
indole’s pyrrole ring forming 3-hydroxyindole (Indoxyl) which after conjugation
by sulfotransferases (SULT) is transformed to the final product, 3-sulfonoxyindole
(indoxyl sulfate also named as indican). To investigate if the hFMO1 can be
involved in the indoxyl sulfate formation it is therefore important to define which
product, 3-hydroxyindole or 2-hydroxyindole, will be formed by the enzyme.
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Figure 47: (A) Screening for indigo production by monitoring the increase in absorbance at
620 nm for 240 s. Reaction conditions: 5 pM hFMO1/hFMO3, 0.5 mM NADPH, 1 mM indole in
0.1 mM KPi pH 7.4 at 37 °C for 240 s. Estimated standard errors of three different experiments are
represented as error bars. (B) Metabolic pathway of the indoxyl sulfate formation in vivo [228].

Before setting up any large-scale reactions, the optimal conditions for
indigo/indirubin production by hFMO1 enzyme were investigated including
cofactor preference, NADH (Figure 48) or NADPH (Figure 49), different pH values
and cysteine concentrations. An interesting observation was made that if NADH
was used as the reducing agent, the product formed was strictly selective and only
indigo could be produced without any traces of indirubin. A linear dependence of
the indigo production on pH was observed with pH 7.0 resulting in the highest
indigo formed. The presence of cysteine dramatically decreased product formation
and in higher concentrations than 2.5 mM no more indigo was detected. Therefore,
for hFMOL1 the optimal conditions for indigo production were found to be pH 7
without the addition of cysteine.
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Figure 48: In vitro reaction of indole with hFMOL in the presence of NADH. (A) Microtiter
plate showing the effect of various pH and cysteine concentrations on the conversion of indole by
the enzyme. (B) Absorption spectra of the products of the reaction, only indigo with no indirubin
detected. (C) Quantitative demonstration of the effect of the reaction mixture content on the catalytic
reaction. Conditions: 0.5 uM hFMO1, 0.5 mM NADPH, 1 mM indole, pH range 7-9, and 0-25 mM
cysteine in 100 mM Tris- HCI. The reactions were carried out in a total volume of 200 L for 48 h
at 25 °C and 200 rpm.

The reaction in the presence of NADPH as a reducing agent again demonstrates
a completely different behavior which proves the difference in the interaction
between hFMO1 and cofactors already observed in Chapter 2. Unexpectedly, the
presence of NADPH resulted in the formation of indirubin not observed with
NADH.

The optimal conditions for indigo production were at pH 7.4 without cysteine
but in this case, traces of indigo were also detected with 2.5 mM cysteine. The
optimal conditions for indirubin production were pH 8.5 in the presence of 1 mM
cysteine.
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Figure 49: In vitro reaction of hFMO1 with indole in the presence of NADPH. (A) Microtiter
plate showing the effect of various pH and cysteine concentrations on the conversion of indole by
the enzyme. (B) Absorption spectra of the products of the reaction, both products were detected.
Quantitative demonstration of the effect of the reaction mixture content on the (C) indigo and (D)
indirubin production by hFMOI1. Conditions: 0.5 uM hFMO1, 0.5 mM NADPH, 1 mM indole, pH
range 7-9, and 0-25 mM cysteine in 100 mM Tris- HCI. The reactions were carried out in a total
volume of 200 pL for 48 h at 25 °C and 200 rpm.

To investigate the pH-dependence of the indigo production at lower pH values
the reaction was carried out without cysteine at the full range of KPi buffer with the
addition of NADPH/NADH cofactor. The results are shown in Figure 50. As can
be see in the figure, around neutrality the production of both indigoids are the lowest
observed. This observation requires further investigation to understand its origin.
However, in order to move forward the optimal pH value for indigo production was
8.0 in the presence of NADPH and 6.8 for NADH in the KPi buffer.

The next measurements were carried out to investigate the effect of various
concentrations of cysteine and indole on the indigoids formed. done with the
estimated optimal pH of KPi buffer in the presence of cysteine and various
concentrations of indole. The results are shown in Figure 51.
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Figure 50: In vitro reaction of hFMO1 in the presence of NADPH/NADH at various pH values.
Conditions: 0.5 uM hFMO1, 0.5 mM NADPH/NADH, 1 mM indole, pH range 5.8-8.0 in 100 mM
KPi buffer. The reactions were carried out in a total volume of 200 pL for 48 h at 25 °C and 200
rpm. Estimated standard errors of three different experiments are represented as error bars.
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Figure 51: In vitro reaction of hFMO1 in the presence of various indole and cysteine
concentrations. (A) Production of indirubin in the presence of NADPH (B) Production of indigo in
the presence of NADPH (C) Production of indigo in the presence of NADH. Conditions: 0.5 uM
hFMO1, 0.5 mM NADPH/NADH, 0.25-2.5 mM indole and 0.5-5 mM cysteine in 100 mM KPi
buffer (pH: 6.8 for NADH and 8.0 for NADPH). The reactions were carried out in a total volume of
200 pL for 24 h at 25 °C and 200 rpm.

In the presence of NADH, as also mentioned earlier, only indigo was produced,
Figure 51C. This observation might mean that the enzymatic reaction is strictly
selective and forms just 3-hydroxyindole, whereas in the case of NADPH the
oxygenation reaction is less selective and together with 3-hydroxyindole, the 2-
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hydroxyindole is also formed. The addition of cysteine moves the reaction balance
to indirubin production (as also observed in reactions with BVMO) but in this case
only when NADPH is used as the reducing agent.

Reactions were also carried out in Tris-HCI buffer and the results are shown in
Figure 52. Using this buffer higher amounts of indirubin are produced. Increasing
the cysteine concentration pushes the reaction towards indirubin production as was
expected. Furthermore, in order to move the balance completely to indirubin, it was
found that a concentration ratio of no less the 2:1 cysteine:indole is required.
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Figure 52: In vitro production of indirubin (A) and indigo (B) by hFMO1 in the presence of
various indole and cysteine concentrations. Conditions: 0.5 uM hFMO1, 0.5 mM NADPH, 0.25-2.5
mM indole and 0.5-5 mM cysteine in 100 mM Tris-HCI buffer pH 8.5. The reactions were carried
out in a total volume of 200 uL for 24 h at 25 °C and 200 rpm.

5.8. Production of indigoids by E. coli whole-cells
expressing hFMO1

In order to increase the yields of indigoids produced by hFMQO1, it was decided
to also test the same reactions in E. coli whole-cells expressing hFMOL. If
successful, this system could not only be used for indigoids’ production but can also
serve as a marker of active enzyme expressed in E. coli cells (without the need for
further purification and activity assay since the E. coli pelleted cells would display
a blue colour). This type of in situ colourimetric activity assay is currently
unavailable for any hFMO.
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The first reaction for indirubin production was carried out at different time
points, in the presence and/or absence of cysteine and with or without an NADP*
regeneration system. However, since the hFMO1 expression is optimal after 24 h,
it was decided to keep this time point for measurements of the effect of other
contributing factors such as the concentration of cysteine. Moreover, the quantity
of product at 24 h was also found to be sufficient for spectroscopic detection.

The next parameter to be investigated in the production of indirubin was the
concentration of cysteine which as mentioned earlier for the BVMO reactions, is
required to move the equilibrium away from indigo and towards indirubin. For this
reason, different concentrations of indole and cysteine were tested. From the
obtained results, the optimal ratio between the concentration of cysteine to that of
indole was found to be 1:2. In addition, although the expression of h(FMOL1 requires
temperatures lower than 37 °C, the amount of indirubin produced was higher at 37
°C degrees rather than 25 °C (Figure 53).
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Figure 53: Effect of temperature on the whole-cell indirubin production. Blue and red bars
indicate the production of indirubin at 25 and 37 °C, respectively. Reaction mixture contained
recombinant E. coli JIM109 cells in the presence of 0.3 mM NADP*, 50 mM trisodium citrate,10
mM MgCly, cysteine to indole ratio of 1:2.

In the next set of experiments the influence of cofactors on the indole
conversion in the whole-cell reaction was investigated in the presence or absence
of added cofactors (NADPH/NADH), as well as a NADPH regeneration system.
The presence of cysteine within the whole-cell set up and its influence on the
indigo/indirubin production was also studied. The results obtained are shown in
Figure 54.
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Figure 54: Whole-cell hFMO1 mediated conversion of indole into indigo and indirubin.
Reactions were carried out in a final volume of 1 mL in 0.1 M Tris-HCI buffer pH 8.5 containing
recombinant E. coli JIM109 (ODgg = 10), 0.3 mM NADPH/NADH/NADP*, 50 mM trisodium
citrate, 10 mM MgCly, cysteine to indole ratio of 1:2. Measurements were carried out at 37 °C, 200
rpm for 24 hours. Estimated standard errors of three different experiments are represented as error
bars.

The presence of NADPH or NADP™ significantly increased the conversion of
indole however, in the case of the whole-cell experiments NADH does not play a
significant role in indigo production contrary to what was observed in the in vitro
reactions. As expected in the presence of cysteine, the production of indirubin was
increased by nearly 1.5 times as shown in Figure 54. Under the investigated
conditions, the amount of indigo produced was always lower than that of indirubin.

In summary, hFMO1 reaction with indole requires a more in depth
investigation first to decipher the mechanism by which NADPH and NADH result
in different amounts of product being formed and secondly to further optimise the
conditions in order to produce larger quantities of the indigoids. Moreover, the
mechanism by which hFMOL is capable of carbon hydroxylation is still unknown
and a perspective topic for further investigation in order to also understand its
natural role in the human renal system. Finally, in view of the obtained results it is
plausible that h(FMOL1 can play an important role in indoxyl sulfate formation.



Page |104

General conclusions and future
perspectives

Human FMO1 is an important drug metabolising enzyme involved in the
NADPH/NADH-dependent monooxygenation of soft nucleophilic N- and S-
heteroatom containing xenobiotics. This enzyme has also recently been implicated
in the production of taurine in humans. In general, hFMOL structure and reaction
kinetics have not been fully studied mainly due to the many difficulties associated
with its in vitro expression and purification. In this work, some of these obstacles
were confronted and the full-length recombinant enzyme was successfully
expressed in E. coli JM109 and purified. Having access to mg quantities of the
purified hFMO1 allowed for a more indepth in vitro characterization of this enzyme
through different spectroscopical methodologies.

One of the most important findings of this work was the demonstration of the
differences in the C4a-hydroperoxyflavin stabilization in comparison with the other
representative members of the FMO family. These experiments were carried out
using stopped-flow spectrophotometry. This important catalytic cycle intermediate
was shown to be more stable in hFMO1 as compared to hFMO3. The observed
stability has direct consequences for the reactivity of this enzyme with different
substrates.

Another important factor in the activity of hFMO1 as compared to other
members of the FMO family is its reduction by both NADPH and NADH cofactors.
Again, in other members of the family, NADPH is the only cofactor capable of
reducing the FAD-bound cofactor. For future studies, it is important to understand
how exactly these cofactors bind to the active site of the enzyme and which
structural changes they can induce after binding. It will be useful to perform these
studies with indole as the substrate because, as was demonstrated in this work,
indole conversion mediated by hFMO1 is not only effected by pH, but also by the
cofactor.

As a biotechnological approach for the use of this human enzyme, it was
interfaced with electrodes. The initial results demonstrated the successful
immobilization of hFMOL1 on the nanostructured electrode and paved the way for
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its application. The in vitro bioelectrochemical platform was subsequently used for
mimicking the fate of phorate pesticide within our bodies, going through a
sequential metabolism based on the tandem reactions of hFMO1 and CYP3AA4.
However, in order to increase the stability and performance of the system it would
be advantageous to covalently immobilize the hFMO1 on gold electrodes. This can
be done through direct linkage between the electrode and a unique surface exposed
cysteine residue of the enzyme. For this reason, site-directed mutagenesis can be
performed where the already existing exposed cysteine residues are substituted with
serine residues with only one exposed cysteine remaining. Cys 116 was identified
as a good candidate for the direct covalent linkage because it has a high surface
exposure and is located at the opposite side of the access channel to the catalytic
site. This will result in the remaining three cysteine residues to be mutated to
serines: Cys111, Cys 423 and Cys 425. Moreover, the in vitro bioelectrochemical
platform with the immobilized hFMO1 can be coupled to a microfluidics system
which can ultimately act as a liver chip mimicking the metabolic pathway of various
drugs and xenobiotics.

In terms of the native role of (FMO1 within humans, an important point that
must be investigated is whether its polymorphic variants are also capable of
oxidizing indole or C-hetero atoms in general. In a similar fashion, the polymorphic
variants should be investigated to understand whether they can be reduced by
NADH and catalyze the conversion of hypotaurine to taurine as demonstrated for
the wild type enzyme. Finally, it would be advantageous to understand whether
hFMOL1 can be involved in the indoxyl sulfate production in humans, as this would
help understand one of the possible reasons behind the progression of chronic
kidney and cardiovascular diseases.
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