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Abstract

Flavin-dependent monooxygenases (FMOs) catalyze oxidation of a variety of organic molecules many of which have a profound
biomedical applications. Oxidation occurs through the incorporation of a single atom of dioxygen into the substrate while the
other oxygen atom is reduced to water. Since 2014, FMOs are grouped into eight types listed as Groups A through H. Grouping is
based on structural homology, flavin type and the strategy taken to reduce the isoalloxazine ring of the cofactor for subsequent
oxygen activation and substrate monooxygenation. Groups A and B FMOs are single component enzymes that carry out their
entire reaction cycle in a single protein core using a nicotinamide adenine dinucleotide coenzyme as electron source. Groups
C through F are two comments FMOs. These systems contain a reductase to reduce the flavin cofactor that is then delivered
to a monooxygenase component as a substrate. Reduced flavin then activates molecular oxygen in the second component
to oxidize the organic metabolite of the system. Finally, Groups G and H are self- sufficient internal monooxygenases that
receive electrons from one substrate for the oxidation of a second one all within a single protein unit. FMOs carry out an
array of biomedically relevant reactions including the degradation of antibiotics by pathogens, the biocatalytic production of
drugs in pharmaceutical industries and cholesterol anabolism in humans and fungi. Given this diversity of both reaction type
and application, the field of FMO enzymology can rapidly become overwhelming. This review provides a general overview
of each FMO group and is intended to guide researchers just entering the field. Canonical enzymes are detailed along with
biomedically important members of each group. It is hoped the references herein will be provide a quick source to make more
extensive literature reviews more accessible.

Keywords: Flavin-Dependent Monooxygenases; Flavin Adenine Dinucleotide; Nucleotide Adenine Diphosphate

Abbreviations: FMO: Flavin Dependent Monooxygenase;
EC: Enzyme C(lassification; FAD: Flavin Adenine
Dinucleotide; MO: Monooxygenases; NAD(P)H): Reduced
Nicotinamide Adenine Dinucleotide/Phosphate; FMN: Flavin
Mononucleotide; GR-2: Glutathione Reductase Type 2; PHBH:
P- Hydroxybenzoate Hydroxylase.

Flavin Monooxygenases: A Multifaceted Class of Enzymes with Abundant Biomedical Applications

Introduction

In 1947, N.L. Edson described the isolation of an enzyme
from Mycobacterium phlei that catalyzes the oxidative
decarboxylation of lactate [1]. The enzyme became known as
lactate 2-monooxygenase (E.C. 1.13.12.4) and represents the
first flavin dependent monooxygenase (FMO) ever isolated
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[2]. Since Edson’s discovery around 250 FMOs have been
identified, at least partially purified and described to carry
out a vast array of biochemical reactions [3]. These range
from the catabolism of xenobiotics or natural products to the
anabolism of vitamins, hormones and antibiotics. FMOs have
been studied for their roles in essential metabolic pathways,
the biophysics of light emission or dioxygen activation
and their remarkably rich redox chemistry. Many excellent
and comprehensive reviews have been written for this
multifaceted class of enzymes [2-8] and it is easy to quickly
become overwhelmed by the thousands of research articles
related to FMO chemistry and applications.

The currentreview is intended to orient researchers new
to the field of flavoprotein enzymology to the fundamental
chemistry of the monooxygenases and will emphasize some
of the biomedical applications of FMOs. Reviews covering
other flavoprotein classes such as the oxidases, reductases
or dehydrogenases can be found elsewhere [6,7]. Broadly
speaking, FMOs are enzymes that incorporate a single oxygen
atom from O, into an organic substrate while reducing the
other atom to water [3]. They fall into either the 1.13 or 1.14
groups of the Enzyme Classification (E.C.) system set by the
International Union of Biochemistry and Molecular Biology
[9]. That is they are oxidoreductases (1.) that act on either a
single (13.) or a paired electron donor (14.). They have been
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further classified into eight groups (A through H) by van
Berkel and coworkers [3,5] as detailed below.

FMO reactions involve the participation of either flavin
adenine dinucleotide (FAD) or flavin mononucleotide (FMO)
as a cofactor or substrate. Figure 1 shows the isoalloxazine
ring of flavins which is the site and source for the chemical
versatility of FMOs. The majority of FMOs are reduced by
nicotinamide adenine dinucleotide [NAD(P)H] coenzymes
(Figure 1) during the reductive half reactions of their
catalytic cycle. As reviewed extensively elsewhere [6,7], they
catalyze a highly controlled monooxygenation of an organic
substrate in their oxidative half reaction. Distinct UV-visible
and fluoresce properties of the different redox state of the
isoalloxazine ring and the ability to independently study
each half reaction have led to a deep and comprehensive
understanding of flavin chemistry. These studies were
largely pioneered during the career of Vincent Massey at
the University of Mcguigan [10] who helped developed
sophisticated rapid kinetic techniques to study flavoenzymes.
The protein matrix of FMOs activate the isoalloxazine ring
with oxygen to give rate constants as high as 106 M-1s-1 (as
opposed only 250 M-1s-1 for free flavins). The flavoenzyme
also ensures minimal release of destructive reactive oxygen
species or wasteful uncoupled reactions of the flavin with
molecular oxygen.

Figure 1: Ring Numbering of Flavin and Nicotinamide Cofactors Redox states are shown as they occur in the resting FMOs and
reactive atoms are highlighted in red. Please note that the stereochemistry of hydride transfer in reductions by NAD(P)H is
enzyme dependent and only one hydride ion is transferred to the substrate.

FMOs achieve a safe and efficient mode of catalysis
typically by forming a C4(a)-(hydro)peroxy flavin- oxygen
adduct (Figure 2). Until 2013 when the oxidative halfreaction
of EnzM [11], an enzyme involved in the biosynthesis of
the antibiotic enterocin, was studied, it was thought that
all FMOs oxidize substrates through flavin C4a-oxygen
intermediates. EnzM, and a few enzymes studied since [2,6],
oxidize substrates through the formation of flavin N5-oxides.
The discovery of a novel mechanisms even 65 years after

Madison Guess and Kevin Francis. Flavin Monooxygenases: A Multifaceted Class of Enzymes with
Abundant Biomedical Applications. Ann Adv Biomed Sci 2023, 6(1): 000217.

the first FMO was isolated illustrates the rich chemistry
afforded by the isoalloxazine ring of flavin cofactors. Since
we intend to only provide a general overview of FMO
classification and their biomedical importance, only the most
common adducts are shown in Figure 2 will be discussed
in this review. These represent over 95% of known FMOs
mechanistically characterized to date [2]. The formation
of either C4a-peroxy or C4a-hydroperoxyflavins depends
solely on the nature of the organic substrate that the FMO

Copyright© Madison Guess and Kevin Francis.
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evolved to oxidize. Electron poor (electrophilic) substrates
are monooxygenated by nucleophilic peroxyflavins whereas
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electron rich (nucleophilic) substrates are oxidized by
hydroperoxy flavins that are electrophilic.

Additional adducts are extensively reviewed in [2,6].

Figure 2: Most Common Flavin-Oxygen Adducts in Flavin Monooxygenases Flavin reduction occurs in one of the three general
ways illustrated in Figure 3. The reduced flavin then reacts with molecular oxygen to generate a highly reactive adduct that
monooxygenates the organic substrate of the FMO. Please note only the two most common adducts are shown for clarity.

This review article starts with a description of the three
general strategies employed by FMOs to reduce the flavin
cofactor for the subsequent controlled reaction with oxygen
and the oxidation of an organic substrate. We then describe
the eight classes of FMO by noting their general protein fold,
electron source and the canonical enzyme of each group. If
the best characterized enzyme of a group has limited medical
relevance we also note a biomedically related example. Our

listing is far from all inclusive, but instead is intended to
highlight the most pertinent mechanistic or biophysical
references for each FMO group for a quick reference source
for readers who may encounter an FMO in their research
and wish to explore it further to describe disease etiology or
treatment. For quick an easy reference examples discussed
in the article are provide in Table 1.

Group Protein Fold Cofactor Electron Donor Cﬁg?;l;gl Biomed Rep

Rossmann FAD NAD(P)H PHBHa rifampicin MO

B Rossmann FAD NAD(P)H SidA SidA

C TIM barrel FMN FMNH: luciferase luciferase

D Acyl CoA-dehydrogenase FAD/FM N FADHz2/FMNH:2 HpaBb isobutylamine MO

E Rossmann FAD FADH:2 styrene MO squalene MO

F Rossmann FAD FADH2 PrnAc KyzR

G Rossmann FAD substrate tryptophan 2-MO none

H TIM barrel FMN substrate lactate 2-MO nitronate MO

aPHBH; p-hydroxybenzoate hydrolase; PHpaB; p-hydroxyphenylacetate 3-hydroxylase; CPrnA ; tryptophan 7- halognease
Table 1: Summery of Flavin Monooxygenases (MO) Discussed in This Review.

Madison Guess and Kevin Francis. Flavin Monooxygenases: A Multifaceted Class of Enzymes with
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Strategies for Flavin Reduction and
Substrate Monooxygenation

Before presenting the accepted grouping of FMOs
established in 2014 [5], it is useful to consider a broader
classification based on how the isoalloxazine ring of the
flavin is reduced in the reductive half reaction and the
organic substrate is monooxygenated in the oxidative half
reaction. This is schematically illustrated in Figure 3. The
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earliest and most extensively studied type of FMOs catalyze
both half reactions within the same protein that is encoded
by a single gene. These are referred to as single component
FMOs, form C4a-oxygen adducts in their oxidative half
reactions and are highlighted in blue in the figure. Single
component FMOs are reduced by NAD(P)H which either
acts as a substrate (Group A) or remains tightly bound
throughout the catalytic cycle acting as an effector molecule
(Group B) [8].

Figure 3: General Types of Flavin Monooxygenases (FMOs) These broad groupings are based on how the flavin cofactor is
reduced and electrons are transferred to the substrate for oxidation. Single component FMOs use a nicotinamide coenzyme
for flavin reduction. Two component FMOs use a separate protein to reduce the flavin which is then delivered to a sperate
monooxygenase as a substrate. Internal FMOs use the organic substrate as the source of electrons for flavin reduction. The
flavin then activates oxygen for substrate monooxygenation that occurs all within the same active site.

Another common type of enzyme which comprise
the majority of groups of FMOs are the two component
monooxygeases. These systems involve two proteins to
carry out the overall reaction. The first component contains
a NAD(P)H dependent reductase that transfers a hydride
ion from the nicotinamide (most typically) to the flavin.
Reduced flavin is then transferred to the monooxygenase
component as a substrate. Remarkably, this is done
through a diffusive process between the reductase and
monooxygenase components without an unproductive
oxidization of the reduced flavin by oxygen in solution

Madison Guess and Kevin Francis. Flavin Monooxygenases: A Multifaceted Class of Enzymes with
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[12,13]. The organic substrate is then converted to product
in the monooxygenase component using the reactions
described above (mainly through formation of flavin C4a-
oxygen adducts). Finally, internal FMOs represent an
entirely self-sufficient class of enzymes in which a protein
bound flavin is reduced by electrons from an organic
substrate. The same reduced flavin molecule then activates
molecular oxygen for the monooxygenation reaction to
form the final product. All of these processes occur within
the same enzyme molecule.

Copyright© Madison Guess and Kevin Francis.
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LMO: lactae-2- monooxygenase (PDB ID: 6DVI)

Figure 4: Structure and Application of Each Flavin Monooxygenase Group Structures shown are for the most studied enzymes
of each group which is not necessarily the one most extensively used for biomedical applications. Those can be found Table 1
and the main text. Coloring of group names correspond to Figure 3 showing the general FMO types. Abbreviations and PDB IDs
are as follows: a) PHBH: p-hydroxybenzoate hydrolase (PDB ID: 1pbe b) SidA: siderophore A (PDB ID: 4B63) c) Lux: bacterial
luciferase (PDB ID: 1luc) d) HpaB: p- hydroxyphenylacetate 3-hydroxylase (PDB ID: 2jbt) e) SMO: styrene monooxygenase
(PDB ID: 3ihm) f) PrnA: tryptophan 7-halognease (PDB ID: 2aqi) g) TMO: tryptophan-2-monoooxygenase (PDB ID:4iv9) h)

One Cofactor Eight Groups Many Biomedical
Applications: Overview of FMO Grouping
with Biomedical Examples

In 2014, van Berkel and coworkers updated and greatly
expanded their previously accepted classification system for
FMOs [5] first described in 2006 [3]. The system is based
largely on structural homology between group members
especially in relation to the flavin binding domain(s). It is also
based the electron source used to reduce the flavin cofactor
and which of the three strategies describe above utilized to
carry out substrate monooxygenation. Canonical enzyme

Madison Guess and Kevin Francis. Flavin Monooxygenases: A Multifaceted Class of Enzymes with
Abundant Biomedical Applications. Ann Adv Biomed Sci 2023, 6(1): 000217.

members have emerged for each group typically due to the
ease of expression and purification, the availability of crystal
structure and convenient Kinetic assays to characterize the
catalytic mechanism. The sections below will provide an
overview of each FMO group. If the best studied enzyme of
a group has little or no biomedical relevance, one will be
briefly mentioned. Importantly, both review articles and
extensive references are provided for the reader to avoid the
requirement for an exhaustive search of the extensive body
of literature that exists for most FMO groups. Both Table 1
and Figure 4 summarized the characteristics of each FMO
group and the examples provided in review.

Copyright© Madison Guess and Kevin Francis.
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Group A Flavin Monooxygenases: Canonical
Enzyme p-Hydroxybenzoate Hydroxybenzoate
Hydroxylase; Biomedical = Representative
Rifampicin Monooxygenase (Antibiotic
Degradation by Pathogens)

Group A is the largest and most extensively
characterized class of FMOs with over 90 members isolated
and at least partially characterized [2]. They all contain a
glutathione reductase-2 (GR-2) type Rossmann fold [14]
for FAD binding. These folds, also present in Groups B and
E through G, contains a three-stranded antiparallel 3-sheet
with a central five-stranded parallel B-sheet surrounded
by two a-helices. This motif is arranged in such asway that
many hydrogen bonding interactions are formed with the
adenosine moiety of FAD. Hydrogen bonding interactions are
further optimized by the elongated confirmation FAD adopts
in the GR-2 Rossmann fold. Electrons for flavin reduction by
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Group A FMOs are provided NAD(P)H that does not remain
bound throughout the catalytic cycle but instead is released
after the hydride ion is transferred. The organic substrate,
most often substituted aromatic compounds [2,5,6,11], act
as effectors to stimulate both flavin reduction and NAD(P)
H release as best studied in the canonical Group A member
p-hydroxybenzoate hydroxylase (E.C. 1.14.13.2) [15,16].
Group A members are single component FMOs that form
C4(a)-(hydro)peroxyflavins for substrate monooxygenation.
Many microbes use Group A FMOs to both harvest carbon
from aromatic compounds and to derive energy from these
molecules [6].

Additionally, they are used by microbial pathogens to
degrade aromatic antibiotics such the reactions catalyzed
by tetracycline monooxygenase (E.C. 1.14.13.231) [17] and
rifampicin monooxygenase (E.C. 1.14.13.231; Scheme 1)
[18].

and is expressed by pathogenic microbes for protection.

Scheme 1: The reaction catalyzed by rifampicin monooxygenase This Group A FMO is one of many that degrades antibiotics

Group B Flavin Monooxygenases: Canonical
Member Phenylacetone = Monooxygenase;
Biomedical Representative SidA  (Iron
Acquisition in Pathogenic Bacteria for SidA;
Biocatalysis of Antibiotics By Other members)

Around 30 Group B FMOs have been characterized,
though many more genes have been annotated as putative
members [2]. These enzymes also contain a GR-2 Rossman
as described above to bind FAD, but they also have an
additional o/B Rossman like domain for NAD(P)H binding
[5]- This extra domain is needed due the slight differences in
the mechanism employed by Group B FMOs. While they are
also single component enzymes, FAD is reduced by NAD(P)H
prior to the binding of the substrate to be monooxygenated.
Additionally, the pyridine nucleotide remains tightly bound

Madison Guess and Kevin Francis. Flavin Monooxygenases: A Multifaceted Class of Enzymes with
Abundant Biomedical Applications. Ann Adv Biomed Sci 2023, 6(1): 000217.

during the oxidative half reaction to modulate the reactivity
of the reduced flavin cofactor to form the C4a-oxygen
adduct for substrate oxidation. Group B FMOs are subdivide
into four sequence related subgroups that relate to the
type of oxidations they carry out. These contain Baeyer-
Villiger monooxygenases [19], human and plant flavin
monooxygenases [4], N-hydroxyl monooxygenases [20] and
YUCCAAs [21]. The first structure of a Group B FMO was
solved for phenylacetone monooxygenase (E.C. 1.14.13.92)
in 2004 [22]. Group B FMOs have been used for the bio-
catalysis of antibiotics and are involved in the hydroxylation
of amino acids to produce hormones. The metabolic pathway
for bacterial siderophore biosynthesis involves the Group
B monooxygenase SidA (E.C. 1.14.13.195) [8,23]. Since
siderophores are critical for iron acquisition and bacterial
growth they represent an important drug target.

Copyright© Madison Guess and Kevin Francis.
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Scheme 2: The reaction catalyzed by SidA This Group B FMO is involved in the anabolic pathway to produce siderophores in
pathogenic bacteria. Siderophores are critical for iron acquisition, so targeting SidA to abolish their formation could provide

effective treatment of bacterial infections.

Group C Flavin Monooxygenases: Canonical and
Biomedical Representative Enzyme Luciferase
(Bioluminescent Properties Allows for Use as
Reporter of Gene Expression in Study of Many
Diseases)

There are currently ~20 known Group C FMOs and
an extraordinary capacity of the most famous member,
luciferase (E.C. 1.13.12.7), for bioluminescence has led to
their extensive study [2,3,5,6]. Like other two component
enzymes, Class C FMOs are not able to independently
reduce their FMN cofactors but instead contain a NADH
dependent reductases (Fre or Frp [24]) to supply electrons
for the monooxygenase reaction. Reduced flavin (FMNH2) is
delivered to the monooxygenase component as a substrate.
Class C FMOs have wildly different folds than other FMOs.
Instead of Rossmann folds the monooxygenase component

contains a (a/B)8 TIM-barrel [25] also utilized by Group H
members. The best characterized Group C FMO, as well as
one of the extensively applied of all types of flavoenzymes
is luciferase (Scheme 3). This FMO was first described in
1940s [26] and is the only flavoprotein known that emits
light during its catalytic catalysis (Imax 450-500 nm).
Luciferases from a wide range of organisms have been used
to construct reporter systems for gene expression [27].
Many of these reporter systems have been commercialized
and used in the study of various of diseases [27]. The precise
mechanism of bacterial luciferase it not fully established,
but has been studied with long chain aldehydes and shown
to involve the formation of a C4a- peroxy or hydroperoxy
oxygen adduct [2,6]. Other Group C member do not undergo
bioluminescence, but instead have been used as biocatalysts
to produce a wide variety of compounds with important
biotechnological applications [2].

FMNH

FIVIN,

long chain
aldehydes

H o, H,0 OH
{rn/&o \ / {FH/&O + Vv

Scheme 3: The reaction catalyzed by Luciferase This Group C FMO has the unusual capacity for bioluminescence. This
intriguing property has led to many theoretical studies and now common use of the enzyme as a reporter system for gene
expression. This has wide ranging applications in the study of disease etiology and drug interactions.

long chain

light
carbolates
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Group D Flavin Monooxygenases:
Canonical Enzyme 4-Hydroxyphenylacetate
3-Hydroxylase; Biomedical Representative

Isobutylamine N1-Monooxygenase (Biocatalysis
of Valinomycin for Cancer Studies)

There are currently more than 40 characterized Group D
members all of which are two component systems comprising
of a monooxygenase with an acyl CoA dehydrogenase type
fold [2]. These folds have three distinct components. Both
the N’- and C’-termini have a-helical domains and these are
separated by a third domain consisting of -sheets [28].
Group D FMOs are the only class that have a dual cofactor
specify with some utilizing FMN and others FAD [2,5]. The
different types of Group D FMOs reflect ways in which the
flavin cofactor and the organic substrate bind to the enzymes.
FMN dependent members utilize large flavin reductase for
cofactor delivery to the monooxygenase [29]. FAD dependent
members, on the other hand, have relatively smaller reductase
components to deliver FADH, to the monooxygenase [30].
Different cofactor specificity does not represent alternate
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mechanisms of monooxygenation, but rather is the result of
evolutionary convergence [5]. The mechanism of Group D
members involves electrophilic attack of the substrate by a
reactive C4a-hydroperoxyflavin adduct (Figure 2).

Substrate specificities of Group D FMOs are very similar
to Group A enzymes in that they hydroxylate aromatic
and heterocyclic rings. The prototypical Group D FMO
is 4-hydroxyphenyl acetate 3-hydoxylase (E.C.1.14.14.9
[31,32]. Biomedical applications of Group D members
include the N-hydroxylation reaction catalyzed by
isobutylamine N1-monooxygenasese (E.C. 1.14.14.30)
from Streptomyces sp. This enzyme catalyzes the rate
controlling step in biosynthesis of the antibiotic valinomycin
(Scheme 4) [33]. Though not approved for clinical use in
the United States, it has shown antiviral activity [34]. It is
also used experimentally in studies of cancer biology since
it induces apoptosis is. Biocatalytic studies have focused on
isobutylamine N1-monooxygenasese in order to optimize
commercial production of valinomycin [2].

NADPH,

NADP-,

H
NHy 92\ #H0 /}\/NHC}H

isobutylamine

Scheme 4: The reaction catalyzed by Luciferase This Group C FMO has the unusual capacity for bioluminescence. This
intriguing property has led to many theoretical studies and now common use of the enzyme as a reporter system for gene
expression. This is wide ranging applications in the study of disease etiology and drug interactions.

isobutylhydroxylamine

Group E Flavin Monooxygenases: Canonical
Enzyme Styrene Monooxygenase; Biomedical
Representative = Squalene  Monooxygenase
(Targating Cholesterol Anabolism for Treatment
of Fungal Infections)

More than 20 Group E FMOs have been isolated and at
least partially purified and characterized [35]. All contain
Rossmann folds as decribed for Group A enzymes above and
use FAD as cofactor [2,6]. These enzymes carry out the regio-
and stero- selective reactions to produce either epoxides or
sulfoxides[2]. TheyuseaFAD dependenptreductase toreduce
the flavin and deliver it to the minoxygenase component.
This component reacts with molecular oxygen to generation

Madison Guess and Kevin Francis. Flavin Monooxygenases: A Multifaceted Class of Enzymes with
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a C4a-hydroperoxy adduct for monooxygenation. Unlike
the case of other two component FMOs, monooxygention
is strongly promoted through interactions of the redcctase
with the monooxyganse [36,37]. Brodly speaking, Group E
enzymes are sudivided into two groups that act either styrene
derivtives or unsubstituded indoles [2,5]. Catalyzed reactions
occur on substitued alkenes and have been extensively
studied for useful biotechnilogical applications [2,35]. The
caniconical enzyme of Group E is styrene monooxygenase
(E.C. 1.14.14.11) [38,39]. The Group E enzyme squalene
monooxugenase (E.C. 1.14.14.17) is an imprtanat drug target
for the tereatment of fungal infections [40]. The enzyme is
targeted by terbinfine (brand name Lamicil®) for the topical
treatment of athletes foot.

Copyright© Madison Guess and Kevin Francis.
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I!‘RDF'H, NHADF”
y Oy 20

squalene

2,3-oxidosqualene

Scheme 5: The reaction catalyzed by Squalene Monooxygenase This Group E FMO catalyzes the second rate- controlling step
of cholesterol biosynthesis. It is the target of the topical anti-fungal terbinafine (brand name Lamisil®). Inhibition of the FMO
prevents cholesterol synthesis in fungi weakening their cell membrane to make them susceptible to the innate immune system.

Group F Flavin Monooxygenases: Canonical
Enzyme Tryptophan 7-Halogenase; Biomedical
Representative KtzR (Anti-fungal Target; Other
Member Widely Used as Biocatalysis in the
Pharmaceutical Industry)

Around 40 Group F FMOs have been described each of
which contain a GR-2 Rossmann folds to bind a FAD cofactor
used in the reaction [2,6]. These two component systems are
halogenases with most catalyzing chlorination of aromatic
heterocyclic rings. However, brominating and even iodinating
enzymes such as VirX1 are known [41]. Group F members
have two fingerprint motifs in their monooxygenase
component. One is a GxGxxG region (x is any amino acid)
and the other is a so called “W-box fingerprint” that contains
the sequence WxWHxIP [42]. The latter sequence plays an
important role in controlling the strict regioselectivity of
the catalyzed halogenation. The regioselectivity of Group
F FMOs make them widely used in chemical industries for
the generation of natural products and antibiotics including
chloramphenicol [2].

Group F enzymes have been most extensively studied

in the context of the chlorination of tryptophan [2,5,6]. The
canonical Group F member is tryptophan-7-monooxygenase
(PrnA; E.C.1.14.19.9). PrnA has been extensively characterize
both mechanistically and in terms of how information is
communicated between the reductive and oxidative units
of the two component FMO [42]. The catalytic mechanism
of Group F FMOs involves the electrophilic aromatic
substitution reaction of the organic substrate with an
inorganic halo acid induced by the C4a-hydroperoxy form of
FAD (Figure 2) [2]. Communication of between active sites
of each of the two components is achieved largely through
conformational changes of the isoalloxazine ring of the flavin
induced by conserved lysine and glutamate residues [2,42].
Such functional role of flavin dynamics are reminiscent of the
single component Group A enzyme PHBH [6,8]. As mentioned,
Group F enzymes are widely used in the biosynthesis of
antibiotics so have important biomedical applications. A
notable example is KtzR (E.C. 1.14.19.60) which is involved
in the synthesis of the antifungal kutzneride [43]. The
enzyme, whose reaction is shown in Scheme 6, is one of
several tryptophan halogenates involved in the production
of the antifungal agent.

NH, NH,
A O O
KizR
N HO —_— - N\ H
N Cl N
| H | H
7-chloro-L-tryptophan 6.7-dichloro-L-tryptophan
Scheme 6: The reaction catalyzed by KtzR This Group F FMO catalyzes the halogenation of amino acids in microbes which is
an important step in antibiotic biosynthesis. This property of group F FMOs have made them extremely useful as biocatalysts
in the pharmaceutical industry to produce an array of compounds of biomedical import.
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Group G Flavin Monooxygenases: Canonical
Enzyme Tryptophan 2-Monooxygenase; No
Biomedical Representatives

Group G is small and currently contains only four
members all of which contain monoamine oxidase type
fold [44] to bind FAD for the oxidative decarboxylation of
amino acids [2,5,6]. The enzymes are involved in amino
acid metabolism in vivo and consist of trptophan-2-
monooxygenase (Scheme 7; E.C. 1.13.12.3) [45], arginine
monooxygenase (E.C. 1.13.12.1) [2], lysine monooxygenase
(E.C. 1.13.12.2) [46] and phenylalanine 2- monooxygenase
(E.C. 1.13.129) [47]. Group G members are internal
monooxygenases containing a single component capable of
taking electrons from a substrate to reduce the FAD cofactor.
FAD remains bound to the enzyme to activate molecular
oxygen for amino acid monooxygenation.

Group G FMOs utilize a two-step catalytic mechanism
in which the amino acid is oxidized through a hydride ion
transferreaction from the a.-carbon to the flavin N(5)-position
of the isoalloxazine ring (Figure 1) in a similar manner as
the flavin oxidases [6] to generate FADH,. Evidence exists

Annals of Advanced Biomedical Sciences

for two sperate types of mechanisms for oxygenation of the
imino acid intermediate that from the hydride transfer step.
One route involves the formation of a C4a-hydroperoxoflavin
(Figure 2) that undergoes an electrophilic attack of the
a-carbon of the imino acid to eliminate carbon dioxide. This
would be followed by tautomerization to form the final amide
product. In the other proposed mechanism of oxygenation,
the flavin C4a-hydroperoxide is not stabilized but instead
the hydrogen peroxide formed upon re-oxidation of the
flavin reacts with the imino acid to generate the final amide
product. It remains unclear which mechanism is operative or
if both occur depending on the enzyme and specific reaction
conditions [2,6].

Regardless of the mechanistic details Group G FMOs have
little biomedical relevance since they are mainly involved in
gall formation and other aspects of plant physiology. They
have found moderate use in chemical industries, but their
narrow substrate specificities limit their applications. Kinetic
studies of these enzymes has revealed unusual behaviors
resulting from the branching of reaction intermediates that
could indirectly benefit mechanistic studies of biomedically
important systems [48].

NH,

o O 0O,

N
| H

L-tryptophan

\, © LL. AN

NH>
/

Yo

coy,’
H,0

N
Cl | H

indole-3-acetamide

Scheme 7: The reaction catalyzed by tryptophan monooxygenase Group G FMOs catalyzes the oxidative decarboxylation of
amino acids. Activity is shown to be correlated with gall formation in plants. While Group G members do not have known
biomedical relevance mechanistic studies have reveled important kinetic consequences that could have indirect applications
to biomedical enzymes.

reactions. They have different over folds though, are also
known to catalyze denitrification reactions and utilize
different catalytic mechanisms for monooxygenation.
Group H FMOs contain (f/a)8 TIM barrel folds to bind
FMN cofactors [25]. These enzymes display an unusual
features among flavoproteins lacking metal ions in that they
undergo radical mechanisms involving flavosemiquinone
intermediates. This has been most extensively studied
in nitronate monooxygenase (Scheme 8; E.C. 1.13.12.16)
where an anionic flavosemiquinone was observed and well

Group H Flavin Monooxygenases: Canonical
Enzyme Lactate 2-Monooxygenase; Biomedical
Representative Nitronate  Monooxygenase
(Potential Anti-fungal)

Group HFMOs are another small category of enzymes that
currently only contain four members [2,5,6]. They are similar
to Group G members in the sense that they are self-sufficient
internal monooxygenases, that catalyze decarboxylation
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characterized through both anaerobic substrate reductions
and rapid kinetic measurements [49,50]. In this mechanism,
a single electron is transferred from the substrate to the
flavin N5-postion of the isoalloxazine ring (Figure 1) to
generate an enzyme bound substrate radical. Molecular
oxygen then reacts with the flavin radical to re-oxidize the
cofactor. The resulting superoxide radical then rapidly reacts
with the substrate radical to produce a peroxide that is
released from the active site and undergoes a non-enzymatic
decomposition to produce the final carbonyl product.

The canonical Group H enzyme is lactate 2-monooxygenase
that was first identified by Edson in 1947 [1] and whose
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structure was solved in 2018 [51]. Nitronate monooxygenase
whose structure is also known has modest biomedical
relevance given that the preferred substrate, propionate-3-
nitonate, is a potent and irreversible inhibitor of succinate
dehydrogenase, an essential metabolic enzyme for aerobic
organisms [49]. Over 2,000 genes encoding putative
nitronate monooxygenases have been identified including
in many pathogens [2]. Studies have shown that the enzyme
is expressed in Mycobacterium sp. under hypoxic conditions
[49]. However, to date no studies have been carried out to
target the enzyme for treatment of disease.

propionate-3-nitronate

(0 O, NOz H,0O O

KNMO_Q, H

Scheme 8: The reaction catalyzed by nitronate monooxygenase This Group H FMO catalyzes the oxidative denitrification alkyl
nitronates. Propionate-3-nitronate, the physiological substrate of nitronate monooxygenase, is a potent irreversible inhibitor
of succinate dehydrogenase. Both plants and symbiotic fungi produce the FMO for protection.

O

O-

malonic semialdehyde

Conclusion and Summary

As outlined here the chemical versatility of the flavin
cofactor gives rise to a plethora of reactions catalyzed by
FMOs many of which have importantapplications in medicine
and disease. FMOs are grouped based on their overall protein
fold, source of electrons to reduce the flavin cofactor and
strategy to carry out the overall reaction. Groups A and B
FMOs carry out their entire catalytic cycles within the same
protein and are thus referred to as single component FMOs.
Groups C-F are two component systems in which a NAD(P)H
dependent reductase first transfers electrons to the flavin via
a hydride ion and then transfers the reduced molecule to the
monooxygenase component for substrate oxidation. Finally,
internal monooxygenases carry out their entire reaction
solely with an enzyme bound flavin. They take electrons
from an organic substrate to reduce the flavin and then react
with another substrate to produce the final product of the
enzymatic reaction. With over 250 FMOs described to date
and thousands of research articles it is easy to get lost in the
pile of data collected for these enzymes. We hope this review
lays a solid foundation for more detailed studies of the highly
recommend and comprehensive reviews that are noted
[2,4,6-8]. The readings should aid in the study of new FMOs
for the treatment of disease.
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