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Abstract

Flavin dependent halogenases (FDHs) catalyze the halogenation of organic substrates by
coordinating reactions of reduced flavin, molecular oxygen, and chloride. Targeted and random
mutagenesis of these enzymes has been used to both understand and alter their reactivity. These
studies have led to insights into residues essential for catalysis and FDH variants with improved
stability, expanded substrate scope, and altered site selectivity. Mutations throughout FDH
structures have contributed to all of these advances. More recent studies have sought to rationalize
the impact of these mutations on FDH function and to identify new FDHs to deepen our
understanding of this enzyme class and to expand their utility for biocatalytic applications.
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1. Introduction

Over 4,500 halogen-containing natural products have been reported to date (1, 2). The
biological activity of many of these compounds has led to widespread use of halogenated
compounds, including the antibiotic vancomycin and the antitumor agent rebeccamycin, as
pharmaceuticals (3, 4). The halogenated antibiotics laurinterol and isolaurinterol have even
demonstrated potent activity against penicillin- and vancomycin-resistant bacterial strains,
which have become increasingly problematic as bacteria continue to evolve to withstand
commonly administered drugs (5). Structure-activity relationship studies have demonstrated
that halogen substitution often directly affects the biological activity of compounds (6—10).
For example, the efficacy of vancomycin (1) as an antibiotic and that of
desformylflustrabromine (2) as a biofilm inhibitor are both significantly diminished upon
halogen removal (Fig. 1A) (6, 7). Halogen substitution is also required for isoform-specific
serotonin receptor activation by the anti-obesity drug Lorcaserin (Fig. 1A, 3) (8). Without
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halogenation, the specificity of this drug is diminished and harmful side effects can occur.
Additionally, halogen substitution has been shown to raise the potency of insecticides,
herbicides, and fungicides, making it invaluable in agrochemical design (11). While halogen
substitution was initially thought to non-specifically impact bioactivity by increasing small
molecule lipophilicity and hydrophobic interactions with target proteins, the importance of
specific halogen bonding interactions with both nucleophiles and electrophiles is
increasingly appreciated (Fig. 1B) (12-14).

In addition to possessing a wide range of biological activities, organohalogen compounds are
also important building blocks for organic synthesis (15). Biaryl motifs commonly found in
pharmaceutical compounds (16) can be accessed through cross-coupling reactions, which
typically involve aryl halide starting materials (17-20). Although organic compounds can be
halogenated via a wide range of methods, including electrophilic aromatic substitution,
radical substitution, and electrophilic addition, controlling the site selectivity of these
reactions remains challenging. In most cases, site selectivity is determined by substrate
control (e.g. substrate electronics). This review focuses on catalyst-controlled halogenation
using flavin-dependent halogenases (FDHs), which proceeds through an electrophilic
aromatic substitution (EAS) mechanism.

Non-enzymatic halogenation proceeding via EAS typically involves the reaction of
substrates at their most electronically activated sites (21). When a molecule has several
electronically activated sites, such the ortho and para positions of anilines or phenols,
product mixtures are usually observed. This lack of site selectivity between electronically
activated sites limits the overall yield and efficiency of the reaction (21). Furthermore, most
halogenation strategies cannot access less electronically activated sites on an aromatic
compound in the presence of more activated sites. For example, the benzo sites of indoles
(C4-7) are difficult to halogenate in the presence of one or both pyrrolo sites (C2-3, Fig.
2A) (22). Thus, halogenation catalysts capable of overriding substrate electronics to
selectively halogenate organic compounds are highly desirable.

FDHs accomplish this challenging task by binding a substrate and directing a reactive
halogenating species to a single site on that substrate, even if it is not the most electronically
activated site (Fig. 2A). Our group has used halenium affinity (HalA) calculations (23) to
quantify the nucleophilicity of different sites on a molecule and thus identify cases in which
FDH selectivity is different than that expected from substrate electronics alone. In analogy
to calculated proton affinities (24), the HalA of a sp? hybridized carbon is simply the energy
associated with addition of a halenuim ion (X™) to that site, thus producing an sp> hybridized
C-X adduct (Fig. 2B). Higher HalA values correspond to sites on a molecule that are more
nucleophilic and therefore more reactive toward electrophilic halogenation (Fig. 2C).
Calculated HalA values correlate well with experimentally observed product ratios for
reactions proceeding via EAS and previous computational work describing the relative
nucleophilicity of different compounds (25).

Fully harnessing the potential of FDHs to serve as site selective biocatalysts requires a
thorough understanding of their mechanism. While numerous classes of halogenases (e.g.
haloperoxidases, nonheme iron-dependent halogenases, S-adenosyl-L-methionine-dependent
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halogenases) have been the focus of much exciting work (26-31), this review will focus on
FDHs. We will address advances in our understanding of FDHs obtained through structural
and biochemical studies, with an emphasis on targeted mutagenesis and directed evolution
experiments. Additionally, FDH applications in biocatalysis and FDH substrate-activity
profiling will be discussed.

2. Flavin-dependent halogenases (FDHs)

2.1 FDH mechanism

Much of our current understanding of FDHs comes from studies of tryptophan-FDHs (Trp-
FDHs), which halogenate the benzo positions of the indole moiety in L-tryptophan. Through
these studies, it was discovered that FDHs closely resemble flavin-dependent oxygenases
both mechanistically and structurally. In flavin-dependent oxygenases, bound FADH, reacts
with O, to form a FAD(C4a)-OOH intermediate (34, 35). This intermediate can
subsequently oxidize organic substrates. For example, the flavin-dependent oxygenase p-
hydroxybenzoate hydroxylase (PHBH) uses FAD(C4a)-OOH as an "OH*" source that is
used to hydroxylate the proximally bound aromatic substrate via electrophilic aromatic
substitution (Fig. 3A, blue) (35, 36).

Walsh and coworkers used stopped-flow kinetics to characterize the FAD(C4a)-OOH
intermediate in the 7-tryptophan FDH (Trp-FDH) RebH as well (38); however, in contrast to
monooxygenases such as PHBH, the FAD(C4a)-OOH intermediate does not directly oxidize
substrate. As shown in Fig. 3A, PHBH positions the C4a of the isoalloxazine ring 4.2 A
from the functionalized site of substrate, close enough for subsequent electrophilic aromatic
substitution to occur directly (39). The crystal structures of Trp-FDHs show much longer
isoalloxazine-substrate distances of ~10 A, indicating the FAD-peroxide cannot interact
directly with substrate without large conformational changes (Fig. 3A, green) (40—42). No
such conformational changes are are apparent from crystal structures with and without
substrate and/or FAD bound (40—42). When chloride is present in FDH solutions during
crystallization and/or soaked into FDH crystals, a chloride-binding site proximal to the
isoalloxazine is observed (40—42). Whether this chloride-binding site is relevant to FDH
halogenation activity or simply an artifact of crystallization is still uncertain (43). From
these structural studies, it is proposed that, instead of organic substrate, chloride (perhaps
that bound near the isoalloxazine ring) reacts with the FAD(C4a)-OOH intermediate to form
hypochlorous acid (HOCI, Fig. 3A, green). This HOCI species is thought to travel through a
tunnel to the active site where it interacts with an active site lysine residue, either via simple
hydrogen bonding (44) or to form a chloramine intermediate (41). The proximally bound L-
tryptophan can subsequently undergo electrophilic aromatic substitution (EAS) with either
the bound HOCI or chloramine species. In Trp-FDHs, an active site glutamate residue has
also been found to be important for catalysis (Fig. 3B). Several functions have been
proposed for this residue and will be discussed in greater detail in section 3.1.

Whether a covalent or non-covalent interaction is occurring between HOCI and Lys79, the
importance of this residue for site selective halogenation is crucial. By anchoring the
halogenating species within the enzyme active site, Trp-FDHs can halogenate a single C—-H
bond on L-tryptophan. In RebH and PrnA, L-tryptophan binds in the active site such that the
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C7-H bond is positioned proximal to the "C1*" species and undergoes electrophilic aromatic
substitution (41, 42). In addition to 7-Trp-FDHs (45, 46), both 5- (47-49) and 6-Trp-FDHs
(50-54) have been characterized. As previously noted, site-selectivity for a single benzo-
position, especially in the presence of the more electronically activated pyrrolo position, is
remarkable. A crystal structure of the 5-Trp-FDH PyrH with bound L-tryptophan shows that
the active site lysine residue is positioned proximal to C5—H bond of L-tryptophan,
consistent with the observed selectivity (55). To achieve this differential L-tryptophan
binding with respect to the 7-Trp-FDHs RebH and PrnA, L-tryptophan is flipped in the
active site (Fig. 3B). Structures of 6-Trp-FDHs SttH (56) and Th-Hal (53) have also been
elucidated; however, neither contains bound L-tryptophan. Further structural
characterization or computational analysis will be necessary to determine the mode of
substrate binding in 6-Trp-FDHs.

2.2 Structural and functional diversity of known FDHs

In addition to Trp-FDHs, FDHs that chlorinate substrates containing phenol (57-65), pyrrole
(66-70), and even alkyl (71, 72) moieties have also been identified. Several of these FDHs
have been shown to halogenate free substrates; however, many accept only substrates
tethered to acyl carrier proteins (ACP) (58, 66, 67, 73). Walsh and coworkers reported the
first example of such an FDH (66), PItA, which was determined to be the halogenase
responsible for chlorination of pyoluteorin. /i vitro activity of PItA was reconstituted only
when the pyrrolyl substrate was tethered to an ACP (Fig. 4A, 4). Similarly, the FDH SgcC3
was found to chlorinate CP-acylated p-tyrosine (Fig. 4A, 5), whereas no chlorination activity
was observed using the free amino acid (73).

On the other hand, many free substrates are also viable substrates for FDH-catalyzed
halogenation. Unlike PItA, for example, the FDH PrnC halogenates the pyrrole ring of
monodechloroaminopyrrolnitrin (Fig. 4A, 7) without the need for a ACP (68). The FDH
MibH was recently discovered and found to chlorinate a lanthipeptide (~1kD) (74). Several
FDHps, including Rdc2/RadH (59), CazI (61), and Bmp5 (58), have been found to halogenate
free phenol-containing compounds (63) (Fig. 4A, 6, 11, 12). Interestingly, BmpS5 is the first
and, prior to work later performed in the Lewis lab (75), only reported single component
FDH. Like single component flavin-dependent oxygenases, Bmp5 is capable of generating
reduced flavin, removing the need for a separate flavin reductase (58). Also unique to FDHs
currently characterized, Bmp5 catalyzes a two-step reaction, in which bromination occurs at
the 3-position of 4-hydroxybenzoate, followed by subsequent decarboxylative-bromination.

Interestingly, FDHs capable of halogenating alkyl substrates have recently been described
(71, 72). The FDH CmlS was identified as crucial for the production of the dichloroacetyl
moiety of chloramphenicol (Fig. 4A, 8); however, the substrate of CmlS has not been
established (71). It is thought that a CoA thioester form of the dichloroacetyl moiety is
added to a chloramphenicol precursor by other enzymes in this cluster (76), but it remains
unclear whether halogenation or thioester formation occurs first. The identity of the acyl
group of this compound prior to halogenation is also unknown. Although acetate,
acetoacetate, and malonate could serve as the acyl source, the latter two would serve as more
reactive substrates, should chlorination proceed via an enolate intermediate (71). Should
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these dicarbonyl substrates be involved instead of acetate directly, a retro-Claisen reaction
(for acetoacetyl-CoA) or decarboxylation (for malonyl-CoA) could form the acyl donor
dichloroacetyl-CoA. Regardless of the exact substrate chlorinated by CmlS, this FDH marks
an interesting case of non-aromatic halogenation. The pKa for malonate (13.5) and
acetoacetate (8.5) are such that deprotonation followed by chlorination with hypochlorous
acid or chloramine are reasonable, thus CmlS could indeed follow a similar mechanism as
Trp-FDHs (71).

A fungal FDH was also reported to chlorinate an unactivated aliphatic carbon (72).
Hertweck and coworkers have established in vitro halogenation activity of FDH AoiQ (Fig.
4A, 13). For in vitro reactions, the des-chloro precursor of 13 (orthosporin) was added as
substrate to buffer containing purified AoiQ, flavin reductase, FAD, NaCl, and NADH.
Formation of chlorinated products was monitored by LCMS, but product from these
reactions was not isolated. "Instead, authentic standards for the expected mono and
dichlorinated products were synthesized and shown to co-elute with reaction product peaks
when analyzed by LCMS. Furthermore, when mono chlorinated orthosporin is used as
substrate, higher yields of 13 are observed. These results were used to suggest that AoiQ is
halogenating an unactivated, sp3-hybridized carbon. The authors note that the mechanism of
this FDH likely deviates from previously characterized FDHs (perhaps proceeding through a
radical pathway), but further studies will be required to determine how this unique reactivity
is achieved. In addition to substantially expanding upon the known scope of FDHs, AoiQ is
also the first reported FDH to contain a functional O-methylation domain.

As mentioned in section 2.1, FDHs are strikingly similar to flavin-dependent
monooxygenases. When the structures of CmlS (71), CndH (77) (an FDH thought to
halogenate a phenolic substrate), PItA (78), MibH (74), and RebH (40) are compared, many
structurally conserved regions are also found in the oxygenase PHBH (71). Structural
analysis displays high conservation of the FAD-binding domain and halogenation active site;
however, the C-terminus varies between CmlS, CndH, PItA, MibH, and Trp-FDHs (Fig. 4C).
This region is thus thought to impart substrate specificity between FDHs (71). In the crystal
structure of CndH, the C-terminus is less structured than Trp-FDHs and does not completely
envelop the active site as is the case for Trp-FDHs (Fig. 4C). This observation led to the
hypothesis that CndH halogenated a ACP-bound substrate, and that a more unstructured C-
terminus and open active site was common to this type of FDH. Based on the constricted
active site in the CmlS crystal structure reported in 2010, CmlS was originally hypothesized
to function on free substrate; however, the structure of PItA, reported in 2015 (78),
demonstrated that this need not be the case. The C-terminal region of PItA was well ordered
and constructs the putative active site. Because PItA is known to halogenate a ACP-bound
substrate (66), the C-terminus must undergo a large conformational change to allow
substrate access. Further studies are necessary to identify the nature of these conformational
changes, as well as whether CndH and CmlS function on free or ACP-bound substrate.

On the other hand, the crystal structure of MibH, which halogenates a lantipeptide (~1 kDa),
does indeed have a much larger substrate binding pocket than other FDHs (718.5 A2 larger),
even in the absence of bound substrate (74). Although it appears that MibH, like Trp-FDHs,
does not need to undergo large conformational changes to halogenate this peptide,
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crystallization of substrate bound structure will be necessary to confirm this. Another FDH,
which appears to halogenate a precursor of Ammosamide B (Fig. 4A, 10), has recently been
identified and demonstrates the highest sequence homology to MibH (79). It was originally
thought that chlorination of L-Trp by this FDH, Amm3, was the first biosynthetic step for
Ammosamide B; however, evidence suggests that Amm3 chlorinates a downstream
precursor (79).

2.3 Biocatalysis with FDHs

Detailed mechanistic and structural studies of known halogenases, in addition to the
discovery of new, diverse FDHs described above, reveals the exciting potential of FDHs as
site-selective, environmentally-friendly halogenation catalysts. Expanding the substrate
scope of these enzymes and increasing the reaction scales on which they can be used is
important for their use in many synthetic applications. To increase reaction sizes, high
enzyme expression yields and turnover numbers are necessary. In 2013, Lewis and
coworkers developed a method to express RebH at concentrations 10 times higher than
previously reported conditions (80). Using this method, sufficient enzyme for multiple
preparative-scale reactions (10 mg) could be rapidly obtained. Through these reactions, it
was discovered that RebH selectively halogenates several aromatic compounds, including
various tryptamines, tryptophol, and D-tryptophan. Following this report, Frese et al.
developed a method for the immobilization of FDHs into cross-linked enzyme aggregates
(CLEAs). Using this methodology, CLEAs containing RebH and necessary cofactor
regeneration enzymes were used as catalyst to produce 1.813 g of 7-bromotryptophan using
enzyme obtained from 5 L of RebH culture (81).

Like RebH (33), several other FDHs, including the Trp-FDHs SttH (56), Thal (33), PrnA
(82), PyrH (82), and Krml (83) as well as the phenol FDHs Rdc2 and Gsfl (33, 59, 84), have
demonstrated broad substrate scope and interesting site-selectivities (Fig. 4B, 14-20). As
preparative methods became more established and substrate scope broadened, interest arose
in using FDH-catalyzed halogenation products as intermediates in cross-coupling reactions
to achieve site-selective arylation. Goss and coworkers were able to chlorinate the peptide
antibiotic pacidamycin and use this as a functional handle to selectively arylate this site (85).
As a more general method, Lewis and coworkers were able to selectively arylate several
biologically active aromatic compounds from crude FDH-catalyzed reaction mixtures (86).
In addition, this system was used to demonstrate formation of new C—N and C—O bonds
from FDH-generated aryl chlorides. Even more recently, Micklefield and coworkers devised
a method for conducting site-selective FDH-halogenation and subsequent cross-coupling
reactions in one pot using membrane compartmentalization (87).

In addition to their utility for in vitro biocatalysis, FDHs have also proven valuable for in
vivo halogenation (88). Trp-FDHs, when introduced into Streptomyces species, can produce
chlorinated pacidamycin (85) and indolocarbazole derivatives (89). Similarly, Rdc2 and
RadH have been used to halogenate several phenol-containing compounds in vivo in E. coli,
making use of the native E. co/i reductases necessary to provide reduced flavin (37, 59).
Lewis and coworkers have demonstrated that by using FDH-reductase fusions in vivo,
higher products titers of both native and non-native substrates can be obtained in E. coli
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BL21 (75). Expanding even past bacterial hosts, Trp-FDHs, co-expressed with a reductase
partner, have been used in p/anta to generate halogenated alkaloid derivatives (90, 91).
Recently, it has been shown that FDHs can be targeted to the chloroplasts in planta. Because
chloroplasts contain naturally occurring reductases, there was no need for heterologous
reductases (92).

3. Structure-guided mutagenesis of FDHs

3.1 Active site mutations to probe mechanism

The range of biocatalytic applications reported for FDHs to date has established these
enzymes as useful tools for site-selective, green halogenation. Targeted mutagenesis of
several FDHs has been used to probe their mechanism and alter their catalytic properties.
Crystal structures are required for these efforts, however, and the first FDH to be
characterized crystallographically was PrnA. As noted above, this structure led to the
hypothesis that an active site lysine residue directly interacts with a chlorinating agent to
enable site selective halogenation (42). This active site lysine residue is conserved in all
known FDHs. Mutation of this residue to alanine completely abolished halogenation activity
in RebH (K79) (41), PrnA (K79) (42), Rdc2 (K74) (93), and RadH (K74) (37). While the
importance of this residue in catalysis and site-selectivity remains unquestioned, the nature
of the interaction between HOCI and the active site lysine residue is still debated (Fig. 3A).
Work from the Walsh and Drennan labs has demonstrated the existence of a long-lived
chlorine-containing form of RebH (41). This species was formed when RebH, O,, reduced
flavin, and chloride react in the absence of L-tryptophan. Flavin was subsequently removed
through standard desalting procedures, and the resulting RebH form retained chlorinating
ability for up to 63 hours (41). Lys79 was found to be crucial to the formation of this
species, and thus it was proposed that HOCI reacts with Lys79 to form the more stable (with
respect to HOCI) chloramine (41), which was found to be a kinetically competent
halogenating species.

On the other hand, work from the van Pée lab suggests that HOCI may be the active
chlorinating species involved in FDH catalysis. This claim is based on the observation that
active site residue Glu346 in PrnA, another 7-Trp-FDH, is crucial for high rates of catalysis
(42, 44). When the point mutation E346Q is introduced into PrnA, halogenation rates drop
by two orders of magnitude (42). This glutamate residue has been proposed to deprotonate
the Wheland intermediate involved in arene halogenation proceeding via EAS thus restoring
aromaticity (Fig. 2B). No KIE is observed for halogenation of L-tryptophan (32), confirming
that deprotonation is facile and occurs after the rate-limiting step (presumably formation of
the Wheland intermediate), as is commonly observed for EAS reactions (94). Given the
acidity of such an intermediate, it is unlikely that a dedicated general base would be required
for its deprotonation. Glu346 could instead lower the barrier associated with electrophilic
attack of substrates by the active halogenating species via electrostatic stabilization of the
positive charge that develops during formation of the Wheland intermediate. van Pée and
coworkers have demonstrated that E346D mutation in PrnA, which remains negatively
charged, is inactive (44). It was discovered upon structural characterization of the E346D
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variant that this mutation adopts a different conformation than wild-type. Thus, van Pée and
coworkers conclude that localization of negative charge is crucial to its function.

In light of these mutational studies with the active site glutamate of PrnA, van Pée and
coworkers propose another role in catalysis - one in which direct interaction between
glutamate and the chlorinating species occurs. Instead of Lys-eNH-Cl serving as the
chlorinating species, they propose that it could act as a stable CI* reservoir that, upon
substrate binding, could regenerate HOCI. Subsequently, HOCI could interact with both
Lys79 and Glu346 to increase its electrophilicity (44). Interestingly, although this active site
glutamate is conserved among Trp-FDHs, it is absent in pyrrole and phenol FDHs. It has
been proposed that the absence of this residue in the latter cases is due to the greater
electronic activation of these substrates relative to the indole benzo ring; further activation
by the enzyme is not needed for EAS (44). HalA calculations (23) and nucleophilicity
studies (25) indicate that pyrroles are indeed more activated than the benzo positions of
indole, but neutral phenols are not (Fig. 2C). It is possible that phenol FDHs deprotonate the
relatively acidic hydroxyl group of these substrates to increase their nucleophilicity (Fig. 3C)
(37, 58). This is known to occur in monooxygenases (35), but it has not yet been established
in FDHs, as a there is currently no substrate-bound crystal structure of a phenol FDH.
Further experiments and, likely, simulations will be necessary to clarify the nature of the
active chlorinating species in FDHs as well as the role of the active site glutamate in Trp-
FDHs.

Recently, work from the Micklefield lab provides the first support of this proposed
deprotonation event in phenol FDHs (37). A homology model was built for RadH (77%
sequence identity to Rdc2) based on a geranylgeranyl reductase flavoprotein. The native
substrate of RadH was docked into this model and active site residues that could potentially
interact with this substrate were identified. Alanine mutations were individually introduced
into the RadH gene at these residues. N98, S329, S330, and Q413 are within H-bonding
distance of substrate, and alanine mutations of these residues did indeed reduce the activity
of RadH. K74, F328, and D325 are highly conserved among phenol FDHs. When these were
mutated to alanine in RadH, F328A, which is thought to be involved in m-stacking
interactions with substrate, demonstrated reduced activity; however, K74A and D325A
abolished activity. The role of K74 in catalysis is discussed above. According to the
homology model, D325 is positioned proximal to the phenol of substrate. This residue could
be deprotonating substrate, and thus increasing the electronic activation of substrate. This
hypothesis is supported by the observation that halogenation is always observed ortho to the
phenol hydroxyl substituent (33, 37, 59), since D325 and K74 are positioned such that
deprotonation and chlorination would always occur with this regioselectivity.

3.2 Non-active site mutations to probe mechanism

The mechanism of FDHs involves two separate binding pockets - one for the substrate to be
halogenated and one for flavin/halide. As described previously, hypohalous acid (HOX) is
formed within the flavin binding pocket. To get to the substrate active site, HOX is thought
to travel through a tunnel approximately 10 A long that connects these two pockets within
the FDH. Upon reaching the active site, HOX can interact with the crucial, active site lysine
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residue (Fig. 3A). The structure of CmlS, an FDH involved in the biosynthesis of
chloramphenical, has provided an interesting view of this tunnel in which a hydrogen
bonding network extends from the FDH surface to the substrate active site (Fig. SA) (71).
Within this network, a water molecule is located where the peroxide of FAD(C4a)-OOH is
thought to reside. To reach the active site, it appears that newly generated HOX first forms a
hydrogen bond with a serine residue highly conserved among all FDHs (S305 in CmlS).
Indeed, van Pée and coworkers proposed this mechanism of HOX transfer based on X-ray
crystal structures of PrnA. Interestingly, when this seemingly crucial residue is mutated to
alanine in PrnA (S347A), the resulting variant only displays a 2.5-fold loss of activity (44).
Even more surprising, mutation of this conserved residue can potentially be advantageous
(95) (see section 4.1). A more thorough understanding of substrate, flavin, and chloride
entry and movement through these enzymes will perhaps be necessary to elucidate the role
of this serine residue in catalysis.

On the other end of the tunnel, a highly conserved glutamate residue is the last residue in
this hydrogen-binding network and links the protein surface with the active site (Fig. SA,
E44 in CmlS, Fig. 5B, E46 in PrnA). It has been proposed that this network can function as
a proton shuttle (71). When this residue is mutated in PyrH (E46Q and E46D), k., is greatly
diminished, thus supporting its importance to catalysis (kea of WtPyrH = 3.56 min™!; ko of
PyrH-E46D/Q = 0.06 min™!) (55). It is unclear why mutation of this residue, if it acts as a
proton shuttle, is more detrimental to catalysis than mutation of the serine residue located at
the active site end of the tunnel. Interpreting the function of this glutamate residue is further
complicated by its proximity to the FAD binding pocket. van Pée and coworkers note that
this residue undergoes a large, 180 degree conformational change upon FAD bound vs. apo
structures (Fig. 5B), and thus hypothesize that this residue is involved in regulating the
exchange of reduced and oxidized FAD (55).

Another highly conserved motif in FDHs is the sequence is WxWXIP, located near the
isoalloxazine ring of FAD (Fig. 5B). It has been proposed that the bulky Trp residues (W272
and W274 in PrnA) prevent substrate binding proximal to FAD and thus inhibit
monooxygenase activity (42). In the monooxygenase PHBH, these residues correspond to
F208 and L210, and in PHBH these residues are positioned further from FAD. Surprisingly,
mutation of either of the Trp residues in PrnA to Phe does not affect halogenation activity
(44). Additionally, although both W residues are highly conserved, mutation of W274A
completely abolishes halogenation activity, while W272A appears to have no effect on
activity. It would be interesting to know whether variants W272F/A and W274F do produce
other oxidative products as well as halogenated product. Overall, the conservation of this
motif remains enigmatic.

Also within the FAD binding domain is the conserved sequence D(W/Y)SY, which is only
absent in Trp-FDHs. In Trp-FDHs, FAD is non-covalently bound within the enzyme and is
thought to be exchanged during the catalytic cycle; however, structural characterization of
CmlS led to the discovery that covalent attachment of FAD is also possible within FDHs
(71). In CmlS, a covalent bond between residue D277 (D(W/Y)SY) and the isoalloxazine
ring is apparent in the crystal structure (Fig. 5A). Jia and coworkers discovered that upon
purification of CmlS, flavin could not be easily washed away, further supporting
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crystallographic evidence of a covalent attachment. When the mutation D277N is introduced
into CmlS; however, all flavin can be removed upon washing. Notably, after purification,
similar amounts of flavin-bound CmlS are observed for wtCmlS and the D277N variant,
suggesting that non-covalent interactions are very important to flavin binding within this
enzyme as well.

3.3 Mutations to alter functionality

As insight into the structure and mechanism of FDHs continues to increase, so to do efforts
aimed at engineering these enzymes using site-directed point mutagenesis. These efforts
have led to both altered function and further mechanistic understanding of FDHs. Targeted
mutations to alter substrate specificity, enzyme activity, and site-selectivity of FDHs will be
discussed in this section.

As noted in section 2.3, FDHs have been used in planta to create new chlorinated
monoterpene indole alkaloids (90). Although chlorinated alkaloids were synthesized using
wt RebH, a large build-up of 7-chlorotryptphan was observed. This was due to the reduced
activity of tryptophan decarboxylase, the first step in alkaloid formation, on 7-
chlorotryptophan. The product of this decarboxylation step, tryptamine, was found to also be
selectively halogenated at the 7-position by RebH but at a much lower rate (80). To increase
the efficiency of alkaloid biosynthesis using this system, O’Connor and coworkers used site-
directed mutagenesis of the substrate-binding pocket to change RebH specificity from L-
tryptophan to tryptamine (91). Seventeen active site variants were individually cloned and
evaluated; however, only variants L113G and Y455W retained activity. Of these, Y455W led
to a 10-fold reduction in L-Trp halogenation and a 3-fold increase in tryptamine
halogenation. Using this variant /n p/anta removed accumulation of 7-chlorotryptophan.
Based on the crystal structure of RebH, it was proposed that the larger Trp residue at site
455 sterically hinders carboxylic acid binding, which would be detrimental to Trp but not
tryptamine. It is unclear why this variant also demonstrates increased activity on tryptamine.

The ability to understand and control the site-selectivity of FDHs has also been pursued
through targeted mutagenesis. To gain insight into which active site residues contribute to
substrate binding and regioselectivity, van Pée and coworkers introduced three point
mutations into PrnA (96). Large, aromatic residues were chosen and mutated to alanine
(H101A, F103A, and W455A — note that this last residue corresponds to W466 in RebH, not
the W455 targeted by O’Connor). Both H101A and W455A significantly decreased
substrate binding (from K, ~50 uM to K, ~1800 pM) and turnover number. F103A also
decreased enzyme efficiency, but another halogenated isomer of Trp was also observed using
this variant. Characterization of the halogenated product mixture showed that a 1:2 mixture
of 5- and 7-bromotryptophans was produced using this variant; the product ratio for the
corresponding chlorination reaction was not reported (Fig. 6A). Analysis of the wtPrnA
crystal structure led to the hypothesis that when the bulky F103 residue was mutated to Ala,
L-Trp could rotate within the active site to a similar conformation observed in the 5-Trp-
FDH PyrH. These studies thus demonstrated the importance of these 3 residues in substrate
binding as well as the potential to alter the site-selectivity of halogenation of FDHs, though
the native isomer was still favored by a significant margin.
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In 2015, Micklefield and coworkers explored the activity of Trp-FDHs PyrH and PrnA
toward several benzoic acids, including anthranilic acid (82). PyrH catalyzed halogenation
of this substrate exclusively at the position para to the aniline substituent while PrnA
provided primarily the ortho isomer (84:16 ortho/para). Kinetic characterization of PrnA
indicated that its decreased activity on anthranilic acid relative to L-Trp results primarily
from poor substrate binding. In an attempt to improve substrate binding and anthranilic acid
halogenation efficiency, the authors introduced several mutations into the PrnA active site.
Residues Y443, Y444, E450, and F454 were all mutated to both Arg and Lys with the
reasoning that introducing a positive charge into the active site could improve binding with
the benzoic acid moiety of anthranilic acid. Variants Y443R/K and Y444R/K had little
impact on the activity and selectivity of halogenation; however, E450R/K and F454R/K did
indeed improve conversion. Of these single point mutations, E450K demonstrated the
highest increase in conversion (8-fold) and increased the site selectivity for ortho
halogenation from 84:16 to 93:7. The double mutant E450K+F454R switched the selectivity
to 38:62, so that the major isomer was halogenated at the para position (Fig. 6B).

Following this report, Lewis and coworkers demonstrated that the E450K mutation in PrnA
to improve anthranilic acid activity and selectivity carried over to RebH (E461K) (97). This
variant was then used as a starting point for mutagenesis studies that targeted the FAD-
binding pocket for improved activity. Unlike typical site-directed mutagenesis, the method
employed in these studies targeted 25 sites within the FAD-binding pocket and introduced
the degenerate NNN codon at these sites with tunable frequency. 1,000 variants from a
library containing 1-2 mutations per gene at the targeted sites were screened for activity on
anthranilic acid. As expected when mutating such a highly conserved domain like the FAD-
binding pocket, most of the variants in this library showed no conversion of anthranilic acid,;
however, one mutation — R231K — increased the k¢ 1.7-fold. It is unclear why this mutation
increases rate.

As more FDH structures are deposited into the PDB, alignments of these structures are
informing mutational studies. Recently, the structure of the 6-Trp-FDH SttH was solved
(56). When SttH is aligned with the 5-Trp-FDH PyrH, the key differences between the active
sites of these structures are three residues located in the amino acid binding pocket (L460,
P461, P462 in SttH; F451, E452, T453 in PyrH). When these residues are mutated in PyrH
(F451L, E452P, T453P), the resulting variant is inactive; however, the triple mutant in SttH
(L460F, P461E and P462T) remains active and alters the site-selectivity of L-Trp
halogenation from 100% at the 6-position to a mixture of 68% 6-halogenation and 32% 5-
halogenation. Moreover, the triple SttH mutant produces a 3:1 mixture of the 5- and 6-chloro
isomers of 3-indolepropionic acid whereas SttH gives a 1:9 mixture (Fig. 6C). Interestingly,
all three mutations are necessary to alter the selectivity of SttH — individual mutation did not
affect selectivity — highlighting the beneficial epistasis often necessary to confer change in
enzyme function.

4. Directed evolution of FDHs

Although much information about FDHs has been gained by targeted mutagenesis and in
some cases, desirable biocatalysts can be engineered, it is obvious that we do not yet have
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sufficient understanding of FDH function to reliably predict beneficial mutations.
Additionally, targeted engineering has focused on the active site, but it is well-established
that mutations distal to the active site can significantly improve enzyme activity. Directed
evolution, involving iterative rounds of targeted or random mutagenesis and screening, can
be used to identify mutations that would not be apparent with our current understanding of
FDHs and thus alter the function of these enzymes in a systematic manner (98—100).

4.1 Mutations to improve thermostability

The first example of using directed evolution to alter FDH function made use of error-prone
PCR (ep-PCR) and screening with UPLC to increase the thermostability of the 7-Trp-FDH
RebH (101). Following heat treatment, FDH cell lysates were tested for residual activity on
L-Trp. After only three rounds of mutagenesis and screening, a variant (3LSR) with an

18 °C higher melting temperature (T,,) than RebH was identified. This variant was found to
produce higher yields of halogenated products due to increased catalyst lifetime. The crystal
structure of 3LSR was solved (PDB ID: 4LUG6) and, as is often observed with thermostable
variants, most mutations were located distal to the active site and near the surface of the
enzyme (102, 103). One such mutation — Q494R — increases surface charge, which is
reported to deter protein aggregation (104). Interestingly, this same mutation was
independently identified via ep-PCR of a different RebH variant, and it increased conversion
in this case also, likely for the same reason (see section 4.3) (32). The mutation S2P, which
alone increases the T, of RebH by 2 °C, could be adding extra rigidity to the polypeptide
chain, thereby preventing thermal unfolding via “fraying” at the N-terminus (105).
Additionally, the mutation K145M, located nearby two arginine residues, could improve the
stability of RebH by decreasing local positive charge. It was later found that when K145 is
present, mutation of one of these arginine residues to glutamine (R509Q) also provides
higher conversion (32).

As more successful examples of FDH engineering emerged, both through site-directed
mutagenesis and directed evolution, novel strategies have been developed to increase
throughput of library screening (32, 37, 95, 106). The use of UPLC in screening is general
and effective; however, faster methods are desirable. A high-throughput colorimetric screen
was developed by Micklefield and coworkers in which aryl amines are added to catechol
through a Michael addition (106). These compounds are highly colored and, in several cases,
significant differences are observed between the UV/Vis spectra of their chlorinated
analogues. Chlorination of these aryl amines can be quantitated through spectrophotometric
analysis. Although this approach could prove very valuable for screening larger libraries of
FDHps, it has only been established for reactions using purified enzyme. In order for this to
be a practical method for directed evolution of FDHs, it will have to function using products
in cell lysates. Additionally, this method is inherently limited to aryl amines that have
different UV/Vis spectra of chlorinated analogs, which is frequently not the case.

Work from the Sewald lab has also produced a novel, rapid screening method for FDH
halogenation reactions (95). In this screen, FDH-generated tryptophan bromides are coupled
with boronic acids to produce biaryls with strong fluorescence emission that tryptophan
lacks. Moreover, it was demonstrated that this method can be used in crude cell lysates.
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Using this screen and ep-PCR, Schnepel et al. were able to identify a more thermostable
variant of the 6-Trp-FDH Thal, containing two mutations — S359G and K374R (95). This
variant, termed Thal-GR, has a Ty, 10 °C higher than that of wild-type and displays higher
activity on L-Trp. It is not clear if only one or both or these mutations is responsible for
improved function. K374R is a surface mutation; however, S359 corresponds to S347 in
PrnA — a highly conserved residue among FDHs that is located along a hydrogen bonding
network that extends from the surface to the active site (Fig. 5). Previously, as discussed in
section 3.2, van Pée and coworkers introduced the mutation S347A into PrnA and displayed
a 2.5-fold loss in activity (44). If S359G in Thal-GR is responsible for increased stability
and activity, it would be interesting to know if the advantages of this mutation are FDH-
dependent or whether the difference between residue (A vs. G) is important.

Complementing these engineering approaches to stabilize known halogenases, Micklefield
and coworkers used genome mining to identify a thermostable FDH, Th-Hal (53). This
enzyme was reported to possess a higher melting temperature (49 °C) than several other
FDHs (T;,=30-40 °C for RebH, SttH, PrnA, PyrH). While these T, values suggest that Th-
Hal is relatively stable, the absolute melting temperatures are significantly lower than those
previously reported for RebH (T, = 52 °C) (101) and Thal (T,, = 47 °C) (95).

4.2 Mutations to alter activity and substrate scope

FDHs are powerful biocatalysts for halogenation because of their unique site selectivities
(Fig. 2A); however, FDHs typically suffer from relatively low (107) kinetic efficiency (ke ~
0.5-3 min"!). Additionally, although the substrate scope has been demonstrated to be quite
broad for many FDHs, limitations still exist. To address these issues, directed evolution has
been employed to increase FDH activity as well as broaden substrate scope (37, 108).

The Trp-FDH RebH was found to possess broad substrate scope on smaller substrates (~200
Da), but it did not accept larger indole-containing structures such as those found in a range
of biologically active molecule and natural products. The first example in which directed
evolution was used to expand FDH substrate scope was reported by Lewis and coworkers.
These authors used a substrate walking approach to engineer RebH variants 3SS and 4V,
which could halogenate large, biologically active substrates such as the biofilm inhibitor 34
and yohimbine (Fig. 7A, 35) (108). Both variant 3SS and 4V contains 6 mutations. Of these
mutations, three were previously found to increase thermostability (101). Mutations N467T
and N470S are also found in both variants and are located near the active site. Both
mutations were found to increase conversion of tryptoline. These smaller residues, which are
near the amino acid binding pocket of L-Trp, could perhaps allow more space in the active
site for the increased rigidity of tryptoline relative to tryptophan. Interestingly, the N470S
mutation also increases conversion of the smaller substrate tryptamine, suggesting that
opening the binding pocket may not be the function of N470S--a finding discussed further in
section 4.3. Mutation G112S is also near the active site and was found to increase conversion
of tryptoline derivatives but was detrimental to the activity of many of the substrates tested.
For this reason, G112S was removed from 4V. Lastly, 4V contains the mutation A442V,
which was found to expand the scope of RebH to much larger substrates such as yohimbine
and evodiamine. This particular mutation is notable in that its location distal to the active site
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and the fact that it increases residue size (from A to V) make its conferring improved activity
on larger substrates difficult to rationalize.

Very recently, the phenol halogenase RadH, a close homologue of Rdc2 (59, 60) was the
subject of a directed evolution effort. Micklefield and coworkers used a high-throughput
screen that detects differences in fluorescence emissions of 7-hydroxycoumarins and their
chlorinated counterparts (37). This screen worked in crude lysate and was used to identify a
RadH variant with improved expression and 1.4-fold improved activity on 7-
hydroxycoumarin (37). This variant contains mutations D465E and T501S, both of which
appear distal to the active site according to a homology model of RadH; however, structural
characterization is necessary to confirm residue location.

4.3 Mutations to alter site-selectivity

In addition to low kinetic parameters, a fundamental challenge facing these catalysts (and C—
H functionalization catalysts in general) is changing their site-selectivity (109). Site
selectivity is only useful if it happens to be the selectivity one is interested in; if it is not,
robust means to alter the observed selectivity are needed. Examples of altering site
selectivity of FDHs through site-directed mutagenesis are discussed in section 3.3, however,
these methods do not provide a general and systematic approach to tuning selectivity--
mutations were introduced, and altered selectivity was sometimes observed. Moreover, only
modest changes in selectivity were reported (Fig. 6A—B), and this was true for other
enzymes for which similar efforts had been undertaken. In response to this problem, Lewis
and coworkers designed a MALDI-MS screen that makes use of deuterated probe substrates
to systematically tune FDH selectivity for targeted product isomers (32). Starting from the 7-
Trp-FDH RebH, which was found to chlorinate C7 of tryptamine with 99% selectivity,
variants capable of selectively chlorinating at C6 (90% sel., 8F) and C5 (95% sel., 10S) were
engineered (Fig. 6D). These levels of altered selectivity are far higher than any previously
reported using targeted mutagenesis. Additionally, introducing point mutation N470S into
RebH (variant 0S) increased total conversion of tryptamine without affecting selectivity.

Further mutagenesis studies, including individual reversion mutations of these three variants
(0S, 8F, and 10S), have shed light on the underlying molecular mechanisms by which
activity and/or site-selectivity is altered (110). In both 8F and 10S, mutations at residue 52
(I52M and I52H, respectively) and 465 (F465L and F465C, respectively) affected selectivity
the most. Mutations at these sites were first identified following ep-PCR and optimal
substitutions were subsequently established by screening degenerate codon libraries.
Structural characterization of 10S revealed that HS2 is pointed into the active site. Native
tryptamine binding would cause a steric clash between the His side chain and the pyrrole of
tryptamine. To mitigate this interaction, docking studies suggest that in 10S, tryptamine is
flipped in the active site such that the C5 position is proximal to the catalytic Lys, much like
5-Trp-FDH PyrH (Fig. 3B). Mutation of H52F in 10S also leads to high selectivity for the
CS5 position. When the identity of this residue is compared between native Trp-FDHs, the
broad importance of this residue for selectivity becomes apparent - all three known 5-Trp-
FDHs contain a Phe residue at this position while the 7-Trp-FDHs PrnA and RebH both
contain an Ile residue. Crucially, mutation of this residue alone to either His, Phe, or Tyr in
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RebH leads to inactive enzymes (32, 91). Residue 465 is near the active site, however, it is
still unclear how mutation to Leu in 8F and Cys in 10S specifically alter activity and
selectivity. In 8F, the mutation S110P was found to increase both activity and selectivity.
This residue is flanked by two aromatic residues — H109 and F111 — which are thought to -
stack with tryptamine. By introducing a proline residue between these two, extra rigidity
could be helping to correctly position tryptamine for reaction (111).

In addition to site selectivity, several residues were found to influence activity. The mutation
N470S was found to increase total conversion in all three variants. In 0S, a 6-fold
improvement in k., is observed. As discussed briefly in section 4.2, N470S is located near
the active site and could be improving activity by opening up the binding pocket; however,
N470A in the variant 0S does not improve activity. Mutation R509Q was determined to
improve total conversion in 8F and 10S. This residue is located in the same area of high
local positive charge as the K145 residue discussed in section 4.1. It would be interesting to
determine whether only one of these mutations improves activity/stability at a time, which
would support that they are acting via a similar mechanism. The mutation S448P was found
to substantially reduce the activity of 8F but not 10S. This mutation is distal to the active
site, in a flexible loop that is often disordered in crystal structures of RebH (41, 110). It is
unclear how this is affecting activity, as this loop in also disordered in all crystal structures
of 8F. Interestingly, the mutation F111L, which corresponds to F103 in PrnA (discussed in
section 3.2), was found to modestly alter site selectivity early in the evolutionary lineage.
However, upon later reversion, higher activities and, in the case of 8F, higher selectivity was
observed. To gain further insight into the role of these mutations, the crystal structures of 0S,
10S and 8F were solved and are currently under analysis.

5. FDH substrate activity profiling

5.1 Substrate scope and site-selectivity of FDHs on diverse substrate panels

To further assess and understand FDH substrate scope, Lewis and coworkers generated
substrate activity profiles for a broad set of arenes by evaluating the activity of native FDHs
(RebH, Thal, Rdc2, and Gsfl) and engineered FDHs on 93 substrates. The 93 substrates
selected for evaluation were grouped into two panels based on their structures. One panel
consisted of 86 M-containing aromatic substrates (indoles, pyrroles, azoles, anilines, and
anilides). The second panel contained 7 phenols and anisoles, taking into consideration the
native substrates of the fungal FDHs. Because FDH halogenation proceeds through
electrophilic aromatic substitution (41, 44), all substrates in both panels contained at least
one electronically activated site, and most had multiple potentially reactive sites. Substrates
were also chosen to probe significant steric and electronic variation, as well as functional
group substitution. Moreover, the compounds in these panels were acquired from a fragment
compound library from the Novartis Institute for Biomedical Research and are therefore
representative of those commonly used in fragment-based drug design (112). These studies
were thus expected to provide valuable insight into FDH reactivity toward motifs common in
pharmaceuticals.

Analysis of these substrate activity profiles indicated that 69% of panel 1 (59 substrates) was
halogenated by at least one of the Trp-FDHs, clearly establishing that FDHs can possess
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broad substrate scope. Remarkable functional group tolerance was observed, with substrates
containing amines, alcohols, amides, esters, nitriles, thioesters, sulfonamides, pyridines,
azoles, quinolones, and pyrroles all undergoing halogenation. Interestingly, the FDH with
the broadest substrate scope on panel 1 substrates was RebH variant 4V, which had been
previously engineered for increased substrate scope to larger, biologically active indole-
containing compounds (see section 4.2) (108). It appears that widening the substrate scope
to certain target compounds enabled a broader, more general scope as well.

Although the Trp-FDHs chlorinated the majority of substrates in panel 1, very few were
accepted as substrates by the fungal FDHs (8%, 7 substrates). For this reason, a second panel
of phenols and anisoles, substrates more closely resembling these enzymes native substrates,
was analyzed with all 8 FDHs. The Trp-FDHs were not able to halogenate these less
nucleophilic substrates (25) to as great of an extent as the more electronically activated
aniline, indole, pyrrole, and azole compounds; however, all panel 2 substrates were
chlorinated by at least one of the fungal FDHs. This complementarity in substrate scope
between the Trp-FDHs and fungal FDHs was particularly interesting.

The site selectivity of FDH halogenation was analyzed after evaluating the substrate scope
for 8 FDHs. Despite the fact that, as noted above, many of these compounds possess
multiple sites that could undergo electrophilic aromatic substitution, a single chlorinated
isomer was typically observed in RebH-catalyzed chlorination reactions. For example, the
deschloro analog of 14 (Fig. 4) is highly activated for EAS at the positions ortho and para to
its aniline substituent; however, only chlorination at a single ortho position (14) is observed.

Given that site-selective RebH-catalyzed chlorination was observed even on non-native
substrates with structures significantly than that of L-tryptophan, this selectivity was then
compared with that of the small-molecule chlorinating agent N-chlorosuccinimide (NCS).
Several substrates for which RebH-catalyzed chlorination provided a single isomer were
chlorinated at several positions with NCS. Remarkable examples of this include substrates
38 and 39 (Fig. 7B), which have three and two unique, electronically activated positions,
respectively. Although RebH chlorinates nearly exclusively (>95% selectivity) at a single
position on each substrate, NCS gives product mixtures of all expected chlorinated isomers
(Fig. 7B).

Excitingly, one case arose for which both NCS and RebH produced a single chlorinated
product; however, NMR characterization revealed that different isomers were produced.
NCS halogenated 1-(4-hydroxyphenyl)pyrrole (Fig. 2A) selectively at the 2-position of the
pyrrole (i.e. the most electronically activated site) while RebH only catalyzed chlorination of
the less electronically activated 3-position. Although complete overriding of substrate
electronics has been observed with Trp-FDHs for 3-substituted indoles, such high levels of
catalyst control on a substrate so different from L-tryptophan is notable.

The deschloro form of 19 (Fig. 4), a long-acting 3, agonist known as formoterol (113),
contains three sites sufficiently activated for EAS. Rdc2-catalyzed chlorination of this
substrate exclusively at the position ortho to the phenol hydroxyl substituent. On the other
hand, halogenation of fomoterol using NCS led to a complex mixture of mono- and di-
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halogenated compounds. Like formoterol, phenol (Fig. 7C, 41) has more than one
electronically activated site and is halogenated by Rdc2. It was found that Rdc2 halogenates
the ortho position of phenol; however, only para chlorination is observed with RebH variant
4V. This particular example highlights the power of FDH catalyst control for aromatic
halogenation, whereby even a simple non-native substrate can be site selectively
halogenated.

Following this effort, Micklefield and coworkers demonstrated that the fungal halogenase
RadH, which has high sequence similarity to Rdc2, functions on several other phenolic
substrates as well (37). As in the study of Rdc2 substrate scope by Lewis and coworkers,
ortho selectivity was observed for all phenols that were successfully halogenated. The
importance of this finding will be discussed more in section 5.2.

5.2 Substrate electronics and binding contribute to FDH site-selectivity

From the results described in sections 5.1, it is clear that substrate binding within FDHs
influences halogenation site selectivity, even for non-native substrates, since the results were
not consistent with substrate electronics alone. Nonetheless, because FDH halogenation
proceeds through an EAS mechanism (41, 42), substrate electronics should have some effect
on specificity and selectivity as well. The electronic activation of each sp2-hybridized C-H
bond on a given compound was determined via calculation of halenium affinity (HalA)
values to look for correlations between halogenase activity and electronic effects (23).
Similar methods have been used to rationalize site selectivities of electrophilic aromatic
substitution reactions for small molecule reagents (25, 114-116).

HalA values were calculated for all sp2-hybridized C-H bonds on all substrates for which
RebH site selectivity had been determined. These values were subsequently plotted against
the observed chlorination at each site. As expected from site selectivity comparisons with
NCS, several sites that were highly electronically activated (175-185 kJ/mol) were not
chlorinated by RebH. Although no clear trend existed between conversion at a particular site
and HalA, there appeared to be a HalA cutoff, below which trace to no conversion to product
was observed for RebH (~160 kJ/mol). Taken together, these results suggest that a given C-
H bond must be sufficiently electronically activated for RebH halogenation (HalA > 160 kJ/
mol) as well as able to access a position in the active site proximal to the catalytic Lys79.

When HalA values for the phenol substrates described in section 5.1 were calculated, lower
HalA values were observed than the anilines, indoles, pyrroles, and azoles. Rdc2 is able to
halogenate these less nucleophilic phenol substrates to a much greater extent than RebH. It
is striking that Rdc2 is able to accomplish this, but halogenates very few of the substantially
more activated aniline substrates. This interesting substrate specificity could be due to
differences in substrate binding of phenol vs. aniline substrates within the Rdc2 active site or
due to a slightly different mechanism for Rdc2 chlorination. For example, if the phenol
hydroxyl substituent was deprotonated during chlorination, the resulting phenolate character
would dramatically increase the nucleophilicity of these substrates beyond what would be
expected based on HalA values calculated for the neutral compounds. As discussed in
section 3.1, a recently reported homology model of RadH supports this notion; it was
suggested that RadH is able to partially or fully deprotonate the alcohol substituent of a

Annu Rev Biochem. Author manuscript; available in PMC 2018 June 22.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuely Joyiny

1duosnuely Joyiny

Andorfer and Lewis

Page 18

phenol substrate using residue D325 (37). In addition to Rdc2, engineered RebH variants
were able to chlorinate phenol substrates to a greater extent than RebH. These results
suggest that both directed evolution and genome mining for novel, natural FDHs are viable
methods for discovering FDHs with the ability to halogenate compounds with lower HalA
values.

To further understand how substrate specificity and selectivity is conferred by FDHs,
substrate binding in RebH through docking simulations was explored using both ICM
Molsoft docking (117) and ROCS pharmacophore overlay (118). Neither method was found
to reliably predict substrate specificity - catalytically relevant poses were returned for several
compounds that were not accepted as substrates by RebH. In addition, many poses from the
ICM Molsoft docking method were not catalytically relevant (i.e. no sp>-hybridized C-H
bond proximal to Lys 79). On the other hand, although ROCS pharmacophore overlay did
not provide insight into substrate specificity, it did provide a number of interesting results
concerning the selectivity on substrates that were halogenated. For example, several
substrates, including 38, were all selectively halogenated at a site other than the most
electronically activated. When docked into the RebH active site using the pharmacophore
model, the site for which halogenation was known to occur was positioned proximal to
Lys79. Polar functional groups distal to the site of halogenation appear to bind in the same
pocket as the amino acid moiety of L-tryptophan (Fig. 7D). The unique site selectivities
observed for these substrates could result from this anchoring effect (119).

Although these cases provide insight into manner in which binding could be influencing
selectivity, many substrates docked so that the C-H bond proximal to Lys79 was not
consistent with experimentally determined site selectivity. Thus, although this
computationally inexpensive docking method can provide insight into FDH selectivity, more
computationally rigorous methods such as molecular dynamics simulations (120) could
improve predictive abilities for FDH substrate specificity and selectivity.

6. Summary and Outlook

As emphasized throughout this review, a great deal of progress has been made on both
understanding the mechanism and improving the utility of FDHs since they were first
functionally characterized in 1997. Many of these studies have focused on or benefited from
targeted or random mutations to alter FDH function. This has led to the identification of
residues intimately involved in FDH catalysis, such as the active site lysine residue
conserved in all known FDHs. Other mutations, found throughout the structures of different
FDHs, have led to significant changes in substrate binding and thus the selectivity and scope
exhibited by the resulting enzyme variants. Of course, identifying mutations that alter
enzyme function does not typically provide a clear picture of the origin by which altered
function arises. Ongoing studies involving enzyme kinetics, X-ray crystallography, MD
simulations, and QM/MM calculations could shed light on these details and ultimately aid in
further improvements to FDH function for practical applications

It is also clear form initial efforts to delineate the scope of known FDHs and to identify new
FDHs that much reactivity remains to be discovered within this enzyme class. Expanding
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efforts into FDH genome mining will therefore be hugely valuable from a biocatalysis
perspective, and the sequence-function data obtained from these efforts will provide further
insights into the impact of different residues on catalysis of different halogenation reactions.
Finally, while this review has focused on FDHs, the successes realized for this class of
enzymes will likely inspire similar efforts with other classes of halogenases, particularly
Fe(II) a-ketoglutarate dependent halogenases. As has been the case for FDHs, targeted and
random mutagenesis of these enzymes, coupled with efficient screening methods, will surely
lead to exciting advances for selective halogenation of a wide range of organic substrates.
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Figure 1.
Structure-activity relationship studies show halogenation directly affects the bioactivity of

compounds (A). This is in many cases due to unique halogen-bonding interactions with
target molecules (B, PDB ID: 3KRI).
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Figure 2.
A. Halenium affinities (kJ/mol) for all sp?-hybridized C-H bonds are displayed for

tryptamine and 1-(4-hydroxyphenyl)pyrrole. Halogenation site selectivity using NCS or
FDH is denoted with an arrow (32, 33). B. Chemical equation from which HalA is derived.
C. Maximum HalA values associated with aromatic compounds correlate with compound
nucleophilicity (25).
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Figure 3.
A. A peroxyflavin species is formed in PHBH (blue, PDB ID: 1PHH) and FDHs (green,

RebH, PDB ID: 20A1). B. Selectivity of Trp-FDHs is controlled by positioning substrate in
the active site. 7-Trp-FDH RebH (green, PDB ID: 20A1) and 5-Trp-FDH PyrH (gray, PDB
ID: 2WEU) are aligned to show the difference in L-Trp positioning. C. FDHs that
halogenate phenols are proposed to partially or fully deprotonate substrate in the active site
(37).
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Figure 4.
A. Natural products involving FDH in the biosynthetic halogenation step. B. Examples of

non-native substrates found to be halogenated by FDHs. C. The FAD-binding domain of
FDHs is well conserved (FAD shown as red spheres). The C-terminal domain (shown in
different colors for different FDHs) is thought to impart substrate specificity.
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Figure 5.
A. Hydrogen bonding network from surface to active site in CmlS (PDB ID: 313L). B.

Structures of PrnA, PyrH+FAD, and PyrH-FAD (PDB ID: 2AQJ, 2WET, and 2WEU,
respectively) with sites of structure-guided mutagenesis shown as sticks. Sites that

significantly affect activity are shown in magenta, those that do not are shown in yellow.
Note the conformational change of E46 between PyrH+FAD and PyrH-FAD.
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Figure 6.
Altering the site-selectivity of FDHs has been demonstrated on several substrates using

structure-guided mutagenesis (A—C) and directed evolution (D).
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Figure 7.
A. Substrates halogenated by engineered RebH variants that are not halogenated by wtRebH

(33, 108). If halogenation site is known, it is denoted with an arrow. B. Examples of
substrate that RebH halogenates at a single position when several isomers are observed with
N-chlorosuccimide. C. Orthogonal selectivity is observed for some substrates using different
FDHs, such as 40 and 41. D. Docking of non-native substrates within RebH reveals an
anchoring effect that is thought to account for the site selectivity observed for substrates
such as 38.
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