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Abstract

3-hydroxyindolenines can be used to access several structural motifs that are featured in natural
products and pharmaceutical compounds, yet the chemical synthesis of 3-hydroxyindolenines is
complicated by overoxidation, rearrangements, and complex product mixtures. The selectivity
possible in enzymatic reactions can overcome these challenges and deliver enantioenriched
products. Herein, we present the development of an asymmetric biocatalytic oxidation of 2-
arylindole substrates aided by a curated library of flavin-dependent monooxygenases sampled
from ancestral sequence space, sequence similarity network, and a deep-learning based latent
space model. From this library of FDMOs, a previously uncharacterized enzyme, Champase,
from Valley fever fungus, Coccidioides immitis strain RS, was found to stereoselectively catalyze
the oxidation of a variety of substituted indole substrates. The promiscuity of this enzyme is
showcased by the oxidation of a wide variety of substituted 2-arylindoles to afford the respective
3-hydroxyindolenine products in modest to excellent yields and up to 95:5 er.

Graphical Abstract

“Corresponding Author: Alison R. H. Narayan —Department of Chemistry, Life Sciences Institute, and Program in Chemical
Biology, University of Michigan, Ann Arbor, Michigan 48109, USA. arhardin@umich.edu.
Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.

ASSOCIATED CONTENT
The data underlying this study are available in the published article and its Supporting Information.

Supporting Information. Experimental procedures, characterization of products, are NMR spectra are included in an accompanying

Supporting Information file (pdf). This material is available free of charge via the Internet at http://pubs.acs.org.
Crystallographic information file for compound (/)-53, CCDC 2306145.

The authors declare no competing financial interest.


http://pubs.acs.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Champagne et al.

Keywords

Page 2

R‘l
R2
AN N\ FDMO Champase
[ Ar -
Z N
29 examples
up to 95:5 er

Biocatalysis; indoles; asymmetric; stereoselective; oxidation; flavin-dependent monooxygenases;
latent space

Introduction

The 3-hydroxyindolenine motif (1) is contained within natural products such as notoamide
D (5, Fig. 1a).1 Due to the reactive imine that can promote ring closure at the C2-position
(2), these motifs are postulated to be biosynthetic precursors toward natural products such
as cottoquinazoline A (6)2 and asperlicin E (7),3 and a precursor to 8, a possible therapeutic
for central nervous system disorders (Fig. 1a).* 3-hydroxyindolenines (1) can also be
leveraged to selectively provide access to two separate rearrangement products, 2-oxindole
(3)°6 and 3-indoxy! (4, Fig. 1a),” structural elements found in natural products such as
notoamide C,! brevianamide A,2 and horsfiline. Previous synthetic approaches toward 3-
hydroxyindolenines include base-mediated rearrangements of benzoxazines 9,” the addition
of Grignard reagents to 3-oxoindolenines (11)19 or 2-isocyanophenyl ketones (15),11 and the
hydrolysis of in situ-generated 3-haloindolenines (13 to 14, Fig. 1b).12 More recently, these
compounds have been synthesized in an enantioenriched fashion by employing an aspartyl
peptide peracid catalyst (17 to 18).> However, there are still opportunities to develop chiral
methods to expand the substrate scope and to selectively access both enantiomers.

A desirable approach to synthesize 3-hydroxyindolenines would be to directly oxidize
readily accessible indole substrates.13 However, the use of common organic oxidants in
these reactions often yields complex mixtures including overoxidized, rearranged and
racemic products.1214 Biocatalytic methods can overcome such limitations to provide
exquisite chemo-, site-, and stereoselectivity.1>-17 Although biocatalysis can provide a
way to achieve a selective transformation, one of the main challenges to the practical
application of biocatalysis is the initial identification of an effective catalyst for a targeted
transformation.

One common strategy for developing a targeted biocatalytic transformation is to identify

an enzyme known to catalyze a similar reaction on the same substrate class and to
subsequently engineer that protein to catalyze the desired reaction on the target substrate.18-
20 This approach ignores the vast biocatalytic potential encrypted within bacterial and
fungal genomes, as only a small fraction of enzymes have an experimentally characterized
chemical function and native substrate. For example, a survey of the flavin-dependent
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monooxygenase (FDMO) family, FAD_binding_3 (PF01494),21.22 within the UniProtkB
database revealed that less than 0.16% of 251,271 protein sequences have characterized
functions.23:24 Therefore, little is known about the uncharacterized sequences in this family
such as the native substrate or even the type of transformation performed. Another limitation
of this approach is that although a native substrate may be identified for a given enzyme,
there often is no information included about substrate specificity/promiscuity.

An alternative approach is to profile libraries of biocatalysts2 to identify enzymes with
activity on a target substrate. This approach allows for the identification of effective
sequences that are disregarded in the previous approach. These libraries can be designed
around a specific family of enzymes following the logic that enzymes in the same family
evolve from a common ancestor and the transformations they perform can share similar
mechanisms, transition states, intermediates, or substrate classes.?

To embrace both uncharacterized and characterized enzymes, we built an enzyme library
around the FDMO protein family PF01494,22 where the enzymes all utilize the cofactor
flavin-adenine dinucleotide (FAD) that can theoretically access hydroperoxyflavin 21,2728
which functions as a catalytic chiral oxidant (Fig. 1d).2930 We incorporated three
approaches to sampling sequences for this library, (1) guiding enzyme selection based on a
latent space model,31 (2) selecting sequences from a sequence similarity network (SSN),26
and (3) including ancestral FDMOs reconstructed computationally (Fig. 1c).32 Specifically,
we anticipated that this curated library would enable the discovery of effective biocatalysts
for a variety of small molecule oxidations and, herein, report the use of this strategy for the
chemo- and stereoselective oxidation of 2-arylindole substrates (Fig. 1d).

Results and Discussion

Flavin-dependent monooxygenase library design.

Within the FDMO protein family PF01494, there are many enzymes reported or proposed

to catalyze oxidations of indole substrates within biosynthetic pathways. The enzymes
within this family often oxidize indoles at the C2- or C3-position. For example, VioC

from the biosynthetic pathway of violacein, a purple antibacterial pigment, is reported to
hydroxylate the C2-position of an indole substrate.33:34 Similarly, NotB,! Notl,3%> FmgB,2
NodY2,36 PhqK,37” RogM,38:39 AspB,3 BvnB,® and CtdE*? are FDMOs that have been
reported or proposed to catalyze key oxidative steps across the C2—C3 double bond of an
indole substrate in the biosynthesis of complex indole alkaloid natural products (Fig. 1a).
We incorporated the enzymes VioC,34 RogM,38:3% NotB,1 Notl,3° NodY2,38 and FmqB? into
the enzyme library while also including sequences with unknown functions.

Beyond these enzymes with reported or proposed natural function with indoles, we
employed a combination of bioinformatics and deep learning strategies to sample the
sequence space of flavin-dependent monooxygenases in PF01494. We used three sampling
strategies including ancestral sequences,32 SSN sampling,26 and latent space sampling.3!

One portion of the library includes 30 ancestral FDMOs reconstructed from a phylogenetic
tree of TropB, AfoD, and AzaH and other 274 extant fungal FDMOs.32 The diversity of
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the ancestral FDMOs is relatively limited and the transformations of most of these enzymes
are likely related to oxidative dearomatization of resorcinol substrates.3241-44 However, we
sought to leverage the purported superior thermal stability and potentially higher substrate
promiscuity32 of these ancestral enzymes to observe their activity with different substrates.

To further increase the diversity of the library, twelve enzymes were directly sampled from
a sequence similarity network (SSN) constructed from ~3500 fungal sequences from the
Ascomycota phylum (Fig. 2b). In the SSN, each node represents an FDMO and each line
(edge) between two nodes indicates that those connected nodes share sequence similarity
above the threshold we set to define functional similarity.26:45 SSNs can be a powerful

tool to visualize sequence-function relationships, and can accommodate more sequences
compared to phylogenetic trees.2645 Despite the utility of SSNs for visualizing hypothetical
sequence-function relationships, SSNs do have limitations. One such challenge arises when
creating SSNs for exceptionally large families, where the size and complexity of the network
make it difficult to visualize and manage in software such as Cytoscape.*6 Another inherent
limitation is the difficulty users face when attempting to define the isofunctional threshold,
a critical parameter in SSN generation, which when determined can cluster sequences by
their function.4” Without the aid of experimental data to guide this definition, users can
struggle to select an appropriate threshold, which may affect the accuracy and relevance of
the resulting network.*

In addition to the ancestral sequences and sequences selected from the SSN, 45 sequences
in the library were sampled from a latent space model (Fig. 2b), which is a representation
of multidimensional data that can display patterns or associations within a dataset. The
latent space model was acquired through training a Variational Autoencoder (VAE), a

deep learning model.*8 An example of another generative model is ChatGPT. The goal

of VAE model training is to find a compact, low-dimensional representation of the input
data in this latent space, such that the input data can be effectively reconstructed from

these representations.#® Due to the compression of this complex data into a two-dimensional
representation, one can interact with many more sequences compared to a SSN. To the
VAE, we input multiple sequence alignment data of approximately 35,000 sequences from
PF01494. In the training process, the model iteratively distilled abstract, high-level features
from the input protein sequence data and embedded them into a two-dimensional latent
space (see Z1 and Z,, Fig. 2b).

The most important aspect of the VAE for our study is its capacity to capture

the phylogenetic relationships within a protein family.3! Functional similarity between
biocatalysts can be inferred according to their phylogenetically similarity as those
phylogenetically close enzymes should be encoded to a similar region in the latent space.3!
We took advantage of this important feature to efficiently and rationally select sequences.
Our approach to sampling the latent space involved choosing a sequence with a known
function and substrate in one region of latent space, and then choosing uncharacterized
sequences near the characterized sequence (Fig. 2b).

Lastly, five biocatalysts in the library are artificial enzymes created using the generative
aspects of VAE to take a point in latent space and decode it to a sequence, and three
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enzymes are from other protein families. We also included a negative control, which is an
empty vector control (pMCSG7 vector without a FDMO gene). All enzymes and controls
were housed separately in a 96-well plate.

Overall, the sequences included in the library are proposed to cover a diversity of

functions and reactions including oxidative dearomatization, decarboxylative hydroxylation,
halogenation, epoxidation, and hydroxylation on various substrates. We anticipated that
sampling both characterized and uncharacterized sequences would allow us to identify novel
activity within the library.

Screening of curated flavin-dependent monooxygenase library.

To understand which biocatalysts within the library are capable of oxidizing indole
substrates, we chose to screen for monooxygenation products of indole (24), 3-methylindole
(25), melatonin (26), 2-ethyl-3-methylindole (27), 2-phenylindole (28), and 2-(2-thienyl)-3-
methylindole (29, Fig. 3). After production of the target enzymes in £. coliBL21(DE3),
cells containing each library member were lysed using a freeze-thaw protocol. The crude
lysate was combined with each substrate in potassium phosphate buffer at pH 8.0 in the
presence of a NADPH recycling system.4? Each crude reaction mixture was analyzed by
high-resolution mass spectroscopy (HRMS) to quantify the presence of oxidized product in
each well. From these initial screening experiments, enzymatic monooxygenation activity
was observed with each of the six substrates (Fig. 3).

We identified hits within three distinct clusters of the SSN and distinct areas of the latent
space with reported or proposed kynurenine monooxygenases, ancestral enzymes, and an
uncharacterized FDMO related to RogM,38:39 Notl,35 NotB,! and NodY2,38 enzymes that
are reported or proposed to perform oxidations in indole alkaloid biosynthetic pathways

(Fig. 2).

One characterized enzyme Q84HF5%0 that was previously shown to hydroxylate the aniline
moiety of kynurenine59 showed oxidation activity with indole. This oxidation activity of
Q84HF5 with indole is an example of activity with a substrate other than the assigned native
substrate. In addition, uncharacterized Q1DDU6,5! a homologous enzyme to Q84HF5,%0
showed activity with indole.

Two ancestral proteins, Anc280 and Anc280a,32 generated the oxidized products of
melatonin (26), 3-methylindole (25), and 2-ethyl-3-methylindole (27). These ancestors
are the computationally reconstructed predecessors of TropB, AfoD, and AzaH, which
are previously characterized enzymes that natively perform oxidative dearomatization on
resorcinol substrates.3242:44 This is a surprising result considering that the indole substrates
tested are structurally quite different from the resorcinol substrates that TropB, AfoD,
and AzaH are known to oxidize.324244 |n the SSN and latent space, these two ancestral
sequences are located in the same cluster (SSN) in close proximity (latent space) to

their contemporary counterparts (Fig. 2b). Some library building approaches focus on
only sampling clusters within the SSN that are known to act on a given scaffold of
interest.>2 These fascinating results impress the importance of screening multiple clusters
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when ancestral sequences are included in a library due to their possibly expanded substrate
scope compared to their contemporary counterparts.

Interestingly, five of the six indole substrates were oxidized (25, 26, 27, 28, 29) by
Champase (accession: J3KA16), an enzyme with no characterized function or native
substrate.>3 Champase, a FDMO from the Valley Fever fungus, Coccidioides immitis

strain RS,33 is located with enzymes such as NotB,! Notl,35 RogM,38 39 NodY2,36 and
FmqB?2 in the SSN and latent space, which are proposed or reported to natively oxidize
indole substrates within alkaloid natural product biosynthetic pathways. Although these five
enzymes were included in the library, oxidation of the six different indole substrates was not
observed in significant amounts with these enzymes. Of these enzymes, RogM and FmqB
were successfully produced as soluble protein, whereas there was no visible protein band by
SDS-PAGE analysis in the soluble fraction for NodY2, NotB, and Notl. The lack of activity
with RogM and FmqgB could be due to a variety of reasons including limited substrate
scope, unideal reaction conditions, or protein solubility and stability. Ultimately, we chose
to investigate Champase further due to its favorable physical properties and reactivity across
five indole substrates with C2- and C3-substituents.

Substrate scope of Champase.

We chose to focus our investigation of the substrate scope of Champase around 2-
arylindoles (see 30) to obtain isolable 3-hydroxyindolenine compounds, allowing us

to study both the reactivity and enantioselectivity of this enzyme. When 2-pheny|-3-
methylindole was subjected to Champase in the presence of NADPH generated /n situ,

the 3-hydroxyindolenine product was exclusively formed in an enantiomeric ratio of 86:14
(see 32, Fig. 4). The formation of this oxidation product has historically been a challenge,
as preventing rearrangement of 3-hydroxyindolenines is difficult under oxidative reaction
conditions and overoxidized products are often formed.12:14 To observe the effects of
different substituents at each position on the yield and enantioselectivity of the reaction,
the reactions were performed with a variety of substrates on milligram-scale.

The steric bulk was varied in the C3-position with the C3-methyl product (32) compared
with C3-ethyl (33) and C3-phenyl (34). The ethyl group was tolerated to afford product

(33) in good yield and enantioenrichment, whereas the C3-phenyl product (34) was isolated
in a significantly lower yield of 17%. To understand if non-benzenoid aromatic groups at
the C2-position were tolerated, furan (35), pyrrole (36), and thienyl (37) substituents were
tested.Although these heterocycles can present a chemoselectivity challenge, both the furan-
and thienyl-containing substrates were site-selectively oxidized at the C3-position of the
indole to afford the corresponding products in good yield and enantioselectivity, without any
observable side products. The C2-pyrrole product (36) was isolated in a low yield while
retaining good enantioselectivity with no side products observed.

Next, the impact of substituents at the C4-C7 positions of the indole was evaluated. The
C4-substituted products (38, 39, 40, 41) were formed in 17 to 62% yield. Of these, the
4-methoxy product (39) was isolated in the best yield and enantioenrichment at 93:7 er.
All four C5-subsituted products (42, 43, 44, 45) were generated by the enzyme, where the
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5-methyl product 42 had the best yield, 98%, and highest enantioenrichment at 91:9 er.

The 5-bromo product 44 was isolated as a nearly racemic mixture. Products substituted at
the C6-position (46, 47, 48, 49) were isolated in modest to good yields ranging from 24%

to 77%. Of particular interest, the 6-fluoro product 48 was isolated as a racemic mixture,
whereas, the 6-bromo product (49) displayed good enantioenrichment. All C7-derivatives
evaluated were tolerated, where the reaction with the 7-bromo substrate proceeded with the
highest enantioselectivity to afford 53 in 95:5 er. X-ray crystallography revealed the absolute
stereochemistry as (R)-53.

The effect of substituents at the 2’-, 3’- and 4’-positions of the phenyl substituent were
explored next. The 2’-methoxy product (54) was isolated in a low yield of 20% and 16:84

er. Of note, the 3’-chloro product (55) was isolated in 100% yield and an enantiomeric ratio
of 91:9. Substrates containing 4’-fluoro, 4’-chloro and 4’-methoxyphenyl substituents were
all transformed to product in good yield, but only 4’-fluoro substrate was oxidized with good
enantioselectivity.

The protected tryptamine product (59) and cyclized tryptophol product (60) were produced
in low to moderate yields with similar enantiomeric ratios. Notably, the tryptophol substrate
underwent a spontaneous cyclization event after biocatalytic oxidation. The protected
tryptamine product, 59, afforded the complementary specific rotation to the previously
reported enantioselective peptide peracid method.>

One of the most beneficial aspects of these reactions is the prevention of the formation

of overoxidized products. Among the limited methods for the asymmetric synthesis of
3-hydroxyindolenines, the active hydroperoxyflavin species within the FDMOs is likely

a milder oxidant than the oligopeptide peracid reported by Movassaghi and Miller.> This

is exemplified by the reported calculated higher energetic barrier to monooxygenation

by a truncated model of hydroperoxyflavin as compared to peroxyformic acid (AAE* =

9.9 kcal mol™1) in the oxidation of ethylene.5455 The low propensity of FDMO-mediated
overoxidation might also be explained by the lack of necessary substrate—active site residue
interactions, which may prevent oxidation of the monooxygenated product.

Interestingly, there was no clear correlation between product yields and enantioenrichment
(see radial scope illustration, Fig. 5). It is also unclear how the nature and location of
substituents influences the enantioselectivity of the reaction. Additionally, it is interesting
to note that (/)-53 and (5)-59 have opposite stereochemistry. With this in mind, one
explanation of the enantioselectivity outcomes could be that certain substrates have multiple
binding poses leading to scalemic mixtures of product, and in other cases a substrate may
have one predominant pose in the active site leading to highly enantioenriched product.
Future experiments will seek to understand binding pose(s) and how this is translated to
reaction enantioselectivity. The enantioselectivity of this reaction can hypothetically be
improved through detailed mechanistic studies and protein engineering.18.20
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Conclusions

We have demonstrated that a curated library of FDMOs developed using latent space,
ancestral reconstruction, and a SSN is an effective tool for the development of a target
reaction. With six indole substrates, activity was observed with enzymes from three

distinct regions of sequence space. Non-native activity was observed with kynurenine
monooxygenases Q84HF5 and activity with homologous uncharacterized Q1DDU6 was
observed. Also, activity was observed with previously uncharacterized ancestral proteins
Anc280 and Anc280a, and previously uncharacterized Champase (accession: J3KA16). Our
approach emphasizes the opportunity to embrace the potential of uncharacterized sequences
including ancestral enzymes to reveal new and effective biocatalysts.

In addition to our discoveries across this FDMO family, this investigation developed

a scalable method to exclusively form 3-hydroxyindolenine products in up to 95:5 er.
Champase exhibits substrate promiscuity and oxidized every 2-arylindole substrate tested in
this study to some extent. The chemoselectivity of this method is also a notable advantage
where no rearrangement or overoxidation products are observed, which addresses the major
challenges of producing 3-hydroxyindolenines through the direct oxidation of indoles.

Overall, this curated library of FDMOs effectively assisted in the identification of a
previously experimentally uncharacterized biocatalyst Champase to develop a substrate
promiscuous, scalable, chemo-, and stereoselective method to directly oxidize 2-arylindoles
to 3-hydroxyindolenines.
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Approaches to 3-hydroxyindolenines. a) The utility of 3-hydroxyindolenines and natural

products and derivatives containing this moiety. b) Methods used to synthesize 3-
hydroxyindolenines such as base-mediated rearrangements, Grignard reactions, and

oxidations with chiral peptide catalysts. c) Bioinformatics-enabled construction of a FDMO
library to discover new biocatalysts. d) This work: the stereoselective biocatalytic oxidation

of 2-arylindoles catalyzed by a previously uncharacterized FDMO.
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b) Latent space
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Library screening with six indole substrates. The heatmaps represent relative
monooxygenated product peak areas from HRMS data. General analysis equation: ((area

of product in reaction / area of internal standard) - (area of product in empty plasmid

control (H12) / area of internal standard)). The well that contains Champase is C10, which is
highlighted with a green outline.
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Substrate scope of Champase. For each product the isolated % yield and enantiomeric ratio
is reported. X-ray crystallographic analysis of 53 revealed the sample to mainly consist of
the (R)-enantiomer. Through comparison to a published X-ray crystal structure,5 59 was
determined to be the complementary (S)-enantiomer.
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Figureb.
Radial scope illustration. The radial scope figure shows percent isolated yield and ee for a

subset of the substrate scope oxidized by Champase.
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