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ABSTRACT: Biocatalysis has revolutionized chemical synthesis, providing sustainable
methods for preparing various organic molecules. In enzyme-mediated organic synthesis,
most reactions involve molecules operating from their ground states. Over the past 25 years,
there has been an increased interest in enzymatic processes that utilize electronically excited
states accessed through photoexcitation. These photobiocatalytic processes involve a diverse
array of reaction mechanisms that are complementary to one another. This comprehensive
review will describe the state-of-the-art strategies in photobiocatalysis for organic synthesis
until December 2022. Apart from reviewing the relevant literature, a central goal of this
review is to delineate the mechanistic differences between the general strategies employed in
the field. We will organize this review based on the relationship between the photochemical step and the enzymatic transformations.
The review will include mechanistic studies, substrate scopes, and protein optimization strategies. By clearly defining mechanistically-
distinct strategies in photobiocatalytic chemistry, we hope to illuminate future synthetic opportunities in the area.
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1. INTRODUCTION

Enzymes are attractive catalysts for chemical synthesis because
they carry out transformations with unparalleled catalytic
efficiencies and reaction selectivity.' > The advent of
sophisticated techniques for generating mutant libraries and
advances in analytical chemistry has accelerated protein
engineering to the point where biocatalysts are now considered
competitive alternatives to traditional small molecule cata-
lysts,”> leading to their increased use in the chemical
manufacturing of pharmaceuticals.” ' An ongoing goal in
the field has been to identify new activation modes that would
enable enzymes to catalyze new types of reactions.'"'* As the
in-silico design of enzymes remains challenging,'”'* new
biocatalytic reactions are typically developed by mining natural
product pathways to discover enzymes that catalyze new types
of transformations. Researchers often focus on the reactivity
available to proteins in their ground state when searching for
new enzyme functions. However, recent advances in small-
molecule catalysis suggest that new functions can be unlocked
by looking at the electronically excited states of catalysts.

Over the past 15 years, visible light photocatalysis has
reemerged as a powerful platform in chemical synthesis.'>'® In
these reactions, a photocatalyst, typically an organic dye or
transition metal complex, is photoexcited to access an
electronically excited state which can engage in electron or
energy-transfer events to form radical intermediates. This
activation mode has enabled countless synthetic reactions.
Moreover, merging photocatalysis with transition metal
catalysis or organocatalysis allows for reactions that are
inaccessible to either catalyst individually.'”'® These reports
have spurred interest in using light with enzymes. Nature uses
light in many different contexts. In photosynthesis, large
multiprotein complexes convert photonic energy to chemical
energy to sustain life. Alternatively, light—oxygen—voltage
(LOV) domains use light to induce conformation changes to
regulate proteins and enzymes. Interestingly, only three
enzymes are known in Nature to absorb sunlight to promote
a chemical reaction: DNA photolyase,' fatty acid photo-
decarboxylase,”® and protochlorophyllide reductase.”’ While
this activation mode is rare, these enzymes showcase how
enzymes use light to facilitate biologically-essential trans-
formations.

The burgeoning area of photobiocatalysis is focused on
developing new biocatalytic reactions that involve light.**~**
This review will organize reports based on the relationship
between the photochemical step and enzymatic transforma-
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tion. We will define key concepts and focus on mechanistic
nuances that make strategies distinct from one another. By
clearly defining the mechanistic differences between various
approaches, we hope to contribute to understanding how light
can be used in biocatalytic synthesis.

The first section will focus on photoenzymatic catalysis. We
define photoenzymatic catalysis as reactions where a cofactor
within the protein active site is photoexcited to promote
electron or energy transfer required to convert starting material
to product (Figure 1A). This topic will focus on enzymes of
value for synthetic organic chemistry. The second section will
explore synergistic photoenzymatic catalysis (Figure 1B).
These reactions involve the excitation of an exogenous
cofactor to enable a chemical transformation within a protein
active site. The third section will focus on tandem photo-
catalyst/enzyme reactions (Figure 1C). In these trans-
formations, the photochemical reaction occurs in the presence
of the enzyme but is not involved in the enzyme’s mechanism
for converting starting material to product. This section will
contain two subsections: (i) reactions where light is used for
cofactor regeneration and (ii) reactions where photoexcitation
is involved in modifying the substrate of the enzyme. The final
section will discuss enzymatic reactions coupled to natural
photosynthesis. These systems use cyanobacteria to produce
NADPH that enzymes can consume to reduce substrates
(Figure 1D). In clearly defining these terms, we hope to
provide precise language for discussing photobiocatalysis and
can help researchers understand the current limits of the
technology to drive new areas.

2. PHOTOENZYMATIC CATALYSIS

Photoenzymatic processes are reactions where a cofactor or
amino acid side chain within an enzyme absorbs light and uses
the photonic energy to convert starting material to product.”®
While this general mechanism is ubiquitous in small molecule
photoredox catalysis,””** photoenzymes are relatively rare,
with only three currently known in Nature. The oldest
photoenzyme is DNA photolyase, a flavin-dependent enzyme
responsible for repairing pyrimidine cyclobutane dimers in
DNA."” These dimeric lesions are formed when DNA is
irradiated with UV light. In this enzyme, the reduced flavin
adenine dinucleotide (FAD) cofactor (FADhq_) serves as the
photocatalyst, initially reducing the pyrimidine dimer to
initiate a retro [2 + 2] reaction followed by oxidation of the
resulting radical anion by FAD semiquinone (FAD,,).””*
Many homologues of this enzyme have additional deazaflavin
or pterin cofactors to expand the wavelengths of light that can
promote this reactivity. Another well-studied natural photo-
enzyme is light-dependent protochlorophyllide reductase
(LPOR), a nicotinamide adenine dinucleotide phosphate
(NADPH)-dependent enzyme responsible for reducing
protochlorophyllide (PChlide) to chlorophyllide.”"** Among
natural photoenzymes, LPOR remains unique because the
reduction occurs via photoexcitation of the PChlide substrate
rather than the NADPH cofactor. This excited state can
oxidize NADPH via single-electron transfer to form NADPH**
and PChlide radical anion. Proton transfer from a conserved
tyrosine and hydrogen atom abstraction from NADPH®*
produces the product. As these enzymes hold little value to
synthetic chemists and have been recently reviewed, we will
not elaborate on their function or mechanism in this review.

https://doi.org/10.1021/acs.chemrev.2c00767
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Figure 1. Types of photobiocatalysis in organic synthesis.
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Figure 2. Mechanism and substrate scope of fatty acid photodecarboxylase. (A) Discovery of fatty acid photodecarboxylase (FAP) and initial
substrate scope. (B) Proposed mechanisms for FAP. (C) Activity with fatty acids of different lengths.

2.1. Fatty Acid Photodecarboxylase

The third natural photoenzyme is fatty acid photodecarbox-
ylase (FAP). As reported in 2017 by Beisson and coworkers,
this is a natural photoenzyme that catalyzes the hydro-
decarboxylation of fatty acids, a reaction with potential
synthetic value (Figure 2A).>> In contrast to previously
known fatty acid decarboxylases, which catalyze oxidative
decarboxylation to afford a terminal alkene, FAPs facilitate a
redox-neutral reaction to form an alkane.**** The first member
of this family was found in the microalgae Chlorella variabilis
NC64A (EC 4.1.1.106) (CvFAP), although putative FAPs are
found in many algal species, suggesting this enzyme family is
ancient.” This flavoprotein is in the glucose-methanol-choline
(GMC) family of oxidoreductases. Like other GMC
oxidoreductases, FAP is a two-domain protein where the first
domain contains the N-terminal residues and is responsible for
flavin binding and stabilization, while the second domain is
involved in substrate and product binding and trafficking.*’
The conserved residues in the FAD binding domain interact
with the FAD cofactor, causing it to adopt a butterfly
conformation bent 14 degrees from planarity. This structural
feature red-shifts the ground state FAD absorption spectrum,
which could aid in light absorption.”’

2.1.1. Reaction Mechanism and Substrate Scope.
Mechanistically, the reaction begins with the carboxylic acid
binding close to the FAD cofactor within the protein active site
(Figure 2B). Photoexcitation of the FAD cofactor with visible
light (4 = 325—530 nm with 4,,,, = 467 nm) affords the singlet
excited state 'FAD* (Figure 2B, step 1), which rapidly oxidizes
the carboxylate (~300 ps) and, upon decarboxylation, affords

an alkyl radical and FAD*~ (Figure 2B, step 2). The quantum
efficiency of this step is 80%, indicating that decarboxylation is
favored by comparison to back-electron transfer. Radical
termination occurs to provide a red-shifted FAD intermediate
attributed to the cofactor interacting with a negatively charged
species.”” There are two proposed mechanisms for the
termination step. Heyes et al. suggest that termination occurs
via hydrogen atom transfer (HAT) from Cys432 to form the
alkane product and cysteinyl radical (Figure 2B, step 3b),
which is reduced by FAD®™ to afford a red-shifted thiolate—
FAD complex (~170 ns) (Figure 2B, step 4b).*® Beisson
previously observed basal activity when this residue is mutated
to serine (C432S), suggesting a different mechanism could be
responsible for radical termination. Sorigué et al. propose that
termination occurs via a proton-coupled electron transfer
involving a protonated arginine (R451) as a proton source and
FAD®™ as the reductant (Figure 2B, step 3a).”’ In this
mechanism, the red-shifted feature could be attributed to
bicarbonate interacting with FAD (<100 ns) (Figure 2B, step
4a). The red-shifted flavin quinone (FADy) then disappears
(~3 ms) to regenerate FAD, while CO,/HCO;" leaves the
active site (Figure 2B, step Sa). Without a substrate, the flavin
cofactor can oxidize the protein scaffold, leading to
deactivation. Electron paramagnetic resonance spectroscopy
studies by Lakavath et al. suggest oxidation of amino acids,
such as cysteine, tyrosine, and tryptophan, is responsible for
the deactivation.”

In the context of synthetic utility, FAPs catalyze the
decarboxylation of C,, to C,, fatty acids to form C,_, alkanes,
with CvFAP displaying the highest activity on C4 to C,; fatty
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Figure 3. CvFAP reactivity with dicarboxylic acids. (A) Scope of CvFAP with dicarboxylic acids. (B) Concentrations of starting material,
intermediates, and products over 3 h. Adapted with permission from ChemistryOpen 2021, 10, 553—559. Copyright 2021 The Authors. Published

by Wiley-VCH GmbH.

acids (Figure 2C).%° At higher substrate loadings with 30%
DMSO, Hollmann observed decarboxylation of C;, to C,,
fatty acids.” Zhang and co-workers reported that CvFAP could
catalyze the decarboxylation of long-chain dicarboxylic acids.*'
The dicarboxylic acids display a similar reactivity trend to
monocarboxylic acids, with C, to C,4 diacids being the most
reactive. These reactions can be run on a multigram scale, with
hexadecanedioic acid being doubly decarboxylated in 81%
yield (Figure 3A). When following the reaction progress, the
authors found that CvFAP decarboxylated 90% of the
heptadecanoic acid to palmitic acid in 15 min, while complete
conversion to pentadecane required 3 h, indicating that
dicarboxylic acids are converted into hydrocarbon via a two-
step process. The authors hypothesize that the monocarboxylic
acid must leave the enzyme’s active site and rebind for the
second decarboxylation (Figure 3B).

2.1.2. Reaction Condition Engineering. As CvFAP has a
relatively narrow substrate scope and is prone to decom-
position, researchers have engineered the reaction conditions
to address these limitations. In two recent studies, CvFAP was

5462

immobilized to increase its stability and reusability. Chanquia
et al. tested the activity of CvFAP when immobilized on EziG
beads. These resins contain Fe(III) cations, enabling them to
selectively trap proteins possessing His-tags."”” The semi-
hydrophilic Amber resin gave the highest degree of
immobilization (84%) but provided low yields for decarbox-
ylating C,, fatty acid (4.8% yield). The immobilized enzyme
could be reused up to three times in aqueous media. While the
overall activity of immobilized CvFAP is lower than when used
in a whole-cell formulation, the enzyme displays superior
photostability. This study suggests that photon penetration of
the solid support is poor. Developing optically transparent
solid supports could lead to more active immobilized catalysts.

In the second study, Simi¢ et al. explored enzyme
immobilization to enable the use of CvFAP in flow.* They
found that immobilization of CvFAP on EziG Opal provided
the highest conversions at 4.2%. When tested in flow, the
enzyme desorbed from the solid support due, in part, to the
Ammoeng 102 surfactant required to solubilize the substrate.
As modifications to the reaction conditions did not eliminate

https://doi.org/10.1021/acs.chemrev.2c00767
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desorption, the researchers switched to a flow reaction without
an immobilized enzyme. Ultimately, they found that Tris buffer
with Ammoeng 102 surfactant could be run in flow to achieve
a space-time yield of 5.7 ¢ L' h™' for producing pentadecane
from palmitic acid. This is the highest productivity of CvFAP
reported to date.

Hollmann and coworkers found that FAP decarboxylation
activity on short and medium carboxylic acids (C,—Cg) could
be enhanced by adding simple alkanes, ranging in size from
nonane to pentadecane, as molecular decoys (Figure 4A).**
For instance, nearly six times as much methane can be
generated from acetic acid using CvFAP with pentadecane as a
molecular decoy. The general strategy was successful across C,
to C4 substrates. This strategy also broadened the scope to
include unsaturated fatty acids (e.g,, acrylic acid, propiolic
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acid) and short alkyl chains (e.g., propionic acid). Additionally,
CvFAP catalyzed the decarboxylation of formic acid, releasing
H, (Figure 4A).

The authors hypothesize that adding a decoy molecule
induces the same conformational changes that occur when
longer fatty acids bind to the protein, helping to activate the
enzyme for photoexcitation. A kinetic study of *CH;-CO,H
decarboxylation supports this hypothesis to form *CH,. In
this study, the authors found that the reaction rate was only
dependent on acetic acid concentration, indicating that the
additive does not facilitate substrate binding but instead
activates the enzyme for photoinduced electron transfer. While
primary radicals are terminated using the mechanism outlined
above, Hollmann proposed a different means of termination
for the unstable methyl radical. DFT calculations suggest that
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radical termination occurs via alkylation of FAD®™ to form a oils. The authors found that CvFAP in whole cells could
covalent dearomatized methyl quinone flavin adduct, which effectively remove the free fatty acids in good yields. Molecular
upon protonation, forms methane and oxidized FAD quinone dynamics (MD) simulations suggest that at high concen-
(Figure 4B). trations, free fatty acids alter the binding orientation within the
2.1.3. Synthetic Applications of Wild-Type FAP. protein’s active site and change the activity of the protein.
Hollmann and coworkers have exploited the reactivity of These simulations also suggest that mixtures of oil and water,
CvFAP to synthesize biofuels from triglycerides.*’ In an initial compared to pure water, increase the solvent-accessible surface
study, the authors characterized the substrate preference for area of the enzyme. This assessment agrees with a previous
CvFAP. Consistent with the initial studies of this enzyme, the study by Aselmeyer et al. which shows that FAP displays its
highest activity was shown to be for Ci4 to C,, fatty acids highest activity on ionized fatty acids present in organized lipid
(Figure SA). Next, they designed a two-enzyme cascade where assemblies like microemulsions or large unilamellar vesicles
a lipase initially hydrolyzes the triglyceride from Candida compared to bulk fatty acids.® They also proposed an
rugosa, followed by decarboxylation with CvFAP. In a two-step interfacial recognition site on FAP located at the entrance of

cascade, triolein is hydrolyzed by the lipase to oleic acid, the hydrophobic channel of the enzyme.
followed by the addition of CvFAP and irradiation with blue Cha et al. designed enzyme cascades involving CvFAP to
light (450 nm) to afford (Z)-heptadec-8-ene in 83% synthesize long-chain aliphatic amines and esters from fatty
conversion with 8280 TON for CvFAP. The same reaction acids.”” The authors prepared recombinant E. coli cells
can be run in a one-step protocol with lower catalyst efficiency expressing CvFAP. Different E. coli cells were prepared to
(1650 TON) (Figure SB). express a fatty acid transporter, secondary alcohol dehydrogen-
In a related study, Hollmann and Wang found that CvFAP ase, and ketone-derivatizing enzymes (transaminase or
can remove free fatty acids from common oils.” A high degree Baeyer—Villiger monooxygenase (BVMO). The first cascade
of deacidification is observed in crude vegetable oils (83%— involved converting ricinoleic acid to the corresponding amine
98%), soybean oil, rice bran oils, and palm oils. These (Figure 6A). Procedurally, the substrate was initially subjected
contaminant acids negatively impact the flavor profiles of these to E. coli cells containing the alcohol dehydrogenase and
5464 https://doi.org/10.1021/acs.chemrev.2c00767

Chem. Rev. 2023, 123, 5459—5520


https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00767?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00767?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00767?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00767?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00767?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00767?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00767?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.2c00767?fig=fig7&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00767?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews pubs.acs.org/CR
A. 1 B.
gas phase H B gas phase
/ O,, sugars ' ( O,, sugars

\\ I ) ( \ % )

A~ Jl\ _CoA ~H

) R HyC” s B : R
eroxisomal Enzyme
A __con
HsC™ °S Fatty Acid
Acetyl-CoA hy | CvFAP Synthesis hy | CvFAP
(0] © Thioesterase 0
Fatty Acid Thioesterase /\)j\ (€12-C18) R/\)I\S,ACP R/\)LOH
Synthesis (C12-C14 Specific) R Chi _
Lipid Fatty Acid
T Lipases Synthesis CoA Synthase
1 Intracellular Li 2
G000 ntracellular Lipases _CoA
Ao Grid TR SEEEEEEE s
Acyl-ACP (C18) Synthesis Membrane Lipids Membrane Lipids

E. coli cell Y. lipolytica cell )

Culture Media

E Culture Media

Figure 8. Whole-cell production of alkanes. (A) Hydrocarbon production in an E. coli cell expressing CvFAP to convert sugar to C11—C17 alkanes.

(B) Hydrocarbon production in Y. lipolytica expressing CvFAP.

transaminase. After conversion to the amine was complete, E.
coli cells encoding CvFAP were added to the reaction, and the
whole system was irradiated with blue light. This protocol
affords the amine product with 78% yield and 71% ee. An
alternative cascade could convert ricinoleic acid to a fatty acid
ester using an alcohol dehydrogenase and Baeyer—Villiger
monooxygenase, followed by treatment with E. coli cells
containing CvFAP to afford the product in 52% yield (Figure
6B). These cascades can also be merged with a fatty acid
double-bond hydratase to convert oleic acid into the
corresponding alcohol. In these reactions, the hydratase was
coexpressed with the alcohol dehydrogenase, transaminase,
and Baeyer—Villiger monooxygenase in the same E. coli cell.
When using a hydratase, alcohol dehydrogenase, and trans-
aminase followed by treatment with CvFAP, oleic acid was
converted to 9-aminoheptadecane in 57% yield (Figure 6C).
Alternatively, using the hydratase, alcohol dehydrogenase,
Baeyer—Villiger monooxygenase, and CvFAP afforded octylno-
noate in 69% conversion (Figure 6D). These studies
demonstrate how CvFAP can be used in enzyme cascades to
afford elaborated products from simple fatty acids.

Park, Kourist, and Hollmann demonstrated that oleate
hydratase from Lactobacillus reuteri (LrOhyA) could be used in
vitro with CvFAP to access secondary alcohols in high yield
and excellent enantioselectivity (Figure 7).** This family of
secondary alcohols would be challenging to prepare stereo-
selectively because of the similar steric and electronic
properties of functional groups off of the alcohol. The authors
utilized a two-step protocol where the substrate was initially
subjected to the hydratase and ran to high conversions.
Subsequent addition of CvFAP and irradiation with visible
light led to product formation. Alternatively, both enzymes
could be coexpressed in E. coli, with irradiation only occurring
after alkene hydration. Beyond hydratases, 5,8-diol synthase
from A. nidulans (AnDS) was also used to transform oleic acid
to (Z)-heptadec-8-ene-4,7-diol.

Building on these cascade reactions, Beisson and coworkers
imagined developin9g a whole-cell biocatalytic cascade to
produce undecane.” The researchers exploited the fact that
hexadecanoic acid is the dominant component of the cell
membrane of E. coli. To increase the concentration of fatty
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acid, they coexpressed the thioesterase (Tes) from Umbellu-
laria californica to produce lauric acid (C12) and myristic acid
(C14) to be used by CvFAP (Figure 8A). By coexpressing
these enzymes, the total hydrocarbon production was
increased by a factor of 4 compared to the strain expressing
only CvFAP. Moreover, the total amount of hydrocarbons in
the gas phase increased by a factor of 6. When attempting to
optimize hydrocarbon production, the authors observed a 50%
reduction in hydrocarbon production after 48 h. Analysis of the
soluble protein at different light intensities suggests that
CvFAP degrades under high light conditions. This presumably
occurs via the same mechanism described above, leading to the
accumulation of free radicals and inactivation of the enzyme.

In a related study, researchers sought to produce biofuels in
oleaginous yeast (Yarrowia lipolytica) expressing FAPs (Figure
8B). This model organism is known to accumulate large
amounts of lipids (more than 20% of its cell dry weight),
making it an ideal model organism for producing hydro-
carbons. To optimize production, Bruder et al. modified the
lipid metabolism of Yarrowia lipolytica to optimize fatty acid
production.”® Notable modifications include knocking out
enzymes that consume free fatty acids, including a peroxisomal
enzyme that converts fatty acids to Acetyl CoA and a Fatty
acid CoA synthase. Additionally, they overexpressed diglycerol
acyltransferase to synthesize more triacylglycerols (TAGs).
These TAGs could be easily converted to fatty acids through
the action of overexpressed intracellular lipases. The fatty acids
produced through these mechanisms could be converted to
hydrocarbon using CvFAP expressed in the cell. The authors
optimize this hydrocarbon production by adjusting light and
growth conditions, reaching a total hydrocarbon quantity of
58.69 mg/L after 60 h of fed-batch culture. As in the E. coli
system, high photon flux decreased yeast growth and
hydrocarbon production.*’

In a subsequent study, Li et al. modified the Yarrowia
lypolytica strain developed by Bruder et al. to knock out genes
encoding cytochromes P450 involved in n-alkane assimila-
tion.”' To accelerate the rate of decarboxylation, they moved
FAP to a high copy number plasmid, increasing its expression
level. Hydrocarbons were produced at 1.47 g/L under fed-
batch conditions over 18 days with these modifications.
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Although it is difficult to directly compare these two systems,””
we can estimate that the latter strain has a 4-fold increase in
production per unit time.

Yunus et al. were interested in producing hydrocarbons in
photosynthetic chassis to directly use atmospheric or industrial
CO, as a carbon source.”” In their initial study, they used
Synechocystis sp. PCC 6803 as a model organism and
coexpressed CrFAP with a thioesterase with activity for
thioesters with chain lengths greater than ten carbons and
maximum activity on C16 and C18. With this engineered
strain, they increased the cellular hydrocarbon content of
Synechocystis by nearly 19-fold over the cells lacking the FAP
protein. In a second study, Yunus et al. changed the
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thioesterase to one that was selective, either C8 fatty acids
(CpFatB1) or CI2 fatty acids (UcTES).>®> To increase the
amount of decarboxylation, they modified the ribosome
binding site upstream of FAP to increase the expression
level. With UcTES, they produced 15 mg/L of undecane and
11 mg/L of tridecane. With CpFatB1, the cells produced about
10 mg/L of a mixture of heptane, nonane, undecane, and
tridecane. However, due to the volatility of these shorter
alkanes, the authors acknowledge that this yield might not
accurately reflect the yield of these alkanes.

Guo et al. systematically compared hydrocarbon production
using FAPs as cell-free lysates and in whole cells under
different reaction conditions, substrate concentrations, stirring
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Figure 11. Engineered CvFAP for a kinetic resolution of a-hydrocarboxylic acids. (A) Protein engineering campaign to improve the
stereoselectivity of CvFAP. (B) Representative substrate scope with the evolved enzyme.

rates, incubation times, and pH conditions.”* When running
the reactions in a transparent S mL vial with magnetic stirring,
they found that with stirring at less than 200 rpm, the CvFAP
activity in the whole cells was approximately 50% lower than
that in the cell lysate. However, no other modification of the
reaction conditions resulted in a statistically significant
difference between the two formulations.

2.1.4. Synthetic Applications with Engineered FAP
Variants. Ancestral reconstruction was used to identify FAPs
with better reactivity profiles.”> Kourist found that a collection
of extant CvFAP homologues could be used to predict
ancestral FAPs. One of the resurrected enzymes (ANCI)
displayed improved decarboxylation activity. As is typical in
ancestral reconstructions, ANC1 showed 15 °C enhanced
thermal stability compared to CvFAP and displayed higher
residual activity when the protein was preheated at 50 °C
before the enzymatic assay. Moreover, there was a 12-fold
improvement in protein expression using ANC1 compared to
CvFAP.

Protein engineering via rational mutagenesis has been
applied to improve the activity of CvFAP on medium- to
long-chain (C;, to Cyg) fatty acids.”® Sites were identified by
selecting residues predicted to sit near the alkyl chain when
bound within the protein active site but far enough from the
FAD cofactor to ensure that the mutants retain catalytic
function (Figure 9A). Specific mutations were selected to
change the shape and hydrophobicity of the protein’s active
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site. Twenty-two mutants were prepared and tested on C12:0,
C16:0, and C18:0 substrates and one unsaturated fatty acid
(C18:1). Six mutants (Y466A, Y466F, Y466L, S429A, S429G,
and W479A) showed increased specificity toward C18:0.
Specifically, the Y466F mutant maintained similar activity for
C18:0, with conversion levels for C16:0 and C18:1 decreasing
8-fold. Three mutants (A457F, T465R, and G455F) exhibited
a higher preference for C12:0, with A4S57F and T465R
showing a 10- to 20-fold decrease in activity for C,4 to Cy, fatty
acids. To highlight the substrate selectivity of these mutants,
Y466F was tested on a 1:1 mixture of C16:0 to C18:0 fatty
acids, resulting in a 92% yield of the C17:0 product and an 8%
yield of the C15 product in the final alkane mixture (Figure
9B).

In an independent study, Xu and Wu used CvFAP to
selectively decarboxylate trans-fatty acids over cis-fatty acids
(Figure 10).”7 Using “focused rational iterative site-specific
mutagenesis” (FRISM), the authors prepared libraries around
positions in the active site (T484, Y466, T46S, A457, G45S,
and V453). They found that the mutation V4S3E displayed an
almost exclusive preference for the trans fatty acid (elaidic
acid) over the cis fatty acid (oleic acid). A similar engineering
approach was used to increase the activity of shorter fatty acids
and bulky substrates. On nonanoic acid, only one mutation
(I398L) was beneficial, exhibiting a 10-fold improvement in
activity. This strategy was also applied to decanoic acid, where
CvFAP-1398L displayed an increased k., of 466.67 s~'.>* For
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C3—C4 fatty acids, they identified a double mutant P460A/
G462A whose k., was highly increased from 1.623 X 1072 to
18.33 on butyric acid.

The same approach was used to optimize CvFAP for short-
chain, racemic, and bulky fatty acid deuteration. They found
that mutation of glycine at position 462 to alanine (G462A)
provided improved yields across a range of substrates
[propionic acid, 78% yield], I398R [(heptan-3-yloxy) acetic
acid, 40% yield, er = 94:6], and Y466A [3-phenylbutanoic acid,
81% yield]. This mutation was previously found by Scrutton
and co-workers to increase activity for propane production.’”
MD simulations showed the expanded binding tunnel in
mutant Y466A (from 7.1 to13.9 A), which explains the higher
binding efficiency of bulky substrates.”” These mutants and the
parent enzyme were used for deuteration experiments with
D,0. Using palmitic acid in D,O gave the decarboxylated
product a 99% yield and 93% deuterium incorporation. The
researchers found that even 5% residual water decreased
deuterium incorporation by ~20%. Consequently, the protein
needed to be lyophilized to ensure a high degree of deuteration
(Figure 10).

In 2019, Wu and co-workers demonstrated that these
proteins could be applied to the asymmetric synthesis of a-
functionalized carboxylic acids via kinetic resolution (Figure
11).°" Using 2-hydroxyoctanoic acid as a model substrate with
wild-type CvFAP affords the unreacted starting material in 80%
yield with 20% ee. The authors hypothesized mutating three
small residues within the substrate binding pocket (A384,
L386, and G462) to larger amino acids (phenylalanine,
tyrosine, lysine, and glutamine) would narrow the binding
channel and increase interactions between the substrate and
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protein. Consistent with their hypothesis, many of the mutants
provided improved selectivity, with G462Y being the most
selective, furnishing unreacted starting material in 49% yield
with 99% ee (Figure 11). The CvFAP-G462Y variant tolerates
various a-hydroxy acids with C6 to C12 alkyl side chains.
Besides acids with different lengths, this variant also accepts
substrates with several functional groups, including a-
substituted a-hydroxy acids and glutamine.

Zheng and co-workers applied this kinetic resolution
strategy to prepare enantioenriched phosphinothricin.®”
Phosphinothricin is a common herbicide that is typically
distributed as a racemic mixture. As the D-enantiomer is
inactive as an herbicide and harmful to the environment, there
is interest in developing a synthetic strategy for preparing the
enantioenriched L-enantiomer. The wild-type CvFAP gave only
9% conversion with 1% ee. Mirroring the strategy used with a-
hydroxycarboxylic acids, three residues in the binding tunnel
with small side chains (A384, L386, and G462) were mutated
to residues with larger side chains to improve interactions with
the substrate (Figure 12). This initial round of engineering
revealed CvFAP-G462F to be the most active and selective
(54% conversion, 30% ee). Next, using modeling, the authors
identified two pairs of residues suspected to interact with the
substrate (S573/S574 and T430/G431). Mutation of
threonine at position 430 to arginine (T430R) increased
activity and selectivity (49% conversion, 84% ee). Finally,
decreasing the steric bulk at position 573 (S573G) led to the
triple mutant (CvFAP-M6) that catalyzed the decarboxylation
in 50% conversion with the unreacted carboxylate isolated with
95% ee. This reaction could be conducted on a preparative
scale to isolate the unreacted starting material.
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Using engineered FAP variants, researchers have focused on
producing biogas, such as propane and butane.” Amer et al.
analyzed the structure of CvFAP and surmised that mutation of
glycine at position 462 (G462) could shrink the size of the
active site to help favor the decarboxylation of small carboxylic
acids. They found mutation to valine (G462V) or isoleucine
(G4621) led to improved activity on C4 carboxylic acids.
These mutants were selected for in vivo production of liquified
petroleum gas. E. coli was selected as a model organism for this
proof-of-concept (Figure 13A). The pathway for volatile
hydrocarbon production starts with the transamination of
valine to produce a-ketovalerate, which is decarboxylated using
a thiamine-dependent ketoacid decarboxylase to form iso-
butyraldehyde. Finally, 3-hydroxypropionaldehyde dehydro-
genase oxidizes the aldehyde to isobutyric acid, which can be
decarboxylated using CvFAP-G4621. When run in E. coli that is
supplied with 30 g/L valine, 110 mg/L of propane was
produced.
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Building on this work, the authors explored introducing the
mutant CvFAP catalyst into Halomonas, an organism that
grows in 20% NaCl at high pH, enabling seawater as a culture
medium. By expressing CvFAP-G462V and adding butyric acid
to the culture medium, the authors reported the production of
nearly 157 mg/L of propane. When the valine to isobutyric
acid pathway was introduced into Halomonas containing
CvFAP-G462V, propane production was increased to 180
mg/g of cells/day.63 Growing Halomonas under nonsterile
conditions using renewable proteinaceous waste as an amino
acid source could reduce the process cost for producing
biosourced propane.®*

The same authors also explored cyanobacteria as a chassis
for CvFAP-mediated propane production (Figure 13B).*” By
introducing CvFAP-G462V into Synechcocystis PCC 6803
cyanobacteria and knocking out acyl ACP synthase and
overexpressing a thioesterase to produce butanoic acid, CO,
could be converted to propane. Under their optimized reaction
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conditions, the researchers obtained 11 mg/L of propane per
day.

2.1.5. Outlook. Despite only being reported six years ago,
the FAP family of enzymes has been the topic of intense
research efforts. While the mechanism of these proteins is now
well understood, their applications in chemical synthesis
remain under-explored. A looming question is whether
CvFAP can use the mechanism of oxidative decarboxylation
for reactions beyond hydrodecarboxylations. Applying this step
to new C—C, C—0, and C—N bond-forming reactions would
significantly expand its use in chemical synthesis.

FAP enzymes hold immense promise as catalysts for biofuel
production; however, several bottlenecks must be overcome.
Perhaps the most significant is the low turnover numbers.
While this level of activity is acceptable for fine chemicals, it is
too low for bulk chemical production. The low activity is due,
in part, to the photoinhibition of the enzyme via the
mechanisms outlined above. Engineering a more photostable
FAP variant could address this issue, although it might also
result in a less active catalyst. An alternative is to run reactions
in vivo to replace photoinhibited enzymes with active ones.
However, photodegradation of the enzyme will result in lower
yields, especially if the metabolism of the production organism
is oriented toward protein production to compensate for
photoinhibition rather than toward cellular fitness and
substrate production. Finally, the hydrophobic nature of the
products presents a challenge. While volatile hydrocarbons
(C1—C4) can be easily recovered in the gas phase, removing
long-chain hydrocarbons trapped in the cell membranes is
more difficult. The development of platforms that enable the
facile collection of the product is necessary for these reactions
to be useful.

A general challenge in the field of photochemistry is how to
scale up processes that are photon limited, such as photo-
biocatalytic reactions. Most studies focus on analytical scale
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reactions rather than large-scale chemical manufacturing. In
pharmaceutical manufacturing, flow reactors and innovative
reactor design have begun to address these issues.””*° The
development of reactions for photobiocatalytic processes will
be essential for implementing FAP proteins on an industrial
scale.

2.2. Nicotinamide-Dependent Ketoreductase
Photochemistry

Nicotinamide-dependent ketoreductases (KREDs) are widely
used in chemical production for the enantioselective reduction
of ketones to alcohols (Figure 14A).%” In these enzymes, the
NADH or NADPH cofactors act as hydride sources. Early
studies by Ohnishi et al. demonstrated that the reducing power
of these cofactors could be enhanced with light irradiation to
enable the reduction of activated olefins.”® In a subsequent
study, Fukuzumi et al. demonstrated that N-benzyl nicotina-
mide could function as a potent single-electron reductant when
irradiated with UV light to enable the hydrodehalogenation of
alkyl halides.”” This property was first leveraged in KREDs by
the Hyster group, demonstrating that these enzymes could
catalyze the stereoselective hydrodehalogenation of a-
bromolactones under irradiation with blue light (Figure
14B).”° Central to this process is forming an enzyme-
templated charge-transfer (CT) complex between the bound
nicotinamide cofactor and the bromolactone substrate that
absorbs between 350 and 550 nm (4., = 390 nm). This
complex only forms in the presence of protein, providing a
mechanism for gating radical formation to the enzyme’s active
site. The proposed mechanism involves the excitation of this
charge-transfer complex to generate a radical ion pair, followed
by mesolytic cleavage of the C—Br bond to generate an a-acyl
radical. At this point, isotopic labeling experiments indicate
that the NADH or NADPH radical cation delivers a hydrogen
atom selectively to one face of the prochiral a-acyl radical,
providing the corresponding dehalogenated product. NAD" or
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NADP" is then reduced, either with isopropyl alcohol or by
glucose dehydrogenase, to regenerate the active cofactor
(Figure 14C).

Evaluation of various KREDs revealed optimal activity and
selectivity in variants of the short-chain dehydrogenase from
Lactobacillus kefiri (LkADH). The most active variants were
evolved KREDs from the Codexis KRED library and
containing a mutation at position Y190 which breaks key
hydrogen bonding contacts and expands the small binding
pocket of the active site.”' In an independent protein
engineering campaign, the Hyster group found three mutations
(LKADH-E14SF-F147L-Y190C) that enabled dehalogenation
in 72% vyield with 96:4 er. They hypothesized that active
enzymes required large substrate binding pockets to accom-
modate the bulky substrate. Based on this hypothesis, the
authors prepared a series of wild-type ADHs with large active
sites and found that the one from Ralstonia sp. (RasADH)
could catalyze the dehalogenation to provide the opposite
enantiomer to the one formed by the LkADH variants. This
scaffold tolerated ortho-substituents, y-lactones, and less
reducible benzyl substrates (Figure 14D). Interestingly, the
enzymes used do not bind one enantiomer of starting material
preferentially over the other, allowing for the conversion of
racemic material to the enantioenriched product without
kinetic resolution of the starting material.

Building on these enzyme-templated charge-transfer com-
plexes, Zhao and co-workers found that KREDs can catalyze
the intermolecular coupling of N-(acyloxy)phthalimides
(NHPI esters) with Michael acceptors in a Giese reaction
(Figure 15A).”” The NHPI ester can participate in a charge-
transfer complex, expanding the radical precursor scope
beyond previously explored lactones. The resulting radical
adds to Michael acceptors before enantioselective hydrogen
atom transfer, furnishing products with enantioenriched a-
stereocenters. Directed evolution of an LkADH variant from
Codexis produced a KRED capable of coupling the NHPI ester
of phenylacetic acid with methyl methacrylate in 77% yield and
96:4 er. This variant can also reduce aliphatic NHPI esters or
coupling into alternative Michael acceptors, including acryl-
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amide and vinylpyridine (Figure 15B). In multiple cases, other
KREDs tested achieved higher yields, higher enantioselectivity,
or preference for the opposing enantiomer over that of the
evolved variant. Molecular dynamics, quantum mechanics/
molecular mechanics simulations, and experimental evidence
suggest that radical formation occurs within the protein active
site, with decarboxylation occurring before the Michael
acceptor binds within the active site. Based on this mechanistic
understanding, it is difficult to rationalize how C—C bond
formation outcompetes reductive quenching of the nucleo-
philic radical by the nicotinamide radical cation

2.3. Flavin-Dependent “Ene”-Reductase Photochemistry

Flavin-dependent “ene”-reductases (EREDs) are a class of
biocatalysts frequently used in organic synthesis.”> The most
common EREDs are old yellow enzymes (OYEs), which were
initially isolated from brewer’s bottom yeast (Saccharomyces
pastorianus) in 1932 and are thought to be expressed in
response to oxidative stress.””’” Subsequent studies revealed
ERED homologues in all domains of life, with members found
in natural product pathways and RNA modification.””””
Traditionally, OYEs are used for the stereoselective reduction
of activated alkenes and provide chiral products with high
levels of stereoselectivity. This reduction occurs via a hydride
transfer from flavin mononucleotide (FMN) hydroquinone
(FMNj,) to the electrophilic -position of the activated alkene
to afford FMN quinone and an enzyme-bound enolate, which
is protonated by a conserved tyrosine. NAD(P)H can reduce
FMN back to the FMNy, in a ping-pong mechanism (Figure
16A).”*” These enzymes reduce alkenes with trans selectmty,
complementing traditional metal-catalyzed hydrogenations.*

In the initial characterization (Figure 16B), Massey found
that when photochemically reduced, OYE1 can kinetically and
thermodynamically stabilize the anionic flavin semiquinone
(FMN,,)."" While unrealized at the time, the ability of the
protein to stabilize open-shell flavin oxidation states opens the
door to radical reactivity in EREDs. In one scenario, FMth
could serve as a single-electron reductant (FMth/ FMN,,
—230 mV vs SCE) of an organic substrate.”” The resultlng
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substrate-centered radicals could be terminated via hydrogen
atom transfer from the FMN, (BDE. = 59 kcal/mol).*

The Hyster group proposed and validated the viability of
this general mechanism.”* They found that an ERED from
Gluconabacter oxidans (GIER) could reduce acyclic a-
bromoesters without photoexcitation in 57% yield and 88:12
er with only 0.5 mol % of the enzyme and glucose
dehydrogenase for cofactor turnover (Figure 17A). Mutation
of the conserved tyrosine residue at position 177 to
phenylalanine produced a variant with 89% yield and 97:3
er. Isotopic labeling of FMN},, using the cofactor turnover mix
and d,-glucose resulted in 81% deuterium incorporation at the
a-position in the product, indicating that FMN, is serving as
the source of a hydrogen atom (Figure 17B).

Having demonstrated that EREDs can catalyze a radical
reaction, the Hyster group developed a radical cyclization of a-
chloroamides to afford f-stereogenic lactams (Figure 18A), a
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challenging reaction to control by other radical means.**

However, FMN,,, is not sufficiently reducing to initiate the
reaction. In Nature, DNA photolyase exploits excitation of the
FAD, to access a more reducing excited state singlet state
(E(FMN,,*/FMN,,) = —2.26 V vs SCE)."” Inspired by this
reactivity, they hypothesized that a similar photoexcitation
would be available to FMN, in EREDs.* An initial test
showed GIUER to be effective at this transformation when
irradiated with violet light (390 nm), providing the desired
lactam in 42% yield and 93:7 er as a 2:1 ratio of the desired
cyclized to uncyclized dehalogenated product. Control experi-
ments indicate that FMN alone cannot catalyze this reaction.
Interpretations of these control experiments are complicated
because of the poor solubility of the substrate in aqueous
media and flavin oxidation states having different stability
within the protein active site versus in solution. During
optimization, they found that cyan light (497 nm) improved
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yield (68%) with 94:6 er and no observed hydrodehalogenated
product. The authors observe a new absorption feature (4,,,, =
495 nm) when the substrate was added to the reduced enzyme,
indicating the intermediacy of a CT complex between FMN},
and the substrate (Figure 18C). Importantly, this complex only
forms in the presence of the protein, suggesting the protein
scaffold is required for CT complex formation. Time-
dependent density functional theory (TD-DFT) calculations
on models where the substrate is docked into the protein active
site predict that a CT complex should absorb at 510 nm,
further supporting the experimental results. Isotopic labeling
experiments suggest that radical termination occurs via
hydrogen atom transfer from the flavin semiquinone,
accounting for the high levels of enantioselectivity observed
in the radical termination step (Figure 18D).

Mutation of the threonine residue at position 36 to alanine
(T36A) improved yields and suppressed the formation of the
acyclic hydrodehalogenated side product in 94% yield and 94:6
er (Figure 18B). This residue is located at the protein’s surface,
and the crystal structures of GIWER and GIUER-T36A are
similar (backbone root mean squared deviation is 0.53 A), so
the structural basis for this improvement is unknown. GIUER-
T36A accommodates various substituents off of the alkene,
including substituted aryl groups and alkyl groups. Other
modes explored included S-endo-trig and 6-, 7-, and 8-exo-trig
cyclizations. All of these were possible in at least modest yield
and selectivity, showcasing the utility of enzymatic methods
when approaching these more challenging examples. More-
over, GIUER-T36A can catalyze cyclizations with trisubstituted
substrates with high enantio- and diastereoselectivity because
the protein can precisely deliver a hydrogen atom to prochiral

radicals. Additionally, this transformation could be carried out
using lyophilized cell-free lysate rather than purified enzyme,
enabling gram-scale transformations for the model reaction.

One of the critical advantages of biocatalysts compared to
other catalysts is the ability to tune the reactivity and selectivity
of the catalyst using directed evolution.*® The Hyster group
applied directed evolution to the previously described
photoenzymatic cyclization of a-chloroamides.*” They devel-
oped a high-throughput optimization assay composed of 96-
well LED arrays and cooling fans to ensure consistent
irradiation and temperature across white microtiter plates
with clear bottoms. A single round of error-prone mutagenesis
strategy afforded GIUER-T36A-K317M-Y343F (GIuER-G6) as
an improved biocatalyst, providing a 350% improvement in
yield over wild-type GIWER (Figure 19A). Detailed mechanistic
studies suggest the improved yield for GIuER-G6 is due to an
almost-5-fold improvement in quantum yield compared to
wild-type GIUER. Moreover, GIuUER-G6 facilitates the reaction
with a significantly decreased radical lifetime (20 ps) compared
to the wild-type enzyme (700 ps) (Figure 19B). These
lifetimes indicate rates of cyclization that are faster than those
of radical cyclization in solution.*”

Additionally, this radical-ion pair appears to decay directly to
FMN,, with GIUER-G6, whereas wild-type GIWER forms a
spectral signature consistent with FMN,.. The authors propose
that GIuER-G6 optimally positions the alkene for cyclization,
allowing it to participate in a hyperconjugative interaction with
the C—Cl o* bond. Due to this interaction and the short
lifetime of the FMN,, the authors proposed a concerted
mechanism for the mesolytic cleavage, C—C bond formation,
and HAT termination in GIuER-G6, as opposed to a stepwise
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Figure 21. ERED radical cyclization involving oximes. (A) Scope of radical cyclization into oximes. (B) Derivatization of the hydroxylamine
product.

mechanism in GIER-WT. This engineering method was A striking feature of ERED’s non-natural photoreactions is
the relatively poor quantum yield compared to enzymes with
native photoreactivity. This difference is largely due to EREDs
not having evolved to use photon energy efficiently. To
cyclizations. increase the photon efficiency of native photoenzymes, Nature

expanded to synthesizing larger rings, enabling the identi-

fication of more effective catalysts for challenging radical
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Figure 22. Formation of unactivated alkyl radicals. (A) General scheme for radical cyclizations involving alkyl iodides as precursors to nucleophilic
radicals. (B) Representative substrate scope. (C) Radical cyclizations involving redox-active esters as a radical precursor.

often evolves independent proteins for light harvesting and
catalysis. Together, the Hyster and Schlau-Cohen laboratories
sought to improve the photon efficiency of EREDs by
mimicking this strategy.”” They conjugated highly absorbing
dyes to the EREDs with the goal of having the dyes absorb the
light and then transfer that energy to the enzyme-bound CT
state to initiate radical chemistry.

They prepared a panel of conjugates with the different Atto
dyes conjugated to the model enzyme GIUER-T36A. Each dye
had a different A,,,, and fluorescence maximum. Controls with
the same dyes conjugated to carbonic anhydrase showed a
significant decrease in the fluorescence lifetime of the dye
when it was conjugated to GIUER-T36A. This indicated that
GIUER-T36A was quenching the dye’s fluorescence and that
energy transfer was occurring. Pleasingly, the fluorescence
quenching corresponded to an increase in the photon
efficiency of the enzyme for radical chemistry and a change
in wavelength dependence. For the model lactam cyclization
using an a-chloroamide, the yield with the Atto-565 GIUER
T36A conjugate has a 4-fold improvement in yield (85%)
when irradiated with dim green LEDs as compared to
unconjugated GIuER T36A (19% yield) (Figure 20A). The
enantioselectivity was improved using the Atto-565 GIUER
T36A conjugate. This was an improvement in yield compared
to cyan light at a similar intensity. Additionally, reactivity was
enabled under these conditions for the intermolecular coupling
with a-chloroamide and styrene (Figure 20B). Using the Atto-
565 GIUER-T36A conjugate resulted in a 51% vyield of the
coupled product while maintaining excellent enantioselectivity.
Trace formation of the product was observed with just GIuER-
T36A.

Reductive cyclization of lactams using the biocatalytic CT
complex mechanism produces very little hydrodehalogenated
side product. This is postulated to be due to the hyper-

5475

conjugative interaction of the alkene z-bond with the C—ClI o*
necessary to form a strongly absorbing CT complex.®*”?*?!
Based on this finding, the Hyster group then investigated
whether other electron-rich SOMO-philes could provide the
necessary 6 — ¥ interaction. It was found that oximes worked
well to form the CT complex (Figure 21A) and act as a radical
acceptor for the a-acyl radical to perform cyclizations.” The
product could then be derivatized to make valuable
enantioenriched a-tertiary amines. Though wild-type EREDs
failed to provide high yield and enantioselectivity, the authors
used iterative site-saturation mutagenesis to generate three
catalysts—GIuER-G6-F269V, GIUER-G6-F269W, and NCR-
D294W-Y343W—that cyclized the model substrate with
excellent yields and enantioselectivities with complementary
reactivities on other substrates. Both 6- and 7-membered rings
could be accessed using this method, and larger substituents on
the oxime could be tolerated using a smaller oxime-protecting
group. These products could be easily derivatized using
reductants to form the a-tertiary amines or reduction of the
lactam (Figure 21B).

Having demonstrated the ability of EREDs to template
charge-transfer complexes that would not otherwise form in
solution, the Hyster lab sought to exploit this feature to form
CT complexes with functional groups that do not typically
form such complexes in solution due to low electron affinity or
poor electrostatic attraction to electron donors. Rather than
generating electrophilic a-acyl radicals, it was proposed that
alkyl iodides could be competent at forming these enzyme-
templated charge-transfer complexes.”” This would form an
unstabilized nucleophilic alkyl radical capable of reacting with
electrophilic alkenes, and enzymatic control over these
additions could provide unprecedented levels of stereo-
selectivity at the resulting a-position.
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Initial studies were conducted using a lactone-bearing
substrate, revealing that the same GIUER-Y177F mutant
found previously provided higher yield and enantioselectivity.
Cooling and degassing the reaction mixture increased the yield
and selectivity, enabling the reactions to be conducted on a
preparative scale. Reactions with acyclic acrylates were
generally found to have high yields and enantioselectivities,
and variation at the a-position is also tolerated (Figure 22B).
This process was also viable for addition into a-unsaturated
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ketones and acrylamides, though the latter required a different
enzyme. 6-exo-trig cyclizations were shown to be feasible,
though at higher enzyme loading. Finally, the authors
demonstrated that NHPI esters could be used instead of
alkyl iodides as nucleophilic radical precursors, expanding the
types of substrates amenable to photoenzymatic catalysis
(Figure 22C).

Having accomplished several intramolecular radical addi-
tions catalyzed by EREDs, the Hyster group investigated an
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intermolecular system to couple a-chloroacetamides with
alkenes (Figure 23A).”° For this type of coupling reaction to
be effective, both substrates must be present within the protein
active site before radical formation. The absence of the alkene
coupling partner would result in the formation of the
hydrodehalogenated product. In an initial survey, they found
that a-methylstyrene could be coupled to a-chloroacetamide
when irradiating GIUER-T36A with cyan LEDs to afford the y-
stereogenic substrate (R-enantiomer) in good yield and
excellent enantioselectivity. A homologous ERED from Nostoc
punctiforme (NostocER) was used to access the S-enantiomer.
The authors found that a higher-order CT complex was
responsible for gating radical formation. When only the a-
chloroacetamide is bound within the protein active site, a
weakly absorbing CT complex is formed, which was found to
have low molar absorptivity (Figure 23B). However, upon
binding of the alkene, a more strongly absorbing CT complex
is formed. This higher-order CT complex also displays higher
quantum efficiency than the one formed without the alkene
(Figure 23C). A gating mechanism is achieved, as both the
alkene and a-chloroacetamide are required to form the CT
complex responsible for radical formation. Various tertiary a-
chloroacetamides are well-tolerated, and a-chloroacetophe-
none was also shown to be an effective substrate. Substitution
on the styrene partner is tolerated on both the alkene’s arene
and the a-position (Figure 23A). Other alkene partners,
including vinylpyridines, allylic amines, and allylic alcohols, are
also tolerated, although the product is formed in modest yield.

Zhao and co-workers published a study detailing using old
yellow enzyme 1 (OYE1) to catalyze the hydroalkylation of
terminal olefins using a-bromo ketones as an organic halide
using blue LEDs (Figure 24).”* The opposite enantiomer of
the product can be formed using either XenA or XenB in
modest selectivity and low yield. This system is effective for
styrenyl and enyne alkenes. Aromatic ketones are the highest
yielding alkyl halides, although a-bromoester and a-bromoa-
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mides are also tolerated via this mechanism. UV—vis
spectroscopy studies suggest that radical formation occurs via
the excitation of a CT complex between the flavin cofactor and
alkyl halide. Isotopic labeling experiments suggest that radical
termination occurs via hydrogen atom transfer from flavin;
however, the authors also postulate that a tyrosine within the
protein active site (Tyr-l96) can serve as a source of a
hydrogen atom. Density functional theory (DFT) calculations
supported the authors” proposed mechanism.

A key difference between the Zhao and Hyster systems is the
wavelength of light used to initiate radical formation. Zhao
reports a charge-transfer complex between the bromoaceto-
phenone and FMN;, with a maximum absorption at ~475 nm,
while Hyster observes a complex between the chloroamide and
FMN,, with a maximum absorption at ~495 nm. As
bromoacetophenone is more oxidizing than the chloroamide,
one would expect it to have a red-shifted CT complex. Since
substrate electronics do not strongly correlate with CT
complex absorption, the Hyster group hypothesized that the
protein significantly influences how strongly the cofactor and
substrate interact. Based on this understanding, they reasoned
that certain proteins would cause the substrates to interact
more strongly with the cofactor, resulting in more ground state
charge transfer, enabling certain reactions to proceed in the
dark rather than relying on photoexcitation. When looking at
the coupling of a-chloroacetophenone with a-methylstyrene,
they found that GIuER-T36A could catalyze the coupling in
the dark in 3% yield with 97:3 er (Figure 25A). However,
when using NCR (nicotinamide-dependent cyclohexenone
reductase (NCR) from Zymomonas mobilis), the reaction
occurred in 49% yield with the same enantioselectivity.”
Changing to a-bromoacetophenone led to product formation
in 99% yield with 99:1 er. The rate of a-bromoacetophenone
consumption is enhanced in the presence of alkene, suggesting
that the alkene influences substrate reduction. The Hyster
group hypothesized that a hyperconjugative interaction
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between the alkene and the ¢* orbitalof the C—Br bond is
responsible for the enhanced consumption rate (Figure 25B).
This interaction functions as a gating mechanism to ensure
radical formation only occurs when the alkene is present, an
essential feature for intermolecular couplings. These studies
suggest that the wavelength of light used to promote this
family of reactivity is highly dependent on how well the protein
facilitates ground state charge transfer in the CT complex. Blue
light can initiate reactions in poorly coupled systems, while
highly coupled systems can initiate using cyan or potentially
longer wavelengths of light.

In a subsequent study, Jia and Xu explored diazoesters as
electrophiles for photoenzymatic hydroalkylations with EREDs
(Figure 26A).7° Using OYE1, benzyl 2-diazoacetate could be
coupled with a-methylstyrene when irradiated with visible light
to afford the coupled product in 85% yield with 98:2 er. In
contrast to the a-haloesters, which are prone to hydrolysis, the
diazoesters afford coupled products across a wide variety of
styrenyl substrates. Non-styrenyl substrates were unreactive.
UV—vis experiments indicate the intermediacy of an enzyme-
templated charge-transfer complex formed between the
diazoester, alkene, and reduced enzyme, mirroring the
observation by Hyster and co-workers with a-chloroamides
(Figure 26A). Isotope incorporation experiments indicate that
the diazoester is photoreduced in a proton-coupled electron-
transfer event to afford an a-acyl radical that can react with the
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alkene to form a benzylic radical which is quenched via
hydrogen atom transfer from flavin.

The Hyster lab sought a new radical termination pathway
that differed from the reductive radical quench that had been
typically studied for photoenzymatic reactions. A f-scission or
radical/polar crossover from a f-silyl radical was thought to be
an effective new strategy for radical termination that would
lead to an alkene-containing product capable of further
manipulation. This hypothesis was tested using an a-
chloroamide substrate bearing a pendant allyl silane. Using a
mutated ERED, GIuER-G6, and conditions like those used in
previous a-chloroamide cyclizations,®* the desired product was
observed in 92% yield with >99:1 er. <5% yield of the
reductive TMS-containing product was observed (Figure 26A).
Control experiments show that an NADPH cofactor turnover
system (GDH, glucose) is required for high yield: a unique
feature for a redox-neutral transformation.

Further experiments show that the initial electron transfer
does not occur from a ground state flavin species. Transient
absorption spectroscopy (TAS) was used to further elucidate
the mechanism. Pump—probe experiments showed multiple
species being formed and consumed throughout the catalytic
turnover. The data is consistent with an initial mesolytic
cleavage, like the previously studied reductive mechanism,
followed by an event attributed to the f-scission of the TMS
group. The final event corresponds to the decay of the FMN
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semiquinone to the oxidized quinone, indicating that the
released silyl radical abstracts a hydrogen atom from FMN,,
(Figure 27C).

The enzyme accommodates substrates with arenes bearing
ortho, meta, and para positions and alkyl substituents giving
good yields and enantioselectivity. Unsubstituted allyl silanes
also gave good yields but modest enantioselectivities. S-exo-
trig, 6-exo-trig, and 7-exo-trig cyclizations were all well-
accommodated with this approach. Intermolecular couplings
were also afforded to form amides with terminal alkenes. The
P-scission strategy was also extended to other cleavable groups,
such as sulfones and silyl enol ethers (Figure 27B).”

Cross-electrophile couplings are difficult to achieve using
traditional metal catalysis due to the metal’s inability to
distinguish between coupling partners.”® They are also difficult
to render asymmetric.”” The Hyster lab sought to develop a
biocatalytic, asymmetric cross-electrophile coupling using
nitronates as coupling partners in a quaternary CT complex
mechanism (Figure 28A).'% Although nitronates are easier to
reduce, the a-chloroamide should be preferentially reduced
due to its unique ability to form CT complexes with FMN,.
Pleasingly, an ERED from Prozomix, CsER, catalyzed the
desired transformation with moderate yield and excellent
enantioselectivity. Increasing the pH to 9 further increased the
yield to 92%, which the authors hypothesize is because the
more-basic pH increased the concentration of active nitronate
species. GIUER T36A could catalyze the same transformation
to give the opposite enantiomer with slightly decreased yields
(51% vyield, 10:90 er). The reaction tolerates electron-rich and
-poor arenes but was limited to smaller a-substituents on the
nitronate.
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UV—vis studies indicated the proposed CT complex
between FMNjy,, the nitrone, and the a-chloroamide was
formed (Figure 27B). A nitrone was used instead of the model
nitronate due to ground state reduction of the nitronate by
flavin observed via UV—vis studies. Interestingly, no reduction
products of the nitronate were observed when the nitronate
was mixed with CsER, turnover mix, and visible light
irradiation. When photoredox methods were used, only
reduction products of the nitronate were observed, with no
coupled product formed. This suggests that enzymatic
reduction is reversible, and the enzyme cannot further reduce
the nitronate. A resubjection experiment was performed to
prove the mesolytic C—N bond cleavage was responsible for
the denitration to form the coupled product. When nitro-
methylbenzene was used as a coupling partner, the denitrated
and nitro-containing products were formed. The nitro-
containing product was resubjected to the reaction conditions;
however, no conversion was observed. This indicates the nitro-
containing product is not an intermediate in this reaction and
mesolytic cleavage is responsible for the denitration.

The previous examples of non-natural photoreactivity in
EREDs are substrate-specific since they go through a
photoexcitation of a CT complex formed between the
FMN},, and a substrate in the active site.™>?7>?0 While this
enables electron transfer to be initiated with blue or cyan light,
it limits the types of substrates that can be reduced. In
response to this limitation, the Hyster lab sought to develop a
substrate-agnostic reaction utilizing direct excitation of flavin in
ERED: to initiate electron transfers.'”" It was envisioned that
the stereoselective reduction of acrylamides could be achieved
using a direct excitation mechanism. Because they resemble the
native substrate of EREDs, it was expected that the radical
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Figure 30. Radical initiation from flavin semiquinone. (A) General scheme for OPRI-catalyzed oxindole synthesis. (B) Proposed reaction
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formation could be constrained to the active site. These
substrates cannot be reduced via the native mechanism.
Excitingly, irradiation of model substrate across a panel of
EREDs with violet LEDs furnished products with good yields
and differing enantiomeric ratios, with OYE1 giving the best er
(Figure 29A). The yield with OYE1 was further improved by
adding exogenous FMN to ensure the protein was saturated
with the cofactor. A single round of site-saturation mutagenesis
yielded the improved variant OYE1-F269G, which catalyzed
the reduction with quantitative yield and 90:10 er. The direct
excitation mechanism could also be extended to reductively
cleave C—F bonds (Figure 29B).

The reaction is initiated via excitation of FMNy, by violet
LEDs to generate a potent single-electron reductant that
reduces the acrylamide alkene, producing the radical anion and
neutral FMN (Figure 29C). Protonation of the radical anion
furnishes a stabilized a-acyl radical, which can be terminated
via HAT from the semiquinone to set the a-stereocenter.
Deuterium incorporation experiments support the protonation
step of the mechanism, where the S-position is 90% deuterated
when the reaction is run in a deuterated buffer. However, there
is an appreciable amount of deuteration of the a-position with
deuterated buffer and a lack of deuteration when the reaction is
run using dg-glucose. This indicates significant deuterium
washout due to the acidification of the NS—H bond in the
semiquinone state.

In both cases, the flavin cofactor is responsible for two
single-electron reductions, starting from the fully reduced
FMN;,, state, moving through the semiquinone FMNH,, and
ultimately terminating the radical species through hydrogen
atom transfer to generate the fully oxidized FMN,, state. At
this point, the cofactor is reduced back to FMN},, by NADPH
to complete the catalytic cycle. In a departure from this
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pattern, the Hyster group envisioned a redox-neutral mode of
reactivity in which flavin is competent as both a reductant and
an oxidant. This was accomplished via asymmetrically
generating 3,3-disubstituted oxindoles (Figure 30A).'"

To achieve this redox-neutral reactivity without reductive
side-product formation, the authors developed a system to take
advantage of the deprotonated anionic semiquinone FMN™,
as the initiating reductant producing FMN,, to act as the
terminating oxidant (Figure 30B). This system relies on the
photoreduction under cyan light of FMN,, to FMN", by
tricine present in the buffer solution. At this point, FMN™; can
reduce the chloroamide substrate, generating an a-acyl radical
and FMN,,. Since FMN,, cannot further reduce this substrate,
cyclization into the pendant aromatic ring occurs to generate
the oxidizable vinylogous a-amido radical. This cyclization
occurs with excellent facial selectivity, resulting in high
enantioselectivity. Oxidation by FMN,, triggers elimination
to restore aromaticity, yielding the desired oxindole product
and regenerating FMN™ .

Initial studies indicated good yield and selectivity from the
enzyme 12-oxophytodienoate reductase (OPR1), and this
enzyme was used to demonstrate scope (Figure 30C) following
reaction optimization. Variation of the a-substituent is well-
tolerated, particularly among longer linear groups. Different
ester substituents were accepted and afforded products with
high yield and selectivity. Though ortho substituents were
unreactive on the aryl ring, electron-donating para substituents
were well-tolerated, and electron-withdrawing ones were
functional under high-temperature conditions. Electron-donat-
ing meta substituents were also reactive but produced a mixture
of regioisomers. Lastly, product formation was still observed
when the substrate-activating ester group was removed, though
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Figure 32. Polymer synthesis of photoexcited glucose oxidase.

the mechanism by which this reaction initiates is not yet
understood.

2.4. Flavin-Dependent Baeyer—Villiger Monooxygenase
Photochemistry

Building on the observations with EREDs, Xu and Wu
demonstrated that Baeyer—Villiger monooxygenases could
serve as photoenzymes for radical hydrodehalogenation
reactions (Figure 31A).'"”> Using the cyclohexanone mono-
oxygenase from Acinetobacter sp. (CHMO,genwo), the authors
could hydrodehalogenate a-fluoro-a-chloroketones to prepare
the corresponding a-fluoroketone in modest yield and
enantioselectivity, targeting residues within the protein active
site for a limited mutagenesis campaign, where large hydro-
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phobic residues (leucine and phenylalanine) were mutated to
hydrophobic residues of different sizes (alanine, valine, leucine,
and phenylalanine). Using single mutations (CHMO-L144A
or CHMO-L435V) afforded hydrochlorination of a tetralone
in 99% yield with 99:1 er. The reaction was effective across
various substituted tetralones, affording products with good
yield and selectivity (Figure 30B). The reaction was also
effective for acyclic ketones; however, the enantioselectivities
were more modest. The authors propose that electron transfer
occurs via photoexcitation of an enzyme-templated charge-
transfer complex, mimicking electron-transfer mechanisms in
EREDs. Additionally, the authors found that radical termi-
nation occurs via reducing the radical to the corresponding
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Figure 33. Photoenzymatic polymerizations.

enolate, followed by stereoselective protonation, confirmed
with isotopic labeling experiments (Figure 30C). This
mechanism is distinct from what is often observed with
EREDs.

2.5. Flavin-Dependent Photoenzymes for Radical
Polymerization

The use of photoenzymatic catalysis has also been expanded
beyond the synthesis of small molecules and into the realm of
polymers. In 2019, the An group demonstrated that when
irradiated, FAD-dependent glucose oxidase (GOx) can become
an effective catalyst for a controlled radical polymerization
process (Figure 32).'* Inspired by the action of DNA
photolyase, they show that irradiation of GOx with 405 nm
light produces a photoexcited FAD cofactor that can initiate
radical polymerization through sequential photoinduced
electron-transfer (PET) events. Using N,N-dimethyl acryl-
amide (DMA) as a model monomer, quantitative conversion
was observed in 6 h, producing PDMA with close to
theoretical molecular weight (22.8 kg/mol vs 20.4 kg/mol
predicted) and low dispersity (P = 1.04), regardless of the
presence of a chain-transfer agent. The reaction’s monomer
scope was investigated and found to be general and broad
(Figure 31). High conversions were observed for most
monomers within 6 h, with low dispersity and predictable
molecular weights. Block copolymers and nanoparticles could
also be synthesized under the optimized conditions. Most
notably, poly(ethylene glycol) methyl ether methacrylate
(PEGMA) was found to form an ultrahigh molecular weight
(UHMW) polymer, PPEGMA, with molecular weight 973.5
kg/mol vs 990.6 kg/mol predicted, D 1.39. UHMW
PPEGMA is unprecedented via controlled radical polymer-
ization due to PPEGMA’s high steric demand and low
propagation rate coefficient. UHMW PPEGMA was generated
in >99% conversion within 4 h, highlighting the power of this
photoenzymatic method. It should be noted that these
polymerizations are likely occurring outside the protein active
site.

Several mechanistic studies were also undertaken. Control
experiments showed that GOx, glucose, and light were
necessary for polymerization. Replacing GOx with free
riboflavin gave no conversion of DMA, indicating that fully
reduced FADH, formed in the active site of GOx, is the
photoactive species responsible for electron transfer. Electron
spin resonance (ESR) indicates that polymerization occurs via
a radical mechanism, while light on/off experiments indicate
that photoexcitation is necessary for polymerization. The
polymerization was observed to follow pseudo-first-order
kinetics after an initial induction period of 40 min to 2 h.
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The cause of the induction period is not well understood and is
still under investigation. Further, this polymerization was
found to be active even in the presence of oxygen, as the innate
deoxygenation capability of GOx was not destroyed during
irradiation.

In 2020, this photoenzymatic system was extended to
synthesize ultrahigh molecular weight (UHMW) polymers
using unconjugated monomers.'”> These monomers are
typically difficult to develop into UHMW polymers due to
the high incidence of chain termination and chain transfer
during the process. As such, they are uncharacteristically
difficult to control. Although reversible addition fragmentation
chain-transfer polymerization (RAFT) polymerization techni-
ques have been successfully developed to polymerize
unconjugated monomers, the resulting products are usually
of low molecular weight with high dispersity and low
conversions. The photoenzymatic GOx conditions were
adapted to the polymerization of N-vinylpyrrolidone (NVP)
to assess the capability of GOx to catalyze the polymerization
of unconjugated monomers. The product was obtained with
good molecular weight (18.8 kg/mol vs 20.7 kg/mol
predicted) and low dispersity (D = 1.19) after 24 h in the
presence of a xanthate chain-transfer agent (Figure 33).
Control experiments showed that GOx, glucose, and light were
all required for conversion, but the presence of the chain-
transfer agent was not necessary.

High degrees of polymerization (DPs) ranging from 5000
and 10,000 were targeted to obtain an ultrahigh molecular
weight PNVP. Ultrahigh molecular weight polymers were
obtained with close to predicted molecular weights but high
dispersity (D = 1.42). The authors then assessed the impact of
temperature on the dispersity of the formed UHMW PNVDP.
Lower temperatures led to lower dispersities at both DPs of
5000 and 10,000, with 10 °C being the optimal condition for
the best balance of molecular weight and dispersity. It was
hypothesized that the lower temperature likely mitigates
deleterious side reactions like chain transfer and chain
termination. After condition optimization, the system was
extended to various unconjugated monomers and chain-
transfer agents to enable a one-pot system for synthesizing
block- and star-copolymers up to 1100 kg/mol (Figure 33).

2.5.1. Outlook for Flavin-Dependent Photoenzymes.
The versatility of the flavin cofactor opens the door to many
modes of radical initiation and termination. While the current
reports rely on reductive radical formation, oxidative methods
should be accessible to flavoproteins, enabling new types of
radical precursors. Radical termination occurs primarily via
reductive mechanisms. The versatility of FMN,, opens the
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Adapted with permission from Nature 2022, 611, 709—714. Copyright 2022 Springer Nature.

door to oxidative mechanisms of radical termination. The
discovery of new mechanisms for radical initiation and
termination will significantly expand the synthetic utility of
these reactions.

Beyond new reactions, this area of research will benefit from
more mechanistic studies and a deeper understanding of their
photophysics. For instance, the structural features that
influence the absorption wavelength and intensity are poorly
understood. Studies that provide more insight into these
complexes could open the door to using new types of radical
precursors or different wavelengths of light. In contrast to the
FAP proteins, the EREDs and BVMOs display excellent
photostability. However, total turnover numbers and turnover
frequencies are poor. These metrics need to be improved for
these reactions to be useful in chemical manufacturing,

2.6. Photoenzymes Using Non-natural Cofactors and
Amino Acids

In contrast to the breadth of work on expanding the natural
reactivity of enzyme cofactors with light irradiation, there has
been relatively little progress on photoinitiated transformations
via a covalently linked chromophore. Introducing non-natural
cofactors opens the door to accessing reactivities inaccessible
to chromophores in Nature. Green and co-workers recently
reported a designed enzyme for enantioselective [2 + 2]
cycloadditions enabled by a noncanonical 4-benzoyl-phenyl-
alanine (BpA) residue.'” The authors selected a computa-
tionally designed Diels—Alderase (DA_20_00) as the starting
scaffold because of the mechanistic similarities between
thermal [4 + 2] cycloadditions and photochemical [2 + 2]
reactions.'”” The authors introduced the BpA residue at
position 173 in the active site of a computationally designed
Diels—Alderase to generate the enzyme EnT1.0. Irradiation
with 365 and 395 nm LEDs promoted triplet-energy-transfer
(EnT) photocatalysis between the BpA residue and substrate,
enabling the [2 + 2] cycloaddition in modest yield,
regioselectivity, and enantioselectivity.
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Three rounds of directed evolution were conducted
targeting residues that surround the enzyme active site.
Ultimately a variant (EnT1.3) was accessed that catalyzed
the desired [2 + 2] reaction in 100% conversion with a 9:1
regioisomeric ratio and 99.5:0.5 er (Figure 34A). A crystal
structure of the evolved biocatalyst with the quinolone product
bound reveals substrate 7-stacking interactions between the
BpA173 and H287 side chains crucial for effective triplet
energy transfer. The crystal structure also revealed hydrogen
bonding interactions between the quinolone product and
residues Y121 and Q195, postulated to be important for
substrate orientation and activity. Indeed, the Y121F or Q195A
mutation reduces yield and enantioselectivity (Figure 34C). In
contrast to versions of this reaction catalyzed by small
molecule catalysts, this reaction is not sensitive to O,
suggesting that the protein environment protects the
benzophenone amino acid from O, and limits the formation
of singlet oxygen. The authors demonstrated the scope of this
transformation across various substituted alkenes and even
found a variant that can catalyze an intermolecular reaction
(Figure 34B).

Sun et al. concurrently published a similar enzyme-
templated intramolecular enantioselective [2 + 2] cyclo-
addition enabled by energy transfer from a noncanonical
BpA residue.'” The authors adapted a dimeric multidrug
resistance regulator LmrR, previously known for its use in
artificial metalloenzymes, as this protein has a large hydro-
phobic pocket at the subunit interface.'”” After incorporating
the BpA residue as an F93BpA mutation, two additional
rounds of site-saturation mutagenesis identified the beneficial
mutants W96L and MS8L to generate the photobiocatalyst
TPe3.0. TPe3.0 can enable a [2 + 2] cyclization of an alkene
into a tethered indole in 85% yield with a 95:5 enantiomeric
ratio. The free benzophenone can only catalyze this trans-
formation in 10% yield under these reaction conditions. It is
important to note that the interpretation of this type of control
is complicated by the decreased solubilities of the photo-
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catalyst and substrate under aqueous conditions. Running
these controls in organic solvent can provide a better
indication as to the inherent reactivity of the cofactor. The
authors further improved upon this biocatalyst in a new variant
designated TPe4.0_FBpA by layering in the A11N mutation to
generate a new hydrogen bonding contact with the Boc-
carbonyl on the indole core and modifying the BpA cofactor to
3'-fluoro-4-benzoylphenylalanine (FBpA), thus generating a
new H—F hydrogen bonding contact. The evolved variants
could catalyze [2 + 2] cycloadditions on various substituted
indoles (Figure 35).

MeO,C co,Me
- TPe variant (2.5-5 mol%)

20 mM MOPS, pH 7.0 =N
D 10% (v/v) DMSO "OO
Noe 365/385 nm LED Noe
4°C,1h
COM COM

Boc Boc
90% yield 97% yield
97.5:25eur. 964 eur.

BpA

Figure 35. BpA substituted LmrR derived triplet photosensitizer
biocatalyst for [2 + 2] cycloadditions. Adapted with permission from
Nature 2022, 611, 715—720. Copyright 2022 Springer Nature.

In related studies, Wang and co-workers bioconjugated
metal complexes to the surface of fluorescent proteins to drive
CO, reduction to CO and phenyl synthesis from aryl halides
(Figure 36A).""" In their initial study, the researchers targeted
superfolder yellow fluorescent protein (sfYFP) as a chromo-
phore for driving electron transfer to a transition metal
complex appended to the surface of the protein. As sfYFP has a
long excited state lifetime, the researchers replaced the
chromophore residue tyrosine at position 66 with (BpA).
When this mutation was coupled with mutations at positions
203 (Y203D) and 148 (H148E), they accessed a variant (PSP)
where the benzophenone moiety can be photoreduced to the
corresponding radical anion using ascorbate as a biologically
relevant electron donor. Next, a nickel—terpyridine complex
was covalently linked to the protein’s surface through cysteine
bioconjugation with an iodoamide appended to the terpyridine
ligand. The distance between the metal complex and the
chromophore proved important for achieving the most active
metal complex. This best distance was 1.19 nm, which involved
bioconjugation of the metal complex at position 95. Longer or
shorter distances resulted in decreased catalyst activity. This
biohybrid artificial metalloenzyme provides 75 catalyst turn-
overs for converting CO, to CO. These turnover numbers
could be increased to 87 TON by introducing tyrosines close
to the metal complex to facilitate the proton-coupled electron-
transfer events. Ultimately, this catalyst achieves a quantum
efficiency of 2.6%, surpassing what was achieved with CdS
nanorods with the same nickel—terpyridine catalyst (Figure
36B).
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Figure 36. Genetically encoded photosensitizers for artificial
metalloenzymes. (A) Design of an artificial metalloenzyme using a
genetically encoded chromaphore. (B) General mechanism for CO,
using a Ni(tertpy) complex linked to a genetically encoded
photoreductant. Adapted with permission from Nat. Chem. 2018,
10, 1201—1206. Copyright 2018 Springer Nature. (C) Mechanism of
phenol synthesis using an artificial metalloenzyme with a genetically
encoded photosensitizer. Adapted with permission from J. Am. Chem.
Soc. 2021, 143, 617—622. Copyright 2021 American Chemical
Society.

In a follow-up study, Wang used the same chromophore for
a nickel-catalyzed conversion of aryl halides to phenols.''" In
the initial report of this reactivity, MacMillan used a nickel—
bipyridine catalyst with an iridium photocatalyst.''* Using the
same PSP protein previously reported but instead bioconju-
gated with a bipyridine ligand at position 95 resulted in a
catalyst that could catalyze the conversion of p-bromobenzyal-
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Figure 38. Click bioconjugation for photoenzyme synthesis. (A) Artificial photoenzyme prepared by bioconjugation a Ru(bpy), photocatalyst into
prolyl oligopeptidase for an intramolecular 2 + 2 reaction. (B) The intermolecular variant.

dehyde to p-hydroxybenzyaldehyde in 98% yield. This artificial
metalloenzyme was effective for various aryl halides, including
aryl chlorides, bromides, and iodides. Moreover, this catalyst
could be used for C—N bond formation to afford anilines in
promising yields. Transient absorption spectroscopy experi-
ments suggest that the reaction occurs via triplet sensitization
of the nickel(II) complex by the benzophenone moiety in the
protein to facilitate reductive elimination. While this
mechanism is distinct from the redox one originally proposed
by MacMillan, where the photocatalyst oxidizes the nickel
complex to Ni(Ill) to facilitate reductive elimination, this
mechanistic pathway cannot be conclusively ruled out by their
experiments.''> Energy transfer to facilitate reductive elimi-
nation has been observed for related metallophotoredox
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reactions, supporting the viability of the proposed mechanistic
pathway (Figure 36C).""

In a complementary approach incorporating chromophores
in enzyme active sites, Lewis and co-workers covalently linked
Mes-Acr” photocatalysts into a prolyl oligopeptidase from
Pyrococcus furiosus (POP)."'* The authors selected this protein
based on its large fB-barrel enclosed active site. The active
serine was mutated to p-azido-L-phenylalanine (Z) to facilitate
a strain-promoted azide—alkyne cycloaddition (SPAAC) with a
cyclooctyne functionalized photocatalyst. The photocatalyst—
protein hybrid was competent at thioanisole sulfoxidation in
up to 90% yield, although the product is formed as a racemate
(Figure 37A).
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Brustad and colleagues further demonstrated that Mes-Acr”
photocatalysts with a pendant alkyl iodide could be conjugated
to cystine single-site mutants in the active site of a
thermostable aspartate dehydrogenase (Tm(AspDH)).'"
These protein—photocatalyst hybrids were competent at
catalyzing the oxidation of aryl thioethers in up to 95% yield
(Figure 37B). Most notably, the Tm(AspDH)—photocatalyst
hybrids catalyzed up to three times as many turnovers as the
Mes-Acr” photocatalyst alone.

In a subsequent advance on the SPAAC conjugation of
photocatalysts to the POP protein scaffold, Lewis and co-
workers explored the factors influencing the binding and
photophysics of the polypyridyl ruthenium complexes
bioconjugated to the previously characterized POP-azide
mutants.''® Using luminescence lifetime titrations, the authors
found Ru(bpy);** noncovalently binds to POP with a kp of 28
+ 9 uM, enabling the study of noncovalent protein and
photocatalyst interactions. By mutating the active site aromatic
(W142 and Y326) and basic residues that have repulsive
interactions with the cationic ruthenium complex (RSS, R198,
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K255, and R338) to alanine, termed POPy,,, the protein
affinity for the photocatalyst increased with kp = 1.7 & 0.7 uM.
There were further effects on the binding afhnity by mutating
active site residues G99, W142, and Y326 to aspartic acid
(POPy,), with the kp having an upper bound of 11+ 1.7 uM.
The authors used these improved binding variants with the
POP-azide mutants to test a variety of known Ru(bpy);**-
catalyzed photoredox reactions, including a reductive cycliza-
tion of dienones via an electron-transfer process (Figure 38A)
and a [2 + 2] cycloaddition via an energy transfer (Figure
38B). The POP—photocatalyst hybrid outperformed free
Ru(bpy);>* under the stated reaction conditions in both cases.

2.6.1. Outlook for Photoenzymes with Non-natural
Cofactors. The prospect of introducing non-natural chromo-
phores into protein active sites to reveal new functions is a
promising approach that holds the promise of significantly
expanding the types of transformations available to enzymes.
Even with the current photoenzymes, there is an opportunity
for other reactions, such as radical initiation via hydrogen atom
transfer, that have yet to be demonstrated. A key challenge in

https://doi.org/10.1021/acs.chemrev.2c00767
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this work will be developing systems with well-defined active
sites that can achieve high levels of enantioselectivity with
highly reactivity intermediates. As with all photoenzymes,
increased turnover numbers and frequencies will be necessary
to utilize these reactions on an industrial scale.

3. SYNERGISTIC PHOTOENZYMATIC CATALYSIS

Synergistic photoenzymatic catalysis describes enzymatic
transformations where the mechanism for converting starting
material to product involves electron or energy transfer from
an exogenous photocatalyst to a substrate or cofactor within
the protein active site. This family of reactivity is distinct from
photobiocatalytic cascades for cofactor turnover because the
electron-transfer event involving the photocatalyst is essential
for the biocatalytic mechanism for converting starting material
to product.

3.1. Synergistic Reactions Involving Native Reactivity

3.1.1. Cytochromes P450. Cytochrome P450s are
powerful catalysts for the asymmetric and regioselective
hydroxylation of unactivated C—H bonds using molecular
oxygen and a reductant. These proteins require a heme domain
for oxygen activation and hydroxylation and a reductase
domain to deliver electrons from NADPH to the heme domain
for catalysis (via flavin mediators). The most widely used
cytochrome P450 for biocatalytic transformations is P450g,3, a
catalyst with the reductase domain covalently linked to the
heme domain."'” Fundamental studies by Gray and others
demonstrated how electrons travel through proteins. In these
studies, small molecule photocatalysts were often used to
initiate electron-transfer events."'''” Building on these
studies, Cheruzel and co-workers demonstrated that the
heme domain of P450gy; bioconjugated with polypyridyl
ruthenium photocatalysts could facilitate the C—H hydrox-
ylation without requiring the traditional NADPH reductant.'*’
Ru(bpy),(phenA)Cl, was linked to the heme domain via
cysteine bioconjugation to P450g,;-L407C, a variant contain-
ing cysteine that can react with the mutant via the
iodoacetamide functional handle on the phenA ligand. Perhaps
unsurprisingly, the location of photocatalyst bioconjugation
plays an important role in the efficiency of the strategy, with
other positions providing lower yields and total turnover
numbers.'”"'** To improve the driving force of electron
transfer, the 2,2’-bipyridine (bpy) ligands were substituted to
4,4'-dimethoxy-2,2'-bipyridine ligand, resulting in an 80 mV
decrease in reduction potential. The authors proposed the
following mechanism for this non-natural system (Figure 39A).
Photoexcitation of the ruthenium photocatalyst furnishes an
excited state that is reductively quenched by sodium
diethyldithiocarbamate (DTC) to provide a long-lived Ru(I)
state, which supplies the electrons required for hydroxylation.
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While total turnover numbers (TTNs) could not be
compared to the native holoenzyme, initial product formation
rates are roughly an order of magnitude lower. However, this
synergistic approach performs favorably compared to other
reduction strategies, such as electrochemical reduction or
photochemical reactions with deazaflavin (Figure 39A). The
P450g); enzymes were also demonstrated to regioselectively
hydroxylate the allylic position of 10-undecenoic acid in 40%
yield and 92.5:7.5 er (Figure 39B)."*’ In subsequent studies,
Cheruzel applied this system to the benzylic hydroxylation of
trifluoromethylated substrates.'** The authors used a photo-
redox reaction developed by Stephenson et al. to trifluor-
omethylate aromatic rings with alkyl substituents to form
trifluoromethylated products with various regioselectivities.'*
Next, they used the P450py; photocatalyst hybrid to
hydroxylate the benzylic position. Interestingly, in cases
where the trifluoromethylation protocol produced a mixture
of para, meta, and ortho isomers, the subsequent hydroxylation
would occur preferentially on one product, indicating that the
steric and electronic properties of the substrate strongly
influence its reactivity in the hydroxylation reaction. Moreover,
the authors found that mutations within the protein active site
could influence the selectivity of the hydroxylation step.

Using the P450g,,;—Ru(1I) photosensitizer hybrid, Lam et
al. explored the hydroxylation of fatty acids containing p-
nitrophenyl ether moieties (Figure 40)."** Schmid and co-
workers previously demonstrated that P450gy; could hydrox-
ylate fatty acids with terminal p-nitrophenylethers. When the
enzyme hydroxylates the ether methylene to form a hemiacetal,
these unstable intermediates collapse to form an aldehyde and
p-nitrophenol, which strongly absorbs at 400 nm."”” Lam et al.
used this basic strategy with ten different p-nitrophenoxy
derivatives of fatty acids of differing chain lengths using their
P450g,;—Ru(Il) photosensitizer hybrids. They found that the
longest fatty acid derivative provided the highest total turnover
numbers (120 TTN) and that the overall reactivity trends
mirrored what was reported for the holoP450g,;. This method
was effective for conducting enzyme kinetics and determining
relative reactivity with different substrates, making it a
potentially valuable method for enzyme engineering cam-
paigns.128

In a follow-up study using the p-nitrophenol assay, the
Cheruzel group studied the impact of photocatalyst electronics
on these biohybrids’ function.'”” From the general formula
[Ru(4,4-X,bpy),bpy)]**, Shalan et al. made the substitutions X
= Cl, tBu, Me, OPh, OMe, and NMe, and characterized their
activity using '"H NMR, mass spectrometry, cyclic voltamme-
try, UV—vis, and luminescence spectroscopy. They found that
the tBu substituted photocatalyst provided a hybrid with the
highest catalytic activity.'”” When relative activities were
plotted against Hammett parameters, a nonlinear relationship
was observed that is the best fit to two independent linear plots

https://doi.org/10.1021/acs.chemrev.2c00767
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indicating a change in the rate-limiting step of the reaction
(Figure 41A). The authors postulated that the rate-limiting
step is the electron-transfer step between the Ru photo-
sensitizer and the enzyme’s heme center. This is supported by
the negative slope between the X = Cl, OPh, Me, and tBu
substituents on the Hammett plot. However, for X = OMe and
NMe, substituents, the positive slope indicates that the rate-
limiting step is quenching of the Ru(I) excited state by DTC
(Figure 39B). These studies indicate that the electronic
properties of the photocatalysts can play an important role in
synergistic hybrid enzymes.
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A subsequent study by Park and co-workers demonstrated
that covalently linking a photocatalyst to the P450 heme
domain is unnecessary for cofactor reduction.'*” Eosin Y, a
commonly used photocatalyst,"*’ can bind to proteins.'*!
When E. coli cells containing the heme domain of various
cytochrome P450s are supplied with Eosin Y and an electron
donor (TEOA), the P450 can hydroxylate substrates (Figure
42)."** Confocal microscopy indicates that the photocatalyst is
bound to the heme domain, while spectrofluorometric and CO
binding analyses indicate that Eosin Y is necessary and
sufficient to reduce the heme domain. Finally, the authors used
this reduction system with a small collection of heme domains
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from different P450s and explored the oxidation of various
small molecule substrates (Figure 42). This study demon-
strates that photocatalysts with a native affinity for proteins can
reduce cofactors within the protein environment. Presumably,
this strategy can be broadly applied to other proteins.

3.1.2. Rieske-type Non-heme Iron Enzymes. Mirroring
the strategy employed with P4S50s, researchers have used
photocatalysts to reduce non-heme iron centers in Rieske-type
enzymes. Stc2 is an enzyme that oxidatively demethylates N,N-
dimethylproline using NADPH and reductase proteins to
prepare N-methylproline.'*” Intending to replace the reductase
proteins with a photocatalyst, Elliott, Chen, and Liu tested
various photocatalysts with sacrificial electron donors to arrive
at the combination of Eosin Y as the photocatalyst with sulfite
as an electron donor, resulting in between 20 and 30 turnovers
of the enzyme. The authors hypothesized that competing O,
reduction by the photocatalyst was responsible for the modest
turnover numbers. To overcome this limitation, they
developed a flow chemistry approach where the enzyme is
reduced by the photocatalyst and then introduced to a mixture
of sodium chlorite with chlorite dismutase, which produces O,
to be consumed by Stc2. The resulting oxidized mixture was
reintroduced to the photochemical reactor to initiate another
round of enzyme reduction. Using this approach, 65—70
catalyst turnovers were achieved (Figure 43). This photo-
chemical reduction and flow method was applied to turnover
other Rieske enzymes and a flavin-dependent deiodinase.
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SO5%>20 4 o d
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Figure 43. Photocatalyst turnover of Rieske-type non-heme iron
enzymes. Adapted with permission from ACS Catal. 2022, 12,
14559—14570. Copyright 2022 American Chemical Society.

3.2. Synergistic Reactions Involving Non-natural
Reactivity

3.2.1. Nicotinamide-Dependent Enzymes. Exogenous
photocatalysts can also enable non-native reaction mecha-
nisms. The photocatalyst in this scenario is responsible for the
electron-transfer events, while the protein provides a chiral
scaffold for the desired reactivity. In this case, the central
challenge lies in identifying mechanisms that ensure that
radical formation only occurs within the protein’s active site.
Reports in this area have primarily relied on the well-known
phenomenon that binding to proteins alters the redox
properties of substrates and cofactors.

The Hyster group demonstrated the viability of this
synergistic strategy in a radical deacetoxylation of a-
acetoxyketones using nicotinamide-dependent double-bond
reductases and exogenous photoredox catalysts (Figure 44A).
This enzyme cannot catalyze deacetoxylation reactions.
However, upon adding a photocatalyst, this enzyme gains
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this catalytic ability. The best results were achieved using Rose
Bengal as a photocatalyst, where the desired product was
formed in 87% yield with 93:7 er."** In solution, the xanthene
dye Rose Bengal (E,/,"![RB/RB*"] = —=0.99 V vs SCE)"*" is
incapable of reducing the model ketone (E, /Z‘ed =—130 Vs
SCE). However, enzymatic binding of the ketone substrate
attenuates its redox potential, making it accessible to RB*~
reduction only within the enzyme active site. Based on the
native reaction mechanism, the authors propose that a tyrosine
hydrogen bonds to the carbonyl of the substrate. This bonding
provides 170 mV of electronic activation, enabling reduction
within the protein active site. Upon reduction of the starting
material, the resulting ketyl radical undergoes a spin-center
shift to eliminate acetate and form an enzyme-bound a-acyl
radical that is subsequently terminated by enantioselective
HAT from enzyme-bound NADPH. Isotopic labeling experi-
ments support the hypothesis that nicotinamide functions as
the source of the hydrogen atom (Figure 44B). This reaction is
amenable to various functionalities, including alkyl groups and
arene substituents. This general strategy can also dehalogenate
a-bromoamides using ketoreductases with good yields and
excellent enantioselectivity. These substrates do not form CT
complexes with NADPH, preventing direct excitation mech-
anisms. In all these reactions, the stereocenter is set via
stereoselective hydrogen atom transfer, a challenging step to
render asymmetric using traditional small molecule reagents
and catalysts.

3.2.2. Flavin-Dependent Enzymes. Redox activation by
the enzyme was expanded to EREDs with Ru(bpy);Cl, as an
exogenous photocatalyst. The Hyster group demonstrated that
these interactions could activate ketones for single-electron
reduction. Using a Ru(1I) photoredox catalyst with an ERED
from P. putida (MorB), they could perform enantioselective
reductions of acetophenone derivatives to the corresponding
secondary alcohol with 99% yield and 80:20 er (Figure
45A)."*° The authors propose that the flavin cofactor is
reduced to its hydroquinone oxidation state (FMN),) using
the cofactor turnover system. Acetophenone can bind within
the protein’s active site, activating it for single-electron
reduction by the photocatalyst (E;;, = —2.1 V in MeCN)
(Figure 45C). The authors propose that photoreduction of the
Ru(bpy),*" affords a longer-lived Ru(I) oxidation state, which
reduces the ketone to the ketyl radical within the protein active
site. Mutation of the canonical binding residues to alanine
(N189A and H186A) diminished the yield and enantiose-
lectivity, indicating the importance of these binding residues
for both the reaction yield and selectivity. A broad range of
substrates are tolerated, including para, meta, and ortho
substituted arenes, naphthyl rings, and other bulky moieties.
Substrates with more electron-withdrawing substituents proved
more reactive due to their increased reduction potential.
Finally, using an a,f-unsaturated ketone, they could control
the natural 1,4 reduction and non-natural 1,2 reduction in 89%
yield and 83:17 er to afford a net global reduction.

Poelarends demonstrated that similar reactivity could be
achieved using nitroreductases, a flavin-dependent oxidore-
ductase (Figure 4SB and C)."”” They found that the
nitroreductase from B. amyloliquefaciens could catalyze the
reduction of acetophenone and cinnamyl methyl ketone in
excellent yield and enantioselectivity. In contrast to the work
by Hyster, carbonyl reduction outcompetes alkene reduction
for cinnamyl ketones. Additionally, the nitroreductase system
can utilize a broader range of photocatalysts than the
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analogous ERED approach, indicating that the level of Building on this strategy, the Hyster group demonstrated
electronic activation is potentially higher in the prior case. that photoredox catalysts could enable EREDs to reduce
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vinylpyridines. While electrophilic, these substrates cannot be
reduced by EREDs using their native reaction mechanism.
Adding Ru(bpy);Cl, to a reaction mixture containing the
ERED from N. puctiforme (NostocER) reduced phenyl
vinylpyridine with 96% yield and 92:8 er (Figure 46A).""
Mechanistic studies suggest that Ru(I) reduces the alkene to
the corresponding radical anion, which is rapidly protonated
under the reaction conditions to afford a benzylic radical.
Calculations indicate that this radical is dynamically stable and
has properties that resemble those of persistent radicals. Based
on published studies, it is difficult to determine whether the
protein facilitates substrate reduction. Radical termination
within the protein active site results in product formation in
high yield and excellent enantioselectivity. This non-natural
olefin hydrogenation is amenable to various functionalities,
including electron-donating and electron-withdrawing arene
substitution, as well as 3-furanyl, 3-thiophenyl, and alkyl
substituents instead of the phenyl moiety (Figure 46B).
Further, 3-vinyl and 4-vinylpyridine substrates, while difficult
to hydrogenate using traditional methods, can be reduced with
90% and 99% vyield, respectively, while maintaining high
enantioselectivities (89:11 and 84:16 er). Interestingly,
deactoxylation of a-acetoxypyridine substrates provides the
product with the same yield and enantioselectivity, suggesting
that the alkene reduction and deactoxylation involve a shared
reactive intermediate (Figure 46C).

Photocatalysts can be used to generate nitrogen-centered
radicals within protein active sites. As these species are highly
reactive, they readily engage in electron and hydrogen atom-
transfer events, making them incompatible with reactive
cofactor oxidation states. For instance, Hyster and co-workers
found that nitrogen-centered radicals could be formed from
hydroxamic esters when FMNy, in EREDs is directly excited
with a 390 nm LED. However, this radical is reductively
quenched by FMN,,, making this activation mode incompat-
ible with these intermediates.*” To overcome this challenge,
Ru(bpy);Cl, was added to initiate the reaction so that the
nitrogen-centered radical would be formed adjacent to the less
reactive FMN},. This approach enabled a 6-endo-trig hydro-
amination using the hydroxamic ester within the active site of
YqjM (an ERED from Bacillus subtilis) in 52% yield and 81:19
er (Figure 47A). Protein engineering over three rounds of site-
saturation mutagenesis afforded a biocatalyst that provides the
R-enantiomer in 91% yield and 97:3 er. During the engineering
campaign, it was found that the mutation of the tyrosine at
position 28 (Y28A) flipped the enantiomeric preference of the
reaction. Subsequent evolution afforded a variant that provided
the product with 89% yield with 86:14 er (Figure 44B). These
variants were effective across various substrates, facilitating 5-
exo, 7-endo, and 8-endo-trig cyclization (Figure 47B). An
evolved variant of GIUER could also catalyze an intermolecular
hydroamination in excellent enantioselectivity but modest yield
(Figure 47C).

In these reactions, the photocatalyst is rapidly reduced to
afford Ru(bpy);” which reduces the hydroxamic ester
substrate. Reduction of the substrate within the protein active
site generates the NCR intermediate with the loss of benzoate.
The highly reactive radical species performs a 6-endo-trig
cyclization into the pendant alkene, and a HAT selectively
terminates the resulting benzylic radical from the FMNy,.. The
flavin radical (FMN,) is subsequently oxidized by excited state
Ru(Il) to yield FMN,—which is then turned over by the
cofactor regeneration system. While the initial enzyme requires
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highly activating perfluorobenzoyl leaving groups, the evolved
variants, presumably due to increased activation by the
enzyme, can use less activated benzoyl leaving groups.

4. TANDEM PHOTOCATALYST/ENZYME REACTIONS

Tandem photocatalyst/enzyme reactions are biocatalytic
transformations where an enzyme and photocatalyst are
present in a reaction, but the photocatalyst is not involved in
the electron-transfer events required to convert the starting
material to product. In this scenario, the photocatalyst is
operating entirely independently of the enzyme. The most
common variant of this cascade strategy is cofactor reduction
by the photocatalyst or in situ peroxide generation. More
recently, research has been focused on organic transformations
that can be run in the presence of enzymes for dynamic kinetic
resolutions. This section is organized based on the role of the
photocatalyst in the reaction.

4.1. Light-Driven Cofactor Regeneration

4.1.1. “Ene”-Reductases. Cofactor turnover in “ene’-
reductases involves the reduction of FMN to FMNj, using
NAD(P)H via a hydride-transfer mechanism. Consequently,
EREDSs’ reactions typically involve a cofactor turnover system
to regenerate NAD(P)H utilizing simple alcohols or glucose as
terminal reductants. The Hollmann group recognized that the
photochemical reduction of EREDs by an exogenous photo-
catalyst would enable a broader array of reagents to serve as
reductants.

In their initial study, Hollmann explored the reduction of
ketoisophorone to levodione by YqjM, an ERED from Bacillus
subtilis, ** using a photocatalyst for cofactor reduction (Figure
48)."*" They tested a combination of flavin-derived photo-

R o $
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Figure 48. Photocatalytic reduction with riboflavin in EREDs.

catalysts with small molecule reagents as sacrificial electron
donors under visible light irradiation.'** Ultimately, they found
that the combination of free flavin as a photocatalyst and
ethylenediaminetetraacetic acid (EDTA) as an electron donor
afforded optimal yield and enantioselectivity. One of the
primary challenges in optimizing the photocatalyst was
avoiding the nonenzymatic reduction of the substrate.
Deazaflavin, for instance, formed the reduced product as a
racemic mixture. Hollmann also found that anaerobic
conditions were crucial for achieving high conversions,
presumably due to the high reactivity of reduced flavins with
molecular oxygen yielding hydrogen peroxide or sensitization
of 0,.'"”'"" The photochemical turnover system was
particularly attractive when running reactions in cell lysate,
as it avoids forming NADH equivalents that cellular alcohol
dehydrogenases could use to consume starting material or
product. Finally, the authors observe a 65% increase in the
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enzyme’s specific activity when adding a photocatalyst,
suggesting that the photocatalytic turnover can be competitive
with traditional methods.

Building on the initial study by Hollmann, Scrutton et al.
demonstrated that metal photocatalysts can reduce TsOYE and
pentaerythritol tetranitrate reductase (PETNR) (Figure
49A)."*" Ruthenium(II) photocatalysts are some of the most
extensively studied molecules for electron transfer.'* The
authors recognized that using stable metal photocatalysts
might provide superior reaction kinetics to what was observed
when flavin was used as a photocatalyst. When [Ru-
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(bpz),(dClbpy)]Cl, was mixed with PETNR in triethanol-
amine (TEOA) buffer and irradiated with visible light, only
minor spectral changes were observed, suggesting ineflicient
electron transfer between the photocatalyst and enzyme. The
authors added methyl viologen (N,N-dimethyl-4,4’-bipyridi-
nium dichloride) as an electron mediator and observed
reduction of the protein in 50 min. When this system was
irradiated with light in the presence of substrate, they observed
reductive enzymatic activity. The authors proposed a
mechanism where the photocatalyst oxidizes TEOA and
donates the electron to methyl viologen. Two equivalents of

https://doi.org/10.1021/acs.chemrev.2c00767
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methyl viologen is required to reduce FMN to FMN,,, which
the enzyme uses to stereoselectively reduce the substrate
(Figure 49A).

During reaction optimization, the authors found that
increasing the concentration of TEOA resulted in higher
yields. They hypothesize that the rate-determining step of this
cascade is the generation of the reduced photocatalyst. The
ideal pH was between 8 and 10 to avoid protonation of the bpz
ligands. When exploring the substrate scope, they found that
ketoisophorone was susceptible to a background reduction by
methyl viologen resulting in decreased enantioselectivity. The
system was effective for the reduction of several substrates
(Figure 49B). N-Phenyl-2-methylmaleimide could be reduced
with high levels of enantioselectivity but with a more modest
yield due to the formation of an unidentified side product
which is not produced by the enzyme.

In a follow-up study, Hollmann and Park examined the
photoreduction of TsOYE using xanthene dyes for the
stereoselective reduction of 2-methylcyclohexane (Figure
50A)."* The authors selected Rose Bengal as a model
photocatalyst and found in spectroscopic studies that it could
reduce the cofactor in TsOYE to FMNy,, when irradiated with
visible light using triethanolamine (TEOA) as a buffer and
sacrificial electron donor. A shift in the absorption of Rose
Bengal in the presence of the protein indicates the photo-
catalyst binding to the protein’s surface. This binding
interaction presumably lowers the kinetic barrier to electron
transfer from the photocatalyst to the flavin cofactor. When
using 0.225 mol % TsOYE and 0.625 mol % Rose Bengal under
visible light irradiation, the reaction afforded the reduced
product in 53% yield with >99:1 er favoring the (R)-2-methyl
cyclohexanone. This represents 85 turnovers of the photo-
catalyst and 23S turnovers of TsOYE. They found improved
reaction efficiencies when using Eosin Y or Erythrosine B as
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photocatalysts (Figure SOB). Overall, this study demonstrates
that organic photocatalysts that bind to the protein surface can
effectively reduce flavin within a protein active site, enabling
biocatalytic reactions that otherwise required additional
enzymes for cofactor turnover.

In photosynthesis, visible light drives water oxidation to
produce molecular oxygen and NADPH. Corma et al
demonstrated that simple semiconductors, such as titanium
dioxide (TiO,), can facilitate water oxidation to produce
reducing equivalents relayed to proteins using a redox
mediator (Figure 51A)."*" In their initial study, the authors
explored the asymmetric reduction of ketoisophorone to (R)-
levodione using a thermally stable old yellow enzyme (OYE)
from Thermus scotoductus SA-01 (TsOYE).'** They found
using gold nanoparticles deposited on TiO, (Au-TiO,) and
flavin mononucleotide (FMN) as a redox mediator led to an
efficient reduction of TsOYE from FMN to ]F"Mth.149 When
irradiating the catalytic system containing Au-TiO,, FMN, and
TsOYE with UV light at 50 °C, 66% conversion of
ketoisophorone into (R)-levodione was observed in 6 h in
86% ee. The authors observed an erosion of enantioselectivity
over time. A background reduction of the substrate by Au-
TiO, is responsible for decreased enantioselectivity. Kinetic
analysis suggests that enzymatic reduction of the substrate
outcompetes reduction by the photocatalyst. However, at
extended reaction times, the protein can be denatured, making
reduction by the photocatalyst competitive (Figure S1B).

4.1.2. Baeyer—Villiger Monooxygenases. Baeyer—Vil-
liger monooxygenases (BVMOs) have emerged as a powerful
enzyme class for stereo- and regioselective catalysis, showing
wide substrate promiscuity under mild conditions."*° The
flavin- (FMN or FAD) dependent enzymes incorporate O, to
form a peroxo adduct with the cofactor as a reactive
intermediate—capable of transforming various carbonyls into
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Figure 52. BMVO cofactor turnover using FAD as a photocatalyst. (A) Schematic for BVMO turnover using a photocatalyst. (B) Kinetic

resolution of a substituted cyclohexanone.

the corresponding esters. However, NADPH is required for
catalytic turnover, which is expensive and would ideally be
replaced by a cheaper alternative.'"'>* Reetz and co-workers
proposed to use a turnover system originating from a
photocatalytic method, using a sacrificial amine as a substitute
(Figure 52A)."*" The addition of EDTA without any NADP*
did not yield any product, which was attributed to the two-
cofactor dependence of the enzyme, requiring the cofactor for
activity of the enzyme. However, adding catalytic amounts of
NADP" led to the transformation of carbonyl to product,
catalyzing the reaction in a very similar fashion to the canonical
NADP*-based regeneration system (Figure $52B). Control
experiments confirmed that light and EDTA were necessary for
product formation. Furthermore, sunlight readily catalyzed the
reaction, showing 20% conversion after 2 h.

4.1.3. FAD-Dependent Halogenases. Using a similar
turnover strategy to the one employed with the Baeyer—
Villiger monooxygenase, FAD-dependent halogenases can be
reduced using light and an exogenous electron donor. Kottke
and co-workers demonstrated that tryptophan S-halogenase
(PyrH) can convert tryptophan into S-chlorotryptophan using
NaCl as the chloride source and EDTA as the reductant
(Figure 53)."*® The authors found the higher concentrations of

H H
N PyrH N
) 100 mM NaCl, pH 8.3, 10 °C
> [¢]]
~NHz /02, IN " NH,
§/OH EAD OH

FADH, FAD
2

S

0.5 mM conv. 70%

10 mM EDTA, hv

Figure 53. Photochemical reduction of FAD-dependent halogenases

S-chlorotryptophan were produced when photoreduction
occurs within the protein active site rather than when
exogenous photocatalysts were added. The authors hypothe-
size that eliminating free FAD reduces the undesired
generation of H,0,. Additionally, these results suggest that
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FAD is photoactive within the active site of PyrH, opening the
door for non-natural photoenzymatic activity.

4.1.4. Ketoreductases. KREDs are oxidoreductase
enzymes important in producing chiral alcohols or amino
acids."**~"%” As these enzymes use one equivalent of cofactor
(NADP* or NAD") for each catalyst turnover, efficient systems
for cofactor regeneration are essential when using these
enzymes on large scales. While cofactor turnover enzymes
are most often used for this application, recent efforts have
been focused on developing photochemical methods for
regenerating nicotinamide cofactors.">*">”

The utilization of photons from solar light is an attractive
approach for the synthesis of optically active compounds.'®’
Yadav and co-workers designed a method for reducing NADP*
under visible light employing a graphene-based photocatalyst
and a rhodium hydride-transfer catalyst."®” The photocatalyst
consists of chemically converted graphene, which covalently
bonds to triazine-linked 4,4’-difluoro-4-bora-3a,4a-diaza-s-
indacene moieties (GBP-BODIPY). This photocatalyst can
oxidize TEOA to generate the reduced form of the
photocatalyst. This species can donate electrons to [Cp*Rh-
(bpy)(H,0)]** in two sequential electron-transfer events and,
upon protonation, form [Cp*Rh(bpy)(H)]*. Reduction of
NADP* by the rhodium catalyst forms NADPH and
[Cp*Rh(bpy)(H,0)]*.'®" The alcohol dehydrogenase can
then use NADPH to reduce the ketone (Figure 54A).

Initially, the NADP*/NADPH regeneration was studied
without any light source, and no NADPH regeneration was
observed. Upon irradiation with visible light irradiation (4 >
420 nm, cutoff-filter), a conversion of ~55% NADPH was
obtained after 2 h. For comparative purposes, previously
reported photocatalysts such as homogeneous BODIPY,
(aminophenyl)triphenylporphyrin, or chemically converted
graphene linked to (aminophenyl)triphenylporphyrin only
afforded 11%, 9%, and 21% yields for NADPH regeneration,
respectively.'®> The photoregeneration system of the nicoti-
namide cofactor was then coupled with an enzymatic reaction
using alcohol dehydrogenase (ADH) from Lactobacillus kefir
for the reduction of various ketones to their corresponding
chiral alcohols. A range of substrates that comprise aromatic,
aliphatic cyclic, acyclic, and heteroaromatic functionalities were
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Figure 55. Porphyrin turnover of NADPH.
tested, giving access to a broad range of chiral alcohols in good to optimize the electron donor, pH value, and phosphate buffer
yields (67—74%) and good enantioselectivities (97—99%) concentration. Triethanolamine (5 mM) was the most efficient
(Figure 54B). electron donor in phosphate buffer (pH = 7.0, 50 mM). Under
Organic dyes like porphyrins are relatively cheap photo- these conditions, 81.5% of NADH was achieved after 60 min.
catalysts and could be used instead of graphene for cofactor Immobilization strategies of the TCPP onto various surfaces,
turnover.'®® The porphyrin excited state is a potent oxidant such as TiO, and SiO,, were evaluated. The highest activity
that accepts electrons from many sacrificial donors. The radical was observed with silica microspheres containing thiol groups
anions can reduce various catalysts to facilitate NAD(P)* and coated with polydopamine and polyethylenimine, yielding
reduction (Figure 55).'* However, as some porphyrins are 9.64% NADH after 90 min in the cofactor regeneration system.
unstable,'® it would be attractive to immobilize them onto The authors found homogenous TCPP to be more active
solid supports.'® than the heterogenous form . The authors rationalize this
Liu et al. demonstrated that tetrakis(4-carboxyphenyl)- observation as being due to the adsorption of TCPP on the
porphyrin (TCPP) could facilitate NADH turnover with support, impeding the desired electron transfer. Nevertheless,
visible light in the presence of [Cp*Rh(bpy)(H,0)]**."*” The the NADH vyield using the heterogeneous TCPP was improved
authors initially compare TCPP, zinc porphyrins (ZnTCPP), to 22.5% with the addition of the rhodium mediator, which

and Eosin Y (EY) for NAD*/NADH regeneration using a 300 was attributed to the two isomeric forms, 1,4-NADH and 1,6-
W xenon lamp with a cutoff filter (4 > 400 nm) as the light NADH, being present, but only 1,4-NADH is active for the

source. The highest NADH obtained using the TCPP system enzymatic synthesis. The cofactor regeneration system can
showed a 2.37 and 147 fold increase in yield using the frequently lead to loss of stereospecificity of the overall
ZnTCPP and EY systems, respectively. The authors proceeded transformation.'®®
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Rather than relying on two catalysts to relay electrons to
NAD(P)*, other groups have explored direct electron transfer
from photocatalysts. Materials such as semiconductor quantum
dots,"® metallic nanoparticles,”0
been tested for this purpose; however, these systems have low
selectivity for formation of the correct regioisomer of NAD(P)
H and typically require high overpotentials to overcome the
kinetic barriers to reduction of NAD(P)" by a single-electron
mechanism. An alternative strategy is to use a biohybrid system
for cofactor photoregeneration, where a photocatalyst is linked
to an enzyme capable of cofactor regeneration.'”> These
strategies overcome the kinetic barrier by reducing the flavin
cofactor using sequential single-electron reduction to access
FAD,,, which can reduce f NAD(P)* using a hydride transfer
mechanism. These enzymes deliver hydride with high levels of
regioselectivity.

This strategy was outlined by Brown et al. where they
combined the ferredoxin NADP* reductase (FNR) from
Chlamydomonas reinhardtii,'”> a FAD-dependent enzyme,'”*
and a CdSe quantum dot (QD) capable of photocatalytic
regeneration of NADPH under illumination. When the
quantum dot is photoexcited, an electron is transferred to
ferredoxin reductase. Ascorbic acid, a sacrificial electron donor,
quenches the resulting hole on the quantum dot. Two
sequential photocycles reduce FAD to FAD,, which can
reduce NADP* to NADPH (Figure S6).

The ability of QD—FNR complexes to reduce NADP* was
studied via irradiation with 405 nm light. The authors observed
that the NADPH concentration increased linearly with
illumination time for up to 2 h, when all the available
NADP" was reduced. The designed photoregeneration system
was then coupled with the enzyme Thermoanaerobium brockii
alcohol dehydrogenase (TVADH)'” to reduce a small set of
aldehydes to alcohols in low conversions (Figure 56). The
authors concluded that the factor influencing the stagnation in
the rate was QDs’ precipitation during illumination due to
oxidation and loss of ligands.'”® Furthermore, the precipitation
of the CdSe QDs may release Cd*" ions that will chelate with
the amino acids at both the FNR and quinone binding sites."””

171
and carbon nitride™’" have
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These effects limit the active lifetime of the QD—FNR
complexes under illumination to ~3 h.

4.1.5. Cytochromes P450. Photocatalytic cofactor turn-
over has also been used to drive P450 oxidation reactions. Park
and co-workers reported that Eosin Y and [Cp*Rh(bpy)H,0]
could reduce NADPH (Figure 57)."”® In this system, TEOA is

_—I+

L
TEOA Rh " NADPH ) 0~ 0
\ \/ 7-Ethoxylcoumarin
P450

BM3

@ EosinY

2+ /\
A
/\ O_Q NADP* HO' 0" Yo

TEOA Rh ’OH2 7-Hydroxycoumarin

Figure 57. NADPH turnover with P450s using a photocatalyst and
Cp*Rh(bpy)-

oxidized by photoexcited Eosin Y to produce the correspond-
ing EY radical anion. This species can reduce [Cp*Rh(bpy)-
H,0]* to produce [Cp*Rh(bpy)H]*, which reduces NADP*
to NADPH. In a model reaction, the authors explored the
oxidation of 7-ethoxycoumarin using P450p);-YS1F-F87A to
produce 7-hydroxycoumarin. The effect of each component on
the enzyme was studied, and Eosin Y was found not to
oxidatively degrade the protein. Interestingly, a high
concentration of TEOA and [Cp*Rh(bpy)H,0] leads to
inactivation of the enzyme. Based on previous studies by the
authors, they proposed that high concentrations of Eosin Y
result in the uncoupling of the electron-transfer events in P450,
leading to oxidative degradation of the protein scaffold.

The fatty acid P450 decarboxylase OleT); catalyzes the
decarboxylation of fatty acids to the corresponding terminal
alkenes using H,0,. However, the enzyme could not tolerate
high concentrations of H,0,, thus leading to limited activity.
The efficiency of OleT)y catalysis was improved through a
coupled photochemical pathway in the presence of FMN and
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Figure 60. TiO,-driven peroxide formation from methanol. (A) General schematic for peroxygenase turnover using a photocatalyst to convert O,
to peroxide. (B) Reaction scheme. (C) Representative substrate scope.

O, to generate H,0, in situ (Figure S8A). Here FMN dependent on the chain length of the substrates, as shown in
functions as a photocatalyst.'”” The p-hydroxy acid is a Figure 58. With growing chain length, the ratio is increased.
byproduct of the decarboxylation reaction, and the authors The natural fatty acid from hydrolyzed hardened palm oil was
revealed that the ratio of decarboxylation and hydroxylation is subjected to this condition, although only preliminary results
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Figure 61. TiO,-driven peroxide formation from water. (A) General reach scheme. (B) Representative substrate scope. (C) Enzyme cascades

involving peroxygenases.

were obtained. This platform provides a potential method to
convert fatty acids into valuable terminal alkenes.

Based on the above platform (OleT)z/FMN/O,/hv), the
same group starting from @-hydroxyl fatty acids synthesized w-
alkenol, followed by several enzymatic or chemical cascades to
transform the hydroxyl group or double bond (Figure 59)."*
The first step, photoassisted enzymatic decarboxylation,
resulted in the w-alkenol formation. Considering the
hydroxylation side product in the OleTg-catalyzed reactions,
the authors studied the influence of the buffer system,
cosolvent, and pH on the selectivity. Except for the effect of
substrate chain length, as mentioned above, the Britton—
Robinson buffer at pH 7 and 10% (v/v) DMSO favored
decarboxylation over hydroxylation. Subsequently, oxidation of
the resultant alcohol leads to the formation of aldehyde or acid.
Transaminase can convert the aldehyde into an amine product.
Besides, the ruthenium-catalyzed olefin metathesis provides the
internal alkene product (Figure 59).

4.1.6. Peroxygenases. Peroxygenases offer an efficient
way to oxidize carbon—hydrogen bonds to the corresponding
alcohols.'®’ These heme-dependent enzymes are substrate-
promiscuous and consume H,0, to form the catalytically
active oxyferryl heme species, offering a distinctly different
mode of reactivity from that of the well-studied P450 enzymes,
which consume O,. However, a large issue is enzyme
deactivation with a half-life of 38 min in the presence of 50
#M H,0, at room temperature, resulting in low efficiency and
turnover with increasing concentrations of the peroxide
reagent.182 By generating H,O, in situ and thus avoiding the
accumulation of excess reagents, Hollmann and co-workers
developed a methodology powered by methanol.'®’ Never-
theless, peroxygenases suffer from poor scalability due, in part,
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to the excessive amounts of glucose used to generate H,O,
using glucose oxidase. Moreover, the gluconic acid product
poses an issue to the pH stability of the mixtures and, thus,
scalability. To overcome these issues, the team developed a
mild photocatalytic regeneration system for the cofactor
(Figure 60A). Applying a heterogeneous gold catalyst on a
TiO, platform was central to their methodology, promoting
the formation of H,0, from methanol via photoexcitation of
the cluster. The distinct polymorphic structures of TiO, were
leveraged for their studies, whereas a rutile catalyst developed
for hydrogen evolution was investigated (Figure 60B)."** The
rutile catalyst was used in 10 g L™", with more catalyst leading
to decreased product formation, which was attributed to the
increasing cloudiness of the mixture. Investigations into the
methanol concentrations showed that the maximum peroxide
generation was reached at 250 mM. They hypothesized that
the rate of the enzyme transforming substrate and the rate of
peroxide formation leveled, leading to the rate limitation by the
enzyme. In addition, the use of methanol proved to increase
the stability of the mixture, which is attributed to the inhibition
of hydroxyl radical formation. Enzyme loadings exceeding 150
nM concentrations showed no increase in the overall reaction
rate. The team investigated a set of cycloalkane and benzylic
alkane substrates showing excellent yields, TONs, and
enantioselectivities (Figure 60C).

To minimize the waste and complexity of the reaction, the
water-based solvent could ideally serve as a cosubstrate to form
the peroxide in situ by an oxidation process. With the previous
development of water oxidation catalysts, Hollmann and team
proposed the development of a peroxygenase reaction fueled
by water (Figure 61A)."°7"%7 TInitial investigations on
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Figure 62. Photocatalytic peroxide generation using formate dehydrogenase and a photocatalyst. (A) General schematic for peroxygenase turnover.

(B) Model reaction. (C) Survey of different photocatalyts.

arbitrarily chosen conditions revealed that the approach was
feasible, forming a benzylic alcohol in the process.

Investigations with H,'®O under the exclusion of air were
conducted to identify whether the proposed mechanism was
reasonable. The product predominantly showed incorporation
of 180, whereas controls under ambient air showed only minor
incorporations supporting the hypothesis of O, and,
subsequently, H,O, formation from water. One of the main
challenges was the accumulation of short-lived hydroxyl
radicals in solution, which were identified by EPR studies.
These radicals were formed on the surface of the TiO, catalyst,
leading to enzyme decomposition. To overcome this issue,
immobilization and spatial separation of the enzyme were
evaluated. Using rutile rather than anatase polymorphs of TiO,
or immobilization via imine condensation, the enzyme activity
was maintained for 120 h, corresponding to a 20-fold increase
in robustness. Due to the minimization of the observed
background reaction without enzyme, using a rutile gold
photocatalyst was chosen as the ideal method. Surprisingly,
rutile-Au-TiO, improved overall stability despite generating
more hydroxyl radicals than the corresponding anatase
polymorph. The team hypothesized that the adsorption of
the enzyme is much lower and that the lifetime of the radicals
is too short for them to react.

The scope of substrates (Figure 61B) included aliphatic
cyclic substrates, benzylic compounds, and aliphatic chains,
enabling the transformations with high TONs and high
enantioselectivities. Furthermore, the overoxidation products
observed by the method were used in one-pot downstream
processes (Figure 61C), performing enzymatic benzoin
reactions and stereodivergent transaminations in excellent
yields and enantioselectivities.

The relatively limited range of applicable wavelengths for
heterogeneous Au-TiO, catalysts and flavin-based catalysts to
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harvest light led to the development of applying photo-
sensitizers for generating peroxide in situ. Hollmann and team
evaluated a proposed cascade relying on formate as the source
of NAD" cofactor regeneration (Figure 62A) which was
previously described without a photocatalytic turnover.'**~'"!
CbFDH generates NADH, which is consumed by the
photocatalyst to transform oxygen into H,O, to be used by
the peroxygenase.

They investigated their proposal with the model substrate 1-
phenylethane (Figure 62B). After evaluating 23 commercial
photocatalysts, six acridine catalysts showed catalytic activity.
Out of these, phenosafranine (I, = 522 nm), methylene blue
(Lyex = 664 nm), and FMN (I,,.. = 450 nm) were selected, as
they are soluble in water and cover a broad range of the visible
light spectrum. The observed reaction rates with the respective
photocatalysts all correspond to the photocatalytic generation
of hydrogen peroxide. Investigations of the concentration of
the photocatalysts revealed that all but methylene blue, which
had a linear dependency, displayed saturation-type behavior.
Furthermore, the light intensity linearly correlated with the
percentage of product formed. Interestingly, changing the
concentrations of the NAD" and CbFDH altered the rate,
whereas changing the concentration of the rAaeUPO did not
indicate any clear influence. Hence, the photochemical
oxidation of NADH was concluded to be the rate-determining
step.

FMN turned out to deactivate the ChFDH, putatively, due
to the modification of surface-bound residues of the enzyme,
resulting in lower TONs (Figure 62C). On the other hand,
phenosafranine and methylene blue did not exhibit such a
deactivation pathway, with the latter showing the highest TON
for all three catalysts involved.
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4.2. Synthetic Photochemical/Enzyme Cascades

In the previous section, the photocatalysts were functioning on
a cofactor, catalyst, or substrate to generate an intermediate
required for the enzymatic reaction. This section will focus on
photocatalytic reactions that modify the substrate with which
the enzyme reacts. This family of reactivity falls into two basic
categories: (i) reactions where the enzymatic and photo-
chemical reactions occur simultaneously (one-pot/one-step
reactions) and (ii) reactions where the enzymatic and
photochemical reactions occur in separate steps (one-pot/
two-step reactions).

4.2.1. One-Pot/One-Step Cascades. Photoredox cata-
lysts generate radical intermediates under mild conditions and
are compatible with thermally sensitive proteins. Moreover, in
contrast to thermal radical initiators that can only generate a
single radical chain, photoredox catalysts can initiate multiple
radical chains and rescue intermediates that fall into
unproductive pathways. These features make photoredox
catalysts well-suited for facilitating racemizations in dynamic
kinetic resolutions. In pioneering studies, Bertrand and Gil
found that lipases can participate in dynamic kinetic
resolutions of amines when using thiyl radicals as reagents
for substrate racemization.'”””'"> In many of their studies,
thiyl radical formation was initiated using AIBN. As AIBN
decomposes over time, multiple recharges of AIBN were
required to achieve high yield and selectivity.

Zhou and co-workers explored the same type of dynamic
kinetic resolution using Ir(ppy),(dtbbpy)PF, as a photo-
catalyst for radical initiation and mercaptooctanol as a
hydrogen atom-transfer catalyst for racemization of the
amine substrate (Figure 63A)."°® Mechanistically, racemization
occurred via oxidation and deprotonation of mercaptooctanol
to afford a thiyl radical that selectively abstracts the a-amino
hydrogen atom of the substrate to afford the a-amino radical.
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Figure 63. Dynamic kinetic resolution using photoredox catalyzed
racemization. (A) General reaction schematic with mechanism for
starting material racemization. (B) Representative substrate scope.
Adapted with permission from ACS Catalysis 2022, 12, 8911.
Copyright 2022 American Chemical Society.

The a-amino radical then abstracts a hydrogen atom from
another equivalent of the thiol to form the racemized product
and re-form a thiyl radical (Figure 63A). When this
racemization is run in the presence of the immobilized lipase
B from Candida antarctica (Cal-B) and an ester as an acyl
source, a dynamic kinetic resolution can be carried out in high
yields and excellent enantioselectivities (Figure 63B).
Wenger and Ward demonstrated that photoredox catalysis
could be merged with monoamine oxidase (MAO) to prepare
chiral amines from imines (Figure 64A).""” In this reaction, a
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Figure 64. Photobiocatalytic amine deracemization using monoamine
oxidases. (A) General scheme for the dynamic kinetic resolution. (B)
Reaction mechanism. (C) Representative substrate scope. Adapted
with permission from ACS Catalysis 2022, 12, 8911. Copyright 2022
American Chemical Society.

cyclic imine is reduced by a water-soluble sulfonated iridium
photocatalyst to afford an a-amino radical, which is quenched
via hydrogen atom transfer by ascorbic acid to afford a racemic
amine. Selective oxidation of the S-enantiomer of the amine by
the MAO regenerates the imine, leaving behind the unreactive
R-enantiomer (Figure 64B). Multiple iterations of this cycle
led to the accumulation of amine products with high
enantioselectivity. These reactions must be run in whole E.
coli cells to achieve high activity and selectivity, suggesting the
photocatalyst has a detrimental effect on the reaction.
Gilmour and co-workers have explored the contra-
thermodynamic isomerization of alkenes catalyzed by photo-
catalysts.'”® Mechanistically, these reactions occur via energy
transfer from the photocatalyst to the alkene to form a
diradical that readily undergoes isomerization. Hartwig and co-
workers recognized that this isomerization mechanism could
be used with “ene”-reductases in a dynamic kinetic reduction
(Figure 65A)."”7 The “ene”-reductase (ERED) from Yersinia
bercovieri (YersER) can reduce the E-isomer of phenylsuccinate
but not the Z-isomer. The authors hypothesized that an
iridium photocatalyst or FMN could photochemically isomer-
ize the more readily available Z-isomer to the E-isomer. After
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Society.

developing the reaction, they found that 1—5 mol % of a
photocatalyst with 0.5 mol % of an ERED enabled the desired
transformation in high yield with excellent levels of
enantioselectivity (Figure 65B). The reaction demonstrated
good compatibility with various substrates and was modular to
enable different EREDs to be used in the reaction (Figure
65C). This method consumes only a single olefin isomer, so
the photocatalyst must reestablish the photostationary state
required to achieve full conversions. This method nicely
highlights the compatibility of nonimmobilized enzymes with
photocatalysts.

Biocatalytic transformations are compatible with chemo-
catalytic methods in synergistic, dynamic one-pot reactions.
However, many examples of chemoenzymatic catalysis
comprise dynamic kinetic resolutions that typically involve
the racemization of dynamic (ie., chemically active) C—H
stereocenters (e.g., a-keto, @-amino). In a collaboration
between the Hyster and MacMillan groups, a strategy was
developed to target traditionally static stereocenters and render
them dynamic in a stereoconvergent transformation (Figure
66A).”" They developed a novel racemization targeting
traditionally static f-keto C—H stereocenter racemization.
There is a lack of methods targeting these stereocenters due to
their inert nature. However, this racemization could be realized
by merging photoredox, organo-, and hydrogen-atom-transfer
(HAT) catalysis.””" Mechanistically, the racemization operates
through the initial condensation of an amine organocatalyst
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onto the J-stereogenic ketone substrate to form the
corresponding enamine intermediate. Oxidation of this
intermediate via an excited state iridium photocatalyst forms
an enaminyl radical cation with a substantially acidified
position. Deprotonation at this position forms a key stereo-
ablated a-enaminyl radical species, which can undergo HAT
with a thiol HAT catalyst to racemize the f stereocenter. The
resulting racemic enamine can then undergo hydrolysis to the
racemic ketone. Finally, thiyl reduction by the reduced
photoredox catalyst followed by protonation completes the
photoredox and HAT catalytic cycles. Concurrent to this
racemization, a kinetic resolution mediated by a ketoreductase
forms enantio- and diastereoenriched 3-substituted alcohol
products on only one enantiomer of the ketone (Figure 66B).
During optimization the authors found that the amine
organocatalyst needed to be hydrophobic to outcompete
enamine hydrolysis in aqueous conditions and mitigate enzyme
deactivation.

The success of this multicomponent process emphasizes the
impressive compatibility and the promising future for
combining photoredox and/or small molecule chemistries
with biocatalytic transformations. This was highlighted fore-
most through the efficient operation of up to five separate
catalytic cycles in the same pot. Various cyclic f-stereogenic
ketones could be converted to their corresponding alcohols
with good yields and selectivities, including an example,
substantially expediting the synthesis of the pharmaceutical
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scheme. (B) Overall reaction mechanism. (C) Representative
substrate scope. Adapted with permission from ACS Catalysis 2022,
12, 8911. Copyright 2022 American Chemical Society.

LNP023 (Figure 63C). Additionally, the scope of this
transformation benefited from compatibility with several
ketoreductases. This was exemplified through the selective
syntheses of each of the four alcohol stereoisomers of a model
ketone substrate simply by combining the racemization
conditions with different ketoreductases. Finally, the authors
showed the racemization could be successfully combined with
pyridoxal phosphate-dependent aminotransferases for the
stereoconvergent synthesis of chiral 3-substituted primary
amines. Overall, this dynamic kinetic resolution (DKR)
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demonstrates the promise for future developments of dynamic
radical-based chemoenzymatic transformations.

Castagnolo and co-workers demonstrated a one-pot/one-
step cascade to prepare 1,3-mercaptoalcohols from thiols and
Michael acceptors.”” In the first step, Ru(bpy);Cl, catalyzes a
thiol—ene reaction to afford a f-silyl ketone. Then a KRED
was used to reduce the ketone. Cofactor turnover is enabled by
i-PrOH. As the thiol—ene reaction occurs in less than § min,
the conjugate addition outcompetes the reduction of the
methyl vinyl ether, leading to product formation with high
yield and excellent enantioselectivity (Figure 67).
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Figure 67. Conjugate addition ketone reduction.

Guan and He developed a photobiocatalytic cascade for
synthesizing 2,2-disubstituted indol-3-ones using a ghotoredox
catalyst and catalytically promiscuous lipase.””® In this
reaction, the 2-substituted indole was photochemically
oxidized by Ru(bpy);Cl, and O, to prepare an a-ketoimine
in situ. This intermediate was then used as a substrate by wheat
germ lipase for an asymmetric Mannich reaction with acetone.
This promiscuous function by lipases was initially reported by
Yu and co-workers using various lipases from different
organisms.”* This reaction works for an array of different 2-
aryl indoles, providing product in good yield with good to
excellent levels of enantioselectivity. The reaction also
accommodated cyclic and unsymmetric ketones, with
functionalization occurring at the most substituted enol
carbon. Reaction times were typically 48 to 74 h, presumably
because the lipase was not optimized for this non-natural
function. Control experiments confirmed that a properly folded
lipase was essential for the observed reactivity (Figure 68).

Winkler and Glueck described a deracemization of chiral
sulfoxides using a photobiocatalytic enzyme cascade (Figure
69A).”%° Methionine sulfoxide reductase (SOR) can selectively
reduce one enantiomer of the racemic sulfoxide using a
conserved cysteine within the protein active site coupled with
dithiothreitol as a terminal reductant (Figure 69B).*°° They
found that the SOR from Pseudomonas montelii (paMsr) could
catalyze the stereoselective reduction of methyl aryl sulfoxides.
For methyl thioether oxidation, the researchers found that an
analog of chlorophyll cleanly provided the sulfoxide with no
overoxidation to the sulfone. When these two steps were
combined, an efficient and selective deracemization of
sulfoxides was achieved, providing between 43% and 91% of
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A.
00 paMsr (5 mg CFE)
é photocatalyst (0.5 mol %)
@ Me >
DTT (5 equiv)
MeOH/KPi, 455 nm LEDs
racemic
B.
Qe 00
S. paMsr H
©/ ® Me $
DTT
racemic
C.
0© 0©
S. 8.
® Me /©/ ® Me
Br HO

74% recovery
>99% ee

91% recovery
>99% ee

81% recovery
>99% ee

Me

photocatalyst

photo-

0o
catalyst S

e

enantiopure

©\/Qe 2
S‘Me Me*gn\/@%\Me

(€]

89% recovery
>99% ee

65% recovery
>99% ee
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deracemization. (B) Steps of the cascade. (C) Representative substrate scope.

recovered starting material with >99% ee. The reaction was
effective for methyl-aryl sulfoxides and dialkyl sulfoxides,
highlighting the generality of this approach (Figure 69C).
Beyond using enzymes for stereoselective transformations,
researchers have used enzymes in combination with photo-
catalysts to facilitate the synthesis of achiral molecules. For
instance, Xie, Le, and Zhu used Cal-B to saponify N-aryl
glycine methyl ester to afford the corresponding carboxylic
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acid.””” This acid can then react with an enaminone using
methylene blue as a photocatalyst to afford 3-substituted
chromones in good yield. In a contemporary report, Wang and
Yu demonstrated that lipase from Candida rugosa can catalyze
a Friedel—Crafts reaction in the photobiocatalytic C3-
formylation of indole.””® In this reaction, aqueous form-
aldehyde reacts with aniline to afford an imine, which can
alkylate the C3-position of N-methylindole under the aegis of
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followed by ketone reduction by a KRED. (B) Representative substrate scope. (C) Site selective hydroxylation. (D) Deracemization.

the lipase. A histidine within the protein active site is proposed
to serve as a hydrogen bond donor to activate the imine for the
Friedel—Crafts reactions. In a concurrent photoredox reaction,
the alkylated indole product is oxidized by 4CzIPN to the
corresponding iminium and hydrolyzed to afford the 3-acyl
indole product.

4.2.2, One-Pot/Two-Step Photobiocatalytic Cascades.
Recently, photocatalyzed sp®> C—H functionalization via single-
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electron-transfer (SET) processes has witnessed rapid develop-
ment. However, the enantioselective sp3 C—H functionaliza-
tion via SET remains challenging. Very recently, chemists
developed a series of enantioselective transformations using a
photocatalyzed C—H functionalization followed by an enzyme-
catalyzed asymmetric transformation. In 2019, Schmidt,
Hohne, and co-workers developed an asymmetric C—H
oxyfunctionalization of alkanes through a combination of
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organophotocatalysis and enzyme catalysis (Figure 70).”* In
this case, the alkanes could be oxidized to alkyl aldehydes and
alkyl ketones by the organophotocatalyst sodium anthraqui-
none sulfate (SAS) under light irradiation. Then, the alkyl
aldehydes and ketones could be selectively converted to chiral
alcohols, amines, hydroxynitriles, acyloins, and achiral ketones
in one-pot with high enantioselectivity (up to 99% ee)
catalyzed by several enzymes, such as KREDs, transaminases
(ATAs), hydroxynitrile lyase (HNL), benzaldehyde lyase
(BAL), and EREDs (Figure 70). However, most cascade
transformations provided lower conversion due to catalyst
inhibition/deactivation, which reaction participants, cosolvent,
or the formation of reactive oxygen or radical species in the
reaction caused. The authors carried out a two-phase approach
and a stepwise reaction to solve these problems. Finally, the
authors pointed out that protein engineering can be applied to
improve the activity and stability of the enzyme to increase
catalyst compatibility in photobiocatalytic cascades. In 2019,
Hollmann and co-workers used SAS to photo-oxidize alcohol
starting materials in a one-pot/two-step cascade with trans-
aminases to produce the corresponding chiral amine.”'’ In
2020, Wu and co-workers extended this methodology by using
enantiodivergent KREDs to access both stereoisomers of the
chiral alcohol.”"'

Scheidt and co-workers developed an enantioselective
benzylic C—H hydroxylation using a photoredox and
enzymatic cascade reaction (Figure 71A).212 In this case, 9-
mesityl-10-methylacridinium ion (Acr*- Mes ClO,”) (E,), =
2.06 V vs SCE) was applied as a photocatalyst for selective
benzylic C—H oxidation under light irradiation in the presence
of O,. Then a KRED was added to the pot to form
enantioenriched benzyl alcohols. This light-driven oxidation
and enzymatic reduction cascade worked on a broad range of
substrates with excellent chemo-, regio-, and enantioselectivity
(Figure 71B). Particularly interesting is the high regioselectiv-
ity for the most electron-rich C—H bond in substrates
containing multiple benzylic C—H bonds (Figure 71C).

The authors carried out a series of mechanistic experiments
to investigate the mechanism of this one-pot oxidation/
reduction cascade reaction (Figure 71). A radical clock
experiment used 1-(cyclopropylmethyl)-4-methoxybenzene.
The ring-opened product was obtained in 61% yield, indicating
radical formation occurred. Additionally, no desired product
was found when adding either (2,2,6,6-tetramethylpiperidin-1-
yl)oxyl (TEMPO) or butylated hydroxytoluene (BHT) under
standard conditions, further suggesting a radical intermediate is
formed in the reaction. Additionally, high yield and
enantioselectivity were obtained (88% yield and 98:2 er)
when the authors submitted racemic benzylic alcohol into the
reaction, indicating that this oxidation/reduction cascade
process can deracemize benzyl alcohols.

4.2.3. Outlook. The compatibility of photocatalysts and
enzymes make them attractive for tandem photochemistry/
enzyme cascades. In the first section, we summarized how
enzymes can be used with photocatalysts for dynamic kinetic
resolutions. While these reactions highlight the compatibility of
these catalysts, future directions should be focused on
developing new types of cascades that target challenges at
the frontier of selective chemical synthesis. Reactions in the
second half are focused on one-pot/two-step reactions. The
development of immobilization systems that enable both
reactions to operate simultaneously would enhance the
simplicity and synthetic utility of this work.
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5. ENZYMATIC REACTIONS COUPLED TO NATURAL
PHOTOSYNTHESIS

Oxidoreductases, such as alcohol dehydrogenases, ene-
reductases, amine dehydrogenases, and oxygenases, are
among organic synthesis’s most widely used enzymes.”'” All
these reactions require stoichiometric amounts of reductants
such as glucose, formate, or 2-propanol and form equimolar
amounts of byproduct, gluconic acid, CO,, and acetone during
the processes.”’” The poor atom efficiency of cofactor
regeneration systems becomes one of the main bottlenecks
for applying these enzymes on an industrial scale. A strategy
that couples the enzymatic redox processes to the photosystem
in photosynthetic cells has recently been developed to solve
this problem. In these reactions, the cyanobacteria produce
NADPH in a water oxidation reaction. Biocatalysts can use
these reducing equivalents to facilitate transformations.”"> This
section will be organized based on how the biocatalyst
interfaces with the cyanobacterium. In the first section, we
will focus on systems that use enzymes natively expressed by
the cyanobacterium. The second section will focus on
cyanobacterium heterologously expressing a biocatalyst. The
final section will focus on reactions where reducing equivalents
are shuttled across the cyanobacterium membrane to enable
biocatalytic transformations outside the cell.

5.1. Biocatalysts Native to Cyanobacteria

Early efforts to use cyanobacteria for biocatalysis relied on
natively expressed enzymes for the desired function. In 2000,
Nakamura and co-workers reported the asymmetric reduction
of aryl methyl ketones using a cyanobacterium, Synechococcus
sp. PCC 7942, via a photosynthetic whole-cell-catalyzed
reaction (Figure 72).”' Pentafluoroacetophenone can be

Co, 0,

F NS OH F

[ Cyanobacterium J H E
(Synechococcus sp. PCC 7942) N Me
Fluorescent lamp " /FI>[F
(1000 lux)

F F
(S)
> 90% yield
> 90% ee

Figure 72. Reduction of acetophenone derivatives by cyanobacte-
rium.

transformed to the corresponding (S)-alcohol using this
strategy in over 90% yield and 99% ee after 3 days (Figure
72). The authors used 37 mg of cyanobacterium to achieve this
reactivity to reduce 120 mg of the substrate. This approach is
amenable to ketones with different aromatic substituents,
providing products with high enantioselectivity but modest
yield. A subsequent study found that ketone reduction
occurred roughly four times faster when irradiated with light
than when run in the dark, presumably due to increased
NAD(P)H production.”"”

In a follow-up study, the Nakamura group explored the role
that light plays in influencing the enantioselectivity of the
reduction of a,a-difluoroacetophenone by Cyanobacterium.”'®
In the dark, the (R)-alcohol is produced with only 27—31% ee,
while irradiation of the bacterium increases the enantiose-
lectivity to 68—70% (Figure 73). A photosynthesis inhibitor, 3-
(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), was added
to elucidate the mechanism, which diminishes enantioselectiv-
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Figure 73. Influence of light on ketone reduction by cyanobacterium.

ity under irradiation to that observed in the dark reaction. The
authors propose that multiple enzymes in the whole cell can
catalyze the reduction—under light, NADPH is generated
photosynthetically and is used by an (R)-selective oxidor-
eductase, while the (S)-selective oxidoreductase is primarily
NADH-dependent. While the presence of multiple reactive
enzymes complicates this overall strategy, it highlights an
opportunity to use light to change the product outcome.

In 2015, Yamanak and co-workers reported the selective
reduction of cinnamaldehyde to cinnamyl alcohol via
cyanobacterial photobiocatalysis (Figure 74).”'” The authors
explored this reaction using seven strains of cyanobacteria.
They found that three different species, Synechocystis sp. PCC
6803, Synechocystis sp. PCC 6714, and Fischerella musicola
UTEX, provide cinnamyl alcohol as the sole product with
increased conversion under irradiation. In contrast, Anabaena
sp. PCC 7120 forms a mixture of cinnamyl alcohol,
phenylpropanal, and phenylpropanol favoring cinnamyl alco-
hol. Finally, Synechococcus sp. forms mixtures of phenylpropanal
and phenylpropanol, which convert exclusively to phenyl-
propanol with extended reaction times. Importantly, with all
species tested, there is significantly improved conversion to
product when the cells are irradiated with light compared to
dark reactions.

Cyanobacterial catalysis has also been used to synthesize
chiral phosphonates, as demonstrated by Zymanczyk-Duda
and Goérak in 2015.°*° Cyanobacteria from Arthrospira
maxima, Nostoc cf-muscorum, and Nodularia sphaerocarpa
were studied to reduce 2-oxoalkylphosphonates bearing aryl
or alkyl groups (Figure 75). It was found that the substrate
with an aryl group adjacent to the carbonyl functionality can be
reduced to the diethyl (S)-2-hydroxy-2-phenyl ethyl phospho-
nate with high conversion and enantioselectivity. In contrast,
substrates with methyl or ethyl groups showed lower
enantioselectivities and significantly lower yield. Another
promising aspect is that the cyanobacteria can tolerate high

potential for preparative scale synthetic applications.

The cyanobacterium Nostoc muscorum PTCC 1636, isolated
from paddy fields north of Iran, was reported to catalyze site-
selective and regioselective bioconversion of hydrocortisone
into androstane and pregnane derivatives, giving
11$,17,200,21-tetrahydroxypregn-4-en-3-one as the major
product (Figure 76).”""

5.2. Heterologously Expressed Biocatalysts in
Cyanobacteria

Since native cyanobacteria have multiple oxidoreductases,
competing reactions can lead to mixtures of products with
poor selectivity. Synthetic biologists have developed methods
to heterologously express proteins within cyanobacteria,
enabling the preparation of whole-cell biocatalysts which
favor one product outcome. In 2017, a whole-cell catalyst of
the recombinant bacterium Rhodobacter sphaeroides was used
for a photobiocatalytic ketone reduction (Figure 77).***
Several inducible expression plasmids are available for this
organism, enabling heterologous expression of desired
proteins. The authors introduced a plasmid encoding for the
alcohol dehydrogenase (ADH) from Leifsonia sp. that was used
to reduce 3’-chloroacetophenone to (R)-1-(3-chlorophenyl)-
ethanol with light. An n-hexane/aqueous biphasic medium was
developed to allow a 70 mM optimum substrate concentration,
providing 30% yield with a rate of 7.85 mM ™ h™' g™" wet cells
and >99% ee. The biphasic reaction mixture helps sequester
the organic substrates away from the cell to avoid cell death or
toxicity.

Kroutil and co-workers developed a cyanobacterium to
express hydroxyisocaproate dehydro;enase to prepare a-
hydroxyl acids from a-ketoacids.””” The dehydrogenase
genes from Lactobacillus confusus (L-HicDH) and Lactobacillus
paracasei (D-HicHD) were expressed in cyanobacterium
Synechocystis sp. PCC 6803. L-HicDH expressed poorly in
the cyanobacterium, providing low starting material con-
version. However, D-HicDH expressed well, providing product
in 53% yield with >99% ee.

Kourist and co-workers reported coupling an “ene”-
reductase with cyanobacteria for a light—promoted enantiose-
lective reduction of C=C bonds.””* The “ene’-reductase

? Synechococcus sp)
J) . PCC 7942
Ph

Red LED
{

Illumination
Ph” ™""0H

92% yield

O
|
s
Ph

Synechocystis sp. OH
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lllumination Ph
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Figure 74. Cyanobacterial reduction of cinnamaldehyde with divergent product outcomes.
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Figure 76. Cyanobacterial reduction of hydrocortisone.
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Figure 77. Ketoreductase using cyanobacteria.

YqjM from Bacillus subtilis was integrated into the
cyanobacterium Synechocystis sp. PCC 6803 under the control
of the light-induced promoter psbA2. The promoter allowed
high expression levels and can be activated by a high-intensity
light.”*> The system was tested on a few substrates, and good
conversions were observed (Figure 78). On a semipreparative
scale (100 mg), (R)-naproxen was formed in 80% yield with
>99:1 er.
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Figure 78. Ene-reductase activity using cyanobacteria.

By integrating an NADPH-dependent Baeyer—Villiger
monooxygenase, cyclohexanone monooxygenase (CHMO)
from Acinetobacter calcoaceticus NCIMB 9871, into the
cyanobacterium Synechocystis sp. PCC6803, Kourist and co-
workers developed a photosynthetic system that performed the
oxyfunctionalization of cyclic ketones (Figure 79).”*° The
alcohol side products were observed, presumably due to
endogenous alcohol dehydrogenases in the cyanobacte-
ria.”*”**" Interestingly, the ketone reduction proceeded faster
in the Synechocystis wild-type than with the competing CHMO
reaction (Figure 79), demonstrating the competing effect of
both electron sinks.
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In addition to utilizing the reduction system of cyanobacte-
rial photosynthesis, the oxygen generated during the photo-
synthetic pathway can also be exploited in whole-cell
biocatalysis to overcome the gas—liquid mass-transfer problem.
Biihler and co-workers engineered the phototrophic cyano-
bacterium Synechocystis sp. PCC6803 to synthesize the alkane
monooxygenase AIkBGT from Pseudomonas putida GPol.*”’
Under anaerobic conditions with light irradiation, the system
performed the regiospecific oxy functionalization of nonanoic
acid methyl ester to @-hydroxynonanoic acid methyl ester
(Figure 80). Both the in situ-generated oxygen and cofactor
were efficiently utilized. Kinetic studies indicated that the
photosynthetically generated oxygen is concentrated within the
microbial cell and captured in situ by the monooxygenase
before diffusing out of the cell.

Using the same approach outlined above, Biihler and co-
workers heterologously expressed the cytochrome P450 from
Acidovorax sp. CHX100 to hydroxylate cyclohexane in high
yield. The reaction rate was determined to be light-dependent.
Using a two-phase system to slowly introduce substrate to the
cell and remove cyclohexanol from the cell to avoid toxicity,
the authors formed 4.5 g of cyclohexanol from 1 g of cells. This
reaction could also be run on a 3 L scale using in situ O,
generation using photosynthetic water oxidation.”’

Kroutil and Kourist used a similar approach for imine
reduction (Figure 81).2%! Using imine reductases (IREDs)
previously reported to reduce cyclic imines, the authors
introduced plasmids encoding these IREDs to the cyanobac-
teria. While initial attempts provided only modest yields,
promoter engineering to decrease the toxicity of the enzyme
led to cells that could reduce substrate with full conversion.
Excellent enantioselectivities were observed in this reaction
under the optimized reaction conditions.

Groger and co-workers developed a microalgae-based
photosynthetic formate production process and combined it
with an amine dehydrogenase.”*> Chlamydomonas reinhardtii
cells were first grown photoautotrophically in light and CO,-
enriched air, during which CO, was transformed into starch.
The concentrated cell suspensions were transferred to darkness
in airtight tubes, during which the starch was consumed and
formate was excreted into the reaction medium. The formate-
containing algal culture supernatants were combined with a
formate dehydrogenase from Candida boidinii (cb-FDH)**
and an amine dehydrogenase EsLeuDH-DM*** to produce a
variety of amines.

5.3. Transmembrane Shuttling

Winkler and Kroutil recognized that heterologous expression
and substrate transport across the cyanobacteria wall presented
a challenge in more broadly implementing photosynthetic
organisms in biocatalytic reactions. To overcome this issue,
they developed a shuttling strategy where acetone would
shuttle reducing equivalents from a cyanobacterium to
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biocatalysts in solution (Figure 82A).”>> The cyanobacterium
(Synechococcus elongatus PCC 7942) heterologously expressing
the alcohol dehydrogenase from Lactobacillus kefir (Lk-ADH)
reduces acetone to i-PrOH using photosynthetically produced
NADPH (Module A). After passing through the cell
membrane, i-PrOH is oxidized by the Lk-ADH to produce
NADPH (Module B), which can be used by the enzyme of
interest to modify a substrate (Module C). This highly
modular approach enables a single cyanobacterium to drive
many different types of biocatalytic reactions without requiring
the cyanobacterium to express the biocatalyst of interest. In the
initial report, the authors focus on systems where an “ene”-
reductase is Module C (Figure 82B). They also demonstrate
that alcohol dehydrogenases (Figure 82C), imine reductases
(Figure 82D), and Baeyer—Villiger monooxygenases can serve
as Module C.
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Figure 82. Redox shuttle for cyanobacteria. (A) General schematic for
transmembrane shuttling of reducing equivalents. (B) Application of
the shuttling cascade to alkene reduction via an ERED. (C)
Application of the shuttling cascade for KREDs. (D) Application of
the shuttling cascade for imine reduction via IREDs. Adapted with
permission from Angew. Chem. Int. Ed. 2022, 61, ¢202207971.
Copyright 2015 John Wiley & Sons.

6. CONCLUSION

The field of photobiocatalysis has blossomed exponentially
over the past 20 years to the point where critical mechanistic
differences have begun to surface, the most significant of which
is how light promotes the transformation. As the field has
grown, synthetic organic chemists have become more aware of
the opportunities available to photocatalysis and how they can
be used to solve synthetic challenges. By defining and
delineating the activation modes, we aimed to provide a
clear mechanistic understanding of how light enables the
reported reactivity.

Despite tremendous progress, researchers have many
opportunities to contribute significantly to the field. The
issue of scalability is at the forefront of challenges in the area.
Most photobiocatalytic reactions are run on an analytical or
small preparative scale (<S g). Moreover, the lighting setups’
specific light intensity and wavelengths vary from group to
group. Uniform lighting setups from commercial sources
would help to facilitate reproducibility across the field. More
broadly, it is essential to develop reactors that enable
photobiocatalytic reactions to be run on large scales (>100
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g). As biocatalysis is commonly used by the pharmaceutical
industry, working with industrial researchers and engineers to
develop new reactors that enable preparative scale reactions is
essential to increase the adoption of this technology.

Beyond developing new reactors, we must also engineer
proteins to use light more efficiently. Over the past decade,
research efforts have been primarily focused on developing
new photoenzymatic reactions. However, minimal effort has
been focused on increasing the quantum yield, absorption
profile, and overall activity. These metrics will need to be
improved to decrease the enzyme loadings to the point where
they can more easily be run at the catalyst loadings and
substrate concentrations typically used in industrial biocatalytic
reactions (<10 g/L enzyme lysate with >50 g/L substrate
concentration). Directed evolution of existing proteins and
introduction of new cofactors and chromophores into proteins
can influence these parameters, leading to more valuable and
efficient reactions.

Finally, we must develop new reactions that solve challenges
plaguing modern organic chemistry. Selectivity is a hallmark of
biocatalytic reactions. Given the breadth of selectivity
challenges encountered by synthetic chemists, it is vital to
target new photobiocatalytic reactions that solve these
problems. The strategies for developing new reactions can
vary significantly. Mining Nature for new photoenzymes will
allow us to emulate Nature’s synthetic strategies. Using
mechanistic intuition, it should be possible to use existing
enzymes in entirely new ways. Moreover, merging existing
photocatalytic reactions with enzymes with an eye toward
synthetic utility will make it possible to develop reactions that
are more than the sum of their parts. Close collaborations with
partitioner will be essential to make this area of research shine.
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