A Designed Photoenzyme Promotes Enantioselective [2+2]-Cycloadditions via
Triplet Energy Transfer

Jonathan S. Trimble,' Rebecca Crawshaw,' Florence J. Hardy,! Colin W. Levy,! Murray J.B. Brown,?
Douglas E. Fuerst,® Derren J. Heyes,! Richard Obexer,* Anthony P. Green**

* - Corresponding author
* - these authors contributed equally

!Department of Chemistry & Manchester Institute of Biotechnology, The University of Manchester,
131 Princess Street, Manchester, M1 7DN, U.K.

2Synthetic Biochemistry, Medicinal Science and Technology, GlaxoSmithKline Medicines Research
Centre, Stevenage, U.K.

3Synthetic Biochemistry, Medicinal Science & Technology, GlaxoSmithKline, Collegeville, PA,
US.A.

Abstract

The ability to programme new modes of catalysis into proteins would allow the development of enzyme
families with functions beyond those found in nature. To this end, genetic code expansion methodology
holds particular promise, as it allows the site-selective introduction of new functional elements into
proteins as non-canonical amino acid side chains. Here, we exploit an expanded genetic code to develop
a photoenzyme that operates via triplet energy transfer catalysis, a versatile mode of reactivity in organic
synthesis that is currently not accessible to biocatalysis. Installation of a genetically encoded
photosensitiser into the beta-propeller scaffold of DA_20_00 converts a de novo Diels-Alderase into a
photoenzyme for [2+2]-cycloadditions (EnT1.0). Subsequent development and implementation of a
platform for photoenzyme evolution afforded an efficient and enantioselective enzyme (EnT1.3, up to
99% e.e.) that can promote selective cycloadditions that have proven challenging to achieve with small
molecule catalysts. EnT1.3 performs >300 turnovers and, in contrast to small molecule photocatalysts,
can operate effectively under aerobic conditions. A 1.7 A resolution X-ray crystal structure of an
EnT1.3-product complex shows how multiple functional components work in synergy to promote
efficient and selective photocatalysis. This study opens the door to a wealth of new excited-state
chemistry in protein active sites and establishes the framework for developing a new generation of
evolvable photocatalysts with efficiencies and specificities akin to natural enzymes.

Introduction

Triplet energy transfer (EnT) photocatalysis promotes a broad range of valuable chemical
transformations including cycloadditions, electrocyclic reactions, deracemizations, migrations, and
rearrangements, many of which are not accessible from the ground state.’® Photons offer a convenient
and tuneable source of energy to selectively access reactive excited state intermediates under mild
reaction conditions. Perhaps the most prominent class of photochemical reactions are [2+2]-
cycloadditions, which construct cyclobutanes, oxetanes and azetidines.® ™! In contrast to the analogous
Diels-Alder [4+2]-cycloadditions, [2+2]-cycloadditions are thermally forbidden due to incompatible
ground state orbital symmetries (Figure 1A). The key stages of EnT photocatalysis are shown in Figure
1B. Light energy is used to promote a triplet sensitiser from the ground state (So) to a singlet excited
state (S1), which then undergoes intersystem crossing to a triplet state (T1). Since relaxation from T; to
So is spin-forbidden, triplet intermediates are relatively long-lived compared with singlet excited states.
Commonly employed triplet photosensitisers include conjugated aromatic ketones such as
benzophenone, xanthone, and thioxanthone, which display high quantum efficiencies for population of



the triplet state. The next step involves energy transfer from the triplet photosensitiser to the substrate
in an overall spin-allowed process that returns the photosensitiser to the So level and simultaneously
promotes the substrate from Sy to the reactive T; state, which can then undergo a variety of intra- and
intermolecular processes.?®

Enantioselective versions of photochemical reactions have been developed through dual catalytic
strategies that combine an achiral photosensitiser with a photochemically inactive chiral catalyst (Figure
1C),*>* or by employing chiral photosensitisers (Figure 1D).1%> Although powerful, these approaches
do not offer a general solution, and many desirable photochemical processes are not amenable to
enantioselective catalysis. Furthermore, these reactions are oxygen sensitive, often require high catalyst
loadings, and are restricted to a narrow range of substrates, with even small structural changes leading
to substantial reductions in activity or selectivity.!® In principle, enzyme active sites could offer more
versatile chiral environments for mediating enantioselective photochemistry, where multiple functional
elements can be accurately positioned within a single pocket. Through directed evolution these active
sites could be sculpted to maximise productive interactions between the protein, substrate and
photosensitiser, to deliver efficient and selective photocatalysts (Figure 1E). However, while a handful
of natural photoenzymes'’?° and engineered biocatalysts?*-2¢ are known to operate via photo-induced
electron transfer, enzymes that operate through EnT are currently unknown.
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Figure 1. Photochemistry of [2+2]-cycloadditions. A. Comparison of thermally allowed [4+2]- and
thermally forbidden [2+2]-cycloadditions and their ground state orbital interactions. B. Jablonski
diagram representation of EnT photocatalysis. A photosensitiser (PS) is excited into a singlet state (S:),
which subsequently undergoes intersystem crossing (ISC) to the triplet state (T1). EnT returns the PS to
ground state, while exciting the substrate into T:. C-D. Enantioselective EnT photocatalysis can be
achieved using achiral photosensitisers in combination with chiral co-catalysts*'* or using chiral
photosensitisers.’® E. The approach to photoenzyme development described in this manuscript,
involving selective installation of a genetically encoded photosensitiser into a protein scaffold and
subsequent optimisation of the modified protein by directed evolution.




Results and Discussion

To develop a selective photoenzyme, we chose the computationally designed Diels-Alderase
DA _20_00 as a host scaffold due to mechanistic similarities between [4+2]- and [2+2]-cycloadditions.?’
The DA_20_00 active site contains designed hydrogen bonding residues (Tyr121 and GIn195) intended
to promote the Diels-Alder reaction, which may prove useful in supporting catalysis of [2+2]-
cycloadditions. These residues are embedded within a large hydrophobic pocket suitable for
accommodating a bulky aromatic photosensitiser (Figure 2A). To unlock photocatalytic activity, an
engineered Methanococcus jannaschii tyrosyl-tRNAsynthetase/tyrosyl-tRNA (MjTyrRS/MjtRNA™")
pair was used to incorporate 4-benzoylphenylalanine (BpA) at several positions around the DA 20 00
active site pocket (Extended Data Figure 1).28 Intramolecular [2+2]-cycloaddition of quinolone 1 was
selected as the target transformation (Figure 2B).*> Benzophenone (BP) is a suitable photosensitiser for
this reaction and gives rise to racemic straight and crossed chain products (1a and 1b) as a 1.4:1 mixture
of regioisomers (Figure 2C). Placement of BpA at position 173 within the hydrophobic pocket of
DA _20_00 provided the active photoenzyme EnT1.0, which is a more effective catalyst than BP and
displays modest levels of regio- (2:1, 1a:1b) and enantioselectivity (46% e.e. for the major product (-)-
1a). EnT1.0 activity is strictly dependent on light and the presence of the BpA173 photosensitiser

(Figure 2C).
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Figure 2. Development of the first-generation photoenzyme, EnT1.0. A. Genetic incorporation of a
BpA photosensitiser (green CPK spheres) into the hydrophobic core of DA _20 00 (PDB: 3I1C)
afforded the first-generation photocatalyst EnT1.0 (PDB: 7ZP5). B. Intramolecular [2+2]-
photocycloaddition of 4-(but-3-en-1-yloxy)quinolin-2(1H)-one (1) gives rise to two regioisomeric
products, 3,3a,4,4a-tetrahydro-2H-furo[2',3":2,3]cyclobuta[ 1,2-c]quinolin-5(6H)-one (1a) and 2,3,4,4a-
tetrahydro-4,10b-methanopyrano[3,2-c]quinolin-5(6H)-one (1b) C. Bar chart showing the conversion
of 1 to 1a and 1b by EnT1.0, BP, and the unmodified protein DA_20_00. Reaction conditions: 15 uM
catalyst, 400 uM 1, 30 minutes irradiation at 365 nm, 4 °C. EnT1.0 activity is dependent on light and
affords the major product (-)-1a with 46% e.e.. Conversion and selectivity data are given in Sl Table
S1. Error bars represent the standard deviation of measurements made in triplicate.

To improve EnT1.0 activity, we initially mutated eight residues that lie in proximity to BpA173 to
alanine (Extended Data Figure 2). An M90A mutation gave rise to a substantial 3-fold increase in
conversion to 1a along with a modest improvement in enantioselectivity to 60% e.e. (EnT1.1, Figure 3,
Extended Data Figure 2). This improved variant facilitated detection of enzyme activity in clarified cell



lysate, and enabled the development of a directed evolution workflow suitable for high-throughput
engineering of triplet energy transfer photoenzymes. This evolutionary workflow relies on uniform
irradiation of enzyme variants arrayed in microtiter plates, which was achieved using a commercial
LED array (see Experimental Procedures). The observed coefficient of variance across an assay plate
using purified EnT1.0 was shown to be less than 5% (Supplementary Figure S1), a value that is in line
with established high-throughput screening methods.

The evolutionary strategy consisted of two rounds of saturation mutagenesis targeting residues in the
active site and second coordination sphere, which were individually randomised using NNK degenerate
codons. Individual variants arrayed in 96-well microtiter plates were irradiated for 30 mins at 365nm
using an LED array in the presence of substrate 1 and reactions analysed by high-throughput ultra-
performance liquid chromatography (UPLC, Sl Figure S2-3). The most active (~1%) clones, identified
based on conversion to la, were then evaluated as purified proteins for improved activity and
enantioselectivity (SI Figure 4). Beneficial mutations identified during each round were subsequently
combined by DNA shuffling. Following evaluation of ~3500 library members, an EnT1.3 variant
emerged with improved activity, stability, and selectivity. EnT1.3 contains five mutations (EnT1.0
M90A Q149D P196R K225E A229S, Extended Data Figure 3) and achieves a substantial 10-fold
improvement in reaction conversion of 1 to la compared with EnT1.0 following 30 minutes of
irradiation (Figure 3C & 3D). The enhanced performance of EnT1.3 arises from a combination of a 4-
fold increase in initial rate (Extended Data Figure 4), improved regioselectivity (1a:1b 2:1 for EnT1.0
vs 9:1 for EnT1.3, Figure 3C), and reduced susceptibility to photo-deactivation, that likely arises in
EnT1.0 from an intramolecular photo-crosslinking process involving the benzophenone side chain
(Extended Data Figure 5). EnT1.3 also offers high levels of enantio-control, generating (-)-1a with
>99% e.e.. Interestingly, EnT1.3 is more active at 4 °C than at room temperature (Extended Data Figure
6), which may reflect an increased lifetime of the photosensitiser triplet state at lower temperatures.?
In contrast to small-molecule photocatalysts, which are highly sensitive to oxygen due to triplet
guenching, EnT1.3 is tolerant of aerobic buffers (Figure 3D) and can achieve >300 turnovers under
these conditions (Extended Data Figure 7). With only 1.5 mol% EnT1.3, near complete conversion of
1 to optically pure (-)-1a can be achieved within 2 hr (SI Table S3), underscoring the efficiency of our
engineered photoenzyme.
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Figure 3: Directed evolution of an efficient and enantioselective photoenzyme. A. Schematic of the
directed evolution workflow for photoenzyme engineering. B. Mutational map of EnT1.3, highlighting
the encoded photosensitiser BpA173 (green sticks and semi-transparent CPK spheres) and residues
installed during alanine scanning (pink sphere) and rounds 1 and 2 of evolution (peach and blue spheres,
respectively). C. Reaction conversion, regioselectivity, and enantioselectivity were improved along the
evolutionary trajectory. Reaction conditions: 10 uM catalyst (2.5 mol%), 400 uM 1, 30 minutes
irradiation at 365 nm, 4 °C. The ratio of 1a:1b is represented as a pie chart and e.e. is given for (-)-1a.
All conversion and selectivity data, including standard deviations, are given in Extended Data Figure
8. D. Reaction time-courses (1 to 1a and 1b, 10 uM catalyst (2.5 mol%), 400 uM 1, 365 nm, 4 °C)

catalysed by Entl1.0 (pink) and EnT1.3 (blue). A comparison of EnT1.3 activity under anaerobic
conditions is shown in orange.

We next explored the photocatalytic activity of EnT1.3 towards [2+2]-cycloadditions of allyloxy-,
alken-1-yl-, and allyloxy(methyl)- quinolones to generate optically enriched products (2a-12a, Figure
4). High conversions and selectivities were achieved in the majority of cases. With substrates 3, 7 and
11, introduction of a gem-dimethyl moiety led to a reduction in enantioselectivity and in these cases
EnT1.2 proved to be a more selective photocatalyst. The ability of EnT1.3 to generate 2a and 6a with
high levels of stereocontrol is particularly noteworthy. Analogous reactions with small chiral
photosensitisers proceed with poor selectivity, as cyclizations to form 6-membered ring analogues are
relatively slow and competing dissociation of the excited substrate from the photosensitiser erodes
e.e..2191 Small molecule chiral photosensitisers also rely on complementary dual hydrogen-bonding
contacts between the substrate and catalyst to achieve enantioselective photochemistry.’® To
demonstrate that protein catalysts are not constrained in the same manner, we next investigated
cycloaddition of an N-methyl derivative 12. EnT1.3 affords optically enriched 12a, along with its



regioisomer 12b, with modest selectivity (2:1 r.r., 36% e.e. for 12a), which could be further enhanced
(4:1 rr., 78% e.e. for 12a) by introducing a rational Y121F mutation (vide infra). This example
demonstrates how protein active sites can be readily adapted to augment catalytic function and suggests
that our photoenzymes can mediate selective transformations of substrate classes that are beyond the
reach of existing small-molecule systems.
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Figure 4: Substrate scope of EnT1.3 and selected variants. EnT1.3 promotes intramolecular [2+2]-
cycloadditions on a range of quinolones to produce 4-(allyloxy)-, 4-(alken-1-yl)- and 4-
((allyloxy)methyl)-quinolone derivatives 1a-2a, 4a-6a, and 8a-10a with high conversions and excellent
selectivities. Reactions to produce 3a, 7a and 11a are performed with EnT1.2, which gave higher levels
of selectivity compared with EnT1.3. With N-methyl quinolone 12, reactions with EnT1.3 proceed with
modest selectivity, which can be improved with a rational Y121F mutation. Reaction conversions are
the mean of biotransformations performed in triplicate. The absolute stereochemistry of products 2a-
12a were assigned by analogy to the product (-)-1a formed by EnT1.3. Reaction conditions for the
synthesis of 1a—12a are presented in SI Table S3.



To gain insights into the EnT1.3 catalytic mechanism, a crystal structure of a C-terminally truncated
analogue (EnT1.3ACazi0-314, Se€ Supporting Information) complexed with product (-)-1a was solved (1.7
A, Figure 5, Supplementary Table S5). This truncation has negligible effect on catalytic activity or
selectivity (Supplementary Figure S5), and was introduced to circumvent the C-terminus of a
neighbouring chain from occluding the EnT1.3 active site in crystallo. The ligand sits in a snug active
site pocket with its aromatic ring sandwiched between His287 and the benzophenone sidechain (3.6 A
and 3.8 A respectively, Figure 5, Supplementary Information Figure S6). This pose presumably allows
for efficient triplet energy transfer from the excited-state photosensitiser to the parent substrate. The
crystal structure suggests that Trp244 may play a role in controlling reaction selectivity in favour of the
formation of (-)-1a by shaping the active site cavity to prevent addition of the exocyclic alkene to the
enantiotopic face of the excited quinolone. Indeed, a W244A mutation leads to a substantial reduction
in activity and racemic product formation (Extended Data Figure 8). Ligand binding is further supported
by complementary hydrogen bonding interactions with Tyr121, which serves as a hydrogen bond
acceptor to the quinolone N-H, and GIn195, which acts as a hydrogen bond donor to the quinolone
carbonyl (Figure 5). Interestingly, Tyr121 and GIn195 were designed to mediate Diels-Alder catalysis
in DA_20 00 through hydrogen bonding interactions, albeit with opposite donor/acceptor relationships
to those observed in EnT1.3. With substrate 1, mutation of Tyr121 to Phe leads to a 3-fold reduction in
activity along with a modest decrease in enantioselectivity (67% e.e., Extended Data Figure 8). In
contrast, this mutation improves both activity and selectivity towards N-methylated substrate 12 (Figure
4), where the N-methyl substituent likely occupies the position vacated by removal of the Tyrl121
phenolic oxygen. The hydrogen bond from GIn195 to the quinolone carbonyl is particularly short (2.6
A) and likely serves to lower the triplet energy of the substrate.®® Mutation of GIn195 to Ala leads to a
considerable reduction in activity and selectivity, underscoring its importance to EnT1.3 catalysis.
GIn195 is anchored in position by an additional hydrogen bond with Arg196, which emerged during
evolution. Interestingly, in apo-EnT1.3 GIn195 and Arg196 lie in markedly different orientations, with
Arg196 instead interacting with Aspl149 and Glu225, suggesting that substrate binding may induce
formation of a productive Arg196-GIn195-substrate hydrogen bonding network (Extended Data Figure
9). This combined structural analysis offers a first glimpse into active site features governing efficient
energy transfer catalysis, and provides an important blueprint for the future design of photoenzymes
with new and augmented functions.

H287

Figure 5: A 1.7 A crystal structure of EnT1.3ACs10314 in complex with product (-)-1a. A. The
product (atom-coloured sticks, carbon purple) is well accommodated within the active site pocket



(shown as a grey surface) in proximity to the BpA173 sidechain (atom-coloured sticks with green
carbon), His287 and Trp244 (atom-coloured sticks, with grey carbon). n—stacking interactions are
shown as pink dashed lines. B. Expanded view of the active site showing hydrogen bonding interactions
(black dashed lines) involving R196, Q195, Y121 and the ligand.

In summary, our study provides a powerful demonstration of how an expanded genetic code can be
used to embed entirely new modes of catalysis into proteins. This technology has allowed the
development of a proficient photoenzyme that operates via a triplet energy transfer mechanism, a
versatile reaction manifold in organic synthesis that was previously inaccessible to biocatalysis. While
EnT1.3 was tailored to promote photochemical [2+2]-cycloadditions, we anticipate that our approach
can be readily adapted to alternative chemistries that are enabled by triplet energy transfer. The catalytic
performance and structural sophistication of EnT1.3 is particularly notable, given that <1000 protein
variants were evaluated across the evolutionary trajectory. Presumably, more efficient photocatalysts
will be generated through a deeper exploration of protein sequence. Likewise, combinations of high-
throughput experimentation and in silico design will deliver active sites with new geometries and
arrangements of functional groups suitable for mediating selective photocatalysis.®* Thus with the
mechanistic framework for embedding EnT catalysis into proteins now established, we are optimistic
about the prospect of developing photoenzymes for a broad array of valuable photochemical processes.
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