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            Abstract
The ability to program 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 noncanonical amino acid side chains1,2,3,4. Here we exploit an expanded genetic code to develop a photoenzyme that operates by means of triplet energy transfer (EnT) catalysis, a versatile mode of reactivity in organic synthesis that is not accessible to biocatalysis at present5,6,7,8,9,10,11,12. Installation of a genetically encoded photosensitizer into the beta-propeller scaffold of DA_20_00 (ref.â€‰13) converts a de novo Dielsâ€“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% enantiomeric excess (e.e.)) that can promote intramolecular and bimolecular cycloadditions, including transformations that have proved challenging to achieve selectively with small-molecule catalysts. EnT1.3 performs >300 turnovers and, in contrast to small-molecule photocatalysts, can operate effectively under aerobic conditions and at ambient temperatures. An 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 up a wealth of new excited-state chemistry in protein active sites and establishes the framework for developing a new generation of enantioselective photocatalysts.
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                    Fig. 1: Photochemistry of [2+2] cycloadditions.[image: ]


Fig. 2: Development of the first-generation photoenzyme, EnT1.0.[image: ]


Fig. 3: Directed evolution of an efficient and enantioselective photoenzyme.[image: ]


Fig. 4: Substrate scope of EnT1.3 and selected variants.[image: ]


Fig. 5: A 1.7-Ã… crystal structure of EnT1.3Î”C310-314 in complex with product (-)-1a.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 BpA positioning in the DA_20_00 scaffold.
a, Positions within DA_20_00 selected to incorporate the photosensitizer BpA are shown as green CPK spheres at the C-alpha. b, Bar chart showing reaction conversions and selectivities achieved by DA_20_00 variants with BpA installed at the specified positions. Reaction conditions: 15â€‰Î¼M catalyst, 400â€‰Î¼M 1, 30â€‰min irradiation (10â€‰s on/off pulse) at 365â€‰nm, 4â€‰Â°C, 100â€‰Î¼l PBS (pH 7.4) with 5% DMSO as a cosolvent in a 96-well plate. e.e. is given for the major product, (-)-1a. Error bars represent the standard deviation of measurements made in triplicate.


Extended Data Fig. 2 Summary of alanine scan of EnT1.0.
a, Positions within EnT1.0 selected for the alanine scan of the active site are shown as atom-coloured sticks with pink carbon atoms. BpA173 is shown in green CPK spheres. b, Bar chart showing reaction conversions and regioselectivities achieved by EnT1.0 variants. Reaction conditions: 15â€‰Î¼M catalyst, 400â€‰Î¼M 1, 30â€‰min irradiation (10â€‰s on/off pulse) at 365â€‰nm, 4â€‰Â°C, 100â€‰Î¼l PBS (pH 7.4) with 5% DMSO as a cosolvent in a 96-well plate. Error bars represent the standard deviation of measurements made in triplicate.


Extended Data Fig. 3 Directed evolution of an efficient and enantioselective photoenzyme.
Schematic showing the trajectory from DA_20_00 to EnT1.3 and EnT1.3 Y121F S271C. Mutations introduced are represented as CPK spheres at the C-alpha. The original design DA_20_00 contains 13 mutations built into a six-bladed Î²-propeller scaffold (PDB 1E1A; a diisopropylfluorophosphatase from Loligo vulgaris)13. Incorporation of the photosensitizer BpA (green atom-coloured sticks and semitransparent CPK spheres) at position A173 provided EnT1.0. An alanine scan of EnT1.0 highlighted one variant with increased activity, providing EnT1.1. Two rounds of evolution afforded EnT1.3, which contains six mutations when compared with the original design DA_20_00. EnT1.3 was further evolved towards substrate 13, resulting in EnT1.3 Y121F S271C. Library generation method, positions targeted, the number of clones evaluated, beneficial mutations and the most improved variant for each round are given in the table.


Extended Data Fig. 4 Reaction time courses of EnT1.0 and EnT1.3.
Reaction conditions: 15â€‰Î¼M catalyst, 400â€‰Î¼M 1, 10â€‰s on/off pulse at 365â€‰nm, 4â€‰Â°C, 1â€‰ml PBS (pH 7.4) with 5% DMSO as a cosolvent in 2-ml glass vials. At each time point, 100â€‰Î¼l of reaction mix was quenched with one volume of MeCN and analysed by UPLC. Reaction conversion of 1 to 1a and 1b is given over 5â€‰min. The gradients of a linear fit to the data are given for each variant. A table providing conversion data is given in Supplementary Table S2. Error bars represent the standard deviation of measurements made in triplicate (error bars are not shown when they are smaller than the data-point marker).


Extended Data Fig. 5 Photodamage of EnT1.0 and EnT1.3.
To investigate the effects of photodamage, aliquots of 30â€‰Î¼M enzyme in PBS (pH 7.4) were pre-irradiated for 90â€‰min (10â€‰s on/off pulse at 365â€‰nm) at 4â€‰Â°C, before performing reactions. Control aliquots of enzyme were incubated in the dark at 4â€‰Â°C. a, Bar chart showing the conversion of 1 to 1a and 1b achieved by variants DA_20_00, EnT1.0 and EnT1.3 that had been pre-irradiated with light (+) and had been incubated in the dark (âˆ’). Reaction conditions: 15â€‰Î¼M catalyst, 400â€‰Î¼M 1, 30â€‰min irradiation (10â€‰s on/off pulse) at 365â€‰nm, 4â€‰Â°C, PBS (pH 7.4) with 5% DMSO as a cosolvent. Error bars represent the standard deviation of measurements made in triplicate. b, SDS-PAGE analysis of protein variants (DA_20_00, EnT1.0, EnT1.3) that had been pre-irradiated with light (+) and had been incubated in the dark (âˆ’).


Extended Data Fig. 6 Temperature dependence of EnT1.3.
Reaction conditions: 2.25â€‰Î¼M catalyst (7.5â€‰mol%), 300â€‰Î¼M 1, 10â€‰s on/off pulse at 365â€‰nm, in PBS (pH 7.4) with 5% DMSO as a cosolvent at a specified temperature. A time course providing the conversion of 1 to 1a and 1b at 4â€‰Â°C (blue circles) and room temperature (red circles). A negative control containing no catalyst is shown at 4â€‰Â°C and room temperature (blue squares and red squares, respectively). Error bars represent the standard deviation of measurements made in triplicate.


Extended Data Fig. 7 Total turnover numbers achieved by EnT1.3.
Reaction conditions: 800â€‰Î¼M 1, 10â€‰s on/off pulse at 365 nm, at 4â€‰Â°C, in 1â€‰ml PBS (pH 7.4) with 10% DMSO as a cosolvent, at a specified catalyst loading. A time course providing the reaction conversion of 1 to 1a and 1b at 0.2â€‰mol% and 1.5â€‰mol% catalyst loading (1.6â€‰Î¼M (red) and 12â€‰Î¼M (blue), respectively). A background correction has been applied to both curves, corresponding to less than 10% of turnovers. Error bars represent the standard deviation of measurements made in triplicate (error bars are not shown when they are smaller than the data-point marker).


Extended Data Fig. 8 Evolution trajectory.
Reaction conditions: 10â€‰Î¼M catalyst, 400â€‰Î¼M 1, 30â€‰min irradiation (10â€‰s on/off pulse) at 365â€‰nm, 4â€‰Â°C, PBS (pH 7.4) with 5% DMSO as a cosolvent in glass vials. a, Bar chart showing conversion of 1 to 1a and 1b and e.e. for the major product, (-)-1a, achieved by selected variants along the evolutionary trajectory. Error bars represent the standard deviation of measurements made in triplicate (error bars are not shown when they are smaller than the data-point marker). b, Table providing conversion and selectivity data for Extended Data Fig. 8a.


Extended Data Fig. 9 Knockout variants of EnT1.3.
a, Positions in EnT1.3 selected for a mutational scan are shown as atom-coloured sticks, with carbon grey. BpA is shown as atom-coloured sticks, with carbon green. b, Reaction conditions: 7.5â€‰Î¼M catalyst, 400â€‰Î¼M 1, 15â€‰min irradiation (10â€‰s on/off pulse) at 365â€‰nm, 4â€‰Â°C, 100â€‰Î¼l PBS (pH 7.4) with 5% DMSO as a cosolvent in 96-well plates. Bar chart showing conversions and e.e. for the major product, (-)-1a, achieved by EnT1.3 variants. Error bars represent the standard deviation of measurements made in triplicate. c, Table providing conversion and selectivity data for Extended Data Fig. 9b.


Extended Data Fig. 10 Comparison of apo-EnT1.3 (PDB: 7ZP6) and product-bound EnT1.3Î”C310-314 (PDB: 7ZP7).
a, EnT1.3 (shown as a grey cartoon) has a hydrogen-bonding network formed of E225, R196 and D149 (shown as dashed black lines). The side chains of key residues are shown as atom-coloured sticks with grey carbons. BpA173 is shown as atom-coloured sticks and semitransparent CPK spheres with green carbons. b, The structure of EnT1.3Î”C310-314 (shown as a blue cartoon) in complex with the product (-)-1a (shown as atom-coloured sticks with purple carbons). The side chains of key residues are shown as atom-coloured sticks with blue carbons. BpA173 is shown as atom-coloured sticks and semitransparent CPK spheres with green carbons. When in complex with product, R196 lies in a different conformation to that shown in the structure of apo-EnT1.3, instead forming a hydrogen bond with Q195. Q195 and Y121 form close hydrogen bonds to (-)-1a.
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