Engineering a Photoenzyme to Use Red Light
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ABSTRACT: Photoenzymatic catalysis is an emerging platform for asymmetric synthesis. In most of these reactions, the
protein templates a charge transfer complex between the cofactor and substrate, which absorbs in the blue region of the
electromagnetic spectrum. Here, we report the engineering of a photoenzymatic ‘ene’-reductase to utilize red light (620
nm) for a radical cyclization reaction. Mechanistic studies indicate that red light activity is achieved by introducing a
broadly absorbing shoulder off the previously identified cyan absorption feature. Molecular dynamics simulations, docking,
and excited-state calculations suggest that red light absorption is a #— m* transition from flavin to the substrate, while the
cyan feature is the red-shift of the flavin #— m* transition, which occurs upon substrate binding. Differences in the excitation
event help to disfavor alkylation of the flavin cofactor, a pathway for catalyst decomposition observed with cyan light but not

red.

Photochemical transformations have revolutionized or-
ganic chemical synthesis by offering a mild strategy for
generating radical intermediates.” Common photocata-
lysts absorb most strongly in the blue or near-UV region,
infusing 63-73 kcal/mol of energy into the reaction. While
this is sufficient to facilitate many different bond-mak-
ing/breaking events, it is more than is required for many
chemical transformations. Excess energy can decrease the
selectivity for the desired transformation, leading to un-
wanted side products and catalyst decomposition. These
limitations can be overcome using lower-energy red or
near-infrared light.*

There are a few strategies for utilizing longer wavelengths
of light for synthetic organic reactions. Developing red-
light absorbing photocatalysts is a straightforward strat-
egy, however, these catalysts often have a more limited re-
dox window compared to their blue-light congeners (Fig-
ure 1a).”” Photon upconversion, where select sensitizer
and annihilator molecules enable the conversion of two
red photons into a single blue one, allows for common blue
light photocatalysts with red light irradiation (Figure 1b).”
Finally, inspired by Z-schemes from nature, a photoin-
duced electron transfer or energy transfer event is initiated
using red light to generate a new red-light absorbing spe-
cies with enhanced redox properties by comparison to

reactions that involve only a single excitation event (Figure
1 C)'u,lz

Electron donor-acceptor (EDA) complexes, which involve
ground-state association between electron-rich and elec-
tron-poor molecules, are common chromophores for pho-
tochemical reactions.*"* These complexes are attractive
because they do not require exogenous photocatalysts,
however, red-shifting their absorption is difficult without
changing the steric and electronic characteristics of the
substrates. Over the past several years, our group and oth-
ers demonstrated that enzymes could template charge
transfer (CT) complexes between biological cofactors and
organic substrates.”™ When photoexcited, these flavin-
and nicotinamide-dependent enzymes can initiate radical
reactions. Moreover, the active sites of these proteins can
be engineered to improve activity, selectivity, and quan-
tum efficiency.” Based on the versatility of this catalyst
scaffold, we questioned whether these enzymes could be
engineered to red shift the absorption of the CT complex,
which typically absorb between 470-510 nm. As described
by Mulliken, the absorption of a CT complex can be de-
scribed using the following equation:

hver =IP-EA—w
where IP = ionization potential of the donor, EA = electron
affinity of the acceptor; and w is the columbic attraction
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between the two molecules.”** As protein engineering can
influence all three components of this equation, we hy-
pothesized that running a protein engineering campaign
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Figure 1. Red-Shifting Complex Absorption

with selection for improved red-light activity should result
in a new absorption feature in the red region.” Using red
light could improve the performance of the photoenzyme
by avoiding catalyst degradation through thermal decom-
position or cofactor alkylation.

As a model system to test this hypothesis, we examined the
radical cyclization of a-chloroamides to produce y-lactams
using the ‘ene’-reductase from Gluconobacter oxydans
(GIuER) as a catalyst. Our previous studies revealed that
the unmutated enzyme could catalyze this reaction in 2%
yield when irradiated with 630 nm LEDs.** We modified
the reaction conditions to use protein lysate with 5.5 g/L
substrate concentration. Reactions were irradiated with a
620 nm LED at two different light intensities (4273 and
42.73 pumol/cm?). At low light intensities, trace product for-
mation was observed with red light, however, at high in-
tensity, the yield increased to 19% yield. Screening other
in-house GIuER variants identified GIuER-G6 (GIuER-
T36A-K317M-Y343F) as the best variant, forming product
in 58% yield with high light intensity. GIuER-G6 had
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Figure 2. Protein Engineering for Improved Red-Light Ac-
tivity

previously been engineered for improved quantum effi-
ciency for the cyclization.

To improve upon this starting point, we mutations pre-
dicted by MatCompute, a three-dimensional self-super-
vised, convolutional neural network, which were previ-
ously identied for an enzyme engineered to catalyze an
asymmetric alkene hydroalkylation.”” We found that
mutating threonine 36 to aspartic acid (T36E), increased
the yield to 78% with no change in the enantioselectivity
of the transformation. Mutation of serine at position 118 to
cystine (Su8C) led to product formation in 86% yield.
When testing this variant at different substrate concentra-
tions, we observed decreased activity at concentrations
above 10 g/L. As the substrate is a weak electrophile, we
hypothesized that alkylation of nucleophile side chains
was leading to a loss in protein activity. Using proteomic
mass spectrometry, we identified the sites of alkylation and
targeted them for site saturation mutagenesis. This cam-
paign revealed mutation of lysine at position to 283 to gly-
cine (K283G) provided a variant that provided product in
99% yield with 98:2 er. Total catalyst turnovers were con-
sistent across different catalyst loadings, indicating that in-
creased substrate concentration by comparison to enzyme
did not significantly alter the enzymes performance. In-
creasing the substrate loading to 10 g/L resulted in only a
modest decrease in yield (71%). The substrate loading

0.05

0.045 —=GIUERWT

~=GIuER G&

0.03 ——+A36E

0.025
~=+5118C

Absorbance

0.02
0.015 ~=+K283G

.01

anns

Figure 3. Changes in the CT Complex Over the Protein En-
gineering Campaign
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Figure 4. a) Computed absorption spectra considering all GIuER-WT and GluER-G6-T36E conformations. b)&c) Distribu-
tion of absorption wavelengths, oscillator strengths, and the corresponding transition characters across different confor-
mations of the FMNpq-1 complex in b) GIuER-WT and ¢) GIuER-G6-T36E. Example cyan-light-absorbing transitions and
red-light-absorbing transitions are also shown. O.N.: occupation numbers.

could be further increased to 50 g/L, albeit with signifi-
cantly decreased yield (31%). Interestingly, the final variant
of the engineering campaign displayed low level activity
with near infrared light (31% yield, 98:2 er), highlighting
the opportunity to further red-shift the absorption of the
complex.

With an improved variant in hand, we conducted UV-vis
experiments across the evolutionary series to determine
the changes to the absorption of the charge transfer com-
plex at low substrate concentration to avoid substrate pre-
cipitation (3 mM). Using wild-type GIuER (0.2 mM), we ob-
serve a weakly absorbing complex with the strongest ab-
sorption in the cyan region. When moving across the evo-
lutionary series, we find that the cyan absorption feature
increases with the best variant from the final three rounds
displaying similar magnitude of absorption. The evolution
series also results in an absorption should between 550nm
and 7oonm which increases in magnitude throughout the
evolutionary series with the final two variants displaying
weak absorption out to 8oo nms. We attribute the increase
in absorption due to this shoulder between 550 and 8oo nm
as being responsible for the red light activity.

It is apparent from the UV-vis spectroscopy that mutations
to the protein influence absorption features of the enzyme-
templated CT complex. To gain a better understanding of
how the mutations alter the complexes and their photo-
chemical properties, we first performed molecular dynam-
ics (MD) simulations on the wild-type (WT) GIuER and
GIuER-G6-T36E. We performed molecular docking of 1 to
the representative protein conformations from the MD tra-
jectories. We then computed the lowest five electronic
states of the cFMNyq-1 complex using multiconfiguration

pair-density functional theory (MC-PDFT) on 260
CFMNpq-1 conformations for the GIuER-WT and 232 con-
formations for GIuER-G6-T36E.>** MC-PDFT is a multi-
reference method that has been shown to have similar ac-
curacy as complete active space 2"-order perturbation the-
ory (CASPT2) and can describe charge transfer excitations
with reasonable accuracy while being less computationally
expensive than CASPT2.>* The computed absorption spec-
tra are qualitatively consistent with the UV-vis spectros-
copy experiments. GIUER-WT and GIuER-G6-T36E both
absorb strongly in the blue/cyan region whereas GIuER-
G6-T36E absorbs more strongly than GIuER-WT in the red
region (Figure 4a). Further analysis of the electronic tran-
sitions associated with these bonding conformations re-
vealed that most absorptions in the blue/cyan region in-
volve m— m* of molecular orbitals (MOs) on FMNpq. Im-
portantly, the lowest-energy bright state of FMNyq alone is
373 nm (Figure Sz) indicating that the presence of a-chlo-
roamide 1 red-shifts these excitations. In contrast, electron
transitions in the red region involve m MOs of FMNnq and
the * of a-chloroamide 1 which is consistent with a tradi-
tional CT complex (Figure 4b&c insets). To investigate the
role of the surrounding amino acids in the CT, we per-
formed additional MC-PDFT calculations considering the
sidechains of the aromatic amino acids within the active
site, namely W66, W100, and Y177, together with FMNyq
and 1. This showed that the amino acid m* MOs can be in-
volved in the blue/cyan light transitions by stabilizing the
CT state via m stacking interactions, while for red light ab-
sorption the CT state from the FM Ny, to 1 takes place with-
out any contribution of the aromatic amino acid sidechains
(Figures S3 and S4). However, the oscillator strength (f)
values of the blue/cyan light transitions corresponding to
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those transitions where the amino acid MOs are involved
are ten to hundred times lower than those where the tran-
sitions are within the FMNyq 7 system, indicating that the
most populated transitions upon the absorption of
cyan/blue light are the 7— ©* transitions within FMNj,.

There is no single, apparent structural descriptor that pin-
points conformations that have red-light absorbing transi-
tions, but overall, the ensemble of conformations that ab-
sorb in the red region have a narrower range of distances
between the 7 system of FMNyq and the m system of 1,
where the maximum distance is smaller and the minimum
distance is higher, than the ensemble of conformations
that have blue/cyan-light absorbing transitions. This is
more prominent in GIuER-G6-T36E than GIuER-WT.

To further understand the effect that mutations have on
catalyst turnover numbers and reaction yield, we per-
formed MD simulations of the protein without the a-chlo-
roamide 1 substrate for two additional variants, GIuER-G6
and GluER-G6-T36E-S18C-K283G. Analysis of the MD tra-
jectories of GIUER-WT, GIuER-G6, GluER-G6-T36E, and
GluER-G6-T36E-Su8C-K283G indicate differences in the
conformation flexibility of the protein as determined by ra-
dius of gyration (R,) and the solvent accessible surface area
(SASA) of the protein (Figures S5 and S6). Mutations that
lead to increased activity also reduce the root mean square
fluctuation (RMSF) of residues Y130, C234, and F269 (Fig-
ure S7). Addition of these mutations also leads to a de-
crease in R;and SASA. These data suggest that reduction
of the size and flexibility of the protein active site leads to
substrate binding conformations that favor the FMNp — 1
transition required for red light activity.

Finally, to highlight the scalability of this red light-initiated
photochemistry, we tested reactions a different reaction
scales using cyan and red LEDs. On reaction scales ranging
from 10 mg to 10 grams, red light irradiated reactions pro-
vided product in yields of 82 to 92% (Figure 5). In contrast,
when using cyan LEDs, the yields are lowest at 10 mg scale
(21%) and increases to 70% at 5-gram scale. The suppressed
yields on small scale suggested that the protein was de-
composing. To probe thermal denaturing of the protein,
we tested differences in reaction temperature at various
points. While the reaction irradiated with red light was 2-
8 °C lower in temperature than the reaction with cyan
light, the temperature was still 25 °C below the melting
point of the enzyme, suggesting that thermal denaturing
was not responsible for the yield differences. Instead, we
noticed a color difference at the end of the two reactions,
with the red-light reaction being yellow/orange while the
cyan reaction was white. Based on previous reports, this
difference could be due to possible alkylation of the flavin
cofactor.®?® After removing the remaining small mole-
cules, denaturing the protein and subjecting the reaction

Author Contributions

+ JMC and BJ contributed equally

to high resolution mass spectrometry, we identified a mass
consistent with double alkylation of the flavin cofactor by
the substrate. Importantly, this mass is only observed in
the reaction irradiated with cyan light. Based on these re-
sults, we hypothesized that the binding conformation re-
sponsible for red light activity with the alkene packed over
the flavin cofactor helps to disfavor flavin alkylation. This
observation indicates that future reaction development
could be enhanced by using red light as this will ensure
prolonged catalyst lifetimes (Figure s5).
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Figure 5. Reactions at different scales and rationale for fla-
vin alkylation catalyst deactivation

In summary, we have engineered a flavin-dependent pho-
toenzyme to utilize red-light excitation for radical initia-
tion. This work highlights the opportunity to tune the mi-
croenvironment of the protein to alter the characteristics
of charge transfer complexes. Computation studies indi-
cate that excitations in the cyan region primarily involve
orbitals on flavin, while red light excitation involves orbit-
als on the flavin and the substrate. Moreover, differences
in the binding orientations responsible for red absorption
features help to avoid flavin alkylation and extend the rad-
ical lifetime. Overall, this study highlights an opportunity
to use wavelength engineering to access improved photo-
enzymes.
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