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Stereoselective amino acid synthesis by synergistic
photoredox-pyridoxal radical biocatalysis
Lei Cheng1, Dian Li1, Binh Khanh Mai2, Zhiyu Bo1, Lida Cheng1, Peng Liu2*, Yang Yang1,3*

Developing synthetically useful enzymatic reactions that are not known in biochemistry and
organic chemistry is an important challenge in biocatalysis. Through the synergistic merger of
photoredox catalysis and pyridoxal 5′-phosphate (PLP) biocatalysis, we developed a pyridoxal radical
biocatalysis approach to prepare valuable noncanonical amino acids, including those bearing a
stereochemical dyad or triad, without the need for protecting groups. Using engineered PLP enzymes,
either enantiomeric product could be produced in a biocatalyst-controlled fashion. Synergistic
photoredox-pyridoxal radical biocatalysis represents a powerful platform with which to discover
previously unknown catalytic reactions and to tame radical intermediates for asymmetric catalysis.

T
he past decade has witnessed the de-
velopment of several biocatalytic pro-
cesses that are not encountered in biology
(1–6). Drawing inspiration from small-
molecule catalysis, biocatalysis researchers

repurposed natural flavin- and nicotinamide-
dependent enzymes (4, 5) andmetalloenzymes
(2, 3, 7, 8) to catalyze unnatural reactions, par-
ticularly stereoselective, free radical–mediated
processes (7–15). However, most unnatural
biocatalytic reactions are known to synthetic
chemistry (7–14), and the same transformations
could also be achieved using small-molecule
catalysts, albeit with no or lower levels of
stereocontrol. We envisioned that by merging
two distinct catalytic cycles (16) involving an
enzyme and a small-molecule catalyst, we
would be able to devise activation modes not
previously accessible in conventional enzymol-
ogy and synthetic chemistry.
We initiated a research program using vis-

ible light photoredox catalysis to unlock the
potential of pyridoxal 5 -phosphate (PLP) en-
zymes (17, 18) for stereoselective radical reac-
tions, thereby providing access to valuable
noncanonical amino acids (ncAAs) (Fig. 1A).
Because of the ubiquity of ncAAs in bioactive
natural products (19), peptide therapeutics
(20), and functional unnatural proteins (21),
their efficient stereoselective synthesis is a
major objective within synthetic chemistry
(22) and synthetic biology (23). Traditional
chemical synthesis of ncAAs has relied on the
tedious installation and removal of amino-
and carboxylate-protecting groups (22). By
contrast, PLP enzymes facilitate biochemical
processes constructing and degrading free
amino acidswith outstanding chemical fidelity,

thus underscoring their potential as promising
biocatalysts for ncAA synthesis without pro-
tecting group manipulation. As a family,
PLP-dependent enzymes are structurally and
functionally diverse (17) and catalyze C−C and
C−heteroatom bond–forming reactions at the
a (24, 25), b (26–33), and g (34, 35) positions
of amino acids through a carbonyl catalysis
mechanism (Fig. 1A) (17, 36). Although open-
shell intermediates have been proposed and
investigated in [4Fe-4S]/SAM- and cobalamin-
dependent PLP aminomutases (37) and O2-
dependent PLP oxidases (38, 39), almost all
biotechnologically useful PLP enzymes oper-
ate through classic closed-shell mechanisms
for substrate activation.
We postulated that if natural PLP enzymes

could be reprogrammed to catalyze unnatural
radical C−C bond formation, they would allow
us to access a broad spectrum of ncAAs with
diastereo- and enantiocontrol (Fig. 1, B and C).
In particular, we were intrigued by the pos-
sibility of synergistically coupling visible light
photoredox catalysis (40–43) and PLP bioca-
talysis (17) to furnish a distinct paradigm for
pyridoxal radical biocatalysis (Fig. 1D). In this
catalysis mode, the photocatalytically gener-
ated free radical intermediate is captured by
an enzymatically generated covalent inter-
mediate derived from pyridoxal, thereby en-
abling stereoselective C−C bond formation in
an intermolecular fashion. In contrast to pre-
viously investigated natural (44–46) and un-
natural (4, 5) photoenzymatic catalysis, the
present synergistic photoredox-pyridoxal bio-
catalysis separates photoinduced radical for-
mation and enzymatic radical interception in
two discrete catalytic cycles. By not relying on
the photochemical properties of the cofactor
of the enzyme, this strategy could create op-
portunities for the further development of
radical biocatalysis. Furthermore, by engaging
reactive catalytic intermediates inPLP enzymes
that remain out of the reach ofmechanistically
related small-molecule carbonyl catalysis (36),
this synergistic catalysis will facilitate the dis-

covery of reactions not previously known in
synthetic chemistry.

Design of synergistic photoredox-pyridoxal
radical biocatalysis

We focused our design efforts on PLP enzymes
capable of functionalizing the b position of
serine, an abundant amino acid building block,
and its derivatives, in part because of the
diverse enzymes in this superfamily, includ-
ing tryptophan synthases (26, 27), tyrosine
phenol lyases (28, 29), and O-acetylserine
sulfhydrylases (30, 31). Initially, visible light
irradiation of a photoredox catalyst (IV) would
produce an excited-state photooxidant (IV*)
(Fig. 1D). Single-electron oxidation of the alkyl-
trifluoroborate substrate I by IV* would pro-
duce a carbon-centered radical (VI) and the
reduced photocatalystV. Concurrent with this
photoredox catalytic cycle, a b-functionalization,
PLP-dependent enzyme (VII) such as a trypto-
phan synthase would convert serine and other
b-hydroxy-a-amino acids (II) into an electro-
philic aminoacrylate (X) through a series of
established natural intermediates (VIII toX).
If the photocatalytically generated alkyl radi-
cal could enter the active site and engage the
biocatalytically formed aminoacrylateX, it
would lead to an enzyme-bound azaallyl ra-
dical (XI) (47), an elusive species in natural
PLP biochemistry (17, 18). Subsequent electron
transfer/proton transfer (ET/PT) or proton-
coupled electron transfer (PCET) (48, 49) in-
volving the reduced photocatalyst V would
furnish an external aldimineXII, which upon
hydrolysis would release product III.
In contrast to traditional PLP biochemistry,

in pyridoxal radical biocatalysis, the a stereo-
chemistry of the amino acid product III is
determined by the ET/PT or PCET step. It
therefore should be possible to access both
L- and D-amino acids through protein engineer-
ing (Fig. 1C). If successfully implemented, this
approach would allow the convergent syn-
thesis of ncAAs with a well-defined stereo-
chemical dyad or triad in a singlemanipulation
(Fig. 1B), thereby simplifying the diastereo-
and enantioselective assembly of these targets.

Development of synergistic
photoredox-pyridoxal biocatalytic
C−C coupling

We commenced this study by evaluating the
synergistic use of b-functionalization PLP en-
zymes (26–33) and photoredox catalysts for
radical b carbofunctionalization of their native
substrates (see table S1 for additional results).
Benzyltrifluoroborate salt 1a was selected as
the model substrate because of its relatively
low redox potential (1.09 V versus saturated
calomel electrode inMeCN) and the enhanced
stability of the resulting benzyl radical (50).
Among the PLP enzymes that we evaluated,
the previously evolved “2B9” variant of the
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Pyrococcus furiosus tryptophan synthase b sub-
unit developed by Arnold and Buller (33, 51, 52)
showed encouraging activity when combined
with an appropriate photoredox catalyst (Fig.

2A). These tryptophan synthase b-subunit var-
iants are particularly powerful for biocatalysis
(27) because they do not require the presence
of tryptophan synthase a subunit for function

(33, 52). Herein, this 2B9 variant is referred
to as L-PfPLPb. Through a survey of transi-
tion metal and organic photoredox catalysts
(Fig. 2B), it was found that organic photoredox
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Fig. 1. Synergistic photoredox-pyridoxal radical biocatalysis. (A) Synergistic
photoredox and pyridoxal radical biocatalysis. (B) Diastereo- and enantioselective
biocatalytic synthesis of ncAAs with up to three contiguous stereogenic centers. Red,
blue, and yellow spheres are the generic substituents of the molecule; in the present

study, red spheres are aryl or alkyl, blue spheres are H or alkyl, and yellow spheres are
H or Me. (C) Enantiodivergent synthesis of L- and D-amino acids using an orthogonal
set of engineered PLP enzymes. (D) Synergistic photoredox and pyridoxal radical
biocatalysis: dual catalytic cycle. Enzyme illustration is made from 5VM5 [PDB ID in (52)].
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catalysts (42), particularly rhodamine dyes,
facilitated the reaction with the highest ef-
ficiency (Fig. 2A, entry 1). Other photocata-
lysts furnished inferior results (see table S2).
Using 1.0 mol % L-PfPLPb biocatalyst and
10 mol % rhodamine B (RhB) under slightly
acidic conditions (pH 6.0) furnished the C−C
coupling product 3a in 73% yield and 93:7
enantiomeric ratio (e.r.: L-amino acid/D-amino
acid), favoring the L-amino acid (Fig. 2A, en-
try 1). Omitting the enzyme catalyst L-PfPLPb

(entry 6), the photoredox catalyst RhB (entry 8),
or the light source (entry 9) led to little to no
product formation, confirming thedual catalytic
nature of this process (tables S3 to S5). Replac-
ing the enzyme catalyst with 5 mol % free PLP
cofactor afforded no product (entry 7), further
underscoring the synergy between the PLP
cofactor and the protein scaffold in enabling
this reactivity. Finally, the biocatalyst was able
to selectively use a single isomer of racemic DL-
serine [(rac)-2a] to generate enantioenriched
products with the same yield (based on 1a)
and enantiopurity (entry 10; see fig. S3).

Identification of enantiodivergent PLP
enzymes for ncAA synthesis

Canonical two-electron PLP biocatalysis usu-
ally operates under neutral to basic conditions
(pH 7 to 10) (33, 51), and the reaction enantio-
selectivity typically does not vary as a function

of pH. With L-PfPLPb, increasing the pH of the
aqueous buffer from 6.0 to 8.0 resulted in re-
duced enantioselectivities (Fig. 2A, entry 1 and
entries 11 to 13; see table S6). Performing this
reaction at pH 8.0 (entry 13) resulted in the
formation of almost racemic 3a (49:51 e.r.).
The unusual pH sensitivity of the present sys-
tem indicated a potential pH-dependent switch
of the enantiodetermining mechanism.
We tested a small library of PLP enzyme var-

iants (Fig. 2C; see table S1 for additional results)
and found that the single mutant E104G of
L-PfPLPb reversed the enantioselectivity (Fig.
2B, entry 1). We thus refer to L-PfPLPb E104G
as D-PfPLPb. Unlike other unnatural biocat-
alytic processes using heme and flavoenzymes,
in which enantiopreference reversal has be-
come common (7, 14), in PLP biochemistry,
the reversal of a stereochemistry through pro-
tein engineering is notoriously difficult be-
cause the a configuration of amino acids in
traditional PLP enzymology is tightly regu-
lated by the enantiodetermining protonation
with a conserved lysine residue (17, 26). As an
active site residue relatively far from the PLP
cofactor, E104 facilitates the deprotonation
of the indole nucleophile in native tryptophan
synthase biochemistry (Fig. 2B) (51). Our
studies showed that in the native tryptophan
synthase activity, both L-PfPLPb and D-PfPLPb

favored the formation of the same natural

L-tryptophan (98:2 and 96:4 e.r., respectively;
see fig. S5 for details), suggesting a different
enantiodetermining mechanism in the cur-
rent pyridoxal radical biocatalysis. Further-
more, biocatalysis using D-PfPLPb was found
to be largely insensitive to the pH of the me-
dium, with a small increase in enantioselectiv-
ity at higher pH (Fig. 2B, entries 1 to 4; see
table S6). Under optimized conditions (pH 7),
D-PfPLPb furnished the enantiomeric product
D-homophenylalanine D-3a in 79% yield and
6:94 e.r.. Similar to L-PfPLPb, D-PfPLPb was
able to use an excess of DL-serine [(rac)-2a]
directly for the production of D-3a with iden-
tical yield and enantioselectivity through a
kinetic resolutionmechanism(entry 5).Although
L-PfPLPb accepted D-serine as a substrate with
a relatively low activity towardL-3a formation,
D-PfPLPb exhibited almost no activity toward
D-serine (fig. S3).

Substrate scope of synergistic
photobiocatalytic ncAA synthesis

With a set of enantiodivergent protocols in
hand, we next examined the substrate scope
of this dual catalytic process (Fig. 3). Both
the L- and the D-amino acid–forming enzymes
L-PfPLPb (Fig. 3A) and D-PfPLPb (Fig. 3B) pro-
moted the transformations of a diverse array
of trifluoroborate salts. Benzyltrifluoroborate
substrates bearing a para- (3b), a meta- (3c),
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and an ortho- (3d) methyl substituent on the
aromatic ring were compatible, furnishing
homophenylalanine derivatives in excellent
yields. With L-PfPLPb, para- (L-3b) substituted

substrates afforded higher enantioselectivities
than meta- (L-3c) and ortho- (L-3d) substi-
tuted ones.When D-PfPLPbwas applied, para-,
meta-, and ortho-substituted benzylic substrates

furnished uniformly excellent levels of enan-
tiocontrol (D-3a to D-3l). Synthetically use-
ful halogen substituents such as a fluorine
(3f) and a chlorine (3 g), as well as sensitive
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functional groups such as a methyl ester (3h)
and a cyano group (3i), were tolerated under
the current conditions. Additionally, both
electron-deficient (3f, 3g, 3h, and 3i) and
electron-rich (3j) benzyltrifluoroborates under-
went smooth transformations with excellent
enantioselectivities. Bulkier bicyclic substrates
with a benzodioxole (3k) and a naphthyl (3l)
core were also accepted by the enzyme. Fur-
thermore, this dual catalytic process is ame-
nable to the transformation of nonbenzylic
radical precursors, albeit in relatively low yields
(3m to 3o). Heteroatom-stabilized (3m), unsta-
bilized primary (3n), and unstabilized sec-
ondary (3o) alkyltrifluoroborates were all
viable substrates, furnishing the correspond-
ing ncAA products in an enantioselective
fashion. These initial activities constitute a
starting point for further optimization through

protein and photocatalyst engineering. Unex-
pectedly, using D-PfPLPb, the major enantio-
mer of 3m was found to be L-3m.
Without further enzyme engineering, the

current dual catalytic protocol could be readily
extended to the formation of challenging con-
tiguous stereocenters with excellent levels
of diastereo- and enantioselectivity (Fig. 4).
L-PfPLPb readily accepted threonine (2b) (51),
an inexpensive and easily available building
block, in this dual catalytic process, delivering
extended isoleucine analogs (4a to 4e) with
vicinal a and b stereocenters in excellent yields
and stereoselectivities (Fig. 4A). Enantiocon-
vergent transformation of racemic secondary
alkyl radical precursors [(rac)-1p] led to ncAAs
bearing three adjacent stereogenic centers
(5a) with outstanding diastereo- and enan-
tiocontrol (Fig. 4B). During the course of this

stereotriad (5a) formation, recovered substrate
1p showed 50:50 e.r. at varying conversions
of 1p, demonstrating that kinetic resolution
of (rac)-1pwas not involved and confirming
the enantioconvergent nature of this process
(fig. S7). Finally, L-PfPLPb was able to use an
excess of racemic DL-threonine [(rac)-2b] to
produce the enantioenriched products with
almost identical yield and enantiopurity (fig.
S4). L-PfPLPb accepted allo-threonine with low
levels of activity and stereoselectivity (see fig. S4
for further details). D-PfPLPb displayed very
low activities (<1% yield) on threonine.
Previously devised synthetic routes toward

stereochemical dyads similar to 4 required
seven or eight steps starting from com-
mercially available materials (53–55). In addi-
tion, these methods relied on the use of a
chiral auxiliary (53) or proceeded with low
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Fig. 4. Dual catalytic assembly of adjacent stereocenters. (A) Diastereo-
and enantioselective biocatalytic synthesis of ncAAs with two contiguous
stereocenters. (B) Diastereo- and enantioselective biocatalytic synthesis of
ncAAs with three contiguous stereocenters. Reaction conditions: 1 (1 equiv,
6.7 mM), 2 (5 equiv. 33.3 mM), 1 mol % L-PfPLPb (67 mM), 10 mol % RhB
(670 mM), hn (440 nm), and 200 mM KPi buffer at 50°C for 12 hours. Yields
are an average of three runs. Standard deviations of yields are provided.
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(60) (see fig. S2 for details). The variation in e.r. values was ≤1%.
(C) Transformation and determination of relative and absolute stereochemistries
of ncAA products. Reaction conditions: a. NaOH (2 equiv) and 1:1 THF/H2O
at 0°C to room temperature for 3 hours. For x-ray crystal structures, thermal
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diastereocontrol (54, 55). We are not aware
of methods for the stereoselective synthesis
of stereochemical triad5. Thus, our synergistic
catalytic methods represent a synthetically
valuable advance, granting access to ncAAs
bearing multiple adjacent stereocenters in a
single operation. Finally, the relative and ab-
solute stereochemistries of the C−C coupling

products 3a, 4a, and 5a were ascertained by
x-ray single-crystal diffraction analysis of their
respective N-acylated products 6a, 6b, and
6c (Fig. 4C).

Mechanistic and computational studies

To study the open-shell nature of this dual
catalytic process, we performed radical trap-

ping experiments using 2,2,6,6-tetramethyl-
1-piperidinyloxy (TEMPO). Under standard
conditions and in the presence of TEMPO,
radical trapping product formed in 14% yield
(figs. S8 and S9). Furthermore, in the model
reaction (1a + 2a → L-3a), side products de-
rived from the benzyl radical, including dibenzyl
(~1%) and PhCHO (~5%), were observed by
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gas chromatography–mass spectrometry an-
alysis (figs. S6, S10, and S11). Together, these
results are consistent with the formation of the
benzyl radical under these reaction conditions.
Furthermore, ultraviolet-visible spectroscopic
analysis suggested that unlike previously re-
ported unnatural photoenzymatic catalysis
with flavin-dependent ene reductases (10, 12),
charge transfer complexes between the sub-
strate and the enzymatic intermediate are
likely not involved in the present pyridoxal
radical biocatalysis (fig. S12).
To further elucidate the reaction mecha-

nism and the origin of regioselectivity for b
functionalization, we performed density func-
tional theory calculations using a theozyme
model (56) prepared from a prior structure of
an engineered tryptophan synthase bound to
serine [PDB 5VM5; (52)] consisting of cat-
alytically relevant amino acid residues K82,
D300, and other residues within 3.0 Å of the
PLP cofactor (Fig. 5; see the supplementary
materials for computational details). Consistent
with previous computational studies on rela-
ted PLP-dependent enzymes (57, 58), the con-
version between the internal aldimine and
external aldimine 7 requires a low activation
barrier (fig. S16). From the external aldimine
7, a deprotonation by a lysine residue K82
(TS-1) takes place, forming a quinonoid inter-
mediate 8. The b-hydroxy elimination of the
quinonoid 8 is facilitated by the acidic aspar-
tate residue D300 (59), leading to the key
aminoacrylate species 10with an activation
barrier of 17.0 kcal/mol relative to 8. The ad-
dition of the benzyl radical 9 generated from
the photoredox catalytic cycle to the b carbon
of aminoacrylate 10 through TS-3 features a
low activation barrier, giving rise to the azaallyl
radical intermediate 11. Mulliken spin density
calculations showed that in this azaallyl rad-
ical intermediate, the unpaired electron is
largely located at the Ca atomof the amino acid
(see fig. S17 for details). This azaallyl radical
11 then undergoes ET/PT, generating the
external aldimine 13. ET between azaallyl
radical 11 and the reduced photocatalyst
[RhB]•−, presumably through a long-range
ET, is found to be kinetically and thermo-
dynamically feasible based on Marcus theory
calculations (figs. S21 to S23). The succeed-
ing PT step (TS-4) has a relatively low barrier
of 16.0 kcal/mol.
Transition state calculations revealed the

critical role of the protein scaffold in con-
trolling the regioselectivity during the ben-
zyl radical (9) addition to aminoacrylate 10
(Fig. 5, B and C). In the absence of any ac-
tive site residues, the radical addition to a
free PLP cofactor–based model system is bare-
ly selective: Although the addition to the C3
atom of the pyridine ring (through TS3′) is
kinetically disfavored because of the disrup-
tion of aromaticity, the radical additions to

the b position (C1, through TS3) and the pyr-
idoxal aldehyde carbon (C2, through TS3′) of
the aminoacrylate intermediate (10) have near-
ly identical activation barriers (Fig. 5B, DDH‡ =
−0.2 kcal/mol; see fig. S18 for details). We
ascribe the lack of site selectivity with the free
PLP model to a combination of electronic ef-
fects favoring the more electron-deficient C2
with a larger LUMO (lowest unoccupied mo-
lecular orbital) coefficient and steric effects
favoring the more exposed b position (C1).
With the theozyme model, radical addition
to the b position (C1) has a lower barrier than
radical addition to C2 (DDH‡ = 3.2 kcal/mol).
This result indicates that the enzyme envi-
ronment plays an essential role in imposing
site selectivity over the radical addition step.
Within the enzyme active site, the radical ad-
dition to the pyridoxal carbon C2 is disfa-
vored because of the presence of glycine 298
and lysine 98, which block both faces of C2
from the benzyl radical attack (Fig. 5C). Our
density functional theory calculations thus
underscore the importance of the enzyme
scaffold in ensuring site selectivities during
pyridoxal radical catalysis.
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Editor’s summary
Many enzymes have the ability to perform chemistry beyond the scope of their natural reactions when put together
with reactive substrates. Adding light to the mix might be a strategy for broadening reactivity even further by generating
radical species. Cheng et al. found that an engineered tryptophan synthase could function together with an organic
photocatalyst to produce a range of noncanonical amino acid products, including those with a beta-methyl group,
enantio- and diastereoselectively. The authors propose a mechanism in which a radical generated by the photocatalyst
intercepts an aminoacrylate intermediate in a reaction cycle that partially parallels the natural reaction. —Michael A.
Funk
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