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ABSTRACT: Visible light-driven pyridoxal radical biocatalysis has emerged as a new strategy for the stereoselective synthesis of valuable non-
canonical amino acids in a protecting-group-free fashion. In our previously developed dehydroxylative C−C coupling using engineered PLP-
dependent tryptophan synthases, an enzyme-controlled unusual a-stereochemistry reversal and pH-controlled enantiopreference were ob-
served. Herein, through high-throughput photobiocatalysis, we evolved a set of stereochemically complementary PLP radical enzymes, allowing 
the synthesis of both L- and D-amino acids with enhanced enantiocontrol across a broad pH window. These newly engineered L- and D-amino 
acid synthases permitted the use of a broad range of organoboron substrates, including boronates, trifluoroborates and boronic acids, with 
excellent efficiency. Mechanistic studies unveiled unexpected PLP racemase activity with our earlier PLP enzyme variants. This promiscuous 
racemase activity was abolished in our evolved amino acid synthases, shedding light on the origin of enhanced enantiocontrol. Further mecha-
nistic investigations suggest a switch of proton donor to account for the stereoinvertive formation of D-amino acids, highlighting an unusual 
stereoinversion mechanism which is rare in conventional two-electron PLP enzymology. 

Introduction 

Biocatalytic transformations are becoming increasingly integral to 
synthetic chemistry, providing an efficient and selective alternative 
to traditional chemical synthesis while offering a complementary ret-
rosynthetic logic.1-4 The past decade has witnessed the development 
of a variety of synthetically valuable biocatalytic processes which 
were not known in native enzymology.5-12 Among these, photobio-
catalysis illuminates a new paradigm for exerting stereocontrol in 
free radical-mediated transformations, a challenging task that con-
tinues to elude small-molecular catalysts.13-15 By capitalizing on the 
innate redox properties of natural cofactors including NAD(P)H10, 
16-18 and flavin10, 19-42, through cofactor-based excited-state electron 
transfer, natural ketoreductases (KREDs),16, 17 imine reductases 
(IREDs),18 ene reductases (EREDs), 20-40 fatty acid photodecarbox-
ylases (FAPs)41 and cyclohexanone monooxygenases (CHMOs)42 
were successfully repurposed to catalyze unnatural stereoselective 
radical reactions. Very recently, by leveraging the synergy between 
photoredox catalysts and biocatalysts, our group and other research-
ers repurposed enzymes lacking a photoredox cofactor,43-54 including 
pyridoxal 5’-phosphate (PLP)48-51 and thiamine pyrophosphate 
(TPP)53, 54-dependent enzymes, to achieve stereoselective intermo-
lecular asymmetric radical reactions with radicals generated outside 
the enzyme’s active site.  

Since 2023, using dual photobiocatalysis, our group has been ad-
vancing pyridoxal radical biocatalysis as a new platform for the ste-
reoselective synthesis of non-canonical amino acids (ncAAs), which 
are essential building blocks of peptide therapeutics,55-57  here bioac-
tive natural products 58 and functional unnatural proteins.59-64 By re-
purposing biotechnologically useful two-electron PLP enzymes65-67 
to catalyze single-electron transformations, pyridoxal radical 

biocatalysis allows the assembly of ncAAs via radical-mediated C−C 
coupling with excellent stereoselectivity.48 Traditional chemical syn-
thesis of ncAAs typically requires multistep protecting group manip-
ulations for the amino and carboxylate moieties to ensure selective 
and efficient transformations.68 In contrast, pyridoxal radical bio-
catalysis affords a protecting-group-free and convergent strategy for 
the preparation of ncAAs using abundant and inexpensive natural 
amino acid substrates and easily available radical precursors such as 
organoboron reagents. To date, we have reported the repurposing of 
two distinct classes of PLP enzymes, including tryptophan syn-
thases48 (type II PLP enzyme)69-75 and threonine aldolases49, 50 (type 
I PLP enzyme),76, 77 to catalyze radical C−C coupling at the a and the 
b positions of amino acid substrates, respectively. 

In 2023, we reported the stereoselective b-dehydroxylative C−C 
coupling of serine and threonine using engineered tryptophan syn-
thase b-subunit variants to prepare ncAAs with up to three contigu-
ous stereocenters under photobiocatalytic conditions48. An abbrevi-
ated mechanistic proposal is depicted in Scheme 1. Starting from the 
internal aldimine form I of tryptophan synthases b-subunit,72, 73 tran-
simination with the serine substrate (2) affords an external aldimine 
II. Lysine residue-mediated a-deprotonation of II furnishes a qui-
nonoid intermediate III, which subsequently expels the b-hydroxy 
group to afford the key reactive, yet persistent, aminoacrylate IV sta-
bilized by the protein scaffold. At this stage, externally formed tran-
sient carbon-centered radical V derived from the organoboron sub-
strate 1 through single-electron oxidation mediated by the photore-
dox catalyst (rhodamine B, RhB) enters the enzyme active site, add-
ing to the b position of aminoacylate IV in a stereocontrolled fashion. 
This leads to an azaallyl radical VI, which is subsequently converted 
to a new external aldimine VII upon single electron reduction and 
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enantioselective proton transfer. This external aldimine then re-
leases the ncAA product 3 and regenerate the internal aldimine I 
upon transimination with the enzyme’s conserved lysine residue, 
thereby completing the catalytic cycle.  

Scheme 1. PLP-Dependent Tryptophan Synthase-Catalyzed En-
antiodivergent Dehydroxylative Radical C−C Coupling 

 

a
 PfPLPb active-site structure was made using PDB # 5VMV. RhB = 

rhodamine B. 

Despite the potential synthetic value of this dual photobiocata-
lytic system, many questions remain to be addressed. First, despite 
the tremendous success of directed evolution to optimize non-native 
enzyme functions,5 there are relatively few examples on directed evo-
lution of photobiocatalytic functions, particularly those requiring 
the use of both an enzyme and a small-molecule photoredox catalyst, 
via high-throughput experimentation (HTE).46, 49, 54 In addition, in 
radical pyridoxal biocatalysis, through the use of a single mutant of 
the L-amino acid-producing variant L-PfPLPb, namely L-PfPLPb 

E104G (D-PfPLPb), the unusual inversion of a-stereochemistry of 
amino acid products was achieved, giving rise to valuable D-amino 
acids from L-serine in a highly enantioenriched fashion. To date, this 
stereoinvertive b-pyridoxal radical biocatalysis continues to repre-
sent the only means to prepare D-amino acids from natural L- amino 
acid building blocks via a C−C bond formation process. 78,79 This ste-
reochemical reversal is unusual, as in conventional PLP enzymology, 
the Ca configuration is strictly controlled by a conserved lysine-me-
diated protonation mechanism. Thus, mechanisms leading to this a-
stereochemistry reversal during the protonation step in radical cou-
pling reactions remains a key question to be elucidated. Furthermore, 
the stereoselectivity in our previously reported b-dehydroxylative 
coupling displayed an unusually strong pH dependence, which is 

rarely observed in traditional closed-shell PLP enzymology. We 
were intrigued as to whether we could gain further mechanistic un-
derstandings on the unusual Ca stereochemistry reversal. In addi-
tion, we questioned whether we could evolve next-generation PLP 
radical enzymes using our previously reported L-PfPLPb and D-
PfPLPb to allow for further enhanced enantiocontrol across a 
broader pH window. Furthermore, the engineering of PLP radical 
enzymes with enhanced enantiocontrol may provide additional 
mechanistic insights into the unusual enantiodivergent protonation 
mechanism. In this article, we present directed evolution of b-radical 
PLP enzymes under photobiocatalytic conditions to furnish signifi-
cantly enhanced stereocontrol and activity. Our studies shed light on 
the origin of enantioselectivity reversal, suggesting an unusual pro-
ton donor switch mechanism, which is rarely observed in conven-
tional two-electron PLP enzymology.  

Results and discussion 

We recently reported a photobiocatalytic b-dehydroxylative C−C 
coupling of serine and benzyltrifluoroborate salts using engineered 
tryptophan synthase b-subunit variants.48 Our further studies re-
vealed an unusually strong pH dependence of reaction enantioselec-
tivity using both the L-amino acid synthase L-PfPLPb and the D-
amino acid synthase D-PfPLPb (L-PfPLPb E104G).  

Table 1. Unusual pH Effect on Photobiocatalytic Dehydroxyla-
tive C−C Coupling a 

 
 

entry  enzyme 
variant pH yield (%) e.r. (L-3:D-3) 

1 

L-PfPLPb 
 

6.0 73 93:7 

2 7.0 76 75:25 

3 8.0 71 49:51 

4 9.0 66 38:62 

5 
D-PfPLPb 

(L-PfPLPb 
 E104G) 

6.0 74 11:89 

6 7.0 79 6:94 

7 8.0 73 5:95 

8 9.0 65 4:96 
aReaction	conditions:	1 (4.0 mM), 2a (12.0 mM), 1.0 mol% PfPLPb, 5 mol% 
RhB, hν (440 nm, 1 W), 200 mM KPi buffer (pH varied) with DMSO (6% v/v) 
as co-solvent, 50 °C, 10 h. 

 As can be seen from Table 1, our previously reported PLP radical 
enzyme L-PfPLPb furnished excellent enantioselectivity under acidic 
conditions. At pH 6.0, the homophenylalanine product L-3a formed 
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in 73% yield and 93:7 e.r. in favor of the L-enantiomer (Table 1, en-
try 1). As the pH of the reaction medium increased, markedly lower 
enantioselectivity was observed. For example, at pH 7.0, the e.r. of 
3a decreased to 75:25 (entry 2). At pH 8, 3a formed in an almost 
racemic manner (entry 3, 71% yield and 49:51 e.r.). As the pH fur-
ther increased, L-PfPLPb started to show a small preference for D-3 
(entry 4, 66% yield and 38:62 e.r.). With D-PfPLPb, optimal enanti-
oselectivity was observed under basic conditions and the change of 
enantiomeric ratio as a function of pH was not as drastic as that with 
L-PfPLPb. Specifically, at pH 6.0, homophenylalanine D-3 formed in 
74% yield and 11:89 e.r. (entry 5). As the pH increased from 6.0 to 
7.0, 8.0 and 9.0, the e.r. of D-3a improved to 6:94, 5:95 and 4:96, re-
spectively (entries 6–8).   

Based on these results, as the pH increases, both the L-amino acid 
synthase L-PfPLPb and the D-amino acid synthase D-PfPLPb showed 
a stronger preference for the D-enantiomeric product D-3a, as evi-
denced by a higher D-3a/L-3a ratio. L-PfPLPb exhibited a higher de-
gree of pH sensitivity than D-PfPLPb. The significant pH depend-
ence of L-PfPLPb’s enantioselectivity on pH presented a mechanistic 
conundrum, and the modest degree of enantiocontrol with this pre-
viously reported PLP radical enzyme prompted us to further im-
prove its enantioselectivity through directed evolution. Currently, 
the directed evolution of photobiocatalytic functions involving dual 
catalytic cycles has remained underdeveloped. Based on previous 
studies,41, 49, 50, 54, we further optimized a high-throughput experi-
mental workflow. We developed a mild and high-throughput cell ly-
sis protocol using a 24-tip horn sonicator which is compatible with a 
broad range of enzymes (see the SI for details). The ability to cir-
cumvent the use of lysozyme and other additives that tended to form 
insoluble precipitates under photobiocatalytic conditions enhanced 
light absorption and led to improved yields and reproducibility. We 
further used commercially available 96-position photoreactor with 
adjustable light intensity for biocatalytic reactions in a 96-well for-
mat. The employment of this optimized experimental setup proved 
to be critical to the success of directed evolution for photobiocata-
lytic dehydroxylative coupling. The screening of L-PfPLPb variants 
was successfully carried out using cell-free lysates in 96-position 
photoreactors.  
Table 2. Directed Evolution of Second-Generation L-Amino Acid 
Synthase L-PfPLPb 2.0 a 

 

entry  enzyme variant pH yield 
(%) 

e.r. (L-
3:D-3) 

1 L-PfPLPb 7.0 57 75:25 

2b L-PfPLPb  7.0 56 75:25 

3 L-PfPLPb (0.1 mol%) 7.0 16 75:25 

4 L-PfPLPb Y301H 7.0 76 74:26 

5 L-PfPLPb Y301H (0.1 mol%) 7.0 52 74:26 

6 L-PfPLPb Y301H L161M 7.0 73 89:11 

7 L-PfPLPb Y301H L161M 
I165L 

7.0 65 92:8 

8 
L-PfPLPb Y301H L161M 

I165L K162F (L-PfPLPb 2.0) 
7.0 70 96:4 

aReaction conditions: 1a (4.0 mM), 2a (12.0 mM), 0.5 mol% L-PfPLPb, 5 mol% 
RhB, hn (440 nm, 1 W), 200 mM KPi buffer (pH = 7.0), with DMSO (6% v/v) 
as the co-solvent, 50 °C, 10 h; bBenzyltrifluoroborate salt 1a’ was used as the sub-
strate in lieu of 1a. 

In this study, it was found that benzyl pinacol boronic ester 1a and 
benzyltrifluoroborate salt 1a’ exhibited nearly identical yield and en-
antioselectivity under our photobiocatalytic conditions (Table 2, 
entries 1 and 2, see Table 7 (vide infra) for further discussions). 
Given that benzyltrifluoroborate salts are usually synthesized from 
their corresponding pinacol boronates,80 pinacol boronic ester 1a 
and serine 2a were selected as the model substrates for further opti-
mization. At neutral pH (7.0), we initiated a directed evolution cam-
paign using site-saturation mutagenesis and screening by targeting 
active-site residues of tryptophan synthase b subunits.66, 72, 73 This ac-
tive-site engineering via saturation mutagenesis we undertook 
herein represented a less explored strategy for the directed evolution 
of tryptophan synthases. 

We first used AutoDock to build a structural model for the homo-
phenylalanine-based external aldimine (VII in Scheme 1). Selected 
active-site residues within 4.0 Å of this PLP covalent intermediate 
were targeted for SSM. Given the deeply buried active-site of L-
PfPLPb and the potential importance of substrate tunnel in control-
ling enzyme activity, we further used Caver81 to assist in the identifi-
cation of residues on the substrate tunnel (Table 2). In each round 
of screening, four active-site residues were randomized by SSM us-
ing the 22-codon trick method.82 88 clones were chosen per library 
for screening. In the first round of directed evolution, Y301H was 
identified as a key beneficial mutation, providing improved yield at 
reduced enzyme loadings. For example, at a 0.1 mol% biocatalyst 
loading, with L-PfPLPb Y301H, the yield of 3a improved from 16% 
to 52% with almost identical enantioselectivity (entries 3 and 5). 
Starting from L-PfPLPb Y301H, an additional three rounds of SSM 
and screening were carried out, with a focus on residues 161–165 in 
the α-helix that defines the substrate tunnel of the enzyme. Muta-
tions L161M, I165L, and K162F were found to further enhance the 
enantioselectivity of the enzyme at neutral pH. Specifically, at pH 7.0, 
the double mutant L-PfPLPb Y301H L161M and triple mutant L-
PfPLPb Y301H L161M I165L provided 3a in 89:11 e.r. and 92:8 e.r., 
respectively (entries 6 and 7). The final variant, L-PfPLPb Y301H 
L161M I165L K162F, which we named as L-PfPLPb 2.0 (second-gen-
eration b-radical PLP enzyme), afforded 3a in 96:4 e.r. (entry 8).  

Table 3. Second-Generation Enzyme L-PfPLPb 2.0 Displayed En-
hanced Enantiocontrol Across a Broader pH Window a 
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entry substrate  enzyme 

variant pH yield 
(%) 

e.r. (L-
3:D-3) 

1 1a L-PfPLPb 2.0 6.5 54 97:3 

2 1a L-PfPLPb 2.0 7.0 70 96:4 

3 1a L-PfPLPb 2.0 7.5 62 92:8 

4 1a L-PfPLPb 2.0 8.0 60 84:16 

5 1b L-PfPLPb 2.0 7.0 81 99:1 

6 1b L-PfPLPb 7.0 78 35:65 

7 1b L-PfPLPb 2.0 

(0.1 mol%) 
7.0 53 99:1 

8 1b 
L-PfPLPb  

(0.1 mol%) 
7.0 42 35:65 

aReaction conditions: 1a (4.0 mM), 2a (12.0 mM), 0.5 mol% L-PfPLPb, 5 mol% 
RhB, hn (440 nm, 1 W), 200 mM KPi buffer (pH), with DMSO (6% v/v) as the 
co-solvent, 50 °C, 10 h. 

Moreover, L-PfPLPb 2.0 provided consistently improved enanti-
oselectivity across the pH window relative to the first-generation en-
zyme (Table 3). For example, at pH 8, this second-generation radi-
cal PLP enzyme L-PfPLPb 2.0 still catalyzed the formation of 3a in 
84:16 e.r. (Table 3, entry 4).  In contrast, at this pH, our previously 
reported first-generation enzyme L-PfPLPb  led to 3a in 49:51 e.r. 
(Table 1, entry 3). Furthermore, L-PfPLPb 2.0 also exhibited im-
proved performance when para-methyl-substituted benzylboronic 
acid pinacol ester (1b) was employed as the substrate, providing the 
radical C–C coupling product 3b in 81% yield and 99:1 e.r. at pH 7.0 
(Table 3, entry 5). By contrast, under these conditions, the use of 
first-generation enzyme L-PfPLPb led to 35:65 e.r. favoring D-3b 
(entry 6). With a further decreased biocatalyst loading of 0.1 mol%, 
L-3b formed in 53% yield and 99:1 e.r. (entry 7), indicating im-
proved catalytic efficiency of the second-generation enzyme relative 
to the first-generation enzyme (entry 8). Additionally, meta- and or-
tho-substituted substrates 1c and 1d displayed different require-
ment for the biocatalyst. L-PfPLPb L161A K162V (L-PfPLPb 2.0b) was 
engineered to provide enhanced enantiocontrol (see SI table S7 for 
details).  

Table 4. Development of Second-Generation D-Amino Acid Syn-
thase D-PfPLPb 2.0 a 

 

entry  enzyme variant pH yield (%) e.r. (L-3:D-
3) 

1 D-PfPLPb  7.5 67 6:94 

2 
D-PfPLPb G104P  

(D-PfPLPb 2.0) 
7.5 77 3:97 

3 D-PfPLPb (0.1 mol%) 7.5 17 6:94 

4 D-PfPLPb 2.0 (0.1 
mol%) 

7.5 33 3:97 

5 D-PfPLPb 2.0 6.5 70 5:95 

6 D-PfPLPb 2.0 7.0 75 4:96 

7 D-PfPLPb 2.0 8.0 74 3:97 

aReaction conditions: 1a (4.0 mM), 2a (12.0 mM), 0.5 mol% D-PfPLPb, 5 mol% 
RhB, hν (440 nm, 0.11 W), 200 mM KPi buffer (pH = 7.5), DMSO (6% v/v), 50 
°C, 10 h. 

Similarly, the activity and enantioselectivity of the D-amino acid 
synthase D-PfPLPb could also be improved by protein engineering 
(Table 4). Assisted by our active-site and tunnel models, site-satura-
tion mutagenesis and screening led to D-PfPLPb G104P as a further 
improved variant with both higher activity and enantioselectivity. At 
pH 7.5 and 0.5 mol% loading of PfPLPb G104P, D-3a formed in 77% 
yield and 3:97 e.r. (Table 4, entry 2). Under these conditions, D-
PfPLPb provided D-3a in 67% yield and 6:94 e.r. (entry 1). At a fur-
ther reduced enzyme loading of 0.1 mol%, D-PfPLPb G104P still af-
forded D-3a in 33% yield and 3: 97 e.r. (entry 4). By contrast, the 
first-generation enzyme D-PfPLPb  only delivered in 17% yield and 
6:94 e.r. under identical conditions (entry 3). We named D-PfPLPb 
G104P as D-PfPLPb 2.0. Across a pH window ranging from 6.5 to 8.0, 
D-PfPLPb 2.0 exhibited minimal variation in enantioselectivity (5:95 
e.r. at pH 6.5, 4:96 e.r. at pH 7.0, and 3:97 e.r. at pH 8.0, entries 4–
7). At these pHs, the enantioselectivity of D-PfPLPb 2.0 was found to 
be consistently better than the first-generation enzyme D-PfPLPb. 

Notably, in this enzyme engineering study, in addition to E104G 
and E104P, several other single mutations were discovered to re-
verse the enantiopreference of L-PfPLPb. Residue 165 which is spa-
tially close to residue 104 was found to exert a critical role in the en-
zymatic enantiocontrol. Replacing the large hydrophobic isoleucine 
(I) at 165 with a smaller alanine or glycine, the enzyme variants 
showed inverted enantiopreference. L-PfPLPb I165A exhibited an 
e.r. of 9:91 in favor of D-3a (Table 5, entry 3), while L-PfPLPb I165G 
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showed an e.r. of 7:93 for D-3a (entry 4). Replacing I165 with a hy-
drophilic side chain serine (I165S) also resulted in enantioselectivity 
switch to favor D-3a (8:92 e.r., entry 5). The discovery of additional 
single mutations leading to enantiopreference reversal bears broad 
implications in the enzymatic protonation mechanism. Further 
combination of the E104P mutation of D-PfPLPb 2.0 and these I165X 
mutations did not afford further enhanced enantiocontrol. There-
fore, D-PfPLPb 2.0 was used for further substrate scope examination 
and mechanistic studies. 

Table 5. Discovery of New Stereoinvertive D-Amino Acid Syn-
thase Variantsa 

 
entry  enzyme variant yield (%) e.r. (L-3:D-3) 

1 
D-PfPLPb 

(L-PfPLPb E104G) 
67 6:94 

2 
D-PfPLPb 2.0 

(L-PfPLPb E104P) 
77 3:97 

3 L-PfPLPb I165A 54 9:91 

4 L-PfPLPb I165G 47 7:93 

5 L-PfPLPb I165S 36 8:92 

aReaction conditions: 1a (4.0 mM), 2a (12.0 mM), 0.5 mol% PfPLPb variant, 5 
mol% RhB, hν (440 nm, 0.11 W), 200 mM KPi buffer (pH = 7.5), DMSO (6% 
v/v), 50 °C, 10 h. 

With a set of second-generation enantiodivergent PLP radical en-
zymes in hand, we set out to explore the substrate scope of this pho-
tobiocatalytic asymmetric dehydroxylative C–C coupling (Table 6). 
Both second-generation enzyme variants L-PfPLPb 2.0 and D-PfPLPb 

2.0 were found to effectively facilitate the biotransformation of a wide 
range of organoboronate substrates. For substrates possessing a 
para-substituent (3b and 3e-3j) or an ortho- (3d and 3o) substitu-
ents on the aromatic ring, first-generation enzyme L-PfPLPb 

produced the undesired D-amino acid with low enantioselectivity. In 
contrast, with L-PfPLPb 2.0 and L-PfPLPb 2.0b, substituted organoboro-
nate substrates were converted into L-amino acids with good yields 
(up to 89%) and excellent enantioselectivity (up to >99:1 e.r.). Sub-
strates with an electron-donating para-substituent such as methyl 
(3b), methoxy (3e), and methylthio (3f) were converted with excel-
lent yield and enantiocontrol. Halogen substituents including a flu-
orine (3g), a chlorine (3h), and a bromine (3i) were well-tolerated. 
Benzylboronates bearing a large para-phenyl group (3j) were also 
accepted, further showcasing the promiscuity of this enzyme. Using 
L-PfPLPb 2.0b, meta- (3c and 3k–3n) and ortho-substituted (3d and 
3o–3p) organoboronate substrates could be successfully also con-
verted into the corresponding ncAAs with good yields (up to 84%) 
and enantioselectivities (up to 95:5 e.r.). Substrates bearing an elec-
tron-withdrawing group, such as a cyano (3m) and a trifluoromethyl 
(3n), were found to be compatible. Importantly, using commercially 
available blue LED lamps, this photobiocatalytic amino acid synthe-
sis could be scaled up conveniently. At a 0.8-mmol scale, over 100 
mg of L-3b could be prepared in one batch with excellent enantiose-
lectivity (60% yield, 110 mg, 99:1 e.r.), illustrating the potential ap-
plication of this enzyme technology in a medicinal chemistry setting. 

When D-PfPLPb 2.0 was applied, substrates with a para-, a meta-, or 
an ortho-substituent were transformed with good yield and enanti-
oselectivity (D-3a–D-3p). A broad range of C–C coupling products 
formed with consistently good enantioselectivity (up to 1:99 e.r.). 
For D-3o, a slight decrease in enantioselectivity (31% yield, 11:89 
e.r.) was observed presumably due to the presence of a larger chlo-
rine substituent. 

In the present study, we developed photobiocatalytic protocols 
for the transformation of benzylboronic acid pinacol esters. Com-
pared to our previous report based on the use of benzyltrifluorobo-
rate salts, the ability to transform easily accessible pinacol boronic 
esters further enhanced the applicability of the process. To system-
atically assess the utility of a wider range of organoboron reagents, 
we examined benzylboronic acid pinacol ester (1a), benzyltri-
fluoroborate (1a’), 80 benzylboronic acid (1a’’) and benzyl N-me-
thyliminodiacetyl (MIDA)83, 84 boronate (1a’’’) with our second-
generation biocatalyst L-PfPLPb 2.0. It was found that 1a, 1a’ and 1a’’ 
exhibited almost identical activity under the standard conditions 
with our evolved enzyme L-PfPLPb 2.0 (Table 7). By contrast, the use 
of MIDA boronate 1a’’’ did not lead to the formation of 3a.  
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Table 6. Enantiodivergent Photobiocatalytic C–C Coupling of Organoboronic Acid Pinacol Esters Using Second-Generation PLP En-
zymes: Substrate Scope a 

 
aReaction conditions for L-amino acid synthesis: 1 (4.0 mM), 2a (12.0 mM), 0.5 mol% L-PfPLPb 2.0, 5 mol% RhB, hν (440 nm, 1 W), 200 mM KPi buffer (pH = 7.0), 
DMSO (6% v/v), 50 °C, 10 h. Reaction conditions for D-amino acid synthesis: 1 (4.0 mM), 2a (12.0 mM), 0.5 mol% D-PfPLPb 2.0, 5 mol% RhB, hν (440 nm, 0.11 W), 
200 mM KPi buffer (pH = 7.5), DMSO (6% v/v), 50 °C, 10 h. b Isolated yield on a 0.10 mmol scale. c Isolated yield on a 110 mg scale. d1.0 mol% L-PfPLPb 2.0b

 was used as 
in lieu of L-PfPLPb 2.0. 

Table 7. Use of Other Organoboron Species for Photobiocata-
lytic Coupling a  

 

entry 1 yield (%) e.r. 

1 1a 70 96:4 

2 1a’ 69 96:4 

3 1a’’ 63 96:4 

4 1a’’’ 0 - 
aReaction	conditions:	1 (4.0 mM), 2a (12.0 mM), 0.5 mol% L-PfPLPb 2.0, 5 
mol% RhB, hν (440 nm, 1 W), 200 mM KPi buffer (pH = 7.0) with DMSO (6% 
v/v) as the co-solvent, 50 °C, 10 h. 

To further understand the resting state of these organoboron rea-
gents in the aqueous KPi buffer, 11B and 1H NMR spectroscopic anal-
ysis was carried out (Scheme 2). In 11B NMR, benzyltrifluoroborate 

1a’ showed a characteristic signal at 3.8 ppm while benzylboronic 
acid 1a’’ and benzylboronic acid pinacol ester 1a displayed similar 
chemical shifts at ca. 32 ppm.  Benzylboronic acid 1a’’ and benzyl-
boronic acid pinacol ester 1a could be conveniently resolved in 1H 
NMR using their benzylic proton signals (2.16 and 2.07 ppm in 
DMSO-d6, respectively). 11B NMR spectroscopy revealed that in 
KPi buffer, benzyltrifluoroborate 1a’ rapidly and completely hydro-
lyzed to benzylboronic acid 1a’’. This finding is in line with previous 
study on the stability of these reagents in Suzuki coupling reac-
tions.85 In contrast, 1H NMR spectroscopic analysis showed that in 
KPi buffer (pH 7.0) at 50 °C, benzylboronic acid pinacol ester 1a 
established an equilibrium with benzylboronic acid 1a’’ in ca. 30 min. 
When this equilibrium was fully established, the 1a:1a’’ ratio was ca. 
53:47. These results showed that the free benzylboronic acid 1a’’ is 
likely a common radical precursor under photobiocatalytic condi-
tions when benzyltrifluoroborate 1a’ and benzylboronic acid pinacol 
ester 1a are used. Under these conditions, 11B signal corresponding 
to the ate complex [R-B(OH)3

−] was not observed, both at room 
temperature and after heat treatment at 50 °C or with increased con-
centrations. Although this ate complex was not observed, based on 
previous studies, 86, 87 we hypothesized that the formation of a transi-
ent hydroxy ate complex [R-B(OH)3

−] or aqua complex [R-
B(OH)2(H2O)] of the benzylboronic acid substantially lowered its 
single-electron oxidation potential, thus facilitating radical genera-
tion. In previously developed synthetic transformations using 
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organic solvents, the use of Lewis base additives such as DMAP was 
found to be critical in facilitating the single-electron oxidation of or-
ganoboron reagents under photoredox conditions.88, 89 The acceler-
ated radical formation from organoboron reagents in aqueous buffer 
without introducing Lewis base additives represented a key feature 
in our photobiocatalytic radical transformations involving organo-
boron substrates. 
Scheme 2. 11B and 1H NMR Spectroscopic Analysis Showed 
Rapid In Situ Hydrolysis of Trifluoroborates and Pinacol Boronic 
Esters in KPi Buffer 

	

With these improved second-generation PLP biocatalysts, we fur-
ther investigated the origin of enantioselectivity reversal in D-
PfPLPb-catalyzed b-dehydroxylative radical C–C coupling. First, we 
carried out studies to probe whether this enantioselectivity reversal 
also occurs in the native closed-shell tryptophan synthesis activity 
(see SI Table S17 for details). It was found that in the native trypto-
phan synthase activity, all the enzymes resulting from the present 

study, including L-PfPLPb, L-PfPLPb 2.0, D-PfPLPb and D-PfPLPb 2.0 
favored the formation of natural L-tryptophan (L-5). With D-PfPLPb 

2.0, trace amount of D-tryptophan (D-5) was observed (97:3 e.r.). 
The high enantiopreference for L-tryptophan of all the engineered 
PLP enzymes is consistent with the canonical understanding that the 
α-stereochemistry of amino acid products in this closed-shell pro-
cess is dictated by reprotonation via a conserved lysine residue. Thus, 
the unusual absolute stereochemical reversal is unique to the photo-
biocatalytic radical coupling, indicating a new mechanism in the en-
antioselective protonation step. 

Furthermore, we discovered an unexpected racemization of 
homophenylalanine product L-3a catalyzed by engineered PLP en-
zymes. As shown in Table 8, in the presence of our first-generation 
enzyme L-PfPLPb,  at 50 °C and pH 8.0, optically pure L-3a (>99:1 
e.r.) underwent complete racemization after 24 h (entry 1). Control 
experiments showed that this racemization is enabled by the enzyme 
L-PfPLPb, as no racemization was observed in the absence of the en-
zyme (entry 2) or in the presence of free PLP cofactor (entry 3). 
This racemization is promoted by basic conditions, as carrying out 
this conversion at pH 7.0 resulted in incomplete racemization after 
24 h (entry 4).  D-homophenylalanine (D-3a) also underwent race-
mization in the presence of first-generation enzyme L-PfPLPb de-
spite a slower racemization rate (40:60 e.r.) after 24 h in the presence 
of L-PfPLPb, entry 6). These results showed that our first-generation 
radical PLP enzyme L-PfPLPb can bind either L- or D-homophenyl-
alanine and induce racemization in a way reminiscent of PLP-
dependent amino acid.90-93 We postulated that this racemase activity 
is due to the presence of an alternative proton donor from the oppo-
site face of the PLP covalent intermediate. 

Table 8. Unexpected Promiscuous Racemase Activity of L-Amino 
Acid Synthase L-PfPLPb a 

 

entry variation from the standard e.r. (L-:D-) 

1 none 50:50 

2 No enzyme >99:1 

3 No enzyme, 10 mol% PLP >99:1 

4 pH = 7.0 80:20 

5 pH = 9.0 50:50 

6 D-3a (<1:99 e.r.) instead of L-3a 40:60 

7 L-PfPLPb Y301H 92:8 

8 L-PfPLPb Y301H L161M 95:5 

9 L-PfPLPb Y301H L161M I165L 98:2 

10 
L-PfPLPb Y301H L161M I165L K162F 

(L-PfPLPb 2.0) 
98:2 

(99:1)b 

aReaction	conditions:	L-3a (4.0 mM) 1.0 mol% L-PfPLPb, 200 mM KPi buffer 
(pH = 8.0) with DMSO (10% v/v) as the co-solvent, 50 °C, 24 h.	bReaction	was	
carried	out	at	pH	7.0	instead	of	pH	8.0.	

We further investigated whether this enzymatic racemization is 
still operative with our L-PfPLPb 2.0 evolutionary lineage (Table 8, 
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entries 7-10).  Importantly, these studies showed that evolved L-
PfPLPb  variants nearly abolished this unexpected promiscuous race-
mase activity. As can be seen from entry 7, the Y301H mutation 
played the most important role in suppressing this racemization ac-
tivity, and homophenylalanine 3a was recovered in 92:8 e.r. after 
treatment with L-PfPLPb Y301H at 50 °C and pH 8.0 for 24 h. The 
inclusion of additional beneficial mutations including L161M and 
I165L further reduced this racemization activity (entries 8 and 9). 
With the final variant L-PfPLPb Y301H L161M I165L K162F (L-
PfPLPb 2.0), only 2% L-homophenylalanine (L-3a) underwent race-
mization after 24 h (entry 10). At pH 7, almost no racemization of L-
3a was observed with L-PfPLPb 2.0 (entry 10). Collectively, these re-
sults showed that evolved second-generation enzyme L-PfPLPb 2.0 al-
lowed for enhanced enantiocontrol, in part due to the abolishment 
of this promiscuous racemase activity.  

We propose that the enantiodivergent protonation in our engi-
neered radical PLP enzymes may stem from the switch of proton do-
nors (Scheme 3). We posit that the racemization process of L-3a in-
volves substrate binding and subsequent formation of an external al-
dimine with the PLP enzyme. Enzymatic deprotonation with the 
conserved lysine residue would lead to a quinonoid intermediate. 
Starting from this quinonoid, reprotonation by the e-ammonium of 
the lysine residue from the (Re)-face regenerates the same external 
aldimine, while reprotonation from the opposite side ((Si)-face) 
with water molecules yields a new aldimine with enantioinversion. 
Furthermore, we postulate that the proton donor water molecules in 
the active site of our first-generation enzyme L-PfPLPb are associated 
with Y301, resulting in their enhanced acidity. The Y301H mutation 
attenuates the acidity of active-site water molecules, thereby effec-
tively suppressing this promiscuous racemase activity. Our results 
with the racemization of D-3a indicates that the PLP enzyme can also 
bind this D-amino acid and trigger racemization.  

Scheme 3. Proposed Proton Donor Switch Mechanism to Ac-
count for the Promiscuous Racemase Activity 

 
To gain further insights into the protonation mechanism in the 

dehydroxylative C–C coupling process, deuterium labeling experi-
ments with deuterated solvent D2O were performed (Table 9). Us-
ing the second-generation L-amino acid synthase L-PfPLPb 2.0, α-deu-
terated L-3a was produced as confirmed by HPLC-MS analysis. 
With L-PfPLPb 2.0, as the pD of the KPi buffer increased from 6.4 to 
7.4, the yield of L-3a increased from 33% (Table 9, entry 1) to 61% 
(entry 2). As pD further increased to 8.4, the yield of L-3a decreased 
to 55% (entry 3). The enantioselectivity of PfPLPb 2.0 progressively 
decreased from 99:1 e.r. (entry 1) to 98:2 e.r. (entry 2) to 91:9 e.r. 
(entry 3), as the pD increased. Overall, the trends in yield and selec-
tivity mirrored those observed with the pH effects with H₂O-based 
buffer (Table 9, entries 1–3 in the parentheses). Importantly, when 
the reaction medium was changed from H2O to D2O, further 

enhancement of the enantiomeric purity of the L-homophenylala-
nine product (L-3a) was observed, suggesting the production of D-
3a is slower in D2O. 

When the second-generation enzyme D-PfPLPb 2.0 was used, α-
deuterated D-3a formed using D2O based buffer. Our HPLC-MS 
analysis showed that the degree of deuterium incorporation 
was >90%. With D-PfPLPb 2.0, relative to photobiocatalytic reactions 
carried out with a H2O-based medium, a notable decrease of the 
yield of the D-homophenylalanine product (D-3a) was observed 
(25–30%) across the investigated pD range (6.4–8.4) (Table 9, en-
tries 4–6). Furthermore, the e.r. of D-3a with D2O was found to be 
much lower than those results with H2O (entries 4–6 in the paren-
theses). Consistent with our results with L-PfPLPb 2.0, these studies 
also showed that the production of D-3a is slower in D2O when D-
PfPLPb 2.0 was used. 

Table 9. Photobiocatalytic C–C Coupling in D2O buffer: Effects 
on Yield and Enantioselectivity a 

 
entry PfPLPb variants pD yield (%) e.r. (L-3:D-3) 

1 L-PfPLPb 2.0 6.4 
33 

(19)b 
99:1 

(99:1)b 

2 L-PfPLPb 2.0 7.4 
61 

(70)b 
98:2 

(96:4)b 

3 L-PfPLPb 2.0 8.4 
55 

(60)b 
91:9 

(84:16)b 

4 D-PfPLPb 2.0 6.4 
26 

(66)b 
17:83 

(6:94)b 

5 D-PfPLPb 2.0 7.4 
27 

(75)b 
12:88 

(4:96)b 

6 D-PfPLPb 2.0 8.4 
29 

(74)b 
7:93 

(3:97)b 

aReaction	conditions:	1a (4.0 mM), 2a (12.0 mM), 0.5 mol% L-PfPLPb 2.0 or 
D-PfPLPb 2.0, 5 mol% RhB, hν (440 nm), 200 mM KPi buffer (D2O) with DMSO 
(6% v/v) as co-solvent, 50 °C, 10 h, bYields	and	e.r.’s	with	the	correspond-
ing	H2O-based	KPi	buffer	were	reported	in	parentheses. pH = pD – 0.4.	

Taken together, these results suggest that with both the L-amino 
acid synthase L-PfPLPb 2.0 and the D-amino acid synthase D-PfPLPb 

2.0, the unusual D-amino acid forming protonation pathway may in-
volve the solvent water molecule as the promiscuous proton donor 
(Scheme 3). In the canonical L-amino acid producing pathway, the 
protonated lysine residue serves as the proton donor as in this two-
electron PLP enzymology. In contrast, in the non-canonical D-
amino acid producing pathway, water molecules from the opposite 
site of the lysine residue (Si-face) serve as the proton donor, result-
ing in the enantioselectivity reversal. We note that this non-canoni-
cal protonation pathway is likely related to our unexpected findings 
on the promiscuous racemase activity where protonation can occur 
from either the (Re)-face or the (Si)-face.  

Additionally, we further analyzed other D-amino acid producing 
mutants, including the I165A, I165G and I165S mutants (Table 5). 
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As the substrate tunnel is further broadened with these I165X mu-
tants, a higher amount of water molecules would be present from the 
other side ((Si)-face) of the PLP covalent intermediate opposite to 
that of the conserved lysine. Thus, these mutants showed a stronger 
preference for (Si)-face reprotonation leading to D-amino acid.	
Conclusions 

In summary, through high-throughput photobiocatalysis, we have 
successfully developed second-generation PLP biocatalysts for the 
enantiodivergent synthesis of non-canonical amino acids via radical 
dehydroxylative coupling. Both the conventional L- amino acids and 
the unusual enantiomeric D- amino acids could be prepared from the 
same L-serine through a rare enzyme controlled stereoretentive or 
stereoinvertive C–C coupling. The newly engineered enzymes ena-
bled the use of a broad range of organoboron radical precursors to 
be applied with high enantioselectivity. In particular, para- and or-
tho-substituted organoboron substrates showing low levels of enan-
tioselectivity with our previously reported first-generation enzyme 
could now be transformed with excellent enantiocontrol. Im-
portantly, mechanistic studies on racemization and solvent deuter-
ium effects revealed an unusual proton donor switch mechanism to 
account for this non-canonical stereoinvertive C–C coupling. Our 
evolved L- amino acid synthase allowed for much higher enantiocon-
trol, in part due to the abolishment of the unexpected racemase ac-
tivity. Equipped with these understandings, ongoing research in our 
laboratory aims to further engineer PLP biocatalysts for radical bio-
catalysis, ultimately significantly expanding the toolbox of biocata-
lytic non-canonical amino acid synthesis. 
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up to 91% yield, 1:99 e.r.
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