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Design and evolution of artificial enzyme
with in-situ biosynthesized non-canonical
amino acid

Wei Huang 1,6, Shiping Wang2,6, Ya Wei1, Yuting Bai1, Zhixi Zhu1, Dejing Yin3,
Tao Liu 4, Xiang Sheng 2,5 & Zhi Zhou 1

The creation of designer enzymes by incorporating genetically encoded non-
canonical amino acids (ncAAs) could significantly expand the catalytic reper-
toire of the enzyme universe for abiological transformations. However, due to
the limited availability of ncAAs with potential catalytic functional groups,
progress in this field remains relatively slow. Herein, we present an efficient
approach for enzyme design with organocatalytic ncAAs by integrating the
biosynthesis and genetic incorporation of ncAAs harboring abiological cata-
lytic residues into the protein scaffold. Based on this ncAAs in situ biosynthesis
and incorporation system, our designer enzyme with an unnatural mercapto-
aniline residue is created efficiently by feeding thiols to E. coli and shows
significant catalytic activity for an enantioselective Friedel-Crafts alkylation
reaction with excellent enantioselectivity and reactivity after directed evolu-
tion. This study provides a universal strategy for designing artificial enzymes
with xenobiotic catalytic moieties with diverse biosynthesized ncAAs, thereby
expanding the toolbox of biocatalysts for abiological transformations.

The potential of utilizing the catalytic abilities of enzyme catalysis for
chemical synthesis has driven efforts to develop tailor-made biocata-
lysts capable of catalyzing non-biological transformations1–6. The intro-
duction of abiological catalytic moiety into protein cavities is one of the
most direct strategies to design enzymes with functions7–12. Genetic
code expansion has emerged as a powerful technology for modifying
protein structure and function13–16. The ability to encode non-canonical
functionalities presents opportunities to generate a protein catalysts
with non-natural catalytic functions17–25. Early examples include the use
of genetically encoded para-azidophenylalanine as a precursor to a
reactive aniline group for aldehyde functionalization26–28, the introduc-
tion of an unnatural reactive Me-histidine site for ester hydrolysis29,30,
and the installation of a genetically encoded photosensitizer for pho-
toenzymatic [2 + 2] cycloadditions31,32. Recently, a genetically encoded

boronic-acid-containing designer enzyme for kinetic resolution of
hydroxyketone was developed by the Roelfes group33 (Fig. 1a). Notably,
to date, more than 300 non-canonical amino acids (ncAAs) have been
successfully incorporated through stop codon suppression strategies,
in contrast, utilizing ncAAs as a catalytic residues for artificial enzyme
design has remained largely limited34–36.

Themajor barrier to the use of ncAAs in artificial enzymedesign is
that, in most cases, ncAAs must be provided exogenously during
protein expression,which limits their application, especiallywhen they
are expensive, difficult to synthesize or have poor cell membrane
penetration37,38. Moreover, the absence of effective orthogonal trans-
lation systems (OTS) that can incorporate ncAAs containing catalytic
residues presents significant evolutionary hurdles39–41. In comparison
to the extensive array of efficient chemical catalysts, only a limited
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number of ncAAs exhibit potential catalytic activities owing to their
restricted structural diversity. Typically, the incorporated catalytic
ncAAs exhibit low catalytic efficiency due to challenges in catalytic
reactivity under aqueous phase, substrate binding, and steric hin-
drance, whichmay lower reaction rates. Therefore, the introduction of
diverse synthetic non-natural amino acids with catalytic functions into
proteins will be quite needed for enzyme design. In this regard, the
development of biosynthetic pathways for ncAAs that can be inte-
grated into the metabolism of host cells, coupled with a compatible
orthogonal translation system, represents a promising approach to
enhance the potential of using ncAA-containing artificial enzymes for
new-to-nature biocatalysis42,43. This is particularly attractive for the
directed evolution of designer enzymes and integration into existing
biosynthetic pathways to create hybrid metabolic pathways44–47.

To explore the potential of unnatural amino acids as catalytic
residues in designer enzymes, an expanded genetic code, combined
with metabolic engineering for catalytic ncAA biosynthesis, would
undoubtedly further diversify the chemical arsenal for creating
enzymeswith functions. However, only a small number of biosynthetic
pathways for ncAAs have been reported to date, greatly restricting our
ability to design enzymes with ncAA building blocks48–51. Based on this,
we previously developed a biosynthesis system for S-arylcysteine,
whichhasbeendemonstrated toproduce ncAAswith a diverse array of
structures from aromatic thiols in cells, some of these unnatural
S-arylcysteines can be genetically encoded into GFP using the engi-
neeredMethanococcus jannaschii tRNATyr/TyrRSpair52. As such, we aim
to explore the direct construction of a designer enzyme with in situ
biosynthesized S-functionalized-cysteine in cells. As a proof of

concept, the biosynthesis and genetic incorporation of S-(4-amino-
phenyl)-L-cysteine (pAPhC) are selected as a starting point, as it could
act as a nucleophilic catalyst for activating aldehydes and exhibit
similar catalytic properties to thoseof the previously reported artificial
enzyme harboring an unnatural pAF residue26. Considering the impact
of introducing a sulfur atom at the para position of aniline on the
electron density and chain length, we hypothesize that the catalytic
properties of unnatural aniline residue could be fine-tuned for
enhanced reactivity and selectivity by introducing pAPhC into an
appropriate protein (Fig. 1b).

Herein we report a designer enzyme construction system for the
creationofS-FunctionalizedCysteinedependentenzyme (SFC fromhere
on) through the combination of ncAA in situ biosynthesis with genetic
code expansion pathway in cells. Based on this system, a designer
enzyme, SFC_pAPhC, with an unnatural amino residue is produced effi-
ciently and shows significant catalytic activity for an enantioselective
Friedel-Crafts alkylation reaction via the iminium pathway. Excellent
enantioselectivity (up to 95% e.e.) and yields (up to 98%) are obtained
after three rounds of directed evolution (Fig. 1c). Notably, our designed
enzyme, SFC_V15pAPhC, exhibits opposite enantioselectivity for this
Friedel-Crafts alkylation reaction comparing to the previously reported
artificial enzyme, LmrR_pAF. Computational studies identify the key
factors causing the distinct stereoselectivity of SFC_V15pAPhC and
LmrR_V15pAF. This work introduces an affordable and efficient strategy
for the design of artificial enzymeswith diverse biosynthesized potential
catalytic ncAAs, which not only significantly expands the toolbox of
biocatalysts for reactions but also represents a promising strategy for
creating hybrid metabolic pathways involving artificial enzymes.
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Fig. 1 | Artificial design with non-canonical amino acids. a Previous study on
direct or indirect artificial design by the incorporation of exogenous supplemented
non-canonical amino acids. b Our strategy for artificial enzyme design by the

combination of endogenous S-functionalized cysteine biosynthesis and genetic
incorporation. cThe creationof designer enzyme SFC_pAPhCby feeding E. coliwith
4-mercaptoaniline and catalyzed asymmetric Friedel-Crafts alkylation reaction.
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Results
System construction for designer enzyme with in situ
biosynthesized ncAAs
Our initial efforts involved the creation of designer enzyme with in situ
biosynthesized ncAA by the integration of the biosynthesis system of S-
arylcysteine, the compatible orthogonal translation system and the
expression system of protein of interest. The biosynthetic method for
genetically encoding S-arylcysteines into GFP protein by feeding cells
with aromatic thiols was previously developed by our collaborator Liu52.
In this regard, we sought to construct artificial enzyme based on the
dimeric Lactococcal multidrug resistance regulatory (LmrR) protein,
which is a small homodimericprotein that hasbeendemonstrated tobea
versatile scaffold for thedesignofartificial enzymesowing to its structure
and evolvability28,53–55. The hybrid system was assembled by integrating
three plasmids, which respectively encode engineered CysM (PBK_CysM-
NtSat4), OTS (pUltra_PhSeRS), and LmrR variant (pET17b_LmrR_V15TAG)

into Escherichia coli (Fig. 2a). After the successful fusion of the three
plasmids into E. coli, the integrated ncAA biosysnthesis and genetic code
expansion system was first tested by adding 1mM PhSNa into the cell
culture, after protein expression and purification, the corresponding
protein LmrR containing a PhC residue was produced efficiently and
confirmed by high-resolution MS (Fig. 2b, c). Based on the successfully
constructed system, we sought to create a type of designer enzyme by
introduce in situ biosynthesized S-(4-aminophenyl)-L-cysteine (pAPhC)
into LmrR pocket, as the mercaptoaniline could act as a nucleophilic
catalytic site. Position 15 was proved to be a superior site for catalytic
ncAA incorporation owing to its surrounding environment in the
hydrophobic pore of LmrR according to previous reports27, then was
chosen to generate the designer enzyme SFC_V15pAPhC by adding
4-mercaptoaniline as precursor in the cell culture. However, the
initial test shows low expression level of SFC_V15pAPhC, which is
much lower than SFC_V15PhC and GFP_pAPhC. Further optimization of

a System construction for the one-pot ncAAs biosynthesis and incorporation

b System optimization
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Fig. 2 | Designer enzyme expression system construction. a Overview of the
expression system for the production of SFC_V15pAPhC by the integration of three
plasmids, PBK_CysM-NtSat4, pUltra_PhSeRS, and pET22b_LmrR_V15TAG with the
adding of 4-Mercaptoaniline. b Outcome of the system optimization for the
expression of SFC_V15pAPhC. c HRMS determination of LmrR_wt, SFC_V15PhC and

designer enzyme SFC_V15pAPhC. d Crystal structure of the SFC_V15pAPhC homo-
dimer (PDB: 8YRF). e Selected designer enzymes with mAPhC, oAPhC, and PyC
residues were created in the system by feeding corresponding thiols into the
engineered E. coli. All experiments are presented as mean ± standard deviation
from three independent replicates. Source data are provided as a Source Data file.
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the cell growth conditions, such as medium, temperature, and
precursor concentration, gave rise to an increased SFC_V15pAPhC
expression level after affinity chromatography in 14mg protein per
liter culture (Fig. 2b).

To illustrate the advantages of in situ biosynthesis of ncAAs for the
design of enzymes, the direct supplement of unnatural pAPhC, which
was biosynthesized by engineered CysM, afforded almost half the pro-
tein yield compared to in situ biosynthesized pAPhC. This might be due
to the low cell penetration efficiency of exogenous added pAPhC,
resulting in a low intracellular concentration, which thereby limits the
incorporation efficiency. High resolution mass spectrometry confirmed
the successful incorporation of the unnatural pAPhC residue (Fig. 2c).
The crystal structureof thedesigner enzymeSFC_V15pAPhC (PDB: 8YRF)
provides more precise evidence for the success of our artificial enzyme
design and offers structural support for subsequent study on the
structure-activity relationshipof the artificial enzymes (Fig. 2d). To verify
the compatibility of this systemand the ability to create diverse designer
enzymes with distinguishing unnatural residues, several artificial
enzymes with unnatural mAPhC, oAPhC and PyC were efficiently con-
structed by feeding corresponding thiols into the engineered E. coli
(Figs. 2e and S5). Collectively, these results illustrate that our established
systemfor in situbiosynthesis and incorporationofncAAs constitutes an
efficient and convenient approach for the construction of artificial
enzymes, and exhibits significant potential for establishing a diverse
range of artificial enzyme libraries.

Designer enzyme catalysis
Having established the efficient system for pAPhC biosynthesis and
adjacent incorporation into position 15 of LmrR, we selected three

additional positions (19, 89, and 92), which are demonstrated to be
superior sites for ncAAs incorporation26, and situated in the hydro-
phobic cavity of the protein dimer interface for pAPhC incorporation
(Fig. 3a). To explore the catalytic potential of the designed unnatural
mercapto-aniline residue in these artificial enzymes, we choose to
investigate the enantioselective Friedel-Crafts alkylation reaction of
indole to α,β unsaturated aldehyde by iminium catalysis56. The initial
test was performed with 1mM of 2-methylindole 1a and 5mM trans-2-
pentenal 2a in the presence of SFC_V15pAPhC. The desired addition
product 3a was obtained with desirable activity in 74% e.e. and 39%
yield, and with R configuration according to the reported study57.
Interestingly, we found that SFC_V15pAPhC showed the opposite ste-
reoselectivity compared to LmrR_V15pAF with (S)−3a in this reaction.
These results suggest the introduction of sulfur atoms led to dis-
cernible variations in the reactivity and stereoselectivity exhibited by
SFC_V15pAPhC and LmrR_V15pAF (Fig. 3b). No catalytic activity was
observed when using wildtype LmrR or the precursor for pAPhC bio-
synthesis, 4-mercaptoaniline in the reaction. Notably, the free amino
acid pAPhC or LmrR in which the pAPhC residue was substituted with
PhC (without amino catalytic group), showed limited catalytic activity
and no stereoselectivity, demonstrating a strong synergistic combi-
nation of the pAPhC side chain in the LmrR scaffold for catalysis.
Besides, LmrR with pAPhC incorporated at position 19, 89, and 92
catalyzed the reaction with different activity and enantioselectivity,
indicating a distinct chemical environment to promote catalysis. In
addition to SFC_pAPhC, we investigated a similar variant
SFC_V15mAPhC which the amino group is on the meta position of
sulfur, generated form the same three plasmids system with the pre-
cursor 3-mercaptoaniline, also showed considerable activity (Fig. 3c).
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varaints (5.0mol%), 5mM1a and 1mM2a in 50mMNaH2PO4, 150mMNaCl (pH6.5)
buffer with DMF (4.0% v/v). Reactions conducted for 10 h at 4 °C and analyzed by
normal-phase chiral column with e.e. and yield, unless noted otherwise. Yields are
determined by HPLC analysis using a calibration curve of pure product 3a. Error
bars represent ± standard deviation of the mean over 3 independent replicates.
Absolute configuration of 3a assigned by comparison of order of elution on chiral
normal-phase HPLC with enantioenriched reference compound and the
literature57,67. Source data are provided as a Source Data file.
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These results suggest our designed pAPhC site of the artificial enzyme
act as the catalytic center, to form an electrophilic iminium inter-
mediate, which then was attacked by nucleophilic indole to give the
final product.

Designer enzyme directed evolution
With the good starting enantioselectivity and activity achieved by
SFC_V15pAPhC (SFC1.0), we sought to identify important residues near
the catalytic site by alanine scanning to further improve the reaction
enantioselectivity and efficiency. Guided by the crystal structure of
SFC1.0 (PDB: 8YRF), which is obtained by us, we selected 10 positions
whichwere considered important for catalysis by LmrR-based artificial
enzymes based on previous studies, and mutated these positions to
alanine. During the alanine scanningwith those purifiedmutants, eight
of ten variants showed positive or negative effects on the enantios-
electivity and yield obtained in catalysis, indicating potential influence
for catalytic activity. In order to rapidly identify beneficial mutations,
we created site-specific codon libraries which encodes 12 amino acids
(NDT codon, N =A/T/C/G, D =A/G/T, T = T) with a good representation
of the functional diversity of all 20 amino acids at the eight positions
(L18, N19, K22, N88, M89, A92, F93, S95) based on SFC1.0 (Fig. 4a, b).
After second round of screening, we found an improved mutants
SFC_V15pAPhC_F93I, which afford higher yield and enantioselectivity
in production of 3a compared to SFC1.0. In a similar manner, we
continued with a third round of library screening based on
SFC_V15pAPhC_F93I (hereafter, SFC2.0), selecting three positions
(A92, M8, K22) for NDT codon construction. This third round of
screening identified three further improved mutations, as A92S
(SFC3.1), A92Y(SFC3.2), andM8R (SFC3.3). Then in the fourth round of

evolution, we created three site-specific NDT libraries based on these
three evolved mutants, as SFC3.1_M8NDT, SFC3.2_M8NDT, and
SFC3.3_A92NDT for further screening. Gratifyingly, further evolved
mutant SFC_V15pAPhC_F93I_M8R_A92D (SFC4.0) was identified, dis-
played both improved stereoselectivity and reactivity in comparison
with preceding mutants. Further investigations on reaction para-
meters, including buffer pH, temperature, substrates ratio and enzyme
loadings, resulted in 95% e.e., and 98% yield for the generation of 3a.
The enzyme loading could be lowered to 1.0mol% and 2.0mol% with
retentive excellent enantioselectivity and activity (Fig. 4c, d).

Mechanistic experiment and kinetic characterization
In our proposed catalytic cycle, unnatural pAPhC residue accelerate
the Friedel-Crafts alkylation reactions through the formation of an
iminium ion upon condensation with 2-pentenal 2a. In order to
verify this catalytic mechanism, we conducted a mechanistic
experiment to trap this intermediate by incubating SFC4.0 (Fig. 5a)
with 2-pentenal. When subjecting these samples to high-resolution
mass spectrometry, SFC4.0 displayed a dominant peak corre-
sponding to the single modified iminium ion intermediate
(Figs. S12 and S13). This result suggests that the iminium ion inter-
mediate between pAPhC and 2-pentenal may be involved in catalysis
process (Fig. 5b). To evaluate the catalytic performance of the
evolved mutant SFC4.0, the kinetics of the reaction was measured.
The initial rates were fitted to theMichaelis-Menten equation, giving
an apparent catalytic efficiency (kcat/KM(2-pentenal)) of
0.64 ± 0.22M−1 s−1 for SFC4.0, and (kcat/KM(2-pentenal)) of
0.12 ± 0.04M−1 s−1 for SFC1.0. The catalytic efficiency results showed
5.5-fold-improvement by our engineered variant (Fig. 5c). Directed
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evolution of this enzyme for the Friedel−Crafts reaction gave an
apparent increase in catalytic efficiency.

Substrate scope investigations
With the optimal reaction conditions and evolved SFC4.0 mutant in
hand, we turned to investigate the substrate scope of the enantiose-
lective Friedel−Crafts alkylation reaction by variation of the sub-
stituted enals and indoles with SFC4.0 and SFC1.0 respectively
(Fig. 5d). A series of substituted enals underwent stereoselective
alkylation smoothly, with different length alkyl chain (3a–3d) and
phenyl (3e) being well tolerated. Alkylation products were obtained
with up to 95% e.e. and yields were good to excellent (up to 98%),
highlighting the compatibility of artificial enzymeswith enals. Notably,
in the case of cinnamaldehyde, SFC1.0 showed much better stereo-
selectivity and slightly higher yield than evolved mutant SFC4.0,
indicating distinct mutants exhibit specific selectivity towards various
substrates. Variations in the substitutions of indoles influence the
reaction outcomes, especially for reaction yield (3f–3m). Indole sub-
strates without the 2-methyl group (3f–3i) generally exhibit good
enantioselectivity but suffered from low reactivity,mainlyowing to the
decreasing nucleophilicity of the indole without 2-methyl. Notably,
product 3 f wasobtainedwith an enantiomeric excess (e.e.) of 72%, and
its absolute configuration was determined to be R. This assignment
aligns with the reported compound57 but exhibits the opposite con-
figuration compared to the enantioselectivity previously reported by
the artificial enzyme LmrR_V15pAF. Then, a variety of substituted
2-methyl indoles bearing either electron-donating or electron-
withdrawing groups on the indole ring and N-protection were well

tolerated (3j–3m), with good to excellent stereoselectivities and good
yields. Furthermore, the reaction canbe scaled upwith equal efficiency
and enantioselectivity (3a), even to the 1mmol scale as evidenced by
the synthesis of (R)−3a. A biocatalytic cascade was achieved by the
combination of artificial enzyme SFC4.0 and natural transaminase for
the production of unnatural indolethylamine 4 with excellent enan-
tioselectivity andmoderate conversion,whichemphasize thepotential
application value of artificial enzymes in the biosynthesis of non-
natural products58–60 (Fig. 5e).

Computational study on enantioselectivity
Given that our designed enzyme SFC_V15pAPhC exhibits opposite
enantioselectivity in the Friedel-Crafts alkylation reaction compared to
the previously reported artificial enzyme LmrR_pAF, we aim to identify
the factors controlling the stereoselectivity of both SFC_V15pAPhC and
LmrR_V15pAF using molecular dynamics (MD) simulations. As the
pathways producing different enantiomers of the product diverge at
the iminium intermediate, which is formed by the aldimine con-
densation between the non-canonical residue and trans-2-hexenal
(Fig. S14), the simulations focused on this intermediate. Since the
(E)-isomer is energetically more favorable than the (Z)-isomer (Fig.
S18), only the (E)-configuration was considered for the iminium inter-
mediate in the simulations. Therefore, the relative positioning of the
methyl indole to the iminium group determines whether the Re- or Si-
face of the C=N double bondwill be attacked, ultimately leading to the
formation of different products.

For LmrR_V15pAF, MD simulations without the binding of methyl
indole reveal two representative conformations. One conformation is

Fig. 5 | Characterization of evolved mutant SFC4.0 and substrate scope.
a Overview of the homodimeric structure of SFC4.0 (PDB: 9IIJ) and enhanced view
of the hydrophobic pocket showing the evolved mutations. b Capture of the imi-
nium ion intermediate by the condensation of SFC4.0 with enal 1a. c Kinetic
characterization of SFC1.0 and evolved mutant SFC4.0 for the reaction. Data are
presented as mean values ± SD as appropriate. Error bars represent ± standard

deviation of the mean over three independent replicates. d Substrate scope of the
enantioselective Friedel−Crafts alkylation reaction with SFC4.0 and SFC1.0. The
absolute configurationof3f assigned according to the reported compound. eScale-
up reaction and cascade with transaminase to generate indolethylamine. Source
data are provided as a Source Data file.
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characterizedby the hydrogenbond interactions between the iminium
group and D100, while the other is defined by the π–π interaction
between the C=C double bond and F93. Based on these structures, the
methyl indole was then docked into the binding pocket and the
resulting complexes were subjected to further MD simulations. Inter-
estingly, these simulations converged to a very similar binding mode
of the methyl indole (Fig. 6a, b), in which the iminium group forms a
hydrogen bondwith D100, and the 2-methyl indole is positioned on its
Re-face. This finally leads to the formation of the (S)-product. Analysis
of the structures shows that the preferred binding location of 2-methyl
indole can be attributed to the beneficial interactionswith the residues
bearing aromatic rings in the Re-face, which are absent in the Si-face.

In the case of SFC_V15pAPhC, MD simulations without 2-methyl
indole binding reveal a stable hydrogen bond interaction between the
iminium group and the N88 residue. Further MD simulations with
2-methyl indole binding to different faces of the iminium group show
that the 2-methyl indole canbe stably accommodated in the Si-facebut
not in the Re-face (Fig. 6c, d). When bound to the Re-face, methyl
indole quickly dissociates from the reaction site during the simulation.
The reaction is thus predicted to be R-selective, consistent with the
experimental outcome. For the evolved mutant SFC4.0, the simula-
tions indicate that the iminium group forms a stable hydrogen bond
with the newly-introduced D92 side chain, which enlarges the binding
pocket in the Si-face (Fig. S21). This change in the hydrogen bond
pattern accounts for the increased enantioselectivity for the mutant
compared to the wide-type.

According to theMDsimulations, the residues at positions 88 and
92 play crucial roles in governing the activity and enantioselectivity of
SFC. The catalytic performance of certain mutants during the directed
evolution process provided experimental validation for this

conclusion. In the first round of evolution, a mutation library targeting
position N88 was constructed, and mutations at this site to other
amino acids consistently resulted in reduced activity. In the third
round of evolution, mutations at position 92 to leucine (L), serine (S),
and histidine (H) exhibited lower reactivity and enantioselectivity
compared to the A92Dmutant. As for LmrR_V15pAF, the crucial role of
D100 drawn from MD simulations is consistent with the previous
experimental study56, in which the D100A mutation significantly
reduced the enantioselectivity of LmrR_V15pAF.

Finally, the binding free energies of the indole substrate to the
enzymeswith the iminium intermediatewere calculated, with values of
−13.5, −16.5, and −10.3 kcal/mol for LmrR_V15pAF, SFC1.0, and SFC4.0,
respectively. These negative values indicate that indole readilybinds to
the active site with high affinity in all three enzymes. Interestingly, the
observed trend in binding affinities is opposite to the experimentally
measured yield discussed above, suggesting that reaction outcomes
are influenced by factors beyond binding affinity alone.

Discussion
In summary, we propose a concept of integration of ncAAs bio-
synthesis and incorporation firmly into the realm of enzyme design
and established an efficient strategy for the construction of artificial
enzymes with unnatural catalytic residues through the creation of a
cell factory that integrates the biosynthesis and genetic incorpora-
tion of organocatalytic ncAAs into the protein of interest. Through
this approach, we developed an artificial enzyme harboring an
unnatural catalytic pAPhC residue and demonstrated its potential as
an efficient catalyst for enantioselective Friedel-Crafts alkylation
reactions. The biocatalytic enantioselective Friedel-Crafts alkylation
of enals and indoles was achieved using the designer enzyme

SFC_V15pAPhC

LmrR_V15pAF

H
N

(S)
CHO

Fig. 6 | The representative structures of LmrR_V15pAF and SFC_V15pAPhC after
MD simulations. The simulations start from the initial structures in which the
methyl indole was docked into (a) the Re-face and (b) the Si-face of the iminium

group in LmrR_V15pAF, and (c) the Re-face and (d) the Si-face of the iminium group
in SFC_V15pAPhC. Source data are provided as a Source Data file.
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SFC_pAPhC. After rounds of directed evolution based on an opti-
mized platform, diverse chiral indole alcohol products were pro-
duced with satisfactory yield and enantioselectivity (up to 95% e.e.,
and up to 98% yield). Computational studies revealed that the (R)-
enantiopreference of SFC_V15pAPhC can be attributed to the
favorable binding of the substrate to the Si face of the key iminium
intermediate, ultimately leading to the formation of (R) enantiomer.
Our study not only demonstrates a artificial enzyme for enantiose-
lective Friedel-Crafts alkylation but also provides a universal strat-
egy to create diverse, evolvable artificial enzymes with xenobiotic
catalytic functions, enabling the catalysis of reactions through
in situ ncAAs biosynthesis and incorporation.

Methods
General procedure for artificial enzyme catalyzed reactions
Reactions were set up with purified enzymes and reactants in 300μL
total volume in a 2mLmicrocentrifuge tube. Stock solutions of protein
in pH 6.5 PBS buffer (50mM NaCl, 150mM NaH2PO4) to give the spe-
cified final concentration. Stock solutions of indoles (25mM in DMF,
12μL added, final concentration 1mM) and enals (125mM, 12μL added
to give final concentrations of 5mM) substrates were added. The
microcentrifuge tubes were then mixed by continuous inversion in a
cold room at 4 °C for the specified reaction time. After the reaction
time had elapsed, the solution of 2-phenylquinoline as internal stan-
dard (12μL, 5mM in DMF) were added. The reaction products and
internal standard were then extracted by vortex mixing with EtOAc
(1mL) and the organic extract was dried over Na2SO4, filtered and
evaporated to dryness. The residue thus obtained was redissolved by
vortex mixing with HPLC grade solvent (heptane: isopropanol 4:1,
150μL) and analysed by normal-phase chiral HPLC to determine yield
and enantioselectivity.

Computational method
The crystal structures of LmrR_V15pAF (PDB ID: 6I8N), SFC_V15pAPhC
(PDB ID: 8YRF), and SFC_V15pAPhC_IRD (PDB ID: 9IIJ) were used as
starting structures for the molecular dynamics (MD) simulations.
These structures were pretreated by removing water and ligand
molecules in PyMOL, addingmissing residues using MODELLER 10.461.
The pKa values of the ionizable residues in the system were calculated
using PROPKA362. The protonation states of these residues were
determined by comparing the predicted pKa and the experimental pH
values,whichwere further confirmed through careful visual inspection
of the hydrogen-bonding networks. All missing hydrogen atoms were
added by the LEaP program of AMBER 20 package63. The non-
canonical amino acid in three enzymes was replaced by the iminium
intermediate generated by the aldimine condensation with trans-2-
hexenal. MD simulations were performed using the AMBER 20 soft-
ware. The standard AMBER ff14SB force field64 was used for
the simulation of the protein. For the iminium intermediate and
2-methylindole, force field parameters were generated using the gen-
eral AMBER force field (GAFF2)65. The binding free energies of the
indole substrate were obtained from the molecular mechanics/Pois-
son-Boltzmann surface area (MM-PBSA) calculations66. Additional
details and parameters for the MD simulations are provided in the
Supporting Information.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Authors declare that all data supporting the findings of this study are
available within the paper and its supplementary information files. The
PDB structures used in this work include 8YRF and 9IIJ. Source data are
provided with this paper.
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