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Innovations in applied biocatalysis and synthetic biology often 
require the availability of enzymes that surpass the performance 
of nature's protein catalysts in terms of stability, activity and selec-

tivity1. Directed evolution using iterative rounds of mutagenesis 
and screening has emerged as an attractive and powerful strategy 
for adapting enzyme properties to specific needs2,3. Major suc-
cesses include converting aminotransferases to practically useful 
biocatalysts4,5, removing the carboxylate requirement in the case of 
amine dehydrogenases6,7, tuning P450 enzymes for stereoselective 
hydroxylation of steroids8, and evolving cytochrome c to catalyze 
carbon–silicon bond formation9. However, laboratory evolution 
usually requires high-throughput expression and experimental 
evaluation of large mutant libraries10. This can make the process 
time-consuming or even impractical in cases of complex expression  
and/or assay protocols. Consequently, there is a strong interest in 
improving library quality by focusing on positions and substitu-
tions that are promising. The design of such ‘smart libraries’ can 
be based on the abundance of residues at corresponding positions 
among a group of homologous sequences or on inspection of 3D 
structures11–18. The final result of a directed evolution campaign 
usually consists of a few variants with a restricted set of mutations, 
which often can be explained by careful rational or computational 
comparison of wild-type and mutant structures19. This raises the 
question of whether physics-based computational design meth-
ods20, which have been developed for de novo protein design and 
are capable of discovering new structures that stabilize predefined 
reactive enzyme–substrate complexes while exploring a huge 
sequence and conformational space, could be used to focus search 
space in directed evolution and quickly produce enzyme variants 
with a desired activity by allowing large jumps in function by mul-
tiple mutations.

We addressed this possibility by exploring enzymes for the asym-
metric hydroamination of carbon–carbon double bonds, one of the 
top aspirational reactions in synthetic chemistry21. Direct asymmet-
ric addition of ammonia to α ,β -unsaturated carboxylic acids would 
be an attractive and atom-economic route for producing chiral  
β -amino acids, which exhibit unique bioactivities and are frequently 
used as building blocks of bioactive products, such as antifungal 
agents, antitumor agents, antibiotics, antiviral agents and insecti-
cides (Supplementary Fig.  1)22. Consequently, various chemical 
processes for asymmetric C–N bond formation via conjugate addi-
tion have been developed during the past decade, using either metal 
catalysis or organocatalysis23. These methods rely on modified car-
bonyl compounds as acceptors, utilize amines instead of ammo-
nia as the nitrogen nucleophiles, and require protective groups. 
Therefore, problems such as the use of expensive catalysts or chiral 
auxiliaries, the need for protection and deprotection steps, and the 
use of harsh reaction conditions have made these processes expen-
sive and increasingly unsustainable23. Biocatalytic routes would offer 
environmentally friendly options24–26, especially for hydroamination 
of acrylates by lyases, but ammonia lyases lack the required activ-
ity and/or regioselectivity27. Attempts to shift the α -regiochemical 
preference of arylalanine ammonia lyases to β -selectivity have met 
with some success, but the enzymes act only on cinnamate deriva-
tives and even the best mutants have modest regioselectivity and 
low activity28. Thus, the development of efficient, sustainable and 
scalable processes toward enantiopure β -amino acids remains a for-
midable challenge23.

In search of an enzyme that could serve as the starting point for 
engineering an effective catalyst for β -hydroamination of α ,β -unsat-
urated carboxylic acids, we examined aspartase from Bacillus sp. 
YM55-1 (AspB, UniProt Q9LCC6), which catalyzes the reversible  
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deamination of aspartate to yield fumarate and ammonia29. 
Unlike methylaspartate ammonia lyase, which requires cations, 
and arylalanine ammonia lyases, which are dependent on the 
4-methylideneimidazol-5-one moiety30, AspB is a robust and cofac-
tor-independent enzyme31. Its natural substrate, α -aspartate, carries 
a secondary carboxylate functionality, therefore we hypothesized 
that AspB could be transformed into more generic ammonia lyases 
active with diverse substituted acrylates by reshaping the enzyme's 
α -carboxylate binding pocket to accommodate other substituent 
groups while maintaining the functional interactions in the β -car-
boxylate binding pocket.

As an enzyme from primary metabolism, aspartase is one of the 
most specific enzymes known31. The enzyme lacks the promiscuous 
activity toward other substrates that is typically regarded as highly 
beneficial for directed evolution approaches32. Since the evolvability 
of specialist enzymes is more troublesome than that of generalist 
proteins with relaxed selectivity33, it is not surprising that discov-
ery of mutants by directed evolution of AspB required large librar-
ies, with screening of thousands of variants, and still delivered only 
two mutants. A variant was found to exhibit minor activity toward 
β -asparagine (< 0.06 U/mg) after screening 3,000 mutants34, and 
another mutant showing activity toward crotonic acid (kcat =  0.09 s−1) 
was identified by screening 300,000 clones35. Our initial attempts to 
obtain AspB variants by directed evolution with screening of single-
site and pair-wise saturation libraries also did not yield any mutants 
with detectable activity. Selecting more residues for randomization 
exponentially increases the risk of incorporating lethal mutations 
and thus would further increase the number of variants that must 
be screened to discover desired improvements.

The recent development of algorithms for computational enzyme 
design20 and our success in computational redesign of a solvent-
compatible enzyme with relaxed selectivity (FRESCO approach)36 
and enantioselective enzymes37 (CASCO approach) prompted us 
to tackle the problem of endowing this highly specialized enzyme 
with non-natural activities by a computation-aided strategy. By dis-
secting the enzyme–substrate complex into interactions relevant for 
substrate binding and for catalysis and through computationally 
optimizing the active site environment for novel substrates using 
mechanism-based geometric criteria and Rosetta Enzyme Design 
for energy calculations, we succeeded in transforming AspB into 
a set of tailored β -lyases that catalyze direct β -hydroamination of 
aliphatic, polar and aromatic α ,β -unsaturated carboxylic acids to 
form the corresponding β -amino acids with full regiospecificity and 
enantiospecificity.

Results
Computational redesign of AspB. We first examined the reaction 
mechanism of AspB, which has been investigated by X-ray crystal-
lography38, site-directed mutagenesis29 and quantum chemical cal-
culations39. In the deamination direction, the general base Ser318 
abstracts the pro-R proton from the C β  atom of the aspartate 
(Fig. 1a)38. The negative charge on the enolate intermediate is sta-
bilized by a network of hydrogen bonds between Thr101, Ser140, 
Thr141, Ser319 and the β -carboxylate group39. The collapse of the 
intermediate produces fumarate and ammonia (Fig. 1a,b). Substrate 
binding also involves interactions between the α -carboxylate and 
the protein environment (Asn142, Thr187, His188, Met321, Lys324 
and Asn326)39. We hypothesized that hydroamination of α ,β -unsat-
urated carboxylic acids other than fumarate could be achieved by 
reshaping the α -carboxylate binding pocket while maintaining 
interactions stabilizing negative charge on the β -carboxylate group. 
Accordingly, we used Rosetta Enzyme Design37 to create active 
sites that accommodate alternative groups. Design constraints were 
defined to hold the substrate in a reactive or near-attack conforma-
tion and to preserve the interaction network of the β -carboxylate 
(Fig. 1c) while the α -carboxylate binding site was redesigned for new 

substituent groups by using the Rosetta energy function together 
with conformational sampling of side chain rotamers with a flexible 
backbone. This procedure predicted variants carrying sets of com-
patible mutations that optimize functional interactions between the 
new substrate and protein. A small number of designs were selected 
for experimental characterization based on the penalty score of the 
constraints and inspection of the designed structures (Fig. 1d).

Design of B19 for synthesis of (R)-β-aminobutanoic acid. The first 
target was an enzyme for production of β -aminobutanoic acid (2 ), 
which is a potent priming agent that provides broad-spectrum dis-
ease protection in at least 40 different plant species40. We reasoned 
that a hydrophobic environment could accommodate the methyl 
group. Because Asn142 and His188 function as the general acid 
for the leaving group ammonia38, these amino acids were excluded 
from mutagenesis, and diversity was generated in silico by simulta-
neous substitutions of the other residues lining the α -carboxylate 
binding pocket (Thr187, Met321, Lys324 and Asn326) to any of the 
ten hydrophobic amino acids (alanine, cysteine, phenylalanine, gly-
cine, isoleucine, leucine, methionine, proline, valine or tryptophan). 
To evaluate the success rate of this computational redesign strat-
egy, we selected a relatively large set of 34 designs (Supplementary 
Table 2) for experimental validation. Measuring the production of 
crotonic acid (1 ) from β -aminobutanoic acid revealed that 14 of the 
34 enzymes showed activity (Fig. 2a and Supplementary Table 3). Of 
these, we expressed the four most active designs in larger quantities 
and examined them for crotonic acid hydroamination in the pres-
ence of 0.3 M ammonia (Supplementary Fig. 2 and Supplementary 
Table 4)35. The best design (B19) contains four mutations (T187C, 
M321I, K324L and N326A), which modeling indicated had dis-
rupted the native hydrogen-bonding network and promoted the 
hydrophobic interactions between the substrate's β -methyl group 
and the surrounding residues (Fig. 2b,c).

After enhancing the expression of design B19 in Escherichia coli 
(> 5 g enzyme per liter culture) using high-density fermentation 
with inexpensive minimal medium, we examined its performance 
in practical synthesis. The whole-cell catalyst was added (final den-
sity OD600 =  60) to a 3.8-L reaction mixture containing 300 g/L cro-
tonic acid, adjusted to pH 9 with ammonia. The reaction proceeded 
to > 99% conversion in 8 h (Fig.  2d). From the mixture, 1.26 kg of 
pure (R)-β -aminobutanoic acid was obtained with an enantiomeric 
excess (e.e.) of 99% in 92% isolated yield (Supplementary Figs.  3  
and 4). Although the economic feasibility of an industrial biocata-
lytic process needs to be examined on a case-by–case basis, there 
are some general threshold values that should be attained, including 
substrate concentration (> 50 g/L), product yield (> 90%), product 
profile (e.e. and regioselectivity > 90%)41,42. The low catalyst produc-
tion cost, the notably high substrate concentration, the absolute regi-
oselectivity and enantioselectivity, the excellent catalyst productivity 
and the high product yield of the hydroamination route described 
herein are all suggestive of practical industrial applicability.

Tailored enzymes for synthesis of diverse β-amino acids. 
Encouraged by the successful design of an enzyme for the pro-
duction of (R)-β -aminobutanoic acid, we examined the use of this 
computational approach for creating additional catalysts for other 
practically relevant conversions. The next target product we inves-
tigated was β -aminopentanoic acid (4 ), representing a common 
structural motif in various bioactive natural products, such as the 
cytotoxic cyclic depsipeptide obyanamide43. Because of the high 
success rate in the case of β -aminobutanoic acid, we constructed 
only five designs, three of which exhibited deamination activity 
toward β -aminopentanoic acid (Fig. 3a and Supplementary Tables 5 
and 6). Intriguingly, B19 (like P4) was predicted by computational 
algorithm to possess, and indeed showed, promiscuous activity for 
β -aminopentanoic acid, but a more active design (T187C, M321I, 
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K324L and N326C) for β -aminopentanoic acid was also identi-
fied (P1). The mutations in the Rosetta-predicted model conferred 
enhanced hydrophobic interactions around the ethyl group (Figs. 2b 
and 3b). P1 was also a practical biocatalyst (Supplementary Fig. 5 
and Supplementary Table 7). Within 38 h, whole cells expressing the 
enzyme (OD600 =  60) converted (E)-2-pentenoic acid (3 ; 80 g/L) to 
(R)-β -aminopentanoic acid with e.e. > 99% and 99% conversion as 
determined by HPLC, and the desired product was isolated with 
84% yield (Fig. 3c and Supplementary Figs. 6 and 7).

Next we explored the use of computational design for the more 
polar compound β -asparagine (6 ). Asparagine to (S)-β -aspara-
gine conversion is encountered in naturally occurring peptides38, 
causing changes in conformation and altered biological activity. 
Accordingly, β -asparagine has been used for preparing peptide 
mimetics that were evaluated for their therapeutic potential44. 
Although (S)-β -asparagine resembles the native substrate aspar-
tate, AspB has no detectable activity toward this compound29. To 
construct a new hydrogen-bonding network around the side chain 
amide, the residue Lys324, which confers hydrogen bonding inter-
actions with the amide group of (S)-β -asparagine, was allowed to 
mutate in silico to any polar residue long enough to contact the 
substrate from this position (aspartate, glutamate, histidine, lysine, 
asparagine, glutamine, arginine or tyrosine), whereas the other  
α -carboxylate binding pocket residues (Thr187, Met321 and 
Asn326) were fully randomized to all 20 possible amino acids. 
Four of the six predicted designs (Supplementary Table 8) that we 
selected for experimental validation demonstrated β -asparagine 
deamination activity (Fig.  4a and Supplementary Table  9). The 
most active design, N5 (Supplementary Fig. 8 and Supplementary 
Table 10), contains three substitutions (M321I, K324N and N326C), 
for which the Rosetta-predicted model inferred a hydrogen bond 
between Thr187 and the amide oxygen atom and the formation 

of non-native hydrogen bonds between Asn324 and the amide 
group for substrate binding. Furthermore, Ile321 and Cys326 favor 
hydrophobic interactions with the aliphatic chain of β -asparagine 
(Figs.  2b and 4b). Cells expressing variant N5 (OD600 =  40) were 
used in gram-scale hydroamination of fumaric acid monoamide 
(5 ; 130 g/L), affording (S)-β -asparagine (e.e. > 99%, 88% isolated 
yield), after complete conversion of the substrate in 24 h (Fig. 4c and 
Supplementary Figs. 9 and 10).

Finally, we sought to design an enzyme for the hydroamination of 
(E)-cinnamic acid (7 ) to produce (S)-β -phenylalanine (8 ), which is 
the chiral precursor of the potent antibiotic andrimid45, the antiret-
roviral drug maraviroc (Selzentry, Pfizer)46 and dapoxetine (Priligy, 
Johnson & Johnson) for the treatment of premature ejaculation47. 
Initial predictions introduced hydrophobic residues at the first shell 
of the binding pocket (Thr187, Met321, Lys324 and Asn326). We 
chose six designs (F1–F6, Supplementary Table 11) for experimental 
analysis, and two showed slight deamination activity for β -phenyl-
alanine (Fig.  5a and Supplementary Table  12), but the cinnamate 
hydroamination activities were almost negligible. Considering that 
the binding pocket is formed by a flexible loop and that more drastic 
conformational alterations might be required, we included the sec-
ond-shell residues (Ala192, Ala231 and Val232) in the computational 
mutagenesis, but this failed to deliver an improvement in catalysis 
(F7–F27, Supplementary Table 12). Assuming that expansion of the 
conformational search space was still needed beyond what is sam-
pled when starting with the wild-type AspB structure, we adopted a 
different strategy. The Rosetta model of the slightly active design F4 
(T187C, K324I and N326C) was subjected to a molecular dynamics 
simulation, with the expectation that this would remove structural 
bias and generate a more accurate backbone structure that would 
serve as a template for further design calculations (Supplementary 
Fig.  11). The molecular dynamics–refined model was used as the 
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template for a second round of Rosetta design. To avoid steric hin-
drance with the substrate’s phenyl group, mutations at positions 321 
and 324 were rationally restricted to less bulky amino acids (methio-
nine, isoleucine, valine, alanine, leucine, glycine or cysteine). Three 
more designs (F28–F30) were expressed and tested, resulting in the 
best variant, F29 (T187C, M321V, K324I and N326C). This design 
exhibited a higher activity in the deamination of β -phenylalanine 
(Fig.  5a and Supplementary Table  12). These mutations in the 
Rosetta-predicted model indicated a relaxed local conformational 
change of the loop and an enlarged binding pocket to accommodate 
the phenyl group (Fig. 5b,c).

We examined the use of design F29 for synthesis of (S)- 
β -phenylalanine from cinnamic acid (Supplementary Fig.  12 and 
Supplementary Table  13). Whereas conversion was lower than 
with the aliphatic unsaturated carboxylic acids owing to the ther-
modynamic equilibrium, the designed enzyme was still useful for 
β -amino acid synthesis. In a gram-scale preparative experiment, 
whole cells expressing F29 transformed (E)-cinnamic acid (15 g/L) 
into (S)-β -phenylalanine (e.e. > 99%) with 50% conversion and 43% 
isolated yield (Fig. 5d and Supplementary Figs. 13 and 14). Unlike 
with natural and engineered phenylalanine aminomutases28,48, 
no detectable amount of α -phenylalanine was formed. To our  

knowledge, this is the first reported enzyme with both absolute ste-
reoselectivity and β -regioselectivity in the asymmetric hydroamina-
tion of cinnamic acid.

Discussion
Aspartase is a highly selective enzyme with no promiscuous activ-
ity, making it a notoriously difficult candidate as a starting point 
for delivery of a biocatalysis toolbox by traditional rational design 
or directed evolution. Nevertheless, the results reported here show 
that AspB can be computationally redesigned for different aliphatic, 
polar and aromatic acrylates. Using Rosetta design for in silico 
sampling of the sequence and conformational space that is acces-
sible by partial active site randomization, we designed libraries, 
each encompassing a restricted number of variants, that delivered 
practically useful biocatalysts. The practical utility of the redesigned 
enzymes was demonstrated by the synthesis of four important chi-
ral β -amino acids that are either bioactive compounds or building 
blocks for natural products and pharmaceuticals.

This biocatalytic system directly conjugates unactivated acry-
lates and the simplest nitrogen donor, ammonia, under mild con-
ditions. Since there is no need for activation or deprotection and 
no formation of byproduct, these hydroamination reactions provide 
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optimal atom efficiency for asymmetric β -amino acid synthesis, 
surpassing the processes of traditional metal catalysis and organo-
catalysis. Alongside the intrinsic advantage of biocatalysis in sus-
tainability, the downstream processes also have low environmental 
impact. Product can be isolated via direct crystallization or simple 
ion-exchange operations, avoiding the need for column chromatog-
raphy with organic solvents. Furthermore, the industrial potential 
and scalability of the system has been demonstrated in prepara-
tive experiments under commercially relevant protocols (up to 
kilogram scale). In principle, the computational redesign strategy 
may be applicable to the generation of ammonia lyase biocatalysts  
for the production of other β -amino acids of interest. Future  
challenges include the design of enantiocomplementary enzymes, 
which requires amination at the si face of the C β  atom of acrylic 
acid and derivatives.

In all redesigned enzymes described above, the original  
β -carboxylate binding pocket of AspB was maintained because 
it is required for stabilizing the transition state of the reaction 
by interactions with delocalized negative charge, whereas new 
binding pockets for substituents were introduced. The loss of 
electrostatic interactions between the α -substituent and the pro-
tein environment explains the low affinity (high Km values) of 
the designs for the new substrate, which at first sight may seem 
a disadvantage of the new ammonia lyases. However, for eco-
nomic reasons, industrial biocatalysis must be performed at high 
substrate loadings anyway, and the elevated Km values imply that 
reaction rates continue to increase with higher substrate con-
centration, in this case up to rates that clearly are industrially 
feasible49. Thus, in a campaign of computational enzyme design 
for practical biocatalysis, the catalytic effectiveness is much 
more important than the kcat/Km ratio, the traditional measure of 
enzyme performance50.

In summary, the results described here demonstrate that a com-
putational algorithm for de novo protein design can predict small 
sets of mutants for discovery of industrially viable hydroamination 
biocatalysts acting on structurally distinct acrylates. Large steps 
in function could be made rapidly by computational exploration 
of relevant sequence space, bypassing the need for multiple itera-
tions of mutagenesis and testing and avoiding the need to employ 
high-throughput screening protocols with model substrates. As the 
performance of computational algorithms continues to improve, 
we foresee in silico design and screening becoming integrated into 
directed evolution protocols and reducing time- and cost-consum-
ing laboratory work for creating industrially pertinent biocatalysts.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41589-018-0053-0.
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Methods
General information. Commercial reagents were used as received: crotonic acid 
(Acros Organics), (R)-β -aminobutanoic acid (Alfa Aesar), (RS)-β -aminobutanoic 
acid (Shanghai Yuanye Bio-Technology Co.), (E)-2-pentenoic acid (Aldrich), 
(RS)-β -aminopentanoic acid (Ark Pharm), fumaric acid monoamide (Shanghai 
Kuanchao Technology Co.), (S)-β -asparagine (Hanhong chemical), (E)-cinnamic 
acid (Aladdin), (S)-β -phenylalanine (Damas-beta), (RS)-β -phenylalanine  
(Shangon Biotech Co.), 2,4-dinitrofluorobenzene (Sigma-Aldrich) and N- 
(2,4-dinitro-5-fluorophenyl)-l-valine amide (TCI). The purity of reagents was > 
98%. HPLC analysis was performed on an Agilent 1200 instrument. NMR  
spectra were recorded on a Bruker AV500 spectrometer (500 MHz for 1H NMR, 
126 MHz for 13C NMR).

Computational protein redesign. Computational redesign was carried out  
with the Rosetta Enzyme Design application51 and the following command line 
options were used: -enzdes -cst_predock -cst_design -detect_design_interface - 
cut1 0.0 -cut2 0.0 -cut3 8.0 -cut4 10.0 -cst_min -chi_min -bb_min -packing::use_
input_sc -packing::soft_rep_design -extrachi_cutoff 1 -design_min_cycles  
3 -ex1:level 4 -ex2:level 4 -ex1aro:level 4 -ex2aro:level 4. An ensemble of different 
conformations of the substrate was generated by enumerating these under Yasara. 
Substrate rotamers were sampled around the canonical minimum dihedral angles 
(60°, –60° and 180°) with 5° intervals over 35° around the minima (for example, 
42.5° to 77.5°).

The Rosetta Enzyme Design application positions substrates optimally 
for catalysis by applying forces between the bound substrate and catalytically 
important groups in the enzyme. The substrate geometry corresponded to near 
attack conformation criteria and was based on published QM/MM calculations39 
and the crystal structure with bound substrate (PDB 3R6V) (Supplementary 
Table 1). Rosetta enzyme design oriented the substrate optimally for deamination 
by applying these forces in silico.

Rosetta Enzyme Design uses a Monte Carlo algorithm in which it selects 
mutations and structural changes that decrease overall energy to generate 3D 
structures of designs. The designs were selected for experimental characterization 
on the basis of the following guidelines: (1) the sum of the penalty energies for the 
above constrains should not exceed 20 REU, (2) the active site must be organized, 
and maintain the original β -carboxylate hydrogen-bonding network, (3) the 
introduced mutations are not allowed to result in large cavities inside the protein 
model (visual inspection), and (4) there should not be more than two unsatisfied 
hydrogen bond donors or acceptors present in the design.

For molecular dynamics refinement, the 3D structure of the mutant F4 
predicted by Rosetta was positioned in a rectangular simulation cell with at least 
7.5 Å between protein and the periodic boundary of the simulation cell. All original 
water molecules present in the wild-type AspB structure (PDB: 3R6V) were 
put back unless they clashed sterically with the designed protein structure. The 
salt ions were positioned at electrostatically favorable positions by an algorithm 
implemented under Yasara. An energy minimization was carried out before the 
molecular dynamics simulation. Molecular dynamics simulation was carried out 
under Yasara with a leapfrog algorithm, with a time-step of 1.33 fs and a Berendsen 
thermostat to preserve constant pressure and temperature. The LINCS and 
SETTLE algorithms were used to constrain hydrogen atoms. The simulations were 
carried out using the Yamber3 force field. The temperature was increased from 5 to 
298 K over 3 ps, followed by equilibration (2 ps) and production (5 ps).

Construction of AspB variants. Plasmid pET21a, containing the AspB sequence, 
was used as a template for QuikChange mutagenesis with Q5 PCR MasterMix 
(NEB). PCR was performed in 0.5 mL microcentrifuge tubes and the DpnI-
treated PCR products were transformed into chemically competent E. coli TOP10. 
Incorporation of the mutations was confirmed by DNA sequencing.

Expression and purification of AspB variants for kinetic measurement. The 
enzymes were expressed from a pET21a vector in autoinduction medium52, which 
comprised 1% tryptone, 0.5% yeast extract, 0.33% (NH4)2SO4, 0.68% KH2PO4, 
0.71% Na2HPO4, 0.024% MgSO4, 0.2% glycerol (v/v), 0.05% glucose, 0.2% lactose 
and 50 μ g/mL ampicillin at 30 °C using E. coli BL21 (DE3) for 24 h. The final OD600 
typically reached ~4. After centrifugation (8,000 g, 15 min), the cells were lysed by 
sonication in a buffer containing 50 mM Tris·HCl (pH 7.5), 2 mM MgCl2. Enzymes 
were purified by heat treatment at 60 °C for 30 min and centrifuged (12,000 g, 
90 min) to remove precipitates. The purity of the protein obtained by this method 
was generally > 90% (Supplementary Fig. 15). The enzyme solution was stored in 
aliquots at 4 °C until further use. Protein concentrations were determined with the 
Bradford assay and bovine serum albumin as the standard (Takara). The yield of 
purified protein was typically ~300 mg/L culture. The purified enzymes were used 
to measure deamination and hydroamination activities.

Determination of apparent melting temperatures. A fluorescence-based 
thermal stability assay was used to determine apparent melting temperatures53. 
A sample (20 µ L) of a protein in buffer (50 mM Tris·HCl, 2 mM MgCl2, pH 7.5) 
was mixed with 5 µ L 100-fold diluted SYPRO Orange dye (Molecular Probes, Life 
Technologies, USA) in a thin-walled 96-well PCR plate. The plate was sealed with 

optical-quality sealing tape and heated in a CFX 96 real-time PCR detection system 
(Bio-Rad, Hercules, CA, USA) from 20° to 99 °C at a heating rate of 1.75 °C/min. 
The wavelengths for excitation and emission were 490 and 575 nm, respectively.

HPLC analysis of hydroamination reactions. Concentrations of β -aminobutanoic 
acid, β -aminopentanoic acid and β -asparagine were determined by HPLC  
analysis after DNFB (2,4-dinitrofluorobenzene) derivatization. Concentration  
of β -phenylalanine was determined by direct HPLC.

Derivatization. A mixture of 25 µ L amino acid standard solutions or reaction 
solutions (concentration (amino acid +  ammonia) < 50 mM) were mixed with 
10 µ L 1 M NaHCO3, 40 µ L DNFB (36.7 mM in acetone) and incubated at 60 °C 
for 30 min. The reaction was stopped by adding 20 µ L of 1 M HCl and the 
precipitates were subsequently removed by centrifugation. To analyze the outcome 
of the reaction with respect to stereochemistry, 40 µ L FDVA (N-(2,4-di-nitro-
5-fluorophenyl)-l-valine amide) (36.7 mM in acetone) was added instead of DNFB.

HPLC analysis. General HPLC condition: column: Nucleosil C18 5 µ  
(250 ×  4.6 mm); temperature: 25 °C; eluent A: 0.1% formic acid in water, eluent B: 
acetonitrile; flow rate: 1 ml·min−1.

DNFB-β -aminobutanoic acid: detection: UV at 360 nm; gradient: 15% B →  
50% B in 22 min, 50% B →  15% B from 22 min to 22.1 min, 15% B from 22.1 min to 
26 min; retention time: 19.8 min.

DNFB-β -aminopentanoic acid: detection: UV at 360 nm; gradient: 15% B →  
50% B in 22 min, 50% B →  15% B from 22 min to 22.1 min, 15% B from 22.1 min to 
26 min; retention time: 22.3 min.

DNFB-β -asparagine: detection: UV at 360 nm; gradient: 15% B →  32%B in 
20 min, 32% B →  15% B from 20 min to 20.1 min, 15% B from 20.1 min to 24 min; 
retention time: 14.0 min.

β -Phenylalanine: detection: UV at 210 nm; gradient: 5% in 0–11 min, 50% B in 
11–18 min; retention time: 6.9 min.

FDVA-chiral β -aminobutanoic acid: detection: UV at 340 nm; isocratic flow: 
35% B for 30 min; retention time (S): 12.4 min, retention time (R): 18.0 min. 
(Supplementary Fig. 4).

FDVA-chiral β -aminopentanoic acid: detection: UV at 340 nm; isocratic 
flow: 35% B for 30 min; retention time (S): 16.0 min, retention time (R): 28.9 min 
(Supplementary Fig. 7).

FDVA-chiral β -asparagine: detection: UV at 340 nm; gradient: 25% B →  39% 
B in 30 min, 39% B →  25% B from 30 min to 30.1 min, 25% B from 30.1 min to 
35 min; retention time (S): 12.1 min, retention time (R): 13.9 min (Supplementary 
Fig. 10).

FDVA-chiral β -phenylalanine: detection: UV at 340 nm; gradient: 15% B →  
50% B in 22 min, 50% B →  15% B from 22 min to 30 min, 15% B from 30 min  
to 35 min, retention time (R): 23.6 min, retention time (S): 27.3 min 
(Supplementary Fig. 14).

Deamination activities of computational designs for β-aminobutanoic acid. 
A solution of 300 mM (RS)-β -aminobutanoic acid and 100 mM Na2HPO4 was 
prepared, and the pH was adjusted to 8.0 by adding 5 M NaOH. To this solution 
(180 µ L), purified AspB or mutant B1–B34 (20 µ L, concentrations listed in 
Supplementary Table 3) was added. The reactions were performed at 55 °C for 
1 h. The specific activity was determined by measuring the concentration of the 
crotonic acid formed after 1 h reaction time. One unit of enzyme is defined as the 
amount that converts 1 µ mol of substrate per minute.

Deamination activities of the computational designs for β-aminopentanoic 
acid. A solution of 300 mM (RS)-β -aminopentanoic acid and 100 mM Na2HPO4 
was prepared and the pH was adjusted to 8.0 by adding 5 M NaOH. To this solution 
(180 µ L), purified AspB or mutant P1–P5 enzyme (20 µ L, concentrations listed in 
Supplementary Table 6) was added and the reactions were performed at 55 °C for 
2 h. The specific activity was determined by measuring the concentration of the 
formed (E)-2-pentenoic acid after 2 h reaction time. One unit of enzyme is defined 
as the amount that converts 1 µ mol of substrate per minute.

Deamination activities of the computational designs for β-asparagine. A 
solution of 300 mM (S)-β -asparagine and 100 mM Na2HPO4 was prepared, and 
the pH was adjusted to 8.0 by adding 5 M NaOH. To this solution (90 µ L), purified 
AspB or N1–N6 (10 µ L, concentrations listed in Supplementary Table 9) was added, 
and the reactions were left at 55 °C for 15 min. The specific activity was determined 
by measuring the concentration of the formed fumaric acid monoamide after 
15 min reaction time. One unit of enzyme is defined as the amount that converts  
1 µ mol of substrate per minute.

Deamination activities of the computational designs for β-phenylalanine. A 
solution of 50 mM (S)-β -phenylalanine and 100 mM Na2HPO4 was prepared, and 
the pH was adjusted to 8.0 by adding 5 M NaOH. To this solution (90 µ L), purified 
AspB or F1–F30 (10 µ L, concentrations are listed in Supplementary Table 12) 
was added, and the reactions were left at 55 °C for 2 h. The specific activity was 
determined by measuring the concentration of the formed (E)-cinnamic acid after 
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2 h reaction time. One unit of enzyme is defined as the amount that converts  
1 µ mol of substrate per minute.

Fed-batch fermentation of mutants. E. coli BL21 (DE3) containing the 
appropriate expression plasmid from a fresh LB-agar plate was used to prepare a 
seed culture by inoculation of 1 L LB broth in a 3-L flask, followed by cultivation 
to OD600 =  2 at 37 °C. Subsequent bioreactor cultivation was performed in a 20-L 
fermenter. A seed culture was inoculated 10% (v/v) into minimal medium, which 
comprised 0.34% KH2PO4, 0.4% Na2HPO4, 0.4% (NH4)2SO4, 0.18% citric acid, 
0.03% MgSO4, 0.9% glucose, 50 μ g/mL ampicillin and 1% (v/v) trace elements 
solution. This last contained 840 mg/L EDTA, 136 mg/L CoCl2, 954 mg/L MnCl2, 
118 mg/L CuCl2, 300 mg/L H3BO3, 213 mg/L Na2MoO4, 209 mg/L Zn(CH3COO)2, 
and 11.4 g/L ammonium ferric citrate. The whole fed-batch cultivation was 
divided into three phases. The first phase was started with an initial glucose 
concentration of 10 g/L at 37 °C. After the initial glucose was completely consumed, 
as indicated by a sudden increase of dissolved oxygen (DO), a feed with sterilized 
50% (w/v) glucose solution was initiated (phase 2, Supplementary Fig. 16). This 
stepwise method avoids the accumulation of acetic acid. When the OD600 reached 
approximately 20, 30 mg/L IPTG was added to induce the expression of the mutant 
(phase 3). During the whole process, the pH was kept at 7.0 by the addition of 
25% (v/v) ammonia solution when required. The DO level was kept at 30% of air 
saturation by controlling the cascading impeller speed. The aeration rate was kept 
at 1.0 L·L−1·min−1. The OD600 typically reached approximately 60 and the yield of 

AspB mutant enzyme was typically ~5 g/L culture as estimated from  
SDS–PAGE analysis and Bradford protein assays (Supplementary Fig. 17  
and Supplementary Table 14). Whole cells were used for preparative-scale  
synthesis of the β -amino acids.

Synthesis and characterization. Synthetic procedures using B19, P1, N5 and F29 
and compound characterization data are included in Supplementary Notes 1–4.

Reporting Summary. Further information on experimental design is available in 
the Nature Research Reporting Summary linked to this article.

Data and code availability. The data supporting the findings of this study are 
available within the paper and the Supplementary Information files.
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    Experimental design
1.   Sample size

Describe how sample size was determined. This is not relevant to the study, because it is a protein design project.

2.   Data exclusions

Describe any data exclusions. No data were excluded

3.   Replication

Describe whether the experimental findings were 
reliably reproduced.

The experimental findings were reliably reproduced

4.   Randomization

Describe how samples/organisms/participants were 
allocated into experimental groups.

This is not relevant to the study, because it is a protein design project.

5.   Blinding

Describe whether the investigators were blinded to 
group allocation during data collection and/or analysis.

This is not relevant to the study, because it is a protein design project.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.

6.   Statistical parameters 
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the 
Methods section if additional space is needed). 

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same 
sample was measured repeatedly

A statement indicating how many times each experiment was replicated

The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more 
complex techniques should be described in the Methods section)

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.
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   Software
Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this 
study. 

Rosetta 3.7 and Yasara  15.3.8

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made 
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for 
providing algorithms and software for publication provides further information on this topic.

   Materials and reagents
Policy information about availability of materials

8.   Materials availability

Indicate whether there are restrictions on availability of 
unique materials or if these materials are only available 
for distribution by a for-profit company.

No unique materials were used

9.   Antibodies

Describe the antibodies used and how they were validated 
for use in the system under study (i.e. assay and species).

No antibodies were used

10. Eukaryotic cell lines
a.  State the source of each eukaryotic cell line used. No eukaryotic cell lines were used

b.  Describe the method of cell line authentication used. No eukaryotic cell lines were used

c.  Report whether the cell lines were tested for 
mycoplasma contamination.

No eukaryotic cell lines were used

d.  If any of the cell lines used are listed in the database 
of commonly misidentified cell lines maintained by 
ICLAC, provide a scientific rationale for their use.

No eukaryotic cell lines were used

    Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide details on animals and/or animal-derived 
materials used in the study.

No animals were used

Policy information about studies involving human research participants

12. Description of human research participants
Describe the covariate-relevant population 
characteristics of the human research participants.

The study did not involve human research participants
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