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Abstract  

Aspartic acid derivatives with branched N-alkyl or N-arylalkyl substituents are valuable 

precursors to artificial dipeptide sweeteners such as neotame and advantame, which have 

wide-ranging applications in the food industry. Despite the potential applications of these 

amino acid precursors to neotame, advantame and other aspartame-based sweeteners, the 

development of a biocatalyst to synthesize these compounds in a single asymmetric step is an 

as yet unmet challenge. Herein we report an enantioselective biocatalytic synthesis of various 

difficult N-substituted aspartic acids including N-(3,3-dimethylbutyl)-L-aspartic acid and N-

[3-(3-hydroxy-4-methoxyphenyl)propyl]-L-aspartic acid, precursors to neotame and 

advantame respectively, using an engineered variant of ethylenediamine-N,N'-disuccinic acid 

(EDDS) lyase from Chelativorans sp. BNC1. This engineered C-N lyase (mutant 

D290M/Y320M) displayed a remarkable 1140-fold increase in activity for the selective 

hydroamination of fumarate compared to that of the wild-type enzyme, opening up new 

opportunities to develop practical multienzymatic processes for the more sustainable and step-

economic synthesis of an important class of food additives. 
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Artificial low-calorie sweeteners are used as sugar replacements in the food industry, with the 

benefits of controlling energy intake and blood glucose levels, improving dental health and 

other health concerns related to sugar overconsumption.[1–6] The dipeptide aspartame, which 

is ~200-fold sweeter than sucrose (Scheme 1A), is one of the most widely used artificial 

sweeteners with a substantial production volume each year.[7] The derivatization of aspartame 

with branched N-alkyl- or N-arylalkyl-groups generates even sweeter compounds, such as the 

more recently approved food additives neotame and advantame (Scheme 1A).[6,8-10] Notably, 

neotame is 7,000-13,000 times sweeter than sucrose, while advantame is ~20,000 times 

sweeter than sucrose. 

A common synthetic method for neotame and advantame production is the reductive N-

alkylation of aspartame with the corresponding aldehyde in the presence of hydrogen using a 

palladium (Pd/C) or platinum (Pt/C) hydrogenation catalyst (Scheme 1B, Method 1).[10-14] An 

alternative strategy for neotame production involves N-(3,3-dimethylbutyl)-L-aspartic acid (3a) 

as precursor, which was linked to L-phenylalanine methyl ester by amide bond coupling 

(Scheme 1B, Method 2).[15–17] This precursor is chemically synthesized by reductive N-

alkylation of L-aspartic acid (or its ester derivative) using transition-metal catalysts (Pd/C or 

Pt/C). Similarly, N-[3-(3-hydroxy-4-methoxyphenyl)propyl]-L-aspartic acid (3f) could be 

chemically prepared by reductive N-alkylation of L-aspartic acid and serve as precursor to 

advantame. However, the development of a biocatalyst for enantioselective synthesis of these 

difficult N-substituted aspartic acids 3a and 3f in a single asymmetric step is an as yet unmet 

challenge. 

Here we report the engineering of an effective C-N lyase, based on ethylenediamine-N,N'-

disuccinic acid (EDDS) lyase from Chelativorans sp. BNC1[18-20], for the enantioselective 

synthesis of N-(3,3-dimethylbutyl)-L-aspartic acid (3a) and N-[3-(3-hydroxy-4-

methoxyphenyl)propyl]-L-aspartic acid (3f), precursors to neotame and advantame 

respectively, as well as related chiral synthons for aspartame-based sweeteners starting from 

the simple non-chiral compound fumaric acid (1, Scheme 1C). This newly engineered C-N 

lyase shows a 1140-fold increase in activity for the selective hydroamination of fumarate 

compared to that of the wild-type enzyme, opening up new opportunities to design practical 

multienzymatic processes for the more sustainable and step-economic synthesis of an 

important class of food additives. 

Our group has previously reported that an engineered variant of 3-methylaspartate 

ammonia lyase (MAL-Q73A) accepts various amines, including butylamine (2c, Table 1), for 

enantioselective hydroamination of fumarate (1).[21,22] Structurally, amines 2b and 2a have 

respectively one or two extra methyl group(s) at the C-3 position compared with 2c. This 

prompted us to start our investigations by testing the branched amines 2a and 2b as unnatural 

substrates in the MAL-Q73A catalyzed hydroamination of 1. Although amine 2b was 

accepted by MAL-Q73A for slow hydroamination of 1 (Fig. S1), yielding optically pure L-3b 

(e.e. >99%), amine 2a was unfortunately not accepted as substrate by MAL-Q73A. This 
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suggests that the bulky tert-butyl group of 2a prevents productive binding in the enzyme 

active site, making amine 2a a challenging substrate for C-N lyases.  
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Scheme 1. (A) Structures of the low-calorie artificial dipeptide sweeteners aspartame, neotame and 
advantame; (B) Current synthesis methods for neotame and advantame involve metal-catalyzed 
reductive N-alkylation; (C) Proposed biocatalytic asymmetric synthesis of N-substituted aspartic acids 
3 as precursors for potential multienzymatic synthesis of neotame and advantame. 

 

We continued our investigations by testing whether EDDS lyase, which has previously 

been shown to possess an exceptionally broad amine scope,[18-20] can accept the challenging 

amine 2a as an unnatural substrate in the hydroamination of 1. Pleasingly, EDDS lyase 

accepted 2a for addition to 1, giving rise to target compound 3a. Under optimized conditions, 

excellent conversion (92% after 7 days) and good isolated yield (67%) of 3a were achieved 

using 0.15 mol% biocatalyst loading (Table 1, Fig. S2). The enzymatic product 3a was 

identified as the desired L-enantiomer with >99% e.e. Amines 2b and 2c were also readily 

converted by EDDS lyase to afford the respective optically pure products L-3b and L-3c (>99% 



Engineering of EDDS lyase for Enhanced Activity 

141 

Table 1. Enantioselective synthesis of neotame and advantame precursors, as well as related 
compounds, using EDDS lyase or its engineered variant D290M/Y320M as biocatalyst.  

 

 
 

[a] Reaction conditions: fumaric acid (1, 10 mM), amine (2a-f, 50 or 100 mM) and EDDS lyase WT (0.05 or 
0.15 mol% based on fumaric acid) in NaH2PO4/NaOH buffer (pH 8.5) at room temperature. [b] Reaction 
conditions: fumaric acid (1, 10 mM), amine (2a-f, 50 or 100 mM), glycerol (45 vol %) and EDDS lyase 
D290M/Y320M (0.05 mol% based on fumaric acid) in NaH2PO4/NaOH buffer (pH 8.5) at room temperature. [c] 
Conversion was determined by 1H NMR spectroscopy; isolated yield after ion-exchange chromatography. [d] 
The e.e. value was determined by high-performance liquid chromatography on a chiral stationary phase using 
chemically synthesized authentic standards. 

Entry Substrate                  Product 

WT[a] 
 

D290M/Y320M[b] 
e.e.[d]  
[%] Conv.(yield)[c] 

[%] 
Time 
[d] 

 Conv.(yield)[c] 
[%] 

Time 
[h] 

1 2a 3a 

 

92 (67) 7 

 

96 (83) 2.5 >99 

2 2b 3b 

 

93 (74) 7 

 

93 (81) 2.5 >99 

3 2c 3c 

 

95 (66) 7 

 

92 (68) 2.5 >99 

4 2d 3d 

 

97 (45) 7 

 

96 (49) 6 >99 

5 2e 3e 

 

93 (40) 7 

 

90 (40) 6 >99 

6 2f 3f 

 

82 (34) 7 

 

82 (34) 6 >99 



Chapter 5  

142 

e.e.) with 93-95% conversion and in 66-74% isolated yield (Table 1). Interestingly, the bulky 

arylalkylamines 2d-f were also accepted as substrates by EDDS lyase, yielding the respective 

products L-3d-f. High conversion (82-97% after 7 days) and excellent enantioselectivity (>99% 

e.e.) were observed (Table 1). 

Although EDDS lyase is the first identified biocatalyst to synthesize target compound 3a 

in a single asymmetric step, its catalytic activity for this transformation is quite low resulting 

in a rather long reaction time of 7 days when using 0.15 mol% biocatalyst loading. Therefore, 

a structure-based protein engineering strategy was applied to enhance this hydroamination 

activity of EDDS lyase. On the basis of the structure of EDDS lyase in complex with its 

natural substrate (S,S)-EDDS (Fig. 1),[18] two residues (Asp290 and Tyr320) were chosen for 

site-saturation mutagenesis (SSM) because of their presumed roles in positioning of the amine 

substrate for addition to fumarate. Specifically, residue Asp290 forms a water-mediated 

hydrogen bond with the internal amino group connected to the distal succinyl moiety of (S,S)-

EDDS, which appears to be an important interaction for binding and positioning of 

ethylenediamine and other diamine substrates (but not for monoamines such as 2a) for 

addition to fumarate. The bulky aromatic ring of Tyr320 may further preclude optimal 

positioning of amine 2a. 

Accordingly, two focused libraries were constructed by randomizing positions Asp290 

and Tyr320, yielding libraries D290X and Y320X. The libraries were transformed into E. coli 

 

 

Figure 1. (A) Structures of natural substrate (S,S)-EDDS and target compound (S)-3a and (B) a close-

up of the active site of EDDS lyase with bound (S,S)-EDDS (PDB: 6G3H). The bound (S,S)-EDDS 

(green) and side chains of residues forming the amine binding pocket are shown using stick 

representation. The two target residues for mutagenesis, Asp290 and Tyr320, are shown in yellow.  

A B 
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cells and screened by evaluating ~100 transformants of each library. Initially, we evaluated 

mutants in the D290X library by monitoring the depletion of 1 in a spectrophotometric kinetic 

assay in multi-well plates using cell free extracts (CFEs). However, this screening was 

unsuccessful because 1 was converted at a similar rate by all CFEs, including a CFE prepared 

from E. coli cells not producing EDDS lyase (Figure S3). We assumed that this relatively 

high background consumption of 1 was caused by indigenous fumarase (FumC) activity 

present in the E. coli CFE, resulting in the undesired hydration of 1 to give L-malic acid, 

which outcompeted the slower EDDS lyase mediated hydroamination of 1.[23,24] Considering 

that the removal of fumarase by enzyme purification from CFEs is quite laborious and not 

suitable for library screening, we tested whether the addition of fumarase inhibitors (D-malate, 

citrate and glycerol) could suppress FumC-dependent hydration of 1. While D-malate and 

citrate did not show sufficient inhibition (data not shown), the addition of glycerol to the 

screening assay (at 45%, v/v) effectively inhibited FumC catalyzed hydration of 1 (Figure 

S4A, S5). It has been reported that glycerol inhibits FumC by affecting a conformational 

change, which appears to be the rate-limiting step, based on its viscogenic effect.[25] 

Importantly, control experiments demonstrated that the activity of EDDS lyase, measured by 

the addition of ethylene diamine to 1, was not inhibited by glycerol (Figure S4B). Based on 

these optimizations, 45% (v/v) glycerol was included in the screening assay as additive to 

suppress the FumC-catalyzed hydration of 1, enabling hydroamination activity screening of 

mutant libraries using CFEs instead of purified proteins. 

Using this optimized assay, screening of the D290X and Y320X libraries resulted in the 

identification of five mutants (D290L, D290V, Y320M, Y320V and Y320L) with 

significantly improved activity. These mutant enzymes were purified to homogeneity and 

assayed for their ability to catalyze the addition of 2a to 1 to yield target compound 3a. The 

best mutant from the D290X library (D290L) showed a 55-fold enhanced activity, while the 

best mutant from the Y320X library (Y320M) displayed a remarkable 620-fold increase in 

activity compared to that of the wild-type enzyme (Figure 2, Table S2). 

To further improve the catalytic activity of EDDS lyase, we used an iterative saturation 

mutagenesis (ISM) strategy, using the best four hits from the single-site libraries as templates 

and randomizing the other respective position. Accordingly, the libraries D290L/Y320X, 

Y320M/D290X, Y320V/D290X and Y320L/D290X were constructed. The screening of these 

libraries resulted in the identification of four double mutants, D290M/Y320M, 

D290H/Y320M, D290L/Y320M and D290M/Y320V, which showed activity improvement 

over the best single mutant Y320M. Based on assays using purified enzymes, the mutant 

D290M/Y320M was shown to be the best mutant enzyme, with a striking 1140-fold increase 

in activity compared to that of the wild-type enzyme (Fig. 2, Table S2). Notably, the mutant 

enzyme D290L/Y320M, in which the two best single mutations at each position are combined, 

displayed a lower activity compared to that of mutant D290M/Y320M (Fig. 2), illustrating the 

importance of using an ISM approach to identify the best mutant. 
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Figure 2. Engineering of EDDS lyase for efficient synthesis of 3a. (A) Activity improvement of 
EDDS lyase variants over wild type. Conditions: 1 (5 mM), 2a (100 mM), purified enzyme (0.15 mol% 
based on fumaric acid), glycerol (45 %, v/v), NaH2PO4/NaOH buffer (pH 8.5), r.t. Reactions were 
monitored by following the depletion of 1 at 270 nm by UV spectroscopy. Reactions were performed 
in triplicate. (B) Progress curves for addition of 2a to 1 catalyzed by EDDS lyase and variants. 

 

Importantly, we observed that the activity of the mutant enzyme D290M/Y320M for the 

addition of 2a (100 mM) to 1 (5 mM) was affected by glycerol. The enzymatic activity 

decreased significantly (~2.5-fold) when the glycerol concentration in the reaction mixture 

was reduced from 45% to 30% (v/v) and became almost undetectable when the glycerol 

concentration was lowered to ≤20% (Figure S6). This decrease in enzyme activity upon 

lowering the glycerol concentration was accompanied by slight protein precipitation. Since 

the D290M/Y320M mutant was observed to be stable and fully active after several hours of 
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incubation in buffer (without amine substrate) at room temperature, it appears that in the 

presence of high concentrations of amine 2a (100 mM), the D290M/Y320M mutant is not 

stable and loses activity. In the reaction mixture with 100 mM amine 2a, the D290M/Y320M 

mutant was stabilized by glycerol (45%, v/v), which is a routinely used stabilizing agent for 

proteins.[26,27] Note that the addition of 45% (v/v) glycerol did not effect the hydroamination 

activity of the wild-type enzyme under the same conditions (Figure S7). 

Interestingly, this implies that glycerol played dual roles in mutant library screening; it 

served both as fumarase inhibitor and as protein stabilizer. The presence of 45% (v/v) 

glycerol during library screening was thus essential for the identification of the 

D290M/Y320M mutant, suggesting that the incorporation of cosolvents in screening assays is 

an appealing strategy to identify mutants with the desired activity, but having reduced 

stability, in enzyme evolution. Our results provide support for the notion that protein stability 

is a major constraint in enzyme evolution, and buffering mechanisms such as the inclusion of 

stabilizing cosolvents are key in relieving this constraint.[28] 

Having generated an EDDS lyase variant with strongly improved catalytic activity 

(mutant D290M/Y320M), we tested its performance as biocatalyst for the synthesis of our 

target compound 3a. With 0.05 mol% of biocatalyst loading, starting substrates 1 and 2a were 

readily converted to afford optically pure L-3a (>99% e.e.) with 96% conversion after only 

2.5 h (instead of 7 days as observed for the same transformation with the wild-type enzyme) 

and in 83% isolated yield (entry 1 in Table 1, Figure S8). To further demonstrate the synthetic 

usefulness of this newly engineered C-N lyase, amines 2b-f were tested as substrates in the 

hydroamination of 1. The enzymatic reactions proceeded smoothly to afford enantiomerically 

pure products L-3b-f (>99% e.e.) with 82-96% conversion (after a few hours rather than 7 

days) and in 34-81% yield (entries 2-6 in Table 1, Figure S9). These amino acid products 

(except 3d) are building blocks for N-functionalized aspartame derivatives that were reported 

to be much sweeter than sucrose.[8] Notably, product 3f is a chiral precursor for the synthesis 

of advantame (Fig. 1), which, like neotame, has already been approved for application in food 

products. 

In conclusion, we have successfully engineered a C-N lyase for efficient asymmetric 

addition of challenging amines to fumarate to yield optically pure N-(3,3-dimethylbutyl)-L-

aspartic acid and N-[3-(3-hydroxy-4-methoxyphenyl)propyl]-L-aspartic acid, precursors to 

neotame and advantame respectively. This biocatalytic methodology offers a useful 

alternative route to important chiral synthons for these artificial dipeptide sweeteners. The 

engineered C-N lyase nicely supplements the toolbox of biocatalysts for production of 

unnatural amino acids, and opens up new opportunities to develop an entirely enzymatic route 

for the straightforward synthesis of valuable aspartame-based sweeteners, starting from the 

simple non-chiral dicarboxylic acid 1 (Scheme 1C). As such, this work sets the stage for 

further development of practical multienzymatic processes for the more sustainable and step-

economic synthesis of an important class of food additives. 
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I. General Information 

Fumaric acid, butylamine, isopentylamine, 3,3-dimethylbutylamine, phenylpropylamine, D-

malic acid and trisodium citrate dihydrate were purchased from Sigma-Aldrich Chemical Co. 

The compound 5-(3-aminopropyl)-2-methoxyphenol was synthesized chemically using a 

reported protocol.[1] Ingredients for media and buffers were purchased from Duchefa 

Biochemie or Merck. Dowex 50W X8 resin (100-200 mesh) was obtained from Sigma-

Aldrich Chemical Co., and AG 1X8 resin (acetate form, 100-200 mesh) was bought from Bio-

Rad Laboratories, Inc. Ni sepharose 6 fast flow resin and HiLoad 16/600 Superdex 200 pg 

column were purchased from GE Healthcare Bio-Sciences AB. cOmplete™, an EDTA-free 

protease inhibitor cocktail, was bought from Sigma-Aldrich Chemical Co.  

Plasmids were purified using the QIAprep Spin Miniprep Kit. Primers used for site-

directed mutagenesis were synthesized by Eurofins Genomics. PCR ingredients, including 

dNTPs, DMSO, 5X Phusion® GC Reaction buffer and Phusion® DNA Polymerase, were 

purchased from New England Biolabs. PCR products were purified using the QIAquick PCR 

Purification Kit. FastDigest DpnI was purchased from Thermo Fisher Scientific Inc. 

Mutagenesis libraries were prepared and cultured using Greiner CELLSTAR® 96 well plates 

and Greiner Bio-One™ Masterblock™ 96-Well MicroPlates, sealed with Breathe-Easy® 

sealing membrane. Library screening assay were performed with Greiner UV-Star® 96 well 

plates with VIEWseal™ sealing film. 

Proteins were analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) under denaturing conditions on precast gels (NuPAGE™ 4-12% Bis-Tris 

protein gels). The gels were stained with InstantBlue™ Protein Stain. High performance 

liquid chromatography (HPLC) was performed using a Shimadzu LC-10AT HPLC with a 

Shimadzu SPD-M10A diode array detector. NMR analysis was performed on a Brucker 500 

MHz machine at the Drug Design laboratory of the University of Groningen. Electrospray 

ionization orbitrap high resolution mass spectrometry (HRMS) was performed by the Mass 

Spectrometry Core Facility of the University of Groningen. 

 

II. Detailed Experimental Procedures 

1.   Protein Expression and Purification 

Expression and purification of MAL-Q73A and wild type EDDS lyase were performed using 

protocols described previously.[2,3] EDDS lyase variants were purified using a slightly 

modified protocol to avoid protein degradation during purification. Briefly, 4 g of cells 

(collected from a 1 L culture) were suspended in lysis buffer (50 mM Tris-HCl, 300 mM 

NaCl, 20 mM imidazole, pH 8.0; 15 mL), and were disrupted by sonication (4 times 40 sec 
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with 5 min rest in between each cycle) at a 60 W output. After centrifugation (12,000 rpm, 45 

min), the supernatant was collected, to which protease inhibitor was added. For a typical 

purification, the supernatant was incubated at 4 °C for 2 h with Ni sepharose resin (1 mL 

slurry in a small column), which had previously been equilibrated with lysis buffer. The 

nonbound proteins were removed from the column by gravity flow. The column was washed 

with lysis buffer (15 mL) followed by buffer A (50 mM Tris-HCl, 300 mM NaCl, 40 mM 

imidazole pH 8.0; 15 mL). The target protein was eluted from the column with buffer B (50 

mM Tris-HCl, 300 mM NaCl, 500 mM imidazole pH 8.0; 5 mL). Fractions collected were 

analyzed by SDS-PAGE, and those containing EDDS lyase were combined and loaded on 

HiLoad 16/600 Superdex 200 pg column, which was eluted with buffer C (20 mM NaH2PO4-

NaOH buffer, pH 8.0) at 1 mL/min for 1.2 column volumes by using an ÄKTAexplorer. 

Fractions were collected and analyzed by SDS-PAGE. The purified enzyme was stored at -

20°C until further use. 

2.   UV-spectrophotometry monitoring of amine addition to fumaric acid by 

MAL-Q73A 

The activity of MAL-Q73A for amine addition to fumaric acid (1) was determined at room 

temperature by following the depletion of 1 at 270 nm using UV spectrophotometry.[2]  A 

substrate mixture (20 mL) was prepared consisting of 1 (0.86 mM), amine 2a-2b (6 mM) and 

MgCl2 (20 mM)  in water, and the pH was adjusted to 9.0 with aqueous HCl. Into 1 mL of 

substrate mixture, MAL-Q73A (0.5 mg) was added to start the reaction. 

 

3. General procedure for the synthesis of N-substituted L-aspartic acids 

(3a-f) using EDDS lyase WT and the D290M/Y320M variant 

 

General procedure for WT: For synthesis of 3a-d, an initial reaction mixture (15 mL) was 

prepared with fumaric acid (0.2 mmol) and an amine substrate (2 mmol) in 50 mM 

NaH2PO4/NaOH buffer. The pH was adjusted to pH 8.5. Purified EDDS lyase (0.05 mol% or 

0.15 mol% based on fumaric acid) was added to start the reaction, and the final reaction 

volume was immediately adjusted to 20 mL with the same buffer. The reaction mixture was 

incubated at room temperature. After completion of the reaction, the enzyme was quenched 

by incubating the reaction solution at 100 ºC for 10 min. Conversions were determined by 

comparing 1H NMR signals of substrates and corresponding products. For synthesis of 3e-f, 

reactions were performed at 5-mL scale with fumaric acid (0.05 mmol), an amine substrate 
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(0.25 mmol) and purified EDDS lyase (0.15 mol% based on fumaric acid) in 50 mM 

NaH2PO4/NaOH buffer (pH 8.5). 

General procedure for the D290M/Y320M variant: For synthesis of 3a-d, an initial 

reaction mixture (15 mL) was prepared with fumaric acid (0.2 mmol) and an amine substrate 

(2 mmol), glycerol (45 vol%) in 50 mM NaH2PO4/NaOH buffer. The pH was adjusted to pH 

8.5. Purified EDDS lyase variant D290M/Y320M (0.05 mol% based on fumaric acid) was 

added to start the reaction, and the final reaction volume was immediately adjusted to 20 mL 

with the same buffer. The reaction mixture was incubated at room temperature. After 

completion of the reaction, the enzyme was inactivated by incubating the reaction mixture at 

100 ºC for 10 min. Conversions were determined by comparing 1H NMR signals of substrates 

and corresponding products. For synthesis of 3e-f, reactions were performed at 5-mL scale 

with fumaric acid (0.05 mmol), an amine substrate (0.25 mmol), glycerol (45 vol%) and 

EDDS lyase variant D290M/Y320M (0.05 mol% based on fumaric acid) in 50 mM 

NaH2PO4/NaOH buffer (pH 8.5). 

Enzymatic products were purified by ion-exchange chromatography, following protocols 

described previously.[4,5] Specifically, 3a-c were purified using cation-exchange 

chromatography (5 g of Dowex 50W X8 resin, 100-200 mesh).[4] Products 3d-f were isolated 

by using anion exchange chromatography (5 g of AG 1-X8 resin, acetate form, 100-200 

mesh), followed by cation exchange chromatography (5 g of Dowex 50W X8 resin, 100-200 

mesh).[5]  

 

N-(3,3-dimethylbutyl)-L-aspartic acid (3a) 

White solid. Wild type: 29 mg (67% yield, ee >99%); D920M/Y320M: 

36 mg (83% yield, ee >99%). 1H NMR (500 MHz, D2O) δ 3.79 (dd, J = 

8.5, 3.9 Hz, 1H), 3.16 – 3.03 (m, 2H), 2.80 (dd, J = 17.5, 3.9 Hz, 1H), 

2.66 (dd, J = 17.5, 8.6 Hz, 1H), 1.62 (dd, J = 9.4, 7.7 Hz, 2H), 0.92 (s, 

9H); 13C NMR (126 MHz, D2O) δ 177.13, 173.31, 59.35, 43.66, 39.09, 

35.67, 28.92, 28.22(3C). HRMS (ESI+): calcd. for C10H20O4N [M+H]+: 

218.13868, found: 218.13870.  

Chiral HPLC conditions: Nucleosil-Chiral 5μm Chiral-1 120A column (250 × 4 mm, 

Phenomenex). Mobile phase: 0.5 mM CuSO4 aqueous solution. Flow rate 1.0 mL/min, 60 °C, 

UV detection at 240 nm. tR = 7.3 min. The ee was determined to be >99% by chiral HPLC 

analysis using authentic standards with known S or R configuration (Supplementary Figure 

S10). 
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N-isopentyl-L-aspartic acid (3b) 

White solid. Wild type: 30 mg (74% yield, ee >99%); D290M/Y320M: 33 

mg (81% yield, ee >99%). 1H NMR (500 MHz, D2O) δ 3.79 (dd, J = 8.6, 

3.9 Hz, 1H), 3.14 – 3.04 (m, 2H), 2.81 (dd, J = 17.5, 3.9 Hz, 1H), 2.67 (dd, 

J = 17.5, 8.7 Hz, 1H), 1.71 – 1.57 (m, 3H), 0.91 (d, J = 6.4 Hz, 6H); 13C 

NMR (126 MHz, D2O) δ 177.14, 173.25, 59.40, 45.14, 35.47, 34.38, 

25.24, 21.42, 21.25. HRMS (ESI+): calcd. for C9H18O4N [M+H]+: 

204.12303, found: 204.12306. 

Chiral HPLC conditions: Nucleosil-Chiral 5 µm Chiral-1 120A column (250 × 4 mm, 

Phenomenex). Phase A: 0.5 mM CuSO4 aqueous solution, phase B: acetonitrile, A/B = 80:20 

(v/v). Flow rate: 1 mL/min, 60 °C, UV detection at 240 nm. tR = 5.7 min. The ee was 

determined to be >99% by chiral HPLC analysis using authentic standards with known S or R 

configuration (Supplementary Figure S11). 

N-butyl-L-aspartic acid (3c) 

White solid. Wild type: 25 mg (66% yield, ee >99%); D290M/Y320M: 

26 mg (68% yield, ee >99%). 1H NMR (500 MHz, D2O) δ 3.80 (dd, J = 

8.5, 4.0 Hz, 1H), 3.13 – 3.01 (m, 2H), 2.82 (dd, J = 17.6, 4.0 Hz, 1H), 

2.69 (dd, J = 17.6, 8.6 Hz, 1H), 1.68 (p, J = 7.5 Hz, 2H), 1.40 (h, J = 7.4 

Hz, 2H), 0.92 (t, J = 7.4 Hz, 3H); 13C NMR (126 MHz, D2O) δ 176.94, 

173.17, 59.15, 46.36, 35.31, 27.61, 19.01, 12.63. HRMS (ESI+): calcd. for C8H16O4N [M+H]+: 

190.10738, found: 190.10762.  

Chiral HPLC conditions: Nucleosil-Chiral 5μm Chiral-1 120A column (250 × 4 mm, 

Phenomenex).  Phase A: 0.5 mM CuSO4 aqueous solution, phase B: acetonitrile, A/B = 80:20 

(v/v). Flow rate 1 mL/min, 60 °C, UV detection at 240 nm. tR = 5.7 min. The ee was 

determined to be >99% by chiral HPLC analysis using authentic standards with known S or R 

configuration (Supplementary Figure S12).  

N-benzyl-L-aspartic acid (3d) 

White solid. Wild type: 20 mg (45% yield); D290M/Y320M: 22 mg (49% 

yield, ee >99%). 1H NMR (500 MHz, D2O) δ 7.47 (s, 5H), 4.33 (d, J = 

13.1 Hz, 1H), 4.23 (d, J = 13.1 Hz, 1H), 3.78 (dd, J = 8.9, 3.9 Hz, 1H), 

2.78 (dd, J = 17.6, 3.9 Hz, 1H), 2.66 (dd, J = 19.8, 8.9 Hz, 1H); 13C NMR 

(126 MHz, D2O) δ 177.25, 173.06, 130.86, 129.68 (2C), 129.52, 129.21 

(2C), 59.43, 49.90, 35.55; HRMS (ESI+): calcd. for C11H14O4N [M+H]+: 

224.0917, found: 224.0917.  

Chiral HPLC conditions: Nucleosil-Chiral 5 μm Chiral-1 120A column (250 × 4 mm, 

Phenomenex). Phase A: 0.5 mM CuSO4 aqueous solution, phase B: acetonitrile, A/B = 80:20 
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(v/v). Flow rate 1 mL/min, 60 °C, UV detection at 240 nm. tR = 6.1 min. The ee was 

determined to be >99% by chiral HPLC analysis using authentic standards with known S or R 

configuration (Supplementary Figure S13).  

N-(3-phenylpropyl)-L-aspartic acid (3e) 

White solid. Wild type: 5 mg (40% yield, ee >99%); D290M/Y320M: 5 

mg (40% yield, ee >99%). 1H NMR (500 MHz, D2O) δ 7.41 (t, J = 7.5 Hz, 

2H), 7.37 – 7.29 (m, 3H), 3.84 (dd, J = 7.7, 4.1 Hz, 1H), 3.18 – 3.05 (m, 

2H), 2.88 (dd, J = 17.8, 3.9 Hz, 1H), 2.82 – 2.73 (m, 3H), 2.08 (p, J = 7.5 

Hz, 2H); 13C NMR (126 MHz, D2O) δ 182.11, 172.92, 140.73, 128.77(2C), 

128.49(2C), 126.44, 58.91, 46.15, 34.92, 31.74, 27.27. HRMS (ESI+): 

calcd. for C13H18O4N [M+H]+: 252.12303, found: 252.12274.  

Chiral HPLC conditions: Nucleosil-Chiral 5μm Chiral-1 120A column (250 × 4 mm, 

Phenomenex). Mobile phase: 0.5 mM CuSO4 aqueous solution. Flow rate 1.0 mL/min, 60 °C, 

UV detection at 240 nm. tR = 8.9 min. The ee was determined to be >99% by chiral HPLC 

analysis using authentic standards with known S or R configuration (Supplementary Figure 

S14). 

N-[3-(3-hydroxy-4-methoxyphenyl)propyl]-L-aspartic acid (3f) 

White solid. Wild type: 5 mg (34% yield, ee >99%); D290M/Y320M: 5 

mg (34% yield, ee >99%). 1H NMR (500 MHz, D2O) δ 6.98 (d, J = 8.0 

Hz, 1H), 6.85 – 6.77 (m, 2H), 3.82 (s, 3H), 3.75 (dd, J = 8.6, 3.9 Hz, 

1H), 3.11 – 2.98 (m, 2H), 2.76 (dd, J = 17.6, 3.9 Hz, 1H), 2.69 – 2.56 

(m, 3H), 1.99 (p, J = 7.5 Hz, 2H); 13C NMR (126 MHz, D2O) δ 177.24, 

173.18, 145.77, 144.75, 134.06, 120.50, 115.73, 112.84, 59.34, 55.96, 

45.84, 35.37, 30.92, 27.34. HRMS (ESI+): calcd. for C14H20O6N 

[M+H]+: 298.12851, found: 298.12845. 

Chiral HPLC conditions: Nucleosil-Chiral 5μm Chiral-1 120A column (250 × 4 mm, 

Phenomenex). Mobile phase: 0.5 mM CuSO4 aqueous solution. Flow rate 1.0 mL/min, 60 °C, 

UV detection at 280 nm. tR = 16.1 min. The ee was determined to be >99% by chiral HPLC 

analysis using authentic standards with known S or R configuration (Supplementary Figure 

S16). 

4. Synthesis of 4-methyl-N-(3,3-dimethylbutyl)-L-aspartate (4)     
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A solution of 3a (40 mg, 0.18 mmol) in dry MeOH (4 mL) was cooled in an ice-bath, and 

then SOCl2 (50 mg, 0.4 mmol) was added dropwise into the solution. After 20 min of cooling, 

the reaction mixture was moved to room temperature and stirred for 6 h. The reaction 

progress was monitored by thin layer chromatography (MeOH/DCM 4:1, stained by 

ninhydrin) until all starting material was consumed. Solvents were removed by evaporation 

under vacuum, and the crude product was purified via flash chromatography (MeOH/DCM, 

9%, v/v) to provide light yellow solid 4 (35 mg, 71%). 1H NMR (500 MHz, methanol-d4) δ 

4.23 (t, J = 5.4 Hz, 1H), 3.72 (s, 3H), 3.16 – 3.02 (m, 4H), 1.64 – 1.61 (m, 2H), 0.94 (s, 9H); 
13C NMR (126 MHz, methanol-d4) δ 171.67, 170.35, 57.66, 52.98, 45.92, 40.28, 34.57, 30.62, 

29.42(3). HRMS (ESI+): calcd. for C11H22O4N [M+H]+: 232.15433, found: 232.15418. 

 

5. General procedure for chemical synthesis of standards for 

stereochemistry determination 

 

 

 

Chemical synthesis of standards for stereochemistry determination (N-substituted L- or D-

aspartic acids) was conducted using the protocol reported previously with slight 

modifications.[4,6] In general, 1 mL methanol solution containing sodium cyanoborohydride 

(72.5 mg, 1.15 mmol, 1.5 eq) was added into a mixture of L- or D-aspartic acid (100 mg, 0.75 

mmol, 1 eq) and the corresponding aldehyde (0.90 mmol, 1.2 eq) in dry methanol (2 mL). The 

reaction mixture was stirred at room temperature for 24 - 48 h. The reaction mixture was 

coated with silica and purified by flash chromatography [dichloromethane/methanol (50%)] 

without workup. The purification was monitored by TLC (methanol 100%, stained by 

ninhydrin). The fractions containing products were combined and dried under vacuum. 

 

N-(3,3-dimethylbutyl)-L-aspartic acid (L-3a) 

The synthesis of compound L-3a was performed with a slight modification 

of the general protocol. Compound L-3a was obtained by reacting 3,3-

dimethylbutyraldehyde (160 mg, 1.60 mmol) with L-aspartic acid (177 mg, 

1.33 mmol) and sodium cyanoborohydride (125.68 mg, 2.00 mmol) in 4 

mL methanol. The reaction mixture was filtered and the collected filtrate 

was evaporated under vacuum. The obtained solid was washed with ethyl 

acetate (3 x 6 ml) and dried under vacuum.  
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White solid. 68 mg (24% yield). 1H NMR (500 MHz, D2O) δ 3.80 (dd, J = 8.4, 3.9 Hz, 1H), 

3.19 – 2.99 (m, 2H), 2.80 (dd, J = 17.0, 4.4 Hz, 1H), 2.67 (dd, J = 17.5, 8.5 Hz, 1H), 1.72 – 

1.53 (m, 2H), 0.92 (s, 9H); 13C NMR (126 MHz, D2O) δ 177.30, 173.37, 59.42, 43.64, 39.11, 

35.78, 28.92, 28.22(3C). HRMS (ESI+): calcd. for C10H20O4N [M+H]+: 218.13868, found: 

218.13864. Chiral HPLC conditions: Nucleosil-Chiral 5μm Chiral-1 120A column (250 × 4 

mm, Phenomenex). Mobile phase: 0.5 mM CuSO4 aqueous solution. Flow rate 1.0 mL/min, 

60 °C, UV detection at 240 nm. tR = 7.2 min. (Supplementary Figure S10). 

N-(3,3-dimethylbutyl)-D-aspartic acid (D-3a) 

The synthesis of compound D-3a was performed with a slight modification 

of the general protocol. Compound D-3a was obtained by reacting 3,3-

dimethylbutyraldehyde (160 mg, 1.60 mmol) with D-aspartic acid (177 mg, 

1.33 mmol) and sodium cyanoborohydride (125.68 mg, 2.00 mmol) in 4 

mL methanol.  

White solid. 74 mg (26 % yield). 1H NMR (500 MHz, D2O) δ 3.79 (dd, J = 8.6, 3.9 Hz, 1H), 

3.14 – 3.02 (m, 2H), 2.79 (dd, J = 17.5, 3.9 Hz, 1H), 2.65 (dd, J = 17.5, 8.6 Hz, 1H), 1.61 (dd, 

J = 9.4, 7.8 Hz, 2H), 0.91 (s, 9H); 13C NMR (126 MHz, D2O) δ 177.22, 173.34, 59.38, 43.62, 

39.08, 35.71, 28.91, 28.20(3C). HRMS (ESI+): calcd. for C10H20O4N [M+H]+: 218.13868, 

found: 218.13857. Chiral HPLC conditions: Nucleosil-Chiral 5μm Chiral-1 120A column 

(250 × 4 mm, Phenomenex). Mobile phase: 0.5 mM CuSO4 aqueous solution. Flow rate 1.0 

mL/min, 60 °C, UV detection at 240 nm. tR = 4.9 min. (Supplementary Figure S10). 

N-isopentyl-L-aspartic acid (L-3b) 

White solid. 57 mg (37% yield). 1H NMR (500 MHz, D2O) δ 3.79 (dd, J 

= 8.8, 3.9 Hz, 1H), 3.17 – 3.02 (m, 2H), 2.80 (dd, J = 17.5, 3.9 Hz, 1H), 

2.66 (dd, J = 17.5, 8.8 Hz, 1H), 1.75 – 1.54 (m, 3H), 0.91 (dd, J = 6.5, 1.4 

Hz, 6H); 13C NMR (126 MHz, D2O) δ 177.31, 173.30, 59.37, 45.07, 

35.56, 34.36, 25.05, 21.40, 21.22. HRMS (ESI+): calcd. for C9H18O4N 

[M+H]+: 204.12303, found: 204.12300. 

Chiral HPLC conditions: Nucleosil-Chiral 5 µm Chiral-1 120A column (250 × 4 mm, 

Phenomenex). Phase A: 0.5 mM CuSO4 aqueous solution, phase B: acetonitrile, A/B = 80:20 

(v/v). Flow rate: 1 mL/min, 60 °C, UV detection at 240 nm. tR = 5.6 min. (Supplementary 

Figure S11). 
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N-isopentyl-D-aspartic acid (D-3b) 

White solid. 59 mg (39% yield). 1H NMR (500 MHz, D2O) δ 3.79 (dd, J 

= 8.7, 3.9 Hz, 1H), 3.13 – 3.03 (m, 2H), 2.80 (dd, J = 17.5, 3.9 Hz, 1H), 

2.66 (dd, J = 17.5, 8.7 Hz, 1H), 1.69 – 1.56 (m, 3H), 0.91 (dd, J = 6.5, 1.3 

Hz, 6H); 13C NMR (126 MHz, D2O) δ 177.30, 173.37, 59.49, 45.25, 

35.65, 34.54, 25.26, 21.58, 21.40. HRMS (ESI+): calcd. for C9H18O4N 

[M+H]+: 204.12303, found: 204.12306. 

Chiral HPLC conditions: Nucleosil-Chiral 5 µm Chiral-1 120A column (250 × 4 mm, 

Phenomenex). Phase A: 0.5 mM CuSO4 aqueous solution, phase B: acetonitrile, A/B = 80:20 

(v/v). Flow rate: 1 mL/min, 60 °C, UV detection at 240 nm. tR = 4.1 min. (Supplementary 

Figure S11). 

N-benzyl-L-aspartic acid (L-3d) 

White solid. 43 mg (27% yield); 1H NMR (500 MHz, D2O) δ 7.47 (s, 5H), 

4.32 (d, J = 13.1 Hz, 1H), 4.22 (d, J = 13.1 Hz, 1H), 3.78 (dd, J = 8.9, 4.0 

Hz, 1H), 2.78 (dd, J = 17.6, 4.0 Hz, 1H), 2.66 (dd, J = 17.6, 9.0 Hz, 1H); 
13C NMR (126 MHz, D2O) δ 177.09, 172.93, 130.82, 129.68 (2C), 129.53, 

129.20 (2C), 58.57, 49.92, 35.45. HRMS (ESI+): calcd. for C11H14O4N 

[M+H]+: 224.09173, found: 224.09169.  

Chiral HPLC conditions: Nucleosil-Chiral 5 μm Chiral-1 120A column (250 × 4 mm, 

Phenomenex). Phase A: 0.5 mM CuSO4 aqueous solution, phase B: acetonitrile, A/B = 80:20 

(v/v). Flow rate 1 mL/min, 60 °C, UV detection at 240 nm. tR = 6.0 min. (Supplementary 

Figure S13).  

 

N-benzyl-D-aspartic acid (D-3d) 

White solid. 50 mg (32% yield); 1H NMR (500 MHz, D2O) δ 7.47 (s, 5H), 

4.32 (d, J = 13.1 Hz, 1H), 4.23 (d, J = 13.1 Hz, 1H), 3.77 (dd, J = 9.1, 3.9 

Hz, 1H), 2.77 (dd, J = 17.6, 3.9 Hz, 1H), 2.65 (dd, J = 17.6, 9.1 Hz, 1H); 
13C NMR (126 MHz, D2O) δ 177.16, 172.96, 130.83, 129.68 (2C), 129.53, 

129.22 (2C), 58.58, 49.92, 35.44; HRMS (ESI+): calcd. for C11H14O4N 

[M+H]+: 224.09173, found: 224.09174. 

Chiral HPLC conditions: Nucleosil-Chiral 5 μm Chiral-1 120A column (250 × 4 mm, 

Phenomenex). Phase A: 0.5 mM CuSO4 aqueous solution, phase B: acetonitrile, A/B = 80:20 

(v/v). Flow rate 1 mL/min, 60 °C, UV detection at 240 nm. tR = 4.6 min. (Supplementary 

Figure S13).  
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N-(3-phenylpropyl)-L-aspartic acid (L-3e) 

White solid. 138 mg (55% yield). 1H NMR (500 MHz, D2O) δ 7.37 (t, J = 

7.5 Hz, 2H), 7.33 – 7.24 (m, 3H), 3.74 (dd, J = 8.3, 3.7 Hz, 1H), 3.12 – 

2.98 (m, 2H), 2.80 – 2.70 (m, 3H), 2.66 (dd, J = 17.6, 8.5 Hz, 1H), 2.03 (p, 

J = 7.5 Hz, 2H); 13C NMR (126 MHz, D2O) δ 177.22, 173.18, 140.82, 

128.84(2C), 128.56(2C), 126.49, 59.47, 46.06, 35.46, 31.80, 27.39. HRMS 

(ESI+): calcd. for C13H18O4N [M+H]+: 252.12303, found: 252.12285.  

Chiral HPLC conditions: Nucleosil-Chiral 5μm Chiral-1 120A column (250 × 4 mm, 

Phenomenex). Mobile phase: 0.5 mM CuSO4 aqueous solution. Flow rate 1.0 mL/min, 60 °C, 

UV detection at 240 nm. tR = 8.9 min (Supplementary Figure S14). 

 

N-(3-phenylpropyl)-D-aspartic acid (D-3e) 

White solid. 97 mg (39% yield). 1H NMR (500 MHz, D2O) δ 7.37 (t, J = 

7.5 Hz, 2H), 7.32 – 7.23 (m, 3H), 3.74 (dd, J = 8.5, 4.0 Hz, 1H), 3.12 – 

2.98 (m, 2H), 2.83 – 2.69 (m, 3H), 2.66 (dd, J = 17.6, 8.4 Hz, 1H), 2.03 (p, 

J = 7.5 Hz, 2H); 13C NMR (126 MHz, D2O) δ 177.21, 173.18, 140.79, 

128.82(2C), 128.54(2C), 126.47, 59.45, 46.02, 35.45, 31.78, 27.38. HRMS 

(ESI+): calcd. for C13H18O4N [M+H]+: 252.12303, found: 252.12289.  

Chiral HPLC conditions: Nucleosil-Chiral 5μm Chiral-1 120A column (250 × 4 mm, 

Phenomenex). Mobile phase: 0.5 mM CuSO4 aqueous solution. Flow rate 1.0 mL/min, 60 °C, 

UV detection at 240 nm. tR = 5.9 min (Supplementary Figure S14). 

N-[3-(3-hydroxy-4-methoxyphenyl)propyl]-L-aspartic acid (L-3f) 

White solid. 124 mg (42% yield). 1H NMR (500 MHz, D2O) δ 6.96 (d, J 

= 8.1 Hz, 1H), 6.82 – 6.76 (m, 2H), 3.82 (s, 3H), 3.74 (dd, J = 8.5, 3.9 

Hz, 1H), 3.09 – 2.96 (m, 2H), 2.77 (dd, J = 17.6, 3.9 Hz, 1H), 2.69 – 

2.58 (m, 3H), 1.97 (p, J = 7.5 Hz, 2H); 13C NMR (126 MHz, D2O) δ 

177.14, 173.13, 145.77, 144.77, 134.04, 120.49, 115.58, 112.84, 59.33, 

56.03, 45.88, 35.34, 30.94, 27.34. HRMS (ESI+): calcd. for C14H20O6N 

[M+H]+: 298.12851, found: 298.12830. 

Chiral HPLC conditions: Nucleosil-Chiral 5μm Chiral-1 120A column (250 × 4 mm, 

Phenomenex). Mobile phase: 0.5 mM CuSO4 aqueous solution. Flow rate 1.0 mL/min, 60 °C, 

UV detection at 280 nm. tR = 16.8 min. (Supplementary Figure S16). 
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N-[3-(3-hydroxy-4-methoxyphenyl)propyl]-D-aspartic acid (D-3f) 

White solid. 92 mg (31% yield). 1H NMR (500 MHz, D2O) δ 6.95 (d, J 

= 8.2 Hz, 1H), 6.81 – 6.74 (m, 2H), 3.81 (s, 3H), 3.73 (dd, J = 8.5, 3.9 

Hz, 1H), 3.09 – 2.95 (m, 2H), 2.76 (dd, J = 17.6, 3.9 Hz, 1H), 2.70 – 

2.55 (m, 3H), 1.97 (p, J = 7.5 Hz, 2H); 13C NMR (126 MHz, D2O) δ 

177.13, 173.12, 145.77, 144.76, 134.03, 120.48, 115.57, 112.83, 59.34, 

56.03, 45.87, 35.35, 30.93, 27.34. HRMS (ESI+): calcd. for C14H20O6N 

[M+H]+: 298.12851, found: 298.12848. 

Chiral HPLC conditions: Nucleosil-Chiral 5μm Chiral-1 120A column (250 × 4 mm, 

Phenomenex). Mobile phase: 0.5 mM CuSO4 aqueous solution. Flow rate 1.0 mL/min, 60 °C, 

UV detection at 280 nm. tR = 10.4 min. (Supplementary Figure S16). 

 

6. Directed evolution of EDDS lyase for improved hydroamination activity  

6.1 Preparation of site-saturation mutagenesis libraries  

Site-saturation mutagenesis libraries were generated using a modified QuickChange 

method.[7,8] The generated PCR products were purified by using the PCR Clean-up Kit, 

digested with DpnI and subsequently transformed into E. coli TOP10 competent cells. Single 

colonies were picked using sterile pipet tips from the agar plates, and used to inoculate LB-

Amp media (160 μL/well) in a 96-well plate. Cells were cultured at 37 °C, 200 rpm, for 18-20 

h. A glycerol stock of the library was prepared by adding sterilized glycerol solution (75%, 40 

μL/well) to give a final concentration of around 15%. The library was sealed and stored at -

80 °C. 

 

Table S1. Primers used for mutagenesis. The altered codons are highlighted in bold. Fw: forward 

primer, Rv: reverse primer.  

Asp290X Fw: 5'-CGCAGAAGAAGAACCCGNNKAGCCTGGAACGTAGTCGC-3' 

Rv: 5'-GCGACTACGTTCCAGGCTMNNCGGGTTCTTCTTCTGCG-3' 

Tyr320X Fw: 5'-TCGAATACCAGNNKTCCGCAGCGCG-3' 

Rv: 5'-CGCGCTGCGGAMNNCTGGTATTCGA-3' 
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6.2 Library screening in 96-well plate format. 

Glycerol stocks from the library were used to inoculate fresh LB-Amp media (1.2 mL/well) 

containing arabinose (0.05%, w/v) in a 96-well deep-well plate. The cultures were incubated 

at 20 °C, 220 rpm, for 18-20 h. Cell pellets were collected by centrifuging (3500 rpm, 30 min) 

followed by removal of the supernatant. The cells were frozen at -80 °C overnight, thawed, 

and subsequently incubated with lysozyme solution (200 μL/well, 1 mg/mL, prepared with 50 

mM NaH2PO4-NaOH buffer, pH 8.5) at 37 °C, 220 rpm, for 1-1.5 h. The obtained crude cell 

lysates were centrifuged (4 °C, 3500 rpm, 1 h) and the cell-free extracts (150 μL/well) were 

transferred into a new 96-well plate for further use.  

Library screening was performed at room temperature in a 96-well plate (100 μL reaction 

mixture/well). The reaction mixtures contained fumaric acid (1, 10 mM), 3,3-

dimethylbutylamine (2a, 100 mM), and glycerol (0% or 45%, v/v) in buffer (50 mM 

NaH2PO4-NaOH buffer, pH 8.5). The substrate stock solutions were prepared in water, with 

the pH adjusted to 8.5. The reactions were started by the addition of cell-free extract (20 

μL/well to give a final volume of 100 μL). The solutions were mixed by pipetting and shaking 

(500 rpm, 15 s), and the wells were sealed. The reaction progress was monitored by UV 

spectrophotometry by following the depletion of 1 at 270 nm. 

 

7. Activity assay with purified enzymes 

The activity of purified EDDS lyase wild-type and variants was determined 

spectrophotometrically by following the hydroamination of 1 at 270 nm (ɛ = 555 M-1 cm-1). 

The assay mixture (995 μL) consisted of amine (2a, 100 mM), EDDS lyase enzyme (0.15 mol% 

based on 1), and glycerol (0-45%, v/v) in buffer (50 mM NaH2PO4/NaOH, pH 8.5). Substrate 

1 (5 mM) was added to start the reaction, which was allowed to proceed at room temperature. 

Substrate stock solutions were prepared in water, with the pH adjusted to 8.5. To calculate the 

specific enzyme activity, one activity unit was defined as the amount of enzyme required for 

hydroamination of 1 μmol of  substrate per minute. 
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III. Supporting Tables and Figures 

 

 

Figure S1. The MAL-Q73A catalyzed addition of amine 2a or 2b to 1 in 20 mM NaH2PO4-NaOH 
buffer (pH 9.0) and at room temperature. Reaction progress was monitored by following the depletion 
of 1 at 270 nm. 

 

  

 

Figure S2. (A) Measured conversions for the EDDS lyase (0.05 mol%) catalyzed addition of 2a-c to 1 
to yield 3a-c; (B) Effect of the enzyme concentration on the observed conversions for the EDDS lyase 
catalyzed addition of 2a to 1 to yield 3a. Reaction conditions: fumaric acid (1, 10 mM), 2a-c (100 
mM), and EDDS lyase (0.05-0.2 mol% based on fumaric acid) in buffer (20 mM NaH2PO4-NaOH, pH 
8.5), room temperature, 20 mL. Reaction progress was monitored by 1H NMR spectroscopy. 
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Figure S3. Activity screening of the Asp290X library in 96-well format using a normal assay without 
addition of glycerol. H10: control experiment using CFE prepared from cells expressing no EDDS 
lyase (cells were grown in the absence of L-arabinose); H11-12: control reaction using CFE prepared 
from cells expressing wild-type EDDS lyase. Conditions: fumaric acid (1, 10 mM), 2a (100 mM), 
CFE (20 μL) in buffer (50 mM NaH2PO4-NaOH, pH 8.5), r.t., final volume of 100 μL. Reaction 
progress was monitored by following the depletion of 1 at 270 nm. 
 
 

 

    
Figure S4. Effect of glycerol on hydration of 1, and addition of ethylene diamine to 1, by CFE 
prepared from cells expressing EDDS lyase-WT. (A) Conditions: 1 (10 mM), CFE (EDDS lyase-WT, 
20 μL), glycerol (0%, 25%, 45%, v/v), buffer; (B) Conditions: 1 (10 mM), ethylene diamine (100 mM), 
CFE (EDDS lyase-WT, 20 μL), glycerol (0%, 25%, 45%, v/v), buffer. Buffer: 50 mM NaH2PO4-
NaOH, pH 8.5, room temperature, 100 μL. 
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Figure S5. Modified library screening assay containing glycerol (45%, v/v) to suppress hydration of 1 
by FumC in CFE. Conditions: Circle (modified assay): 1 (10 mM), 2a (100 mM), glycerol (45%), 
CFE (EDDS lyase-WT, 20 μL); Square (control): 1 (10 mM), CFE (EDDS lyase-WT, 20 μL); 
Triangle (original assay): 1 (10 mM), 2a (100 mM), CFE (EDDS lyase-WT, 20 μL). Buffer: 50 mM 
NaH2PO4-NaOH, pH 8.5, room temperature, 100 μL. Reaction progress was monitored by following 
the depletion of 1 at 270 nm. 
 
 

Table S2. Specific activity of EDDS lyase WT and variants for the addition of 2a to 1. Conditions: 1 
(5 mM), 2a (100 mM), purified enzyme (0.15 mol% based on fumaric acid), and glycerol (45% v/v) in 
buffer (50 mM NaH2PO4/NaOH, pH 8.5) at room temperature (1 mL total volume). The initial 
reaction rate was monitored by following the depletion of 1 at 270 nm. Reactions were performed in 
triplicate. 

EDDS lyase 
variant 

Initial velocity 
[μmol/min][a] 

Specific activity 
[U/mg][b] 

Fold improvement 
over wild-type 

wt[c] 0.0006 ± 0.0002 0.0015 ± 0.0005 1 

D290L[d] 0.034 ± 0.004 0.08 ± 0.01 55 

Y320M[d] 0.39 ± 0.02 0.94 ± 0.04 619 

D290L/Y320M[d] 0.46 ± 0.02 1.13 ± 0.04 743 

D290M/Y320M[d] 0.71 ± 0.04 1.74 ± 0.10 1144 

[a] The fumaric acid concentration was calculated using a molar extinction coefficient (ɛfumarate 270 nm) of 555 M -1 
cm -1.[9,10]  
[b] For calculation of the specific activity, one unit (μmol/min) was defined as the amount of biocatalyst required 
for the amination of 1 μmol fumaric acid (to give N-(3,3-dimethylbutyl)aspartic acid) per minute. The enzyme 
amount used per reaction was 0.41 mg.  
[c] Initial rate of the enzymatic reaction was calculated over the time period of 0-15 h. 
[d] Initial rate of the enzymatic reaction was calculated over the time period of 2-4.5 min. 
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Figure S6. Effect of glycerol concentration on activity of EDDS lyase-D290M/Y320M. Conditions: 1 
(5 mM), 2a (100 mM), EDDS lyase-D290M/Y320M (0.15 mol%), and glycerol (0-45 vol%) in buffer 
(50 mM NaH2PO4/NaOH, pH 8.5), room temperature. Reaction progress was monitored by following 
the depletion of 1 at 270 nm. 

 

 

 

 

 

 

Figure S7. Control experiment showing that glycerol does not enhance the activity of wild-type 
EDDS lyase for the addition of 2a to 1 to yield 3a. Conditions: 1 (5 mM), 2a (100 mM), WT EDDS 
lyase (0.15 mol%), and glycerol (0-45 vol%) in buffer (50 mM NaH2PO4/NaOH, pH 8.5), room 
temperature. Reaction progress was monitored by following the depletion of 1 at 270 nm. 
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Figure S8. Progress curves for the addition of 2a to 1 catalyzed by EDDS lyase wild type (A) and 
EDDS lyase-D290M/Y320M (B). Reaction progress was monitored by 1H NMR spectroscopy.  

 

 

Figure S9. Progress curves for the addition of 2f to 1 catalyzed by EDDS lyase wild type (A) and 
EDDS lyase-D290M/Y320M (B). Reaction progress was monitored by 1H NMR spectroscopy.  
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IV. Chiral HPLC data 

 

 

 

 
 
 
Figure S10. Chiral HPLC analysis of product 3a. Conditions: Nucleosil-Chiral 5μm Chiral-1 120A 
column (250 × 4 mm, Phenomenex). Mobile phase: 0.5 mM CuSO4 aqueous solution. Flow rate 1.0 
mL/min, 60 °C, UV detection at 240 nm. 

(rac)-3a was made by 
mixing L-3a with D-3a (1:1). 

Authentic standard L-3a 

Enzymatic product 3a obtained 
with WT EDDS lyase 

Enzymatic product 3a obtained 
with EDDS lyase-D290M/Y320M 
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Figure S11. Chiral HPLC analysis of product 3b. Conditions: Nucleosil-Chiral 5 µm Chiral-1 120A 
column (250 × 4 mm, Phenomenex). Phase A: 0.5 mM CuSO4 aqueous solution, phase B: acetonitrile, 
A/B = 80:20 (v/v). Flow rate: 1 mL/min, 60 °C, UV detection at 240 nm. 

(rac)-3b was made by 
 mixing L-3b with D-3b (1:1). 

Enzymatic product 3b 
obtained with WT EDDS lyase  

Authentic standard L-3b 

Enzymatic product 3b  
obtained with EDDS lyase-
D290M/Y320M 
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Figure S12. Chiral HPLC analysis of product 3c. Conditions: Nucleosil-Chiral 5μm Chiral-1 120A 
column (250 × 4 mm, Phenomenex).  Phase A: 0.5 mM CuSO4 aqueous solution, phase B: acetonitrile, 
A/B = 80:20 (v/v). Flow rate 1 mL/min, 60 °C, UV detection at 240 nm. 

Authentic standard L-3c 

(rac)-3c was made by 
 mixing L-3c with D-3c (1:1). 

Enzymatic product 3c 
obtained with WT EDDS lyase 

Enzymatic product 3c obtained 
with EDDS lyase-D290M/Y320M 
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Figure S13.  Chiral HPLC analysis of product 3d. Conditions: Nucleosil-Chiral 5 μm Chiral-1 120A 
column (250 × 4 mm, Phenomenex). Phase A: 0.5 mM CuSO4 aqueous solution, phase B: acetonitrile, 
A/B = 80:20 (v/v). Flow rate 1 mL/min, 60 °C, UV detection at 240 nm. 

(rac)-3d was made by  
mixing L-3d with D-3d (1:1). 

Authentic standard L-3d 

Enzymatic product 3d 
obtained with WT EDDS lyase 

Enzymatic product 3d  
obtained with EDDS lyase- 
D290M/Y320M 
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Figure S14. Chiral HPLC analysis of product 3e obtained with WT EDDS lyase. Conditions: 
Nucleosil-Chiral 5μm Chiral-1 120A column (250 × 4 mm, Phenomenex). Mobile phase: 0.5 mM 
CuSO4 aqueous solution. Flow rate 1.0 mL/min, 60 °C, UV detection at 240 nm. 

 

(rac)-3e was made by 
 mixing L-3e with D-3e (1:1). 

Authentic standard L-3e 

Enzymatic product 3e  
obtained with WT EDDS lyase 
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Figure S15. Chiral HPLC analysis of product 3e obtained with EDDS lyase-D290M/Y320M. 
Conditions: Nucleosil-Chiral 5µm Chiral-1 120A column (250 × 4 mm, Phenomenex). Phase A: 0.5 
mM CuSO4 aqueous solution, phase B: acetonitrile, A/B = 80:20 (v/v). Flow rate: 1 mL/min, 60 °C, 
UV detection at 240 nm. 

 

Authentic standard L-3e 

Enzymatic product 3e  
obtained with EDDS lyase- 
D290M/Y320M 

(rac)-3e was made by  
mixing L-3e and D-3e (1:1) 
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Figure S16. Chiral HPLC analysis of product 3f. Conditions: Nucleosil-Chiral 5μm Chiral-1 120A 
column (250 × 4 mm, Phenomenex). Mobile phase: 0.5 mM CuSO4 aqueous solution. Flow rate 1.0 
mL/min, 60 °C, UV detection at 280 nm. 

 

 

 

(rac)-3f was made by 
 mixing L-3f with D-3f (1:1). 

Enzymatic product 3f  
obtained with WT EDDS lyase 

Authentic standard L-3f 

Enzymatic product 3f 
obtained with EDDS lyase- 
D290M/Y320M 
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