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Aminocarboxylic acids that contain several carboxylate groups 
bound to one or more nitrogen atoms form an important 
group of chelating agents1. Their ability to form stable com-

plexes with metal ions is the basis for their use in a broad range of 
domestic products, as well as industrial and medical applications1–4. 
An important aminocarboxylic acid that recently received consider-
able attention is the fungal natural product aspergillomarasmine A 
(AMA) (1a, Fig. 1a)5–7. It was originally discovered and character-
ized for its plant-wilting and necrotic activity in 1965 (ref. 8). Later, 
in the 1980s, the molecule was evaluated as an inhibitor against 
human angiotensin-converting enzyme9. Recently, AMA has 
been highlighted as a potent and selective inhibitor of New Delhi 
metallo-β -lactamase-1 via a zinc-chelation mechanism, with an IC50 
value at low-micromolar concentration5. Moreover, AMA could 
efficiently restore the activity of meropenem in a mouse model 
infected with a lethal dose of New Delhi metallo-β -lactamase-1-ex-
pressing Klebsiella pneumonia, demonstrating the potential of AMA 
as a promising co-drug candidate to rescue or potentiate β -lactam 
antibiotics in combination therapies5.

Retrosynthetic analysis of AMA (1a, Fig. 1a) suggests the com-
pound can be deconstructed into three amino acid moieties—
aspartic acid (Asp) and two 2-aminopropionic acids (Apa1 and 
Apa2)—where the amino acid moieties are connected through C–N 
bonds rather than conventional peptide bonds. The stereochemical 
assignment (configuration at C2, C2′  and C2′ ′ ) of natural AMA was 
reassigned from the original incorrectly proposed (2S, 2′ R, 2′ ′ R) to 
the correct configuration (2S, 2′ S, 2′ ′ S) through total synthesis10,11. 
Replacing the terminal Apa2 moiety of AMA with glycine provides 
another related natural product, aspergillomarasmine B (AMB) (2a, 
Fig. 1a), with (2S, 2′ S) absolute configuration12. Toxin A (3a, Fig. 1a),  

a biosynthetic precursor of AMA, is built from two amino acid moi-
eties (Asp and Apa) through a C–N bond. The absolute configura-
tion of 3a was first incorrectly assigned as (2S, 2′ R) in 1979 (ref. 13),  
but later corrected to (2S, 2′ S) through chemical synthesis and feed-
ing experiments in 1991 (ref. 14).

The intriguing structural features and important biological 
activities of AMA have attracted attention from synthetic chem-
ists, culminating in the elegant total synthesis of AMA and related 
compounds (Fig. 1a)10–12,15. A modular approach towards AMA 
via a late-stage oxidation strategy (14 steps, 4% yield) was first 
reported10. Another study employed o-nosyl aziridine as a key 
intermediate in the total synthesis of AMA (9 steps, 1% yield)11. 
Since then, an improved route utilizing a sulfamidate approach 
towards AMA has been achieved (6 steps, 19% yield)12. However, 
creating a biocatalytic methodology as an alternative route to 
AMA, AMB and other difficult aminocarboxylic acids is an as yet 
unmet challenge.

The enzyme ethylenediamine-N,N′ -disuccinic acid (EDDS) 
lyase catalyses an unusual two-step sequential addition of ethylene-
diamine (4) to two molecules of fumaric acid (5) providing (S)-N-
(2-aminoethyl)aspartic acid (AEAA, 6) as an intermediate and (S, 
S)-EDDS (7) as the final product (Fig. 1b); it also catalyses the reverse 
reaction, converting 7 into 4 and two molecules of 5 (refs 16–18).  
Interestingly, structural comparisons showed that toxin A (3a), 
AMA (1a) and AMB (2a) show striking similarities to the natural 
EDDS lyase substrates AEAA (6) and EDDS (7). This prompted us 
to explore EDDS lyase as a biocatalyst for the asymmetric synthesis 
of toxin A, AMA and AMB.

Here, we report a biocatalytic methodology for the asymmetric 
synthesis of toxin A, AMA, AMB and related aminocarboxylic acids 
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Metal-chelating aminocarboxylic acids are being used in a broad range of domestic products and industrial applications. With 
the recent identification of the fungal natural product aspergillomarasmine A as a potent and selective inhibitor of metallo-β 
-lactamases and a promising co-drug candidate to fight antibiotic-resistant bacteria, the academic and industrial interest in 
metal-chelating chiral aminocarboxylic acids further increased. Here, we report a biocatalytic route for the asymmetric syn-
thesis of aspergillomarasmine A and various related aminocarboxylic acids from retrosynthetically designed substrates. This 
synthetic route highlights a highly regio- and stereoselective carbon–nitrogen bond-forming step catalysed by ethylenedi-
amine-N,N′ -disuccinic acid lyase. The enzyme shows broad substrate promiscuity, accepting a wide variety of amino acids with 
terminal amino groups for selective addition to fumarate. We also report a two-step chemoenzymatic cascade route for the 
rapid diversification of enzymatically prepared aminocarboxylic acids by N-alkylation in one pot. This biocatalytic methodology 
offers a useful alternative route to difficult aminocarboxylic acid products.
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Fig. 1 | Natural aminocarboxylic acid products. Structural similarities between EDDS lyase substrates and the natural products AMA, AMB and toxin  
A. a, Previous total synthesis strategies and our biocatalysis strategy towards AMA. b, Natural two-step sequential addition reaction catalysed by  
EDDS lyase.

Table 1 | enzymatic synthesis of toxin A and related aminocarboxylic acids

entry Substrate Product Conversionb  
(yieldc, %)

d.e./e.ed (%) Absolute 
configuration

1 8a  3a 98 (52) > 98 (2S, 2′ S)e

2 8b 3b 97 (82) > 98 (2S, 2′ R)e

3 8c
 

3c 96 (75) > 98 (2S, 3′ S)f

4 8d 3d 94 (72) > 98 (2S, 4′ S)g

5 8e 3e 95 (55) > 98 (2S, 5′ S)g

6 8f 3f 91 (34) > 99 (S)h

7 8g 3g 92 (37) > 99 (S)h

8 8h 3h 92 (53) > 99 (S)i

aConditions and reagents: fumaric acid (5, 10 mM), substrates 8a–h (100 mM) and EDDS lyase (0.05 mol% based on fumaric acid) in buffer (20 mM NaH2PO4/NaOH, pH 8.5) at room temperature for 
24 h (8f, 48 h). The amount of applied purified enzyme was chosen such that reactions were completed within 24–48 h. bConversions were determined by comparing 1H NMR signals of substrates and 
corresponding products. cIsolated yield after ion-exchange chromatography. dThe d.e. for 3a–e was determined by 1H NMR (Supplementary Figs. 6 and 32–37), whereas the e.e. for 3f–h was determined 
by high-performance liquid chromatography on a chiral stationary phase using authentic standards (Supplementary Figs. 38–42 and 57–59). eDetermined by referring to the literature14. fAssigned by 1H 
NMR spectroscopy using an authentic standard and diastereomeric mixture with known (2S, 3′ S) and (2S/R, 3′ S) configurations, respectively (Supplementary Figs. 30–33). gTentatively assigned the (S, S) 
configuration on the basis of analogy. hDetermined by chiral high-performance liquid chromatography using authentic standards with known R or S configuration. iTentatively assigned by optical rotation on 
the basis of comparison with the closely related product 3g.
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from retrosynthetically designed substrates. This biocatalytic strategy  
highlights a highly regio- and stereoselective carbon–nitrogen 
bond-forming step catalysed by EDDS lyase, and offers an alter-
native synthetic choice for preparing difficult aminocarboxylic  
acid products.

results
Biocatalytic synthesis of toxin A and related compounds. 
Inspired by previous studies showing that toxin A (3a, Asp–Apa) is 
a precursor in the biosynthesis of AMA (1a, Asp–Apa1–Apa2)14, we 
envisioned that 3a could serve as a precious building block for the 
synthesis of more complex aminocarboxylic acids, such as AMA, 
AMB and their derivatives. Structurally, toxin A has only one extra 
carboxylate group at the C2′  position compared with AEAA (6), 
which is the intermediate product formed in the natural EDDS-
lyase-catalysed two-step addition reaction (Fig. 1). This prompted 
us to start our investigations by testing (S)-2,3-diaminopropionic 
acid (8a, Table 1) as an unnatural substrate in the EDDS-lyase-
catalysed amination of fumarate (5). Remarkably, the enzymatic 
amination reaction occurred exclusively at the less sterically hin-
dered terminal 3-amino group of 8a while the 2-amino group of 
8a remained untouched, providing 3a as a single product. Notably, 
no further addition of the 2′ -amino group of product 3a to fuma-
rate was observed. Under optimized conditions, excellent conver-
sion (98%) and good isolated yield (52%) of 3a were achieved using 
only 0.05 mol% biocatalyst loading (Table 1). Product 3a was iden-
tified as the desired (2S, 2′ S)-diastereomer (diastereomeric excess 
(d.e.) >  98%, Table 1), with the (2S)-stereogenic centre being set by 
EDDS lyase and the (2′ S)-stereogenic centre derived from starting 
substrate 8a. Interestingly, the (R)-enantiomer of 2,3-diaminopropi-
onic acid (8b) was also accepted as substrate by EDDS lyase, giving 
(2S, 2′ R)-3b as the anticipated diastereomeric product with excel-
lent conversion (97%) and stereoselectivity (d.e. >  98%), and a high 
isolated yield (82%, Table 1).

Substrates with longer chains, including (S)-2,4-
diaminobutyric acid (8c), (S)-2,5-diaminopentanoic acid 
(ornithine, 8d) and (S)-2,6-diaminohexanoic acid (lysine, 8e), 
were also well accepted by EDDS lyase, yielding the respec-
tive products 3c–e. High conversions (94–96%), good isolated 
product yields (55–75%) and excellent regio- and stereoselec-
tivity (d.e. >  98%) were observed (Table 1). As anticipated, 
only the less sterically hindered terminal amino groups of 8c–e  
functioned as the nucleophile in the enzymatic additions to 
fumarate. In comparison with the previously reported four-step 

chemical synthesis of (2S, 2′ S)-toxin A (3a)12 and the four-step 
chemical synthesis of (2S, 3′ S)-3c (Supplementary Section 7), 
our biocatalytic methodology highlights a high-yielding one-
step enzymatic synthesis of toxin A (3a) and its homologues 
3c–e with excellent regio- and stereoselectivities.

Substrates with only one terminal NH2 group, such as glycine 
(8f), β -alanine (8g) and γ -aminobutyric acid (8h) were also well 
accepted by EDDS lyase, giving excellent conversions (91–92%) 
and yielding the corresponding aminocarboxylic acids 3f–h as 
the (S)-configured enantiomers with > 99% enantiomeric excess 
(e.e.) (Table 1). Notably, while the α -amino acid glycine (8f) was 
accepted as substrate by EDDS lyase, other tested α -amino acids 
with substituents at the Cα -position failed to give correspond-
ing products (Supplementary Section 3), indicating that the steric 
environment of the nucleophilic amino group is essential for sub-
strate conversion by EDDS lyase. It is also noteworthy that prod-
uct 3f (aspartic-N-monoacetic acid (ASMA)) was shown to be an 
efficient tricarbonyl ligand in the formation of 99mTc(CO)3(ASMA) 
and Re(CO)3(ASMA) complexes as renal (radio)tracers19,20. Hence, 
our biocatalytic approach provides a convenient method to prepare 
such tricarbonyl ligands in optically pure form, which could be used 
for further development of (radio)tracers.

Two-step chemoenzymatic synthesis of AMB and its homologues. 
Previous studies11,12 have confirmed that the primary amino group (2′ 
-NH2) in the Apa moiety of toxin A (3a) is much more reactive than 
the secondary amino group (2-NH) in the Asp moiety, providing an 
opportunity for regioselective N-alkylation at the 2′ -NH2 position of 3a. 
Encouraged by the exquisite EDDS-lyase-catalysed biotransformation 
providing 3a and its derivatives with excellent conversions and stereose-
lectivities, we set out to combine the biotransformation and chemical 
N-alkylation in one pot to prepare more complex molecules, including 
the important metallo-β -lactamase inhibitor AMB (2a) and its homo-
logues (Fig. 2). To effect the second N-alkylation step in the one-pot 
synthesis of 2a, the first requirement was the complete consumption of 
the starting amine substrate 8a in the first enzymatic step to prevent it 
from reacting (and lowering the desired product yield) during the sub-
sequent chemical N-alkylation step. Therefore, the enzymatic step was 
modified using a threefold excess of fumarate (rather than an excess 
of amine) to drive 8a to completion. Remarkably, excellent conversion 
(98% after 24 h) of substrate 8a was achieved providing (2S, 2′ S)-3a  
as a single enzymatic product. Without any purification, (2S, 2′ S)- 
3a was subjected to N-alkylation using bromoacetic acid in the same 
pot, of which the pH was adjusted and maintained at 11 for 6 h at 70 °C, 
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providing high conversion (84%) for the second step. Comparison of 
proton nuclear magnetic resonance (1H NMR) and two-dimensional 
1H–1H correlation spectroscopy NMR spectra of product 2a (23% 
isolated yield) with those of (2S, 2′ S)-3a showed that the N-alkylation 
had unambiguously occurred at the 2′ -NH2 position of 3a, dem-
onstrating that product 2a has the desired Asp–Apa–Gly structure 
(Supplementary Figs. 13 and 43–46). With both stereogenic centres 
being derived from intermediate (2S, 2′ S)-3a, product 2a has the correct  
(2S, 2′ S) configuration.

To further demonstrate the synthetic usefulness of this one-pot 
strategy, we successfully modified the third Gly moiety or the second 
Apa moiety of AMB by either replacing the alkylation agent (3-bro-
mopropanoic acid) or the starting substrate (8c) in the chemoen-
zymatic cascade, yielding AMB homologues (2S, 2′ S)-2b or (2S,  
3′ S)-2c, respectively (Fig. 2 and Supplementary Figs. 14 and 15). 
Note that the stereogenic centres of 2b and 2c have been derived 
from the respective intermediates 3a and 3c, of which the absolute 
configurations have been unambiguously established (Table 1).

Enzymatic synthesis of AMA, AMB and related compounds. 
The one-pot chemoenzymatic cascade described above provides a 
rapid route to synthesize (2S, 2′ S)-AMB (2a) and its homologues. 
With the aim of developing a convenient synthetic methodology 
for (2S, 2′  S, 2′ ′ S)-AMA (1a), we envisioned a retrosynthesis of 1a 
by incorporating an EDDS-lyase-catalysed amination step (Fig. 3). 
This stereoselective disconnection of the C–N bond would result 
in (2S, 2′ S)-9d as a challenging starting substrate for the EDDS-
lyase-catalysed amination reaction. Similar retrosynthesis could 
be applied to 2a, leading to (S)-9a as a starting substrate for the 
enzyme-catalysed amination step (Fig. 3).

Considering that compound (S)-9a is structurally less 
bulky than (2S, 2′ S)-9d, which may indicate a better chance of 
acceptance by the enzyme, we first prepared and tested (S)-9a 
(Supplementary Fig. 16) as a retrosynthetically designed sub-
strate for EDDS lyase. Remarkably, using a fourfold excess of 
fumarate over (S)-9a, and only 0.05 mol% biocatalyst loading in 
20 mM sodium phosphate buffer (pH 8.5) at room temperature, 
(S)-9a was readily converted by EDDS lyase to afford a single 
product 2a with 80% conversion and 47% isolated yield (Table 2  
and Supplementary Figs. 23 and 51). The enzymatic product 
2a was identified as the desired (2S, 2′ S)-diastereomer of AMB 
(d.e. >  98%, Table 2), with the (2S)-stereogenic centre being set 
by EDDS lyase and the (2′ S)-stereogenic centre derived from 
starting substrate (S)-9a.

To tackle our original target AMA (1a), retrosynthetically 
designed substrate (2S, 2′ S)-9d was prepared via a β -lactone 
approach (Supplementary Figs. 20 and 21). To our delight, 
EDDS lyase accepted (2S, 2′ S)-9d as substrate in the amina-
tion of fumarate to give product 1a under the same reaction  
conditions that were used for the conversion of substrate (S)-9a,  
although low conversion (30%) was observed. We optimized 
the reaction conditions and found that 0.15 mol% of biocatalyst 
loading in 50 mM NaHCO3/Na2CO3 buffer at pH 9.0 and 37 °C 
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Table 2 | enzymatic synthesis of AMA, AMB and their homologues

entry Substrate Product Conversiond 
(yielde, %)

d.e.f (%) Absolute 
configuration

1a 9a 2a 
(AMB) 80 (47) > 98 (2S, 2′ S)g

2b 9b 2b 71 (46) > 98 (2S, 2′ S)g

3b 9c 2c 65 (31) > 98 (2S, 3′ S)g

4c 9d 1a 
(AMA) 79 (26) > 98 (2S, 2′ S, 2″ S)h

5b 9e 1b 65 (20) > 98 (2S, 3′ S, 2″ S)i

aSubstrate 9a (1 eq.), fumaric acid (4 eq.) and EDDS lyase (0.05 mol% based on 9a) in buffer (20 mM NaH2PO4/NaOH, pH 8.5) at room temperature for 24 h.bSubstrate 9b, 9c and 9e (1 eq.), fumaric acid 
(4 eq.) and EDDS lyase (0.15 mol% based on 9b, 9c and 9e) in buffer (50 mM Tris/HCl, pH 9.0) at 37 °C for 48 h;cSubstrate 9d (1 eq.), fumaric acid (4 eq.) and EDDS lyase (0.15 mol% based on 9d) in buffer 
(50 mM NaHCO3/Na2CO3, pH 9.0) at 37 °C for 48 h.dConversions were determined by 1H NMR.eIsolated yield after ion-exchange chromatography. No formation of side products was observed and isolated 
yields of the desired products may be further improved by optimizing the purification protocols.fThe d.e. was determined by 1H NMR (Supplementary Figs. 23–26 and 29).gAssigned by 1H NMR spectroscopy 
using chemoenzymatically synthesized authentic standards 2a–c with known (S, S) configuration.hDetermined by referring to the literature (Supplementary Fig. 27 and Supplementary Table 1)5,12.iTentatively 
assigned the (2S, 3′ S, 2′ ′  S) configuration on the basis of analogy.
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afforded product 1a with good conversion (79% in 48 h) and 
in 26% isolated yield (Supplementary Figs. 26 and 54). A com-
parison of the 1H NMR spectrum of enzymatic product 1a with 
those reported for (2S, 2′ S, 2′′ S)-AMA (Supplementary Table 1)  
and (2R, 2′ S, 2′′ S)-AMA confirmed that product 1a had the 
desired (2S, 2′ S, 2′′ S) configuration (d.e. >  98%, Table 2), with two 
stereogenic centres derived from the starting substrate (2S, 2′ S)- 
9d and the other one set by the enzyme. In addition, small 
amounts of the cyclic anhydro-AMA were obtained during puri-
fication (Supplementary Figs. 28 and 56).

With the aim of further exploring the substrate promiscuity 
and synthetic capability of EDDS lyase, we prepared and analysed 
compounds 9b, 9c and 9e (Supplementary Figs. 17–19 and 22) 
as substrates in the enzymatic amination of fumarate. The corre-
sponding AMA homologue 1b and AMB homologues 2b and 2c 
were obtained with good conversions (65–71%), excellent stereose-
lectivities (d.e. >  98%) and in 20–46% isolated yields (Table 2 and 
Supplementary Figs. 24, 25, 29, 47, 48, 50, 52, 53 and 55).

Discussion
Using a biocatalytic retrosynthesis approach21–23, we have suc-
cessfully demonstrated that EDDS lyase can be applied as a bio-
catalyst for the asymmetric synthesis of the natural products 
toxin A, AMA and AMB, as well as related chiral aminocar-
boxylic acids. This enzyme shows remarkably broad substrate 
promiscuity, and excellent regio- and stereoselectivity, allow-
ing the selective addition of a wide variety of amino acids to 
fumarate. Only less sterically hindered terminal amino groups 
of the starting substrates functioned as the nucleophile in the 
enzymatic additions, providing insight into the regioselectivity 
of this enzyme. We also developed a two-step chemoenzymatic 
cascade route for the rapid diversification of enzymatically pre-
pared aminocarboxylic acids by N-alkylation in one pot. Our 
(chemo)enzymatic methodology offers a useful alternative 
route to difficult aminocarboxylic acid products, as exemplified 
by the synthesis of the natural products toxin A (1 step, 52% 
yield), AMA (4 steps, 10% yield) and AMB (one-pot, 2 steps, 
22% yield). The isolated product yields are comparable to those 
of previously reported chemical synthesis strategies for toxin A 
(4 steps, 46% yield), AMA (6–14 steps, 1–19% yield) and AMB 
(5–6 steps, 8–10% yield)10–12.

In addition to EDDS lyase, several other enzymes have pre-
viously been characterized that catalyse the asymmetric addi-
tion of substituted amines to fumarate or its derivatives. These 
include aspartate ammonia-lyases, methylaspartate ammo-
nia-lyases, argininosuccinate lyases and adenylosuccinate lya
ses17,18,24,25. With the notable exception of an engineered vari-
ant of methylaspartate ammonia-lyase, which accepts various 
alkylamines as non-natural substrates26, these enzymes have 
a rather narrow nucleophile scope. In contrast, EDDS lyase 
has a very broad nucleophile scope, accepting a wide variety 
of structurally diverse amino acids, allowing the biocatalytic 
preparation of numerous valuable aminocarboxylic acids. As 
such, EDDS lyase nicely complements the rapidly expanding 
toolbox of enzymes for asymmetric synthesis of unnatural 
amino acids24.

We have initiated studies aimed at further exploring novel 
substrates (for example, unsaturated mono- and dicarboxylic 
acids, including fumarate derivatives) for EDDS lyase to find 
new promiscuous reactions. In addition, work is in progress to 
determine crystal structures of EDDS lyase, both uncomplexed 
and in complex with substrates and products, and the results will 
be reported in due course. Such structures could guide the engi-
neering of EDDS lyase to enhance its catalytic activity (allowing 
lower catalyst loadings) and further expand its unnatural sub-
strate scope.

Methods
Enzyme expression and purification. Escherichia coli TOP10 cells containing the 
pBADN (EDDS lyase-His) plasmid were collected from an Luria-Bertani (LB) agar 
plate, containing 100 µ g ml–1 ampicillin (Ap) and used to inoculate LB/Ap medium 
(10 ml). After overnight incubation at 37 °C, the culture was used to inoculate fresh 
LB/Ap medium (1 l). The cells were grown at 37 °C for about 4 h, until the OD600 
reached 0.8–1.0. Arabinose (0.05%, w/v) was added to induce enzyme expression. 
Cultures were incubated at 20 °C for 18 h with vigorous shaking. Cells were 
harvested by centrifugation and stored at − 20 °C until further use.

In a typical purification experiment, 4 g of wet cells (from 1 l culture) were 
suspended in lysis buffer (15 ml, 50 mM Tris-HCl, 300 mM NaCl, 20 mM 
imidazole, pH 8.0). Cells were disrupted by sonication for 4 ×  40 s (with a 5 min 
interval between each cycle) at a 60 W output. The unbroken cells and debris were 
removed by centrifugation. The supernatant was filtered through a filter (pore 
diameter 0.45 μ m) and incubated with Ni sepharose resin (1 ml slurry in a small 
column at 4 °C for 18 h), which had previously been equilibrated with lysis buffer. 
The unbound proteins were eluted from the column by gravity flow. The column 
was first washed with lysis buffer (15 ml) and then with buffer A (30 ml, 50 mM 
Tris-HCl, 300 mM NaCl, 30 mM imidazole pH 8.0). Retained proteins were 
eluted with buffer B (5 ml, 50 mM Tris-HCl, 300 mM NaCl, 500 mM imidazole 
pH 8.0). Fractions were analysed by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis on gels containing acrylamide (4–12%). Fractions containing 
EDDS lyase were combined and loaded onto a HiLoad 16/600 Superdex 200 pg 
column, which was previously equilibrated with buffer C (180 ml, 20 mM 
NaH2PO4-NaOH buffer, pH 8.5). The column was eluted with buffer C at 
1 ml min–1 for 1.2 column volumes. Fractions were collected and analysed by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis on gels containing 
acrylamide (4–12%). The purified enzyme was stored at –20 °C until further use 
(Supplementary Fig. 1).

Biotransformations and purification of toxin A and related compounds. 
Reaction mixtures (15 ml) consisted of fumaric acid (0.2 mmol) and amines 
8a–h (2 mmol) prepared in 20 mM NaH2PO4-NaOH buffer, and the pH of the 
reaction mixture was adjusted to 8.5. The enzymatic reaction was started by the 
addition of freshly purified EDDS lyase (0.05 mol%) and the final volume of the 
reaction mixture was adjusted immediately to 20 ml with the same buffer. The 
reaction mixture was then incubated at room temperature for 24 h (48 h for 8f). 
After completion of the reaction, it was stopped by heating to 70 °C for 10 min. 
The reaction progress was monitored by 1H NMR spectroscopy by comparing the 
signals of the substrates and corresponding products.

The enzymatic products were purified by two steps of ion-exchange 
chromatography. For a typical purification procedure, the precipitated enzyme was 
removed by filtration (diameter 0.45 μ m). The filtrate was loaded slowly onto an 
anion-exchange column (5 g of AG 1-X8 resin, acetate form, 100–200 mesh), which 
was pre-treated with 5 column volumes of 1 M acetic acid (aqueous solution) and 
then water (until the pH was near neutral). The column was washed with water 
(3 column volumes) and then 0.1 M acetic acid (3 column volumes) until all the 
excess substrates 8a–h were removed. The products were eluted with 2 M acetic 
acid for 3a–e or 1 M HCl for 3f–h. The ninhydrin-positive fractions were collected 
and loaded onto a cation-exchange column (5 g of Dowex 50WX8 resin, 100–200 
mesh), which was pre-treated with 2 M aqueous ammonia (5 column volumes), 
1 M HCl (3 column volumes) and water (5 column volumes). After product 
loading, the column was washed with water (3 column volumes) to remove the 
remaining fumaric acid and subsequently eluted with 2 M aqueous ammonia until 
the desired product was collected. The ninhydrin-positive fractions were collected, 
concentrated under vacuum and lyophilized to provide the desired products as 
ammonium salts, which were characterized by 1H NMR, 13C NMR and high-
resolution mass spectrometry (Supplementary Figs. 2–12).

Detailed experimental procedures, chemical synthesis and analysis. Detailed 
experimental procedures and characterizations of compounds are provided in the 
Supplementary Information.

Data availability. All data are available from the corresponding author upon 
reasonable request.
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