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Aim and outline of this thesis 

L-aspartic acid derivatives are unnatural amino acids with a broad range of applications in 

neurobiological research and the synthesis of pharma- and nutraceuticals. Although carbon-

nitrogen bond-forming C-N lyases are attractive enzymes to prepare such compounds, only 

two C-N lyases known as aspartate ammonia lyase (aspartase) and 3-methylaspartate 

ammonia lyase (MAL) have been carefully explored for their usefulness in the synthesis of 

difficult L-aspartic acid derivatives. Unfortunately, the substrate scope of these enzymes is 

rather limited, with low or no reactivity for desired non-native substrates. Expanding the 

toolbox of C-N lyases for amino acid synthesis by enzyme discovery and engineering is thus 

highly interesting. Another field with great potential is the use of C-N lyases in 

multienzymatic and chemoenzymatic cascades, allowing the construction of artificial 

metabolic pathways for the more sustainable and step-economic synthesis of complex amino 

acid molecules starting from simple and cheap building blocks. 

The work described in this thesis aimed to expand the biocatalytic applications of C-N 

lyases for asymmetric synthesis of important amino acid precursors to biologically active 

compounds and food additives. For this, the MAL enzyme and a newly identified 

ethylenediamine‑N,N’‑disuccinic acid lyase (EDDS lyase), as well as engineered variants of 

both these C-N lyases, were investigated for their usefulness in the selective (cascade) 

synthesis of difficult aminocarboxylic acid products. 

Chapter 1 gives a brief overview of the properties of EDDS lyase and MAL, including 

their biochemical, structural and mechanistic features and biocatalytic applications to prepare 

unnatural amino acids.  

In Chapter 2, a chemoenzymatic methodology for asymmetric synthesis of the fungal 

natural products aspergillomarasmine A (AMA), aspergillomarasmine B (AMB), toxin A and 

related aminocarboxylic acids is reported. AMA is a potent inhibitor of metallo-β-lactamases, 

with great pharmaceutical potential in battling bacterial resistance to β-lactam antibiotics. 

This step-economic (chemo)enzymatic route towards AMA, AMB, and related 

aminocarboxylic acids highlights a highly regio- and stereoselective C-N bond forming step 

catalyzed by EDDS lyase.  

Our knowledge of EDDS lyase was broadened by the identification and structural 

characterization of EDDS lyase from Chelativorans sp. BNC1 (Chapter 3). The determined 

crystal structures of EDDS lyase in unliganded and substrate- and product-bound forms not 

only support a general base-catalyzed deamination mechanism characteristic for members of 

the aspartase/fumarase superfamily, but also provide structural basis for future enzyme 

engineering. 
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The potential for biocatalytic application of EDDS lyase and MAL-Q73A was further 

demonstrated by the enantioselective synthesis of N-substituted L-aspartic acid derivatives 

with diverse homo- and heterocycloalkyl substituents (Chapter 4). Another example is given 

in Chapter 5, which describes the engineering of an improved EDDS lyase variant for 

efficient enantioselective production of N-(3,3-dimethylbutyl)-L-aspartic acid and N-[3-(3-

hydroxy-4-methoxyphenyl)propyl]-L-aspartic acid, important precursors to the artificial 

dipeptide sweeteners neotame and advantame, respectively. 

Chapter 6 describes the development of a one-pot three-step enzymatic cascade for 

stereoselective synthesis of vitamin B5 [(R)-pantothenic acid] and both diastereoisomers of α-

methyl-substituted vitamin B5, which are valuable precursors to promising antimicrobials 

against Plasmodium falciparum and multidrug-resistant Staphylococcus aureus, using a C-N 

lyase (MAL), an appropriate decarboxylase, and pantothenate synthetase enzymes. 

Lastly, Chapter 7 provides a summary of the work presented in this thesis, concluding 

remarks, and some perspectives for future research.  
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1. Carbon-Nitrogen Lyases and Biocatalytic Hydroamination of 

Unsaturated Carboxylic Acids 

Lyases are a class of biocatalysts that cleave covalent bonds (C-C, C-O, C-N, C-S and others) 

through elimination reactions, yielding double bonds or ring structures in the resulting 

products. Carbon-nitrogen (C-N) lyases (EC 4.3.X.X.) selectively catalyze C-N bond 

cleavage.[1] They have been isolated and characterized from different prokaryotic and 

eukaryotic sources, playing roles in various physiological activities such as nitrogen 

metabolism, amino acid metabolism, biosynthesis of natural products, etc.[1–3] Based on the 

chemical nature of their products, C-N lyases are further divided into four subclasses, which 

are ammonia-lyases (4.3.1.X), amidine/amide-lyases (4.3.2.X), amine-lyases (4.3.3.X) and 

others (4.3.99.X), showing rich diversity in structural and mechanistic features. The well-

studied biotechnologically relevant C-N lyases such as aspartate ammonia lyase (aspartase), 

3-methylaspartate ammonia lyase (MAL), and histidine and phenylalanine ammonia lyase 

(HAL and PAL) belong to three different protein superfamilies, namely aspartase/fumarase 

superfamily, enolase superfamily, and 4-methylideneimidazole-5-one (MIO) cofactor 

dependent enzyme family, respectively. In recent years, several new C-N lyases were 

identified, like nitrosuccinate lyase[4] and choline trimethylamine-lyase[5], expanding our 

knowledge of C-N lyases regarding reactions, structures and catalytic mechanisms.   

C-N lyases have shown great potential as biocatalysts for synthesis of optically pure 

(un)natural amino acids via asymmetric hydroamination of α,β-unsaturated mono- or 

dicarboxylic acids (Figure 1).[3,6] C-N lyase catalyzed reactions employ ubiquitous alkenes as 

starting materials, require no external cofactors and are atom-economic and highly selective, 

providing a complementary strategy to form chiral amino acids lining up with other 

biocatalytic approaches (Figure 1).[7] Early in the 1970s, ammonia-lyases, such as aspartase 

and phenylalanine ammonia lyase (PAL), were exploited in reverse to synthesize their natural 

substrates L-aspartic acid and L-phenylalanine starting from fumaric acid and cinnamic acid, 

respectively.[8] In recent years, C-N lyases with desired biocatalytic profiles (substrate scope, 

activity, selectivity) have been obtained by discovery or engineering. The rapidly expanding 

toolbox of C-N lyases enables enzymatic production of a broad range of unnatural amino 

acids, including substituted aspartic acids, β-substituted α- and β-alanines, with most reactions 

having no counterparts in organic chemistry (Table 1 and 2).[6] Besides, multienzymatic and 

chemoenzymatic cascades containing C-N lyases have been developed, giving access to 

complex bioactive molecules in a sustainable and step-economic manner. C-N lyases provide 

an alternative approach to synthesize valuable amino acids and offer more options for 

biocatalytic retrosynthesis. 

L-aspartic acid derivatives are important bioactive molecules with wide applications in 

pharmaceutical and nutraceutical fields (Figure 2). Three types of C-N lyases, aspartase, MAL 

and ethylenediamine-N,N’-disuccinic acid lyase (EDDS lyase), have been used for 

biocatalytic preparation of L-aspartic acid derivatives. Here a review on EDDS lyase and  
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Figure 1. (A) Biocatalytic synthetic approaches for chiral (un)natural amino acids; (B) C-N lyase-
catalyzed synthesis of (un)natural amino acids via asymmetric hydroamination of α,β-unsaturated 
carboxylic acids. 

Table 1. Synthesis of optically pure α-amino acids using C-N lyases. 

 

R1 R2 R3 C-N lyase Products Ref. 

COOH H H, Me, OH, 
OMe, NH2 

AspB Aspartate and its 
derivatives 

[9] 

COOH H, Me, Et, Pr, iPr, 
Cl 

H, Me, Et, OH, 
OMe, NH2 

CtMAL Aspartate and its 
derivatives 

[10,11] 

COOH H, alkyl, aryl, 
alkoxy, aryloxy, 
alkylthio, arylthio 

H CtMAL-L384A 3-substituted aspartates [12–14] 

COOH H, Me alkyl CtMAL-Q73A N-substituted aspartates [12,15] 

COOH H alkyl EDDS lyase N-substituted aspartates [16–18] 

Ph, aryl H H RgPAL, AvPAL, 
PcPAL 

Phenylalanine, β-aryl α-
alanines 

[6,19–23] 

Biocatalytic asymmetric hydroamination 
       •    Atom economic     •    Starting with versatile alkenes   
       •    Enantioselective    •    Regioselective   
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Table 2. Synthesis of optically pure β-amino acids using C-N lyases. 

 
R Biocatalyst Products Ref. 

-Me,  
-Et,  
-CONH2,  
-Ph 

AspB variants (R)-β-Aminobutanoic acid, (R)-β-
Aminopentanoic acid, (S)-β-
Asparagine,  
(S)-β-Phenylalanine 

[24] 

-Ph, aryl PAM β-aryl β-alanines [6,25] 

 

MAL is provided, discussing their structural and mechanistic characteristics and recent 
applications in synthesis of important substituted L-aspartic acids.  

 

2. Ethylenediamine‑N,N’‑Disuccinic Acid Lyase (EDDS lyase)  

2.1 Properties, structure and catalytic mechanism  

EDDS lyase is an amine-lyase, which naturally catalyzes two successive steps of reversible 
deamination of (S,S)-EDDS to fumaric acid and ethylene diamine via the intermediate N-(2-
aminoethyl)aspartic acid (AEAA) (Figure 3). (S,S)-EDDS is a metal-chelating compound 
widely used in industry for a wide range of applications, such as soil remediation, paper 
manufacturing, waste water treatment and so on. In 1984, (S,S)-EDDS was isolated as a 
secondary metabolite from the actinomycete Amycolatopsis japonicum, hypothetically serving 
as a scavenger of zinc (zincophore) and whose bioproduction was strictly repressed by 
zinc.[26,27] Recently, the biosynthetic gene cluster of (S,S)-EDDS was uncovered using unique 
bioinformatics approaches by elucidating the zinc-responsive regulation mechanism.[28] The 
microbial biodegradation of (S,S)-EDDS undergoes another set of reactions different from 
those in biosynthesis. The biodegradation of (S,S)-EDDS was first observed in some 
microorganisms isolated from soil and sludge from different sources in the late 1990s, 
revealing a lyase that supposedly initiated the breakdown of (S,S)-EDDS to fumarate and 
AEAA or ethylene diamine via a non-hydrolyzing cleavage.[29–31] These microogranisms were 

exploited for production of (S,S)-EDDS and related aminopolycarboxylic acid chelators from 
fumarate and diamines at gram scale.[31–34] EDDS lyase was first isolated from 
Brevundimonas sp. TN3 in 2001, and was sequenced and recombinantly expressed, and used 
for (S,S)-EDDS production.[35] Yet, detailed biochemical properties and mechanistic and 
structural features remained unexplored since then. 

Our group recently identified an EDDS lyase from Chelativorans sp. BNC1 by using a 

BLAST search with the TN-3 EDDS lyase gene as the query (79% identity), and subsequently  



Introduction 

17 

Low-calorie artificial sweeteners

N
H

H
N

OO
O

O

HO

OH

O

N
H

H2N

OO
O

O

HO

N
H

H
N

OO
O

O

HO

aspartame neotame advantame

Aminopolycarboxylic  acid metal chelators

O

OH

O

OH

N
H

O

O

HOH
N OH

O

HO

O

HO

H
N

(S,S)-EDDS

OH

OH

O

O

(S,S)-IDS

O

OH

O

OH
H
N

OH

O

ASMA

Inhibitors of excitatory amino acid transporter (EAATi)

Inhibitor of metallo- -lactamase

H2N

O

O

HO
O

OH
H2N

O

O

HO
O

OH

L-TBOA L-TFB-TBOA

H2N

O

O

HO

OH

L-3-BA

OHN
H

O

HN

OH

O

O

HO

H2N
OH

O
AMA

H
N

O

CF3 H2N

O

O

HO
OH

OH

L-3-OH-Asp

 

Figure 2. Representative bioactive molecules and natural products comprising an L-aspartic acid 
moiety. 

 

 

 

Figure 3. The EDDS-lyase-catalyzed reversible deamination of (S,S)-EDDS to fumaric acid and 
ethylene diamine via AEAA serves as the first step in the bacterial biodegradation of (S,S)-EDDS. 

 

investigated the structure and catalytic mechanism of an EDDS lyase for the first time.[18]  
The EDDS lyase from strain BNC1 catalyzes the reversible deamination of (S,S)-EDDS with 
maximum activity at 60 °C and pH 8.0. Except for its natural substrates, it also shows activity 
towards ammonia and various mono- and diamines in addition to fumaric acid. 

Crystal structures of EDDS lyase in unliganded form and those bound with fumarate, 

AEAA and (S,S)-EDDS were solved by X-ray diffraction analysis.[18] EDDS lyase is a 

homotetramer (56 kDa per subunit) sharing the characteristic tertiary and quaternary structural 

features of members of the aspartase/fumarase superfamily.[2] Interestingly, the catalytically 

essential SS-loop of EDDS lyase shows little movement upon substrate binding, which is 

different from the flexible SS-loop undergoing an open/closed conformational change upon 

substrate binding as observed in most aspartase/fumarase superfamily members. EDDS lyase 

NH2
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has a composite active site located at the interface of three subunits, with most residues 

forming the α- and β-carboxylate binding pockets being highly conserved.[18] The amine 

binding site is less conserved, and rich in polar and charged side chains making it quite 

hydrophilic. Residues Asn288 and Asp290 form water-mediated hydrogen-bond interactions 

with the distal amino group of the bound (S,S)-EDDS, appearing to play important roles in 

binding and positioning of the natural substrate. Ser280 was proposed to serve as the crucial 

base catalyst, positioned close to the Cβ carbon with a proper orientation for proton 

abstraction to start the deamination reaction.   

Based on the crystal structures and previous mechanistic studies of aspartase/fumarase 

superfamily members, a general base-catalyzed, sequential two-step deamination mechanism 

was proposed.[18] The Ser280 oxyanion first abstracts the proton from Cβ of (S,S)-EDDS, 

leading to formation of an enediolate intermediate, which is stabilized by interactions with 

residues from the β-carboxylate binding pocket (Ser111, Arg112, Ser281). The collapse of the 

enediolate intermediate leads to cleavage of the C-N bond, releasing AEAA and fumarate. 

AEAA will re-bind in the active site, allowing another round of deamination to give ethylene 

diamine and fumarate as final products.  

2.2 Synthetic applications 

(S,S)-EDDS is a widely used metal-chelating compound in industry as well as a 

pharmaceutically active compound serving as inhibitor of Zn-dependent enzymes like 

phospholipase C (PL-C)[26] and metallo-β-lactamase.[36] Consequently, EDDS degrading 

microorganisms and the purified EDDS lyase have been exploited for the production of (S,S)-

EDDS[34,35] and related metal chelators (for example, phenylenediamine-[33], propanediamine-, 

and cyclohexylenediamine-N,N'-disuccinic acid[32]) starting from fumarate and diamines. 

Suzuki and coworkers first reported the production of (S,S)-EDDS at multigram scale by 

incubating Acidovorax sp. TNT149 cells with fumarate and ethylene diamine at optimum pH 

(7.5) and temperature (35°C).[34]  

Recently, EDDS lyase from Chelativorans sp. BNC1 was used for chemoenzymatic 

synthesis of the natural products aspergillomarasmine A (AMA), aspergillomarasmine B 

(AMB) and toxin A, as well as related aminocarboxylic acids with excellent regio- and 

stereoselective control.[16] AMA is a potent inhibitor of metallo-β-lactamases (including the 

notorious NDM-1 and VIM-2) with a low IC50 value at micromolar concentration. It received 

extensive academic attention yet remained difficult to synthesize with correct (2S,2′S,2′′S)-

configuration. Toxin A is the direct biosynthetic precursor to AMA and its analogue AMB. 

EDDS lyase was incubated with fumaric acid and a series of retrosynthetically designed 

amine substrates in aqueous solution at pH 8.5-9 and 25 or 37 ºC. AMA, AMB, toxin A and 

their derivatives were obtained with excellent stereoselectivity (e.e >99%, d.e. >98%) and in 

moderate to good yields. Based on the biocatalytic synthesis of toxin A, a one-pot two-step 

chemoenzymatic approach was developed for rapid and efficient synthesis of AMB and its 
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derivatives.[16] Compared to previous chemocatalytic methods, this chemoenzymatic approach 

significantly reduced the total synthetic steps for AMA, AMB, and toxin A, showing great 

potential for efficient practical synthesis of complex amino(poly)carboxylic acids. 

EDDS lyase from Chelativorans sp. BNC1 was also employed for enantioselective 

synthesis of complex N-cycloalkyl substituted L-aspartic acids which are structurally distinct 

from its natural substrates.[17] Reactions were performed with fumaric acid, various homo- 

and heterocycloalkyl amines (comprising four-, five- and six-membered rings) and EDDS 

lyase at pH 8.5 and room temperature. EDDS lyase exhibited broad substrate promiscuity, 

accepting a variety of cycloalkylamines in hydroamination of fumarate to give the 

corresponding N-cycloalkyl-L-aspartic acids with excellent enantioselectivity (e.e. >99%).   

Another synthetic application of EDDS lyase is described in Chapter 5 of this thesis, 

demonstrating the use of an engineered variant of EDDS lyase for asymmetric biocatalytic 

synthesis of an important precursor of neotame. Neotame is a commercial low-calorie 

artificial sweetener used as sugar substitute in a broad range of food products. In fact, it is a 

N-substituted derivative of the widely used dipeptide sweetener aspartame (Figure 2). The 

chemical synthesis of neotame involves an intermediate N-(3,3-dimethylbutyl)-L-aspartic acid, 

which is prepared by metal-catalyzed reductive alkylation of L-aspartic acid. Wild-type 

EDDS lyase (0.15 mol%) was incubated with fumaric acid and various alkylamines in sodium 

phosphate buffer at pH 8.5 and room temperature. The reactions yielded the neotame 

precursor N-(3,3-dimethylbutyl)-L-aspartic acid and five related compounds with 82-97% 

conversion (after 7 days) and >99% e.e. To further improve the synthetic usefulness of EDDS 

lyase, two rounds of site-saturation mutagenesis and activity screening were performed at two 

positions selected on basis of the crystal structure. A highly efficient EDDS lyase variant 

(D290M/Y320M) was obtained with a 1140-fold activity improvement over the wild-type 

enzyme, allowing the selective synthesis of the neotame precursor and related compounds 

(including the precursor to advantame, Figure 2) with high enantioselectivity and conversion, 

requiring only a few hours reaction time instead of 7 days, while using low biocatalyst 

loadings (0.05 mol%). 

 

3. 3-Methylaspartate Ammonia Lyase (MAL) 

3.1 Properties, structure and catalytic mechanism  

Identified from several facultative anaerobic bacteria, the MAL enzyme forms part of the 

glutamate catabolic pathway and reversibly deaminates L-threo- and L-erythro-3-

methylaspartate to give mesaconate.[9,37] Two best studied MAL enzymes were isolated from 

C. tetanomorphum (CtMAL) and C. amalonaticus (CaMAL), with the first crystal structures 

reported in 2002.[38,39] The overall structure of the homodimeric MAL (45 kDa per subunit) 

resembles that of members of the enolase superfamily, sharing the characteristic TIM barrel 
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fold (8-fold α/β barrel). MAL requires K+ and Mg2+ for optimal activity, and the catalytic 

mechanism of MAL is proposed to involve general base-catalyzed proton abstraction 

resulting in the formation of an enolate anion intermediate, which is stabilized by interactions 

with the active site Mg2+ ion and side chains of amino acid residues.[9,38] Based on structural 

work and mutagenesis studies, residues Lys331 and His194 have been identified as the S- and 

R-specific base catalysts, respectively.[40]  

3.2 Synthetic applications  

Based on its natural substrate promiscuity, CtMAL has been used for asymmetric synthesis of 

L-aspartic acid derivatives with small N- and β-substitutions.[6,9] The scope of biocatalytic 

applications was greatly enlarged by structure-guided engineering of CtMAL, which led to an 

engineered variant (MAL-Q73A) with broad nucleophile scope, accepting linear and 

cycloalkylamines, and an engineered variant (MAL-L384A) with wide electrophile scope, 

accepting non-native fumarate derivatives with alkyl, aryl, alkoxy, aryloxy, alkylthio, and 

arylthio substitutions at the C-2 position.[12] Using these engineered MAL enzymes, a diverse 

collection of N- and β-substituted L-aspartic acids were synthesized by asymmetric 

hydroaminations with moderate to good stereoselectivity.[12,15] In another study, a variant of 

CtMAL (MAL-H194A) with strongly enhanced diastereoselectivity, which was obtained by 

mechanism-based engineering, has been exploited for asymmetric synthesis and kinetic 

resolution of various 3-subsituted aspartic acids.[40,41]   

Inspired by the expanded scope towards 2-substituted fumarate derivatives, MAL variants 

have been exploited in chemoenzymatic synthesis of excitatory amino acid transporter 

(EAAT) inhibitors that are extremely difficult to synthesize chemically. Located in the 

membranes of mammalian neurons and surrounding glia cells, EAATs are responsible for 

regulating the concentration of the excitatory neurotransmitter glutamate in the synaptic cleft. 

Inhibitors of EAATs are therefore useful tools to study the precise functions of these 

transporters in glutamatergic neurotransmission and in neurological disorders related with 

extracellular glutamate accumulation. For example, L-threo-3-benzyloxyaspartate (L-TBOA, 

Figure 2) is a widely-used nonselective inhibitor of EAATs, the chemical synthesis of which 

is highly challenging (11 steps in total with an overall yield of <1%).  

By using an engineered variant of MAL as biocatalyst, de Villiers and coworkers 

developed an elegant three-step chemoenzymatic synthesis route to L-TBOA and several 

ring-substituted derivatives.[13] 2-Benzyloxyfumarate and a series of derivatives with F, CH3 

and CF3 groups at the ortho, meta and para position of the aromatic ring, which were 

obtained via two-step chemical synthesis from dimethyl acetylenedicarboxylate, were reacted 

with ammonia in the presence of the MAL-L384A or MAL-L384G variant at room 

temperature and pH 9.0. Reactions achieved >89% conversion within 24 h, with products L-

TBOA and seven analogues purified with good yield (57-78%) and identified as the desired 

L-threo isomers with excellent stereoselectivity (e.e. >99%; d.e. >95%).  
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The synthetic usefulness of MAL variants for preparation of EAAT blockers was further 

extended by synthesizing a series of L-TBOA derivatives whose pharmacological properties 

were evaluated.[14] Catalyzed by MAL-L384A, aspartate derivatives with (cyclo)alkyloxy and 

(hetero)aryloxy substituents at the C-3 position were prepared by hydroamination of the 

corresponding fumarate derivatives (prepared from dimethyl acetylenedicarboxylate) with 

excellent stereoselectivity. These derivatives showed potent inhibitory activities towards 

EAAT1-4 subtypes with IC50 values ranging from micro- to nanomolar concentrations.  

Based on the synthesis of L-TBOA, the chemoenzymatic preparation of another potent 

and widely used nontransportable EAAT inhibitor, (L-threo)-3-[3-[4-

(trifluoromethyl)benzoylamino]benzyloxy]aspartate (L-TFB-TBOA, Figure 2) was achieved 

with excellent stereochemical control and a dramatically reduced number of synthetic steps.[42] 

L-TBOA was first synthesized by the MAL-L384A catalyzed hydroamination of 2-

benzyloxyfumarate, and subsequently used as starting material for debenzylation and 

protection (3 steps), yielding the key intermediate dimethyl (L-threo)-N-Boc-3-

hydroxyaspartate (71-73% yield). This chiral intermediate was subsequently subjected to O-

alkylation and global deprotection, which gave rise to L-TFB-TBOA at multigram scale with 

6% overall yield in 9 steps (for comparison, chemical synthesis takes 20 steps). This method 

provides a convenient strategy to produce L-aspartic acid derivatives with large aryloxy 

substituents at the C3 position, enabling stereoselective preparation of four L-TFB-TBOA 

derivatives with strong inhibitory activities for EAAT1-4 subtypes (IC50 values range from 5 

to 530 nM).[14] This strategy was later exploited for the design and preparation of novel photo-

controlled glutamate transporter inhibitors by functionalization of L-TBOA with a 

photoswitchable azobenzene moiety (azo-TBOAs).[43] Remarkably, (L-threo)-trans-3-(3-((4-

(methoxy)phenyl)diazenyl)benzyloxy) aspartate (p-MeO-azo-TBOA) showed good 

photochemical properties, reversibly switched from the trans to cis isomer in response to 

irradiation, with the isomers showing a 3.6-fold difference in inhibitory activity towards the 

prokaryotic transporter GltTk. 

Lastly, application of MAL and its H194A variant in multienzymatic cascade synthesis 

was demonstrated for the production of vitamin B5 [(R)-pantothenic acid] and its 

derivatives.[44] Vitamin B5 is the biosynthetic precursor of coenzyme A, and its derivatives 

serve as important synthetic precursors to antimicrobial pantothenamides. A one-pot, three-

step enzymatic cascade was developed, consisting of asymmetric hydroamination (catalyzed 

by MAL or MAL-H194A), α-decarboxylation (catalyzed by an appropriate decarboxylase) 

and condensation (catalyzed by pantothenate synthase) reactions. Starting from achiral 

fumarate or mesaconate, ammonia and (R)-pantoate, vitamin B5 and both diastereoisomers of 

α-methyl-substituted vitamin B5 were produced in good isolated yield and with excellent 

stereoselectivity (>99% e.e.). 
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4. Concluding Remarks 

Asymmetric hydroamination of unsaturated carboxylic acids by C-N lyases is an attractive 

biocatalytic strategy to synthesize optically pure amino acids. C-N lyases have been applied in 

multienzymatic and chemoenzymatic cascade syntheses of complex molecules with 

pharmaceutical significance. EDDS lyase has been discovered more than ten years ago, yet its 

biochemical properties and structural and mechanistic features have been elucidated recently. 

EDDS lyase from Chelativorans sp. BNC1 has broad substrate promiscuity and displays 

excellent selectivity and evolvability, providing great potential for practical synthesis of 

important L-aspartic acid derivatives as tools for neurobiological research and synthetic 

precursors to pharmaceuticals and food additives.  
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Abstract 

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 codrug 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 asymmetric synthesis 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 catalyzed by 

ethylenediamine-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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Introduction 

Aminocarboxylic acids that contain several carboxylate groups bound to one or more nitrogen 

atoms form an important group of chelating agents.1 Their ability to form stable complexes 

with metal ions is the basis for their use in a broad range of domestic products as well as 

industrial and medical applications.1-4 An important aminocarboxylic acid that recently 

received considerable attention is the fungal natural product aspergillomarasmine A (AMA, 

1a, Fig. 1a).5-7 It was originally discovered and characterized for its plant wilting and necrotic 

activity by Lederer and coworkers in 1965.8 Later, in the 1980s, the molecule was evaluated 

as an inhibitor against human angiotensin-converting enzyme (ACE).9 Recently, AMA has 

been highlighted as a potent and selective inhibitor of New Delhi metallo-β-lactamase-1 

(NDM-1) via a zinc-chelation mechanism, with an IC50 value at low-micromolar 

concentration.5 Moreover, AMA could efficiently restore the activity of meropenem in a 

mouse model infected with a lethal dose of NDM-1-expressing Klebsiella pneumonia, 

demonstrating the potential of AMA as a promising codrug candidate to rescue or potentiate 

β-lactam antibiotics in combination therapies.5 

Retrosynthetic analysis of AMA (1a, Fig. 1a) suggests the compound 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 original incorrectly proposed (2S, 2'R, 

2''R)- to the correct (2S, 2'S, 2''S)-configuration through total synthesis.10,11 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 configuration.12 Toxin A 

(3a, Fig. 1a), a biosynthetic precursor of AMA, is built from two amino acid moieties (Asp 

and Apa) through a C-N bond. The absolute configuration of 3a was first incorrectly assigned 

as (2S, 2'R) in 1979,13 which was later corrected to (2S, 2'S) through chemical synthesis and 

feeding experiments in 1991.14  

The intriguing structural features and important biological activities of AMA have 

attracted the attention from synthetic chemists, culminating in the elegant total synthesis of 

AMA and related compounds (Fig. 1a).10-12,15 Lei and coworkers firstly reported a modular 

approach towards AMA via a late-stage oxidation strategy (14 steps, 4% yield).10 Next to that, 

Wright and coworkers employed o-nosyl aziridine as a key intermediate in the total synthesis 

of AMA (9 steps, 1% yield).11 Afterward, an improved route utilizing a sulfamidate approach 

towards AMA was achieved by Silvia et al (6 steps, 19% yield).12 However, creating a 

biocatalytic methodology as alternative route to AMA, AMB and other difficult 

aminocarboxylic acids is an as yet unmet challenge. 

The enzyme ethylenediamine-N,N'-disuccinic acid lyase (EDDS lyase) catalyzes an 

unusual two-step sequential addition of ethylenediamine (4) to two molecules of fumaric acid 
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Figure 1. Natural aminocarboxylic acid products. Structural similarities between EDDS lyase 
substrates and 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 catalyzed by 
EDDS lyase. 

 (5) providing (S)-N-(2-aminoethyl)aspartic acid (AEAA, 6) as an intermediate and (S, S)-

EDDS (7) as final product (Fig. 1b); it also catalyzes the reverse reaction, converting 7 into 4 

and two molecules of 5.16-18 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), respectively. This prompted us to explore EDDS lyase as 

biocatalyst for the asymmetric synthesis of Toxin A, AMA, and AMB.  

Here we report a biocatalytic methodology for asymmetric synthesis of Toxin A, AMA, 

AMB and related aminocarboxylic acids from retrosynthetically designed substrates. This 

biocatalytic strategy highlights a highly regio- and stereoselective carbon-nitrogen bond-

forming step catalyzed by EDDS lyase, and offers an alternative synthetic choice to prepare 

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 to AEAA (6), which is the intermediate product formed in the 
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natural EDDS lyase-catalyzed 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-catalyzed amination of fumarate (5). Remarkably, the enzymatic 

amination reaction occurred exclusively at the less-sterically hindered 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 fumarate was observed. 

Under optimized conditions, excellent conversion (98%) and good isolated yield (52%) of 3a 

were achieved by using only 0.05 mol% biocatalyst loading (Table 1). Product 3a was 

identified as the desired (2S, 2'S)-diastereomer (de >98%, Table 1), with the (2S)-stereogenic 

center being set by EDDS lyase and the (2'S)-stereogenic center derived from starting 

substrate 8a. Interestingly, the (R)-enantiomer of 2,3-diaminopropionic acid (8b) was also 

accepted as substrate by EDDS lyase, giving (2S, 2'R)-3b as the anticipated diastereomeric 

product with excellent conversion (97%) and stereoselectivity (de >98%), and 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 respective products 3c-3e. High conversions 

(94-96%), good isolated product yields (55-75%), and excellent regio- and stereoselectivity 

(de >98%) were observed (Table 1). As anticipated, only the less sterically hindered terminal 

amino groups of 8c-8e functioned as the nucleophile in the enzymatic additions to fumarate. 

In comparison to the previously reported 4-step chemical synthesis of (2S, 2'S)-Toxin A (3a)12 

and the 4-step chemical synthesis of (2S, 3'S)-3c (section 7 of supplementary information), 

our biocatalytic methodology highlights a high yielding one-step enzymatic synthesis of 

Toxin A (3a) and its homologs 3c-3e 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-3h as the (S)-configured 

enantiomers with >99% ee (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 corresponding products (section 3 of supplementary methods), 

indicating that the steric environment of the nucleophilic amino group is essential for 

substrate conversion by EDDS lyase. It is also noteworthy that product 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)tracers.19,20 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 homologs 

Previous studies11,12 have confirmed that the primary amino group (2'-NH2) in the Apa 
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Table 1. Enzymatic synthesis of Toxin A and related aminocarboxylic acids. 

 

aConditions and reagents: fumaric acid (5, 10 mM), substrates 8a-8h (100 mM) and EDDS lyase (0.05 mol% 
based on fumaric acid) in buffer (20 mM NaH2PO4/NaOH, pH 8.5), rt, 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. dDiastereomeric excess (de) for 3a-3e was determined by 1H NMR (Supplementary Figs. 2 and 
7-9); enantiomeric excess (ee) for 3f-3h was determined by HPLC on a chiral stationary phase using authentic 
standards (Supplementary Figs. 18-20). eThe absolute configurations of 3a and 3b were determined by referring 
to the literature.14 fThe absolute configuration of 3c was assigned 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. 7). gThe purified products 3d and 3e could be tentatively assigned the (S, S)-configuration 
on the basis of analogy. hThe absolute configurations of 3f and 3g were determined by chiral HPLC using 
authentic standards with known R or S configuration. iThe absolute configuration of 3h could be tentatively 
assigned by optical rotation on the basis of comparison to the closely related product 3g. 

 

 

 

Entry Substrate Product 
Conv.b (yieldc) 

[%] 
de/eed 
[%] 

Abs. 
Conf. 

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 
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moiety of Toxin A (3a) was much more reactive than the secondary amino group (2-NH) in 

the Asp moiety, giving the opportunity for regioselective N-alkylation at the 2'-NH2 position 

of 3a. Encouraged by the exquisite EDDS lyase-catalyzed biotransformation, providing 3a 

and its derivatives with excellent conversions and stereoselectivities, 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 (MBL) inhibitor AMB (2a) and its 

homologs (Fig. 2). To effect the second N-alkylation step in the one-pot synthesis of 2a, the 

first requirement was 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 

subsequent chemical N-alkylation step. Therefore, the enzymatic step was modified by using 

a 3-fold 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, providing high conversion (84%) for the 

second step. Comparison of 1H NMR and 2D 1H-1H COSY 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, demonstrating that product 2a has the desired Asp-Apa-

Gly structure (Supplementary Figs. 3, 10-13). With both stereogenic centers being derived 

from intermediate (2S, 2'S)-3a, product 2a has the correct (2S, 2'S)-configuration. 

 

Figure 2. One-pot two-step chemoenzymatic synthesis of AMB and its homologs. Reagents and 
reaction conditions: a, substrate (8a or 8c, 1 eq.), fumaric acid (3 eq.) and EDDS lyase (0.05 mol% 
based on 8a or 8c) in buffer (20 mM NaH2PO4/NaOH, pH 8.5), rt, 24 h; b, bromoacetic acid, pH 11, 6 
h, 70 °C;  c, 3-bromopropanoic acid, pH 11, 6 h, 70 °C. 

 

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-bromopropanoic acid) or the starting substrate (8c) in the chemoenzymatic 

cascade, yielding AMB homologs (2S, 2'S)-2b or (2S, 3'S)-2c, respectively (Fig. 2). Note that 
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the stereogenic centers 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 homologs. With the aim to develop a convenient synthetic 

methodology for (2S, 2'S, 2''S)-AMA (1a), we envisioned a retrosynthesis of 1a by 

incorporating an EDDS lyase-catalyzed 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-catalyzed amination reaction. Similar retrosynthesis could be applied to 

2a, leading to (S)-9a as a starting substrate for the enzyme-catalyzed amination step (Fig. 3).  

 

Figure 3. Retrosynthesis of AMA and AMB. Biocatalytic retrosynthesis suggests that AMA and 
AMB can be prepared via EDDS lyase catalyzed enantioselective amine addition to fumarate. 

 

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 as 

retrosynthetically designed substrate for EDDS lyase. Remarkably, by using a 4-fold 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). The enzymatic 

product 2a was identified as the desired (2S, 2'S)-diastereomer of AMB (de >98%, Table 2), 

with the (2S)-stereogenic center being set by EDDS lyase and the (2'S)-stereogenic center 

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. To our delight, EDDS lyase accepted (2S, 2'S)-9d as 

substrate in the amination of fumarate to give product 1a under the same reaction conditions 

as used for 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 afforded product 1a with good conversion (79% 

in 48 h) and in 26% isolated yield (Supplementary Figs. 4). A comparison of the 1H NMR 

spectrum of enzymatic product 1a with those reported for (2S, 2'S, 2''S)-AMA 
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(Supplementary Table 1) and (2R, 2'S, 2''S)-AMA confirmed that product 1a had the desired 

(2S, 2'S, 2''S)-configuration (de >98%, Table 2), with two stereogenic centers 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 purification (Supplementary Figs. 6). 

With the aim to further explore the substrate promiscuity and synthetic capability of 

EDDS lyase, we prepared and analyzed compounds 9b, 9c, and 9e  as substrates in the 

enzymatic amination of fumarate. The corresponding AMA homolog 1b and AMB homologs 

2b and 2c were obtained with good conversions (65-71%), excellent stereoselectivities 

(de >98%), and in 20-46% isolated yield (Table 2, Supplementary Figs. 14, 15 and 17). 

Table 2. Enzymatic synthesis of AMA, AMB and their homologs. 

 

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), rt, 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), 37 °C, 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), 37 °C, 48 h. 
dConversions were determined by 1H NMR. eIsolated yield after ion-exchange chromatography. No formation of 
side products has been observed and isolated yields of the desired products may be further improved by 
optimizing the purification protocols. fDiastereomeric excess (de) was determined by 1H NMR . gThe absolute 
configurations of 2a-2c were assigned by 1H NMR spectroscopy using chemoenzymatically synthesized 
authentic standards 2a-2c with known (S, S)-configuration. hAbsolute configuration of 1a was determined by 
referring to the literature (Supplementary Fig. 5 and Supplementary Table 1).5,12 iProduct 1b could be tentatively 
assigned the (2S, 3'S, 2''S)-configuration on the basis of analogy. 

Entry Substrate Product 
Conv.d (yielde) 

[%] 
def 
[%] 

Abs.  
Conf. 

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 
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Discussion 

By using a biocatalytic retrosynthesis approach,21-23 we have successfully demonstrated that 

EDDS lyase can be applied as biocatalyst for asymmetric synthesis of the natural products 

Toxin A, AMA and AMB, as well as related chiral aminocarboxylic acids. This enzyme 

shows remarkably broad substrate promiscuity, and excellent regio- and stereoselectivity, 

allowing 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 prepared 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 previously been characterized that 

catalyze the asymmetric addition of substituted amines to fumarate or its derivatives. These 

include aspartate ammonia-lyases, methylaspartate ammonia-lyases, argininosuccinate lyases 

and adenylosuccinate lyases.17,18,24,25 With the notable exception of an engineered variant of 

methylaspartate ammonia lyase, which accepts various alkylamines as non-natural 

substrates,26 these enzymes have a rather narrow nucleophile scope. On the contrary, 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 acids.24 

We have initiated studies aimed at further exploring novel substrates (e.g. 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 engineering of EDDS lyase to 

enhance its catalytic activity (allowing lower catalyst loadings) and further expand its 

unnatural substrate scope. 
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I) General information 

Fumaric acid, L-ornithine, L-lysine, glycine, β-alanine, and γ-aminobutyric acid were 

purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). The compounds (S)-2,3-

diaminopropionic acid hydrochloride, (R)-2,3-diaminopropionic acid hydrochloride, and (S)-

2,4-diaminobutyric acid dihydrochloride were purchased from TCI Europe N.V. (S)-2-

Amino-3-[(tert-butoxycarbonyl)amino]propionic acid, (S)-methyl 2-amino-3-[(tert-

butoxycarbonyl)amino]propanoate and Boc-L-serine-β-lactone were purchased from 

Fluorochem Co. (UK). Solvents were purchased from Biosolve (Valkenswaard, The 

Netherlands) or Sigma-Aldrich Chemical Co. Ingredients for buffers and media were obtained 
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from Duchefa Biochemie (Haarlem, The Netherlands) or Merck (Darmstadt, Germany). 

Dowex 50W X8 resin (100-200 mesh) was purchased from Sigma-Aldrich Chemical Co., and 

AG 1X8 resin (acetate form, 100-200 mesh) was purchased 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 (Uppsala, Sweden).  

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 Coomassie brilliant blue. High performance liquid 

chromatography (HPLC) was performed with 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. Chemical shifts (δ) 

are reported in parts per million (ppm). Optical rotations were measured on a 

Schmidt+Haensch Polartronic MH8 polarimeter with a 10 cm cell (c given in g/100 mL). 

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. Enzyme expression and purification.  

The gene encoding EDDS lyase (GenBank: ABG61966) was codon-optimized and 

synthesized by Eurofins MWG Operon (Ebersberg, Germany), after which it was cloned 

(using NdeI/HindIII sites) into the pBADN-Myc-His expression vector yielding plasmid 

pBADN(EDDS lyase-His). E. coli TOP10 cells containing the pBADN(EDDS lyase-His) 

plasmid were collected from a LB/Ap plate, 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 OD600 reached 0.8~1.0. Arabinose 

(0.05%, w/v) was added to induce the enzyme expression. Cultures were grown for 18 h at 

20 °C 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 x 40 s (with 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 pore filter (diameter 0.45 μm), 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 analyzed by SDS-

PAGE on gels containing acrylamide (4 - 12%). 
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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 for 1.2 column 

volumes. Fractions were collected and analyzed by SDS-PAGE on gels containing acrylamide 

(4 - 12%). The purified enzyme was stored at -20 °C until further use. 

 

 

 

 

 

 

Supplementary Figure 1. Purification of EDDS lyase by Ni-affinity chromatography. Lane 1: 
PageRulerTM prestained protein ladder (Thermo Scientific). Lane 2: unbound protein in flow-through 
fractions. Lane 3: fractions from washing step with lysis buffer. Lane 4: fractions from washing step 
with buffer A. Lane 5: fractions from elution step with buffer B. The molecular weight of EDDS lyase 
is about 56 kDa (including His- tag). 

 

2. General procedure for synthesis of Toxin A and its analogues  

 

General procedure: The initial reaction mixture (15 mL) consisted of fumaric acid (0.2 
mmol) and an amine substrate (8a-8h, 2 mmol) in 20 mM NaH2PO4-NaOH buffer (pH 8.5), 
and the pH of the reaction mixture was adjusted to pH 8.5. The enzymatic reaction was started 
by 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, 
the enzyme was inactivated by heating to 70 °C for 10 min. The progress of the enzymatic 
reaction was monitored by 1H NMR spectroscopy by comparing signals of substrates and 
corresponding products.  

The products were purified by two steps of ion-exchange chromatography. For a typical 
purification procedure, the precipitated enzyme was removed by filtration (pore diameter 0.45 
μm). The filtrate was loaded slowly onto an anion-exchange column (5 g of AG 1-X8 resin, 

EDDS lyase 

 1       2      3       4      5 
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acetate form, 100-200 mesh), which was pretreated with 5 column volumes of 1 M acetic acid 
aqueous solution and then water (until pH was neutral). The column was washed with water 
(3 column volumes) and then 0.1 M acetic acid (3 column volumes) until all the excess 
starting amine substrate was washed out. The products were eluted with 2 M acetic acid for 
3a-3e or 1 M HCl for 3f-3h. The ninhydrin-positive fractions were collected and loaded onto 
a cation-exchange column (5 g of Dowex 50W X8 resin, 100-200 mesh), which was 
pretreated with 2 M aqueous ammonia (5 column volumes), 1 M HCl (3 column volumes) and 
water (5 column volumes). The column was washed with water (3 column volumes) to 
remove the remaining fumaric acid and 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. 

(2S)-N-[(2'S)-2'-amino-2'-carboxyethyl]aspartic acid (3a)  

White solid. 23 mg (52% yield, de >98%). 1H NMR (500 MHz, D2O): δ 
4.09 (t, J = 7.0 Hz, 1H), 3.87 – 3.85 (m, 1H), 3.50 (d, J = 7.5 Hz, 2H), 2.84 
(dd, J = 17.5, 2.7 Hz, 1H), 2.69 (dd, J = 17.5, 9.3 Hz, 1H); 13C NMR (126 

MHz, D2O): δ 177.21, 173.14, 171.14, 60.17, 49.99, 45.65, 35.67. HRMS (ESI+): calcd. for 
C7H13O6N2, 221.0768 [M+H]+: found: 221.0770.  

In order to determine the absolute configuration of 3a, a 1H NMR spectrum of the lyophilized 
product was recorded with 0.2 M NaOD/D2O as the solvent. 1H NMR (500 MHz, 0.2 M 
NaOD/D2O): δ 3.35 (dd, J = 8.7, 5.2 Hz, 1H), 3.31 (dd, J = 8.8, 4.2 Hz, 1H), 2.71 (dd, J = 
11.9, 4.2 Hz, 1H), 2.53 (dd, J = 11.9, 8.8 Hz, 1H), 2.47 (dd, J = 15.1, 5.2 Hz, 1H), 2.27 (dd, J 
= 15.0, 8.7 Hz, 1H).. The 1H NMR spectrum of 3a was matched with reported 1H NMR data 
of LL-Toxin A (SS-Toxin A)1, which indicated that the absolute configuration of 3a was (2S, 
2'S). The de of product 3a was determined to be >98% by comparison of the 1H NMR data of 
3a with that of 3b (Supplementary Figure 2). 

(2S)-N-[(2'R)-2'-amino-2'-carboxyethyl]aspartic acid (3b) 

White solid. 36 mg (82% yield, de >98%). 1H NMR (500 MHz, D2O): δ 
4.12 (t, J = 7.0 Hz, 1H), 3.90 (dd, J = 8.0, 3.9 Hz, 1H), 3.55 (d, J = 6.9 Hz, 
2H), 2.87 (dd, J = 17.7, 3.9 Hz, 1H), 2.76 (dd, J = 17.7, 8.1 Hz, 1H); 13C 

NMR (126 MHz, D2O): δ 177.42, 173.58, 171.26, 60.21, 50.31, 45.94, 35.80. HRMS (ESI+): 
calcd. for C7H13O6N2 [M+H]+: 221.0768, found: 221.0766.  

In order to determine the absolute configuration 3b, a 1H NMR spectrum of the lyophilized 
product was recorded with 0.2 M NaOD/D2O as the solvent. 1H NMR (500 MHz, 0.2 M 
NaOD/D2O): δ 3.37 (dd, J = 8.7, 5.1 Hz, 1H), 3.30 (dd, J = 8.0, 4.8 Hz, 1H), 2.81 (dd, J = 
11.9, 4.8 Hz, 1H), 2.54 – 2.49 (m, 2H), 2.31 (dd, J = 15.1, 8.7 Hz, 1H). The 1H NMR 
spectrum of 3b was matched with reported 1H NMR data of DL-Toxin A (RS-Toxin A),1 
demonstrating that the absolute configuration of 3b was (2S, 2'R). The de of product 3b was 
determined to be >98% by comparison of the 1H NMR data of 3b with that of 3a 
(Supplementary Figure 2).  
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(2S)-N-[(3'S)-3'-amino-3'-carboxypropyl]aspartic acid (3c) 

White solid. 35 mg (75% yield, de >98%). 1H NMR (500 MHz, D2O): δ 
3.86 – 3.83 (m, 2H), 3.34 – 3.24 (m, 2H), 2.84 (dd, J = 17.6, 4.0 Hz, 1H), 

2.73 (dd, J = 17.6, 7.8 Hz, 1H), 2.35 – 2.20 (m, 2H); 13C NMR (126 MHz, D2O): δ 176.85, 
173.20, 173.07, 59.47, 52.46, 43.71, 35.60, 27.23. HRMS(ESI+): calcd. for C8H15O6N2 
[M+H]+: 235.0925, found: 235.0923. The absolute configuration and de was determined by 
comparison of the 1H NMR data of 3c with the 1H NMR data of a chemically prepared 
authentic standard and diastereomeric mixture (Supplementary Figure 7). 

(2S)-N-[(4'S)-4'-amino-4'-carboxybutyl]aspartic acid (3d) 

White solid. 36 mg (72% yield, de >98%). 1H NMR (500 MHz, D2O): 
δ 3.81 (dd, J = 8.7, 3.9 Hz, 1H), 3.77 (t, J = 5.9 Hz, 1H), 3.18 – 3.10 
(m, 2H), 2.81 (dd, J = 17.5, 3.9 Hz, 1H), 2.67 (dd, J = 17.5, 8.7 Hz, 

1H), 1.99 – 1.79 (m, 4H); 13C NMR (126 MHz, D2O): δ 177.29, 173.99, 173.14, 59.50, 54.03, 
45.83, 35.52, 27.42, 21.83. HRMS (ESI+): calcd. for C9H17O6N2 [M+H]+: 249.1081, found: 
249.1079. The de was determined by comparison of the 1H NMR data of 3d with the 1H NMR 
data of a chemically prepared diastereomeric mixture (Supplementary Figure 8). 

(2S)-N-[(5'S)-5'-amino-5'-carboxypentyl]aspartic acid (3e) 

White solid. 29 mg (55% yield, de >98%). 1H NMR (500 MHz, D2O): 
δ 3.80 (dd, J = 8.7, 3.9 Hz, 1H), 3.74 (dd, J = 6.9, 5.4 Hz, 1H), 3.15 – 
3.05 (m, 2H), 2.81 (dd, J = 17.6, 3.9 Hz, 1H), 2.67 (dd, J = 17.6, 8.7 

Hz, 1H), 1.94 – 1.85 (m, 2H), 1.78 (p, J = 7.6 Hz, 2H), 1.53 – 1.39 (m, 2H); 13C NMR (126 
MHz, D2O): δ 177.13, 174.55, 173.19, 59.26, 54.40, 46.07, 35.43, 29.80, 25.28, 21.50. HRMS 
(ESI+): calcd. for C10H19O6N2 [M+H]+: 263.1238, found: 263.1237. The de was determined 
by comparison of the 1H NMR data of 3e with the 1H NMR data of a chemically prepared 
diastereomeric mixture (Supplementary Figure 9). 

(2S)-N-(carboxymethyl)aspartic acid (3f) 

White solid. 13 mg (34% yield, ee >99%). 1H NMR (500 MHz, D2O): δ 
3.84 (dd, J = 7.3, 4.3 Hz, 1H), 3.70 (d, J = 16.1 Hz, 1H), 3.62 (d, J = 16.1 

Hz, 1H), 2.85 (dd, J = 17.6, 4.3 Hz, 1H), 2.78 (dd, J = 17.6, 7.4 Hz, 1H); 13C NMR (126 MHz, 
D2O): δ 176.90, 173.07, 171.53, 59.12, 48.25, 35.02. HRMS (ESI+): calcd. for C6H10O6N 
[M+H]+: 192.0503, found: 192.0502. The 1H NMR data of 3f is in agreement with literature 
data.2 Chiral HPLC conditions: Chirex 3126-D-penicillamine column (250 mm x 4.6 mm, 
Phenomenex). Phase A: 2.0 mM CuSO4 aqueous solution, phase B: isopropanol, A/B = 95:5 
(v/v). Flow rate 1.0 mL/min, 25 °C, UV detection at 254 nm, tR = 2.4 min. The ee was 
determined to be >99% by chiral HPLC analysis using authentic standards with known S or R 
configuration (Supplementary Figure 18). 

 (2S)-N-(2'-carboxyethyl)aspartic acid (3g) 
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White solid. 15 mg (37% yield, ee >99%). 1H NMR (500 MHz, D2O): δ 
3.81 (dd, J = 8.0, 4.0 Hz, 1H), 3.26 (t, J = 6.4 Hz, 2H), 2.85 (dd, J = 17.7, 

4.0 Hz, 1H), 2.75 (dd, J = 17.7, 8.1 Hz, 1H), 2.66 (t, J = 6.4 Hz, 2H); 13C NMR (126 MHz, 
D2O): δ 177.43, 176.68, 173.07, 59.29, 43.33, 35.09, 32.00. HRMS (ESI+): calcd. for 

C7H12O6N [M+H]+: 206.0659, found: 206.0658. []D
20 = −10.7 (c 0.36, 0.1 N NH3/H2O). 

Chiral HPLC conditions: Chirex 3126-D-penicillamine column (250 mm x 4.6 mm, 
Phenomenex) with 2.0 mM aqueous CuSO4 as mobile phase at a flow rate of 0.8 mL/min, 
20 °C, UV detection at 254 nm, tR = 8.0 min. The ee was determined to be >99% by chiral 
HPLC analysis using authentic standards with known S or R configuration (Supplementary 
Figure 19). 

(2S)-N-(3'-carboxypropyl)aspartic acid (3h) 

White solid. 23 mg (53% yield, ee >99%). 1H NMR (500 MHz, D2O): δ 
3.78 (dd, J = 7.9, 4.0 Hz, 1H), 3.12 – 3.03 (m, 2H), 2.79 (dd, J = 17.3, 
3.7 Hz, 1H), 2.67 (dd, J = 17.5, 8.0 Hz, 1H), 2.31 (t, J = 7.3 Hz, 2H), 

1.93 (p, J = 7.3 Hz, 2H); 13C NMR (126 MHz, D2O): δ 180.63, 177.13, 173.26, 59.30, 46.27, 
35.49, 33.73, 22.33. HRMS (ESI+): calcd. for C8H14O6N [M+H]+: 220.0816, found: 220.0814. 

[]D
20 = −9.8 (c 0.32, 0.1 N NH3/H2O). Chiral HPLC conditions: Chirex 3126-D-

penicillamine column (250 mm x 4.6 mm, Phenomenex) with 2.0 mM aqueous CuSO4 as 
mobile phase at a flow rate of 1.2 mL/min, 20 °C, UV detection at 254 nm, tR = 29.8 min. The 
ee was determined to be >99% by chiral HPLC analysis using racemic standard 
(Supplementary Figure 20). 

 

3. Screening of natural α-amino acids as substrates for EDDS lyase 

 

General procedure: The initial reaction mixture (2.5 mL) consisted of fumaric acid (0.03 
mmol) and a α-amino acid (see above, 0.3 mmol) in 20 mM NaH2PO4-NaOH buffer, and the 
pH of the reaction mixture was adjusted to pH 8.5. The enzymatic reaction was started by 
addition of freshly purified EDDS lyase (0.05 mol%) and the final volume of the reaction 
mixture was adjusted immediately to 3 mL with the same buffer. The reaction mixture was 
incubated at room temperature for 48 h. The enzyme was inactivated by heating at 70 °C for 
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10 min. A sample (0.5 mL) was taken from the reaction mixture, filtered and the filtrate was 
evaporated under vacuum. The resulting residue was dissolved in 0.5 mL of D2O for 1H NMR 
measurement. The conversion was estimated by comparing the signals of substrates and 
corresponding product in 1H NMR spectra. No conversion was observed after 48 h for the α-
amino acids given above in the EDDS lyase-catalyzed addition to fumaric acid.  

 

4. One-pot chemoenzymatic synthesis of AMB and related compounds 

4.1 One-pot synthesis of (2S, 2'S)-2a (AMB)  

 

General procedure: 

Step a: The reaction mixture consisted of (S)-2,3-diaminopropionoic acid hydrochloride (8a, 
50 mg, 0.36 mmol), fumaric acid (124 mg, 1.1 mmol) and buffer (8 mL, 20 mM 
NaH2PO4/NaOH, pH=8.5),  the pH was adjusted to pH 8.5. The reaction was started by 
addition of freshly purified EDDS lyase (0.05 mol%, 1.75 mL, 5.5 mg/mL), and the reaction 
mixture was incubated at room temperature for 24 h. The conversion (98%) was determined 
by 1H NMR, with integration of the respective substrate and product signals.  

Step b: Without purification of the enzymatic product, 2-bromoacetic acid (149 mg, 1.07 
mmol) and a catalytic amount of KI was added to the reaction mixture, followed by adjusting 
the pH to 11 by using NaOH (2 M). The reaction mixture was heated to 70 °C and stirred for 
6 h; the pH was maintained at pH 11 by adding aqueous 2 M NaOH. The reaction mixture 
was applied to an anion exchange resin (acetate form, 10 g), which was pretreated with 1 M 
acetic acid (5 column volumes) and water (until pH was neutral). The column was washed 
with water (2 column volumes) and 1 M acetic acid (4 column volumes), salts and unreacted 
intermediate were removed. Product and access fumaric acid were eluted with 1 M HCl (4 
column volumes). The ninhydrin-positive fractions were collected and loaded onto a column 
packed with cation-exchange resin (10 g of Dowex 50W X8, 50-100 mesh), which was 
pretreated with 2 M aqueous ammonia (4 column volumes), 1 M HCl (2 column volumes) and 
water (4 column volumes). The column was washed with water (2 column volumes) to 
remove fumaric acid. The target product was eluted with 2 M aqueous ammonia (4 column 
volumes). The ninhydrin-positive fractions were collected, concentrated under vacuum and 
lyophilized to provide the final product as ammonium salt.  
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(2S)-N-{(2'S)-2-carboxy-2-[(carboxymethyl)amino]ethyl}aspartic acid  (2S, 2'S)-2a 
(AMB) 

White solid. 23 mg (2-step yield 23%). 1H NMR (500 MHz, 0.2 N 
NaOD/D2O): δ 3.37 (dd, J = 8.1, 5.6 Hz, 1H), 3.17 (d, J = 16.4 Hz, 

1H), 3.13 (dd, J = 7.7, 5.2 Hz, 1H), 3.08 (d, J = 16.3 Hz, 1H), 2.68 (dd, J = 11.7, 5.2 Hz, 1H), 
2.62 (dd, J = 11.7, 7.7 Hz, 1H), 2.50 (dd, J = 15.0, 5.6 Hz, 1H), 2.33 (dd, J = 15.1, 8.2 Hz, 
1H); 13C NMR (126 MHz, D2O): δ 181.47, 180.58, 179.88, 179.09, 63.12, 61.77, 51.05, 50.05, 
41.52. HRMS (ESI+): calcd. for C9H15N2O8 [M+H]+: 279.0823, found: 279.0821. 
Comparisons of 1H NMR and 2D 1H-1H COSY NMR spectra of (2S, 2'S)-3a with those of 
product 2a showed that the N-alkylation of 3a has unambiguously occurred at the 2'-NH2 
position (Supplementary Figures 10-13).  

 

4.2 One-pot synthesis of (2S, 2'S)-2b 

 

The compound (2S, 2'S)-2b was prepared from (S)-2,3-diaminopropionoic acid hydrochloride 
(8a, 50 mg, 0.36 mmol), fumaric acid (124 mg, 1.1 mmol), 3-bromopropionic acid (138 mg, 
0.90 mmol) and using EDDS lyase (0.05 mol%, 1.75 mL, 5.5 mg/mL) as the biocatalyst 
following the general procedure described above. 

(2S)-N-{(2'S)-2-carboxy-2-[(carboxyethyl)amino]ethyl}aspartic acid (2S, 2'S)-2b 

White solid. 10 mg (2-step yield 7%). 1H NMR (500 MHz, D2O): δ 
4.06 (dd, J = 9.7, 4.5 Hz, 1H), 3.94 – 3.85 (m, 1H), 3.63 (dd, J = 
12.5, 4.5 Hz, 1H), 3.53 (t, J = 10.9 Hz, 1H), 3.35 (t, J = 6.5 Hz, 2H), 

2.91 – 2.82 (m, 1H), 2.74 (dd, J = 17.6, 8.8 Hz, 1H), 2.64 (t, J = 6.4 Hz, 2H); 13C NMR (126 
MHz, D2O) δ 177.81, 176.99, 172.89, 170.25, 60.20, 56.57, 44.37, 43.75, 35.40, 32.27. 
HRMS (ESI+): calcd. for C10H17N2O8 [M+H]+: 293.0979, found: 293.0976. 

 

4.3 One-pot synthesis of (2S, 3'S)-2c 

 

The compound (2S, 3'S)-2c was prepared from (S)-2,4-diaminobutanoic acid hydrochloride 
(8c, 50 mg, 0.32 mmol), fumaric acid (113 mg, 0.97 mmol), 2-bromoacetic acid (138 mg, 1.0 
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mmol) and using EDDS lyase (0.05 mol%, 1.55 mL, 5.5 mg/mL) as biocatalyst following the 
general procedure described above. 

(2S)-N-{(3'S)-2-carboxy-3-[(carboxymethyl)amino]propyl}aspartic acid (2S, 2'S)-2c 

White solid. 3.0 mg (2-step yield 3%).1H NMR (500 MHz, D2O): δ 
3.84 (dd, J = 8.2, 3.9 Hz, 1H), 3.79 (dd, J = 8.1, 5.1 Hz, 1H), 3.68 (d, 
J = 16.1 Hz, 1H), 3.62 (d, J = 16.2 Hz, 1H), 3.36 – 3.25 (m, 2H), 2.82 

(dd, J = 17.6, 3.9 Hz, 1H), 2.70 (dd, J = 17.6, 8.2 Hz, 1H), 2.33 (ddt, J = 18.2, 14.8, 7.7 Hz, 
2H); 13C NMR (126 MHz, D2O): δ 176.58, 173.10, 172.11, 171.09, 59.62, 59.55, 48.13, 43.53, 
35.61, 26.17. HRMS (ESI+): calcd. for C10H17N2O8 [M+H]+: 293.0979, found: 293.0979. 

 

5. Synthesis of precursors.  

5.1 Synthesis of 9a-9c 

 

(S)-3-amino-2-[(carboxymethyl)amino]propanoic acid (9a) 

 (S)-2-amino-3-[(tert-butoxycarbonyl)amino]propionic acid (S1, 163 mg, 0.8 
mmol) and bromoacetic acid (167 mg, 1.2 mmol) were dissolved in H2O (2 

mL) and the pH of the reaction mixture was adjusted to 11 using aqueous NaOH (2 M). The 
reaction mixture was stirred at 70 °C for 6 h and the pH of the reaction mixture was 
maintained at pH 11 by frequent addition of aqueous NaOH (2 M). After completion of the 
reaction (monitored by 1H NMR), the solution was neutralized to pH 7 and subjected to 
lyophilization to provide the solid crude product S2. Compound S2 was directly used for the 
next step without purification. To a stirred solution of S2 in dry DCM (5 mL), in an ice-bath, 
was added trifluoroacetic acid (5 mL) dropwise. After the complete addition of trifluoroacetic 
acid, the ice-bath was removed and the reaction was allowed to proceed at room temperature 
for further 1.5 h. After completion of the starting material, solvent was removed in vacuo to 
provide crude product 9a, which was purified via anion exchange and cation exchange 
chromatography following a similar procedure to that used for 3a. White solid. 70 mg (2-step 
yield 54%). 1H NMR (500 MHz, D2O): δ 3.96 (dd, J = 7.7, 5.8 Hz, 1H), 3.78 (d, J = 16.3 Hz, 
1H), 3.70 (d, J = 16.2 Hz, 1H), 3.53 (dd, J = 13.4, 5.8 Hz, 1H), 3.48 (dd, J = 13.5, 7.8 Hz, 1H); 
13C NMR (126 MHz, D2O): δ 171.41, 170.31, 57.68, 48.49, 37.98. HRMS (ESI+): calcd. for 
C5H11N2O4 [M+H]+: 163.0713, found: 163.0715. 
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(S)-3-amino-2-[(2-carboxyethyl)amino]propanoic acid (9b) 

To a stirred solution of (S)-2-amino-3-[(tert-
butoxycarbonyl)amino]propionic acid (S1, 200 mg, 0.98 mmol) in 20 mM 
sodium phosphate buffer (10 mL, pH = 8.5) was added 3-bromopropionic 

acid (225 mg, 1.47 mmol) and KI (174 mg, 1.08 mmol), followed by adjusting the pH to 11 
using aqueous NaOH (2 M). The reaction mixture was heated to 50 °C and stirred for 12 h. 
The pH was maintained at 11 by frequent addition of aqueous NaOH (2 M). After completion 
of the reaction (monitored by 1H NMR), the solution was neutralized to pH 7 and subjected to 
lyophilization to provide the solid crude product S3. Compound S3 was directly used for the 
next step without purification. To a stirred solution of S3 in dry DCM (5 mL), in an ice-bath, 
was added trifluoroacetic acid (5 mL) dropwise. After the complete addition of trifluoroacetic 
acid, the ice-bath was removed and the reaction was allowed to proceed at room temperature 
for further 1.5 h. After completion of the starting material, solvent was removed in vacuo to 
provide crude 9b, which was purified via cation exchange chromatography, followed by 
lyophilization. The resulting solid was precipitated in a mixture of H2O/MeOH/AcOH (1.0 
mL : 3.0 mL : 0.04 mL) to afford 9b as a white solid (70 mg, 2-step yield 41%). 1H NMR 
(500 MHz, D2O) δ 3.93 (dd, J = 8.8, 5.0 Hz, 1H), 3.54 (dd, J = 13.3, 5.0 Hz, 1H), 3.46 (dd, J 
= 13.2, 8.8 Hz, 1H), 3.31 (td, J = 6.5, 2.7 Hz, 2H), 2.61 (t, J = 6.5 Hz, 2H); 13C NMR (126 
MHz, D2O) δ 178.00, 170.28, 57.22, 43.78, 37.65, 32.30. HRMS (ESI+): calcd. for 
C6H13N2O4 [M+H]+: 177.0875, found: 177.0871. 

 

 

Methyl-(S)-4-[(tert-butoxycarbonyl)amino]-2-[(2-ethoxy-2-oxoethyl)amino]butanoate (S5) 

To a stirred solution of methyl (S)-2-amino-4-[(tert-
butoxycarbonyl)amino]butanoate hydrochloride (S4, 100 mg, 0.37 
mmol) in dry THF (5 mL) under nitrogen atmosphere was added 

Na2CO3 (102 mg, 0.74 mmol) at room temperature. Later bromoethyl acetate (92 mg, 0.55 
mmol) was added to the reaction mixture, and the reaction was run at 50 °C for 48 h. After 
completion of the reaction, the reaction mixture was diluted with water (5 mL) and extracted 
with EtOAc (20 mL x 3). The combined organic layers were washed with brine (50 mL), 
dried over Na2SO4 and evaporated to provide crude product S5, which was purified via flash 
column chromatography (EtOAc /Petroleum ether, 50%, v/v) to afford the desired pure 
product as colorless oil (110 mg, yield 93%). 1H NMR (500 MHz, CDCl3): δ 5.25 (s, 1H), 
4.18 (q, J = 7.1 Hz, 2H), 3.73 (s, 3H), 3.45 (d, J = 17.4 Hz, 1H), 3.35 – 3.25 (m, 4H), 1.97 – 
1.90 (m, 1H), 1.70 (ddt, J = 14.3, 8.6, 6.0 Hz, 2H), 1.44 (s, 9H), 1.27 (t, J = 7.2 Hz, 3H); 13C 
NMR (126 MHz, CDCl3): δ 174.87, 171.85, 155.97, , 60.94, 59.01, 52.07, 49.09, 37.71, 32.84, 
28.44 (3C), 14.20. HRMS (ESI+): calcd. for C14H27N2O6 [M+H]+: 319.1869, found: 319.1865. 
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(S)-4-amino-2-[(carboxymethyl)amino]butanoic acid (9c) 

To a stirred solution of S5 (100 mg, 0.31 mmol) in THF/H2O (1:1), in an 
ice-bath, was added LiOH (37 mg, 1.6 mmol). After 10 min, the cooling 

system was removed and the reaction mixture was stirred at room temperature for 3 h. After 
the completion of the reaction (1H NMR monitoring), the pH of the reaction mixture was 
adjusted to pH 7. The solvent was evaporated and the resulting solid S6 was dried overnight 
under high vacuum. Compound S6 was directly used for the next step without purification. To 
a stirred solution of S6 in dry DCM (5 mL) was added trifluoroacetic acid (3.0 mL) dropwise 
at 0 °C. After the complete addition of TFA, the reaction was run at the same temperature for 
further 2 h. After completion of the reaction, solvent was evaporated and the product was 
purified by cation exchange chromatography followed by lyophilization to provide compound 
9c (23 mg, 2-step yield 46%) as a white solid. 1H NMR (500 MHz, D2O): δ 3.66 (dd, J = 7.6, 
5.7 Hz, 1H), 3.61 (d, J = 16.3 Hz, 1H), 3.51 (d, J = 16.3 Hz, 1H), 3.24 – 3.11 (m, 2H), 2.18 
(ddt, J = 18.1, 14.7, 7.6 Hz, 2H); 13C NMR (126 MHz, D2O): δ 173.91, 172.76, 60.01, 48.62, 
36.67, 27.49. HRMS (ESI+): calcd. for C6H11N2O4 [M-H]-: 175.0719, found: 175.0723. 

5.2 Synthesis of 9d and 9e 

 
(S)-2-[(tert-butoxycarbonyl)amino]-3-{[(S)-3'-(tert-butoxycarbonyl)amino]-1'-methoxy-
1'-oxopropan-2'-yl}amino propanoic acid (S9) 

To a stirred solution of (S)-methyl 2-amino-3-[(tert-
butoxycarbonyl)amino]propanoate (S7, 218 mg, 1.0 mmol) in 
CH3CN/H2O (1:1, 5 mL) was added Boc-L-serine-β-lactone (S8, 280 mg, 

1.5 mmol).3 The reaction mixture was stirred at room temperature for 8 h. Solvent was 
removed in vacuo to provide crude S9, which was purified via via flash column 
chromatography (MeOH/DCM, 5%, v/v) to give pure S9 (220 mg, yield 54%) as a white solid. 
1H NMR (500 MHz, Methanol-d4): δ 4.15 (t, J = 6.1 Hz, 1H), 3.76 (brs, 4H), 3.50 – 3.42 (m, 
2H), 3.13 (dd, J = 12.0, 6.6 Hz, 1H), 3.03 (dd, J = 11.4, 5.6 Hz, 1H), 1.44 (s, 9H), 1.42 (s, 9H); 
13C NMR (126 MHz, CDCl3): δ 173.29, 168.85, 156.56, 156.27, 80.24, 79.82, 60.64, 53.36, 
52.54, 50.44, 40.63, 28.46 (3C), 28.39 (3C). HRMS (ESI+): calcd. for C17H32N3O8 [M+H]+: 
406.2184, found: 406.2176. 

(S)-2-amino-3-[(S)-2'-amino-1'-carboxyethyl]amino propanoic acid (9d) 

To a stirred solution of S9 (202 mg, 0.5 mmol) in THF/H2O (1:1, 3 mL), in 
an ice-bath, was added LiOH (24 mg, 1 mmol). After 10 min, the cooling 
system was removed and the reaction mixture was stirred at room 

temperature for 2 h. After completion of the starting material, the pH of the reaction mixture 
was adjusted to pH 7. Solvents were removed in vacuo and the resulting solid (S10) was dried 
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under vacuum overnight. Compound S10 was directly used for the next step without 
purification. To a stirred solution of S10 in dry DCM (3 mL), in an ice-bath, was added 
trifluoroacetic acid (2 mL) dropwise. After the complete addition of trifluoroacetic acid, the 
ice-bath was removed and the reaction was allowed to proceed at room temperature for 1.5 h. 
After completion of the starting material, solvent was removed to provide crude 9d, which 
was purified via cation exchange chromatography followed by lyophilization to provide 9d 
(71 mg, 2-step yield 74%) as a white solid. 1H NMR (500 MHz, D2O): δ 3.80 (dd, J = 5.4, 4.1 
Hz, 1H), 3.31 – 3.21 (m, 3H), 2.96 (dd, J = 12.8, 9.5 Hz, 1H), 2.83 (dd, J = 13.5, 4.1 Hz, 1H); 
13C NMR (126 MHz, D2O): δ 177.76, 173.46, 60.91, 54.68, 47.13, 41.15. HRMS (ESI+): 
calcd. for C6H14N3O4 [M+H]+: 192.0979, found: 192.0980. 

 
(S)-4-amino-2-{[(S)-2'-amino-2'-carboxyethyl]amino}butanoic acid (9e) 

To a stirred solution of S11 (200 mg, 0.75 mmol) in dry THF (10.0 mL) 
was added Na2CO3 (152 mg, 1.1 mmol) under nitrogen atmosphere at 
room temperature. Later, Boc-L-serine-β-lactone (S8, 187 mg, 1.0 mmol) 

was added to the reaction mixture and the reaction was run at 40 °C for 36 h. After 
completion of the reaction, solvent was evaporated followed by reverse extraction by using 
EtOAc (10 mL) and H2O (10 mL) to remove unreacted amine and lactone. The water layer 
was evaporated and lyophilized to afford S12 (98 mg). Compound S12 was directly used for 
the next step without purification. 

To a stirred solution of S12 (98 mg, 0.23 mmol) in THF/H2O (1:1) was added LiOH (22 mg, 
0.93 mmol) at 0 °C. After 10 min, the cooling system was removed and the reaction mixture 
was stirred at room temperature for 2 h. After the completion of the reaction, solvent was 
evaporated and the product S13 was dried overnight under high vacuum. Compound S13 was 
directly used for the next step without purification. To a stirred solution of S13 in dry DCM (5 
mL) was added trifluoroacetic acid (3 mL) dropwise at 0 °C. After the complete addition of 
trifluoroacetic acid, the ice-bath was removed and the reaction was allowed to proceed at 
room temperature for 1.5 h. After completion of the reaction, the solvent was evaporated and 
the product was purified by cation exchange chromatography, followed by lyophilization to 
provide compound 9e (23 mg, 3-step yield 46%). 

1H NMR (500 MHz, 0.2 N NaOD/D2O): δ 2.97 (dd, J = 8.8, 4.1 Hz, 1H), 2.71 (dd, J = 8.2, 
5.7 Hz, 1H), 2.34 (dd, J = 11.8, 4.2 Hz, 1H), 2.24 (t, J = 7.5 Hz, 2H), 2.17 (dd, J = 11.8, 8.9 
Hz, 1H), 1.37 – 1.25 (m, 2H); 13C NMR (126 MHz, D2O): δ 180.30, 173.24, 62.04, 54.58, 
47.36, 37.49, 29.83. HRMS (ESI+): calcd. for C7H16N3O4 [M+H]+: 206.1141, found: 206.1134. 
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6. Enzymatic synthesis of AMB, AMA and related compounds 

 

 (2S)-N-{(2'S)-2-carboxy-2-[(carboxymethyl)amino]ethyl}aspartic acid (2a) 

The reaction mixture consisted of fumaric acid (93 mg, 0.8 mmol), 9a 
(32.5 mg, 0.2 mmol) and 5 mL of buffer (20 mM NaH2PO4/NaOH, 
pH 8.5), and the pH of the reaction mixture was adjusted to pH 8.5 by 

1 M NaOH aqueous solution. The enzymatic reaction was started by addition of freshly 
purified EDDS lyase (0.05 mol%) and the final volume of the reaction mixture was adjusted 
immediately to 6 mL with the same buffer. The reaction mixture was incubated at room 
temperature for 24 h. After completion of the reaction, the enzyme was inactivated by heating 
to 70 °C for 10 min. The conversion (80%) was monitored by 1H NMR spectroscopy. The 
purification was conducted by two steps of ion-exchange chromatography following a 
procedure similar to that used for chemoenzymatically prepared 2a. Light yellow solid. 29 mg 
(yield 47%). 1H NMR (500 MHz, 0.2 N NaOD/D2O): δ 3.34 (dd, J = 8.2, 5.6 Hz, 1H), 3.16 (d, 
J = 16.3 Hz, 1H), 3.11 (dd, J = 7.7, 5.1 Hz, 1H), 3.06 (d, J = 16.3 Hz, 1H), 2.67 (dd, J = 11.7, 
5.1 Hz, 1H), 2.59 (dd, J = 11.7, 7.7 Hz, 1H), 2.48 (dd, J = 15.1, 5.6 Hz, 1H), 2.31 (dd, J = 
15.1, 8.2 Hz, 1H); 13C NMR (126 MHz, D2O): δ 181.46, 180.56, 179.86, 179.09, 63.10, 61.72, 
51.02, 50.03, 41.44. HRMS (ESI+): calcd. for C9H15N2O8 [M+H]+: 279.0823, found: 279.0821. 
The 1H NMR spectrum of the enzymatically produced 2a was matched to that of 
chemoenzymatically synthesized (2S, 2'S)-2a, which indicated that the absolute configuration 
of the enzymatically produced 2a was also (2S, 2'S), with a newly formed (2S)-configured 
chiral center and de >98%. 

 (2S)-N-{(2'S)-2-carboxy-2-[(carboxyethyl)amino]ethyl}aspartic acid (2b) 

The reaction mixture consisted of fumaric acid (52 mg, 0.45 mmol), 
9b (20 mg, 0.11 mmol) and 5 mL of buffer (50 mM Tris/HCl, pH 
9.0), and the pH of the reaction mixture was adjusted to pH 9.0 by 1 

M NaOH aqueous solution. The enzymatic reaction was started by addition of freshly purified 
EDDS lyase (0.15 mol%) and the final volume of the reaction mixture was adjusted 
immediately to 6 mL with the same buffer. The reaction mixture was incubated at 37 °C for 
48 h. After completion of the reaction, the enzyme was inactivated by heating to 70 °C for 10 
min. The conversion (65%) was monitored by 1H NMR spectroscopy. Product purification 
was conducted by two steps of ion-exchange chromatography following a procedure similar 
to that used for 2a, providing 2b as a white solid (15 mg, yield 46%). 1H NMR (500 MHz, 
D2O): δ 4.02 (dd, J = 9.1, 4.8 Hz, 1H), 3.86 (dd, J = 9.1, 3.7 Hz, 1H), 3.59 (dd, J = 12.6, 4.8 
Hz, 1H), 3.49 (dd, J = 12.6, 9.2 Hz, 1H), 3.33 (t, J = 6.5 Hz, 2H), 2.84 (dd, J = 17.5, 3.7 Hz, 
1H), 2.70 (dd, J = 17.5, 9.1 Hz, 1H), 2.62 (t, J = 6.5 Hz, 2H); 13C NMR (126 MHz, D2O): δ 
177.97, 177.21, 173.23, 170.42, 60.26, 60.14, 44.44, 43.77, 35.63, 32.39. HRMS (ESI+): calcd. 
for C10H17N2O8 [M+H]+: 293.0976, found: 293.0976. The 1H NMR spectrum of the 
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enzymatically produced 2b was identical to that of chemoenzymatically synthesized (2S, 2'S)-
2b, which indicated that the absolute configuration of the enzymatically produced 2b was (2S, 
2'S), with a newly formed (2S)-configured chiral center and de >98%.  

(2S)-N-{(3'S)-3-carboxy-3-[(carboxymethyl)amino]propyl}aspartic acid (2c) 

The reaction mixture consisted of fumaric acid (52 mg, 0.45 mmol), 
9c (20 mg, 0.11 mmol) and 5 mL of buffer (50 mM Tris/HCl, pH 9.0), 
and the pH of the reaction mixture was adjusted to 9.0 by 1 M NaOH 

aqueous solution. The enzymatic reaction was started by addition of freshly purified EDDS 
lyase (0.15 mol%) and the final volume of the reaction mixture was adjusted immediately to 6 
mL with the same buffer. The reaction mixture was incubated at 37 °C for 48 h. After 
completion of the reaction, the enzyme was inactivated by heating to 70 °C for 10 min. The 
conversion (65%) was monitored by 1H NMR spectroscopy. Product purification was 
conducted by two steps of ion-exchange chromatography following a procedure similar to that 
used for 2a, providing 2c as a white solid (10 mg, yield 31%). 1H NMR (500 MHz, D2O): δ 
3.81 (dd, J = 8.0, 3.9 Hz, 1H), 3.75 (t, J = 6.3 Hz, 1H), 3.62 (q, J = 16.2 Hz, 2H), 3.31 – 3.25 
(m, 2H), 2.80 (dd, J = 17.6, 3.8 Hz, 1H), 2.68 (dd, J = 17.6, 8.1 Hz, 1H), 2.34 – 2.23 (m, J = 
7.7 Hz, 2H); 13C NMR (126 MHz, D2O): δ 177.21, 173.23, 172.52, 171.47, 59.63, 59.52, 
48.22, 43.59, 35.68, 26.28. HRMS (ESI+): calcd. for C10H17N2O8 [M+H]+: 293.0979, found: 
293.0979. The 1H NMR spectrum of the enzymatically produced 2c was identical to that of 
chemoenzymatically synthesized (2S, 3'S)-2c, which indicated that the absolute configuration 
of the enzymatically produced 2c was (2S, 3'S), with a newly formed (2S)-configured chiral 
center and de >98%.  

(2S)-N-{(2'S)-2'-[(2''S)-2''-amino-2''-carboxyethyl]amino-2'-carboxyethyl}aspartic acid 
(1a, AMA) 

The reaction mixture consisted of fumaric acid (46 mg, 0.4 mmol), 
9d (19 mg, 0.1 mmol) and 4 mL of buffer (50 mM 

NaHCO3/Na2CO3, pH 9.0), and the pH of the reaction mixture was adjusted to pH 9.0 by 1 M 
NaOH aqueous solution. The enzymatic reaction was started by addition of freshly purified 
EDDS lyase (0.15 mol%) and the final volume of the reaction mixture was adjusted 
immediately to 6 mL with the same buffer. The reaction mixture was incubated at 37 °C for 
48 h. After completion of the reaction, the enzyme was inactivated by heating to 70 °C for 10 
min. The conversion (79%) was monitored by 1H NMR spectroscopy. The pH of reaction 
mixture was adjusted to pH 7 using 1 M acetic acid  and applied to an anion exchange resin 
(acetate form, 10 g), which was pretreated with 1 M acetic acid (5 column volumes) and pure 
water (until pH was neutral). The column was washed with water (4 column volumes) to 
remove the unreacted starting substrate (S)-2-amino-3-[(S)-2'-amino-1'-carboxyethyl]amino 
propanoic acid (9d), the product and the fumaric acid were eluted with 1 M LiCl aqueous 
solution (4 column volumes). The ninhydrin-positive fractions were collected and loaded onto 
a column packed with cation-exchange resin (10 g of Dowex 50W X8, 50-100 mesh), which 
was pretreated with 2 M aqueous ammonia (4 column volumes), 1 M HCl (2 column volumes) 
and water (4 column volumes). The column was washed with water (4 column volumes) to 
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remove fumaric acid and salts. The final product was eluted with 2 M aqueous ammonia (4 
column volumes). The ninhydrin-positive fractions were collected and lyophilized to yield the 
1a (AMA) as ammonium salt. White solid, 8 mg (yield 26%). 1H NMR (500 MHz, 50 mM 
NaD2PO4/D2O, pD=7.0): δ 3.72 – 3.68 (m, 2H), 3.25 (dd, J = 9.9, 4.2 Hz, 1H), 3.16 – 3.10 (m, 
2H), 2.99 (dd, J = 13.0, 9.9 Hz, 1H), 2.71 (dd, J = 13.5, 3.9 Hz, 1H), 2.66 (dd, J = 17.6, 3.7 
Hz, 1H), 2.54 (dd, J = 17.6, 9.4 Hz, 1H); 13C NMR (126 MHz, D2O): δ 177.33, 177.25, 
173.06, 173.01, 59.70, 59.26, 54.42, 47.86, 46.96, 35.64. HRMS (ESI+): calcd. for 
C10H18N3O8 [M+H]+: 308.1088, found: 308.1087.  

In order to compare 1H NMR data of product 1a with the reported data on natural (2S, 2'S, 
2''S)-AMA4, 600 MHz 1H NMR of product 1a was recorded (Supplementary Figure 5). 1H 
NMR (600 MHz, 50 mM NaD2PO4/D2O, pD=7.0): δ 3.77 – 3.73 (m, 2H), 3.31 (dd, J = 9.7, 
4.3 Hz, 1H), 3.19 (td, J = 13.8, 13.2, 5.0 Hz, 2H), 3.05 (dd, J = 12.7, 9.9 Hz, 1H), 2.77 (dd, J 
= 13.5, 3.7 Hz, 1H), 2.72 (dd, J = 17.6, 3.5 Hz, 1H), 2.60 (dd, J = 17.5, 9.3 Hz, 1H). 
Comparison of the 1H NMR data of enzymatically prepared 1a with that of natural (2S, 2'S, 
2''S)-AMA4 and synthetic (2R, 2'S, 2''S)-AMA5 confirmed that the enzymatic product 1a had 
the (2S, 2'S, 2''S) absolute configuration (de >98%). 

Supplementary Table 1. 1H NMR data comparison of natural (2S, 2'S, 2''S)-AMA4 and 

enzymatic (2S, 2'S, 2''S)-AMA. 

Natural (2S, 2'S, 2''S)-
AMA 

(600 MHz) 

Enzymatic (2S, 2'S, 2''S)-AMA 
(600 MHz) 

3.75 (dd, J = 9.1, 3.6, 1H) 

3.74 (dd, J = 5.7, 4.1, 1H) 
3.77 – 3.73 (m, 2H) 

3.35 (dd, J = 9.5, 4.5, 1H) 3.31 (dd, J = 9.7, 4.3 Hz, 1H) 

3.21 (dd, J = 12.8, 4.5, 1H) 

3.19 (dd, J = 13.5, 5.7, 1H) 

3.19 (td, J = 13.8, 13.2, 5.0 

Hz, 2H) 

3.06 (dd, J = 12.8, 9.5, 1H) 3.05 (dd, J = 12.7, 9.9 Hz, 1H) 

2.80 (dd, J = 13.5, 4.1, 1H) 2.77 (dd, J = 13.5, 3.7 Hz, 1H) 

2.73 (dd, J = 17.9, 3.6, 1H) 2.72 (dd, J = 17.6, 3.5 Hz, 1H) 

2.61 (dd, J = 17.9, 9.1 1H) 2.60 (dd, J = 17.5, 9.3 Hz, 1H) 
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(2S, 5S)-1-[(S)-2-amino-2-carboxyethyl]-5-(carboxymethyl)-6-oxopiperazine-2-

carboxylic acid (Anhydro-AMA). 

A small amount of cyclized (S, S, S)-anhydro-AMA was obtained during the 

purification of 1a. 1H NMR (500 MHz, D2O): δ 4.14 – 4.11 (m, 2H), 3.77 

(dd, J = 10.2, 4.5 Hz, 1H), 3.57 (dd, J = 6.9, 3.8 Hz, 1H), 3.35 (dd, J = 13.8, 

5.4 Hz, 1H), 3.10 (dd, J = 14.6, 4.5 Hz, 1H), 2.93 (dd, J = 13.8, 6.9 Hz, 1H), 

2.70 (dd, J = 16.5, 6.9 Hz, 1H), 2.50 (dd, J = 16.5, 3.9 Hz, 1H). The 1H NMR data matched 

with the reported data of (S, S, S)-anhydro-AMA.6 HRMS (ESI+): calcd. for C10H16N3O7 

[M+H]+: 290.0983, found: 290.0978. 

(2S)-N-{(3'S)-3'-[(2''S)-2''-amino-2''-carboxyethyl]amino-3'-carboxypropyl}aspartic 

acid (1b) 

The reaction mixture consisted of fumaric acid (52 mg, 0.45 mmol), 

9e (20 mg, 0.11 mmol) and 5 mL of buffer (50 mM Tris/HCl, pH 

9.0), and the pH of the reaction mixture was adjusted to pH 9.0 by 1 M NaOH aqueous 

solution. The enzymatic reaction was started by addition of freshly purified EDDS lyase (0.15 

mol%) and the final volume of the reaction mixture was adjusted immediately to 6 mL with 

the same buffer. The reaction mixture was incubated at 37 °C for 48 h. After completion of 

the reaction, the enzyme was inactivated by heating to 70 °C for 10 min. The conversion 

(65%) was monitored by 1H NMR spectroscopy. The reaction mixture was applied to an 

anion exchange resin (acetate form, 10 g), which was pretreated with 1 M acetic acid (5 

column volumes) and pure water (until pH was neutral). The column was washed with water 

(2 column volumes) and the product was eluted with 1 M acetic acid (4 column volumes). 

The ninhydrin-positive fractions were collected and lyophilized. The resulting white solid was 

precipitated in a mixture of H2O : MeOH : AcOH (1.0 mL : 3.0 mL : 0.04 mL) to afford 1b (5 

mg, yield 20%). 1H NMR (500 MHz, 0.2N NaOD/D2O): δ 3.02 – 2.96 (m, 2H), 2.69 (dd, J = 

8.0, 5.7 Hz, 1H), 2.35 (dd, J = 11.8, 4.1 Hz, 1H), 2.18 – 2.09 (m, 4H), 1.97 (dd, J = 15.0, 7.8 

Hz, 1H), 1.46 – 1.39 (m, 1H), 1.34 – 1.26 (m, 1H); 13C NMR (126 MHz, 0.2N NaOD/D2O): δ 

181.69, 181.45, 181.35, 179.72, 62.13, 62.04, 61.07, 61.03, 55.62, 44.02. HRMS (ESI+): calcd. 

for C11H20N3O8 [M+H]+: 322.1250, found: 322.1242. 

7. Chemical synthesis of standards for stereochemistry determination 
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Tert-butyl (S)-2-[(tert-butoxycarbonyl)amino]-4-(ethylthio)-4-oxobutanoate (S15) 

Compound S15 was synthesized according to a procedure published 

elsewhere.7 1H NMR (500 MHz, CDCl3): δ 5.41 (d, J = 8.4 Hz, 1H), 4.41 (dt, 

J = 8.9, 4.7 Hz, 1H), 3.15 (dd, J = 16.3, 4.8 Hz, 1H), 3.03 (dd, J = 16.3, 4.7 Hz, 1H), 2.96 – 

2.82 (m, 2H), 1.45 (s, 9H), 1.43 (s, 9H), 1.24 (t, J = 7.4 Hz, 3H). The 1H NMR data of S15 

matched with the reported data.7 

Tert-butyl (S)-2-[(tert-butoxycarbonyl)amino]-4-oxobutanoate (S16) 

Compound S16 was synthesized according to a procedure published 

elsewhere.7 1H NMR (500 MHz, CDCl3): δ 9.73 (s, 1H), 5.36 (d, J = 7.0 Hz, 

1H), 4.52 – 4.42 (m, 1H), 2.98 (qd, J = 18.0, 4.9 Hz, 2H), 1.45 (s, 9H), 1.44 (s, 9H). The 1H 

NMR data of S16 matched with the reported data.7 

Di-tert-butyl {(S)-4-(tert-butoxy)-3-[(tert-butoxycarbonyl)amino]-4-oxobutyl}-L-

aspartate (S18) 

To a stirred solution of di-tert-butyl L-aspartate (S17, 197 mg, 0.80 

mmol) and NaCNBH3 (58 mg, 0.91 mmol) in dry MeOH (5 mL) was 

added aldehyde S16 (200 mg, 0.73 mmol) at room temperature and the reaction was run at the 

same temperature for 18 h. After completion of the reaction, solvent was evaporated and the 

crude product was purified by flash column chromatography (EtOAc/Petroleum ether, 20%, 

v/v) to afford the desired product S18 as colorless oil (140 mg, yield 38%). 1H NMR (500 

MHz, CDCl3): δ 5.47 (d, J = 7.9 Hz, 1H), 4.19 (q, J = 7.3 Hz, 1H), 3.41 (t, J = 6.4 Hz, 1H), 

2.79 (dt, J = 12.2, 7.0 Hz, 1H), 2.60 – 2.51 (m, 2H), 2.48 (dd, J = 15.9, 6.8 Hz, 1H), 1.95 – 

1.82 (m, 2H), 1.82 – 1.70 (m, 1H), 1.44 (s, 9H), 1.44 (s, 9H), 1.43 (s, 9H), 1.42 (s, 9H); 13C 

NMR (126 MHz, CDCl3): δ 172.91, 171.94, 170.30, 155.64, 81.73, 81.57, 81.01, 79.55, 58.55, 

52.86, 44.37, 39.33, 32.56, 28.47 (3C), 28.21 (3C), 28.16 (3C), 28.12 (3C). HRMS (ESI+): 

calcd. for C25H47N2O8 [M+H]+: 503.3332, found: 503.3326. 

(2S)-N-[(3'S)-3'-amino-3'-carboxypropyl]aspartic acid (S19) 

To a stirred solution of starting material S18 (125 mg, 0.25 mmol) in 

dry DCM (5 mL), in ice bath, was added trifluoroacetic acid (5.0 mL) 

dropwise. After the complete addition of trifluoroacetic acid, the ice bath was removed and 

the reaction was run at the room temperature for 6 h. After the completion of reaction, solvent 

was evaporated and the crude product was purified by cation exchange chromatography 

followed by lyophilization to provide compound S19 as ammonium salt (50 mg, yield 86%). 
1H NMR (500 MHz, D2O): δ 3.88 – 3.79 (m, 2H), 3.35 – 3.20 (m, 2H), 2.82 (dd, J = 17.6, 3.8 

Hz, 1H), 2.68 (dd, J = 17.6, 8.6 Hz, 1H), 2.37 – 2.15 (m, 2H); 13C NMR (126 MHz, D2O): δ 

176.20, 173.16, 172.84, 59.22, 52.48, 43.81, 35.23, 27.11. HRMS (ESI+): calcd. for 

C8H15N2O6 [M+H]+: 235.0930, found: 235.0925. 

tBuO2C
(S)

CO2tBu

H
N (S) CO2tBu

NHBoc
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Reference compounds S22a-c were prepared as previously reported.1 Compound S21 (0.1 

mmol) and maleic acid (S20, 23 mg, 0.2 mmol) were dissolved in H2O (1 mL) and the pH of 

the reaction mixture was adjusted to pH 6 by 1 M NaOH aqueous solution. The reaction 

mixture was stirred for 4 h at 70 °C. After cooling to room temperature, the reaction mixture 

was basified to pH 9 and applied to ion exchange chromatography, following a procedure 

similar to that used for 3a. 

 

 (2S/R)-N-[(3'S)-3'-amino-3'-carboxypropyl]aspartic acid (S22a) 

White solid. 5 mg (21% yield). 1H NMR (500 MHz, D2O): δ 3.90 – 3.74 

(m, 4H), 3.32 – 3.25 (m, 2H), 3.22 – 3.14 (m, 2H), 2.87 – 2.70 (m, 4H), 

2.35 – 2.20 (m, 4H). HRMS (ESI+): calcd. for C8H15O6N2 [M+H]+: 235.0925, found: 

235.0918.  

(2S/R)-N-[(4'S)-4'-amino-4'-carboxybutyl]aspartic acid (S22b) 

White solid. 3 mg (12% yield).  1H NMR (500 MHz, D2O): δ 3.87 – 

3.71 (m, 4H), 3.16 – 3.09 (m, 2H), 3.05 – 3.02 (m, 2H), 2.87 – 2.69 (m, 

4H), 2.01 – 1.70 (m, 8H); HRMS (ESI+): calcd. for C9H17O6N2 

[M+H]+: 249.1081, found: 249.1074.  

(2S/R)-N-[(5'S)-5'-amino-5'-carboxypentyl]aspartic acid (S22c) 

White solid. 2 mg (8% yield).  1H NMR (500 MHz, D2O): δ 3.84 – 

3.69 (m, 4H), 3.14 – 3.00 (m, 2H), 3.01 (t, J = 7.4 Hz, 2H), 2.85 – 

2.66 (m, 4H), 2.01 – 1.83 (m, 4H), 1.80 – 1.68 (m, 4H), 1.55 – 1.42 (m, 4H). HRMS (ESI+): 

calcd. for C10H19O6N2 [M+H]+: 263.1238, found: 263.1235.  

 

Reference compounds S-S24 and R-S24 were prepared as previously reported.2 (S)-aspartic 

acid S23 (40 mg, 0.3 mmol) and bromoacetic acid (42 mg, 0.3 mmol) were dissolved in H2O 

(2 mL) and the pH of the reaction mixture was adjusted to pH 11 by 1 M NaOH aqueous 

CO2H

HO2C

H
N

NH2

CO2H

(4'S)
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solution. The reaction mixture was stirred for 6 h at 70 °C and the pH of the reaction mixture 

was maintained at pH 11 by frequent addition of 1 M NaOH aqueous solution. After cooling 

to room temperature, the reaction mixture was directly applied to ion exchange 

chromatography, following a procedure similar to that used for 3f. 

(2S)-N-(carboxymethyl)aspartic acid (S-S24)   

White solid. 16 mg (28% yield). 1H NMR (500 MHz, D2O): δ 3.86 (dd, J = 

7.1, 4.4 Hz, 1H), 3.70 (d, J = 16.2 Hz, 1H), 3.63 (d, J = 16.2 Hz, 1H), 2.87 

(dd, J = 17.7, 4.4 Hz, 1H), 2.80 (dd, J = 17.7, 7.2 Hz, 1H). 13C NMR (126 MHz, D2O): δ 

176.54, 172.92, 171.44, 58.96, 48.20, 34.80. HRMS (ESI+): calcd. for C6H10O6N [M+H]+: 

192.0503, found, 192.0502. Chiral HPLC conditions: Chirex 3126-D-penicillamine column 

(250 mm x 4.6 mm, Phenomenex). Phase A: 2.0 mM CuSO4 aqueous solution, phase B: 

isopropanol, A/B = 95:5 (v/v). Flow rate 1.0 mL/min, 25 °C, UV detection at 254 nm, tR (S-

isomer) = 2.4 min. 

(2R)-N-(carboxymethyl)aspartic acid (R-S24)   

The title compound was obtained by reacting (R)-aspartic acid (40 mg, 0.3 

mmol) with bromoacetic acid (42 mg, 0.3 mmol) following a procedure 

similar to that used for (S)-S24. White solid. 14 mg (25% yield). 1H NMR 

(500 MHz, D2O): δ 3.85 (dd, J = 7.1, 4.4 Hz, 1H), 3.70 (d, J = 15.1 Hz, 1H), 3.63 (d, J = 16.1 

Hz, 1H), 2.87 (dd, J = 17.7, 4.3 Hz, 1H), 2.80 (dd, J = 17.6, 7.2 Hz, 1H); 13C NMR (126 MHz, 

D2O): δ 176.64, 172.96, 171.46, 59.04, 48.22, 34.87. HRMS (ESI+): calcd. for C6H10O6N 

[M+H]+: 192.0503, found: 192.0502. Chiral HPLC conditions: Chirex 3126-D-penicillamine 

column (250 mm x 4.6 mm, Phenomenex). Phase A: 2.0 mM CuSO4 aqueous solution, phase 

B: isopropanol, A/B = 95:5 (v/v). Flow rate 1.0 mL/min, 25 °C, UV detection at 254 nm, tR 

(R-isomer) = 5.4 min. 

 

Reference compounds S-S25 and R-S25 were prepared as previously reported.2 (S)-aspartic 

acid S23 (40 mg, 0.3 mmol) and 3-bromopropanoic acid (46 mg, 0.3 mmol) were dissolved in 

H2O (2 mL) and the pH of the reaction mixture was adjusted to pH 11 by 1 M NaOH aqueous 

solution. The reaction mixture was stirred for 4 h at 70 °C and the pH of the reaction mixture 

was maintained at pH 11 by frequent addition of 1 M NaOH aqueous solution. After cooling 

to room temperature, the reaction mixture was directly applied to ion exchange 

chromatography, following a procedure similar to that used for 3g. 
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(2S)-N-(2'-carboxyethyl) aspartic acid (S-S25)   

White solid. 8 mg (yield 13%). 1H NMR (500 MHz, D2O): δ 3.81 (dd, J = 

8.0, 4.0 Hz, 1H), 3.27 (t, J = 6.4 Hz, 2H), 2.85 (dd, J = 17.7, 4.0 Hz, 1H), 

2.76 (dd, J = 17.7, 8.0 Hz, 1H), 2.67 (t, J = 6.4 Hz, 2H); 13C NMR (126 MHz, D2O): δ 177.23, 

176.52, 172.99, 59.16, 43.27, 34.99, 31.85. HRMS (ESI+): calcd. for C7H12O6N [M+H]+: 

206.0659, found: 206.0658. []D
20 = −11.3 (c 0.37, 0.1 N NH3/H2O). Chiral HPLC conditions: 

Chirex 3126-D-penicillamine column (250 mm x 4.6 mm, Phenomenex) with 2.0 mM 

aqueous CuSO4 as mobile phase at a flow rate of 0.8 mL/min, 20 °C, UV detection at 254 nm, 

tR (S-isomer) = 8.0 min. 

(2R)-N-(2'-carboxyethyl)aspartic acid (R-S25) 

The title compound was obtained by reacting (R)-aspartic acid (40 mg, 

0.3 mmol) with 3-bromopropanoic acid (46 mg, 0.3 mmol) following a 

procedure similar to that used for (S)-S25. White solid. 6 mg (yield 10%). 1H NMR (500 

MHz, D2O): δ 3.81 (dd, J = 8.0, 4.0 Hz, 1H), 3.26 (t, J = 6.4 Hz, 2H), 2.85 (dd, J = 17.7, 4.0 

Hz, 1H), 2.75 (dd, J = 17.7, 8.1 Hz, 1H), 2.66 (t, J = 6.4 Hz, 2H); 13C NMR (126 MHz, D2O): 

δ 177.39, 176.65, 173.06, 59.26, 43.32, 35.08, 31.97. HRMS (ESI+): calcd. for C7H12O6N 

[M+H]+: 206.0659, found: 206.0657. []D
20 = +12.0 (c 0.34, 0.1 N NH3/H2O). Chiral HPLC 

conditions: Chirex 3126-D-penicillamine column (250 mm x 4.6 mm, Phenomenex) with 2.0 

mM aqueous CuSO4 as mobile phase at a flow rate of 0.8 mL/min, 20 °C, UV detection at 

254 nm, tR (R-isomer) = 9.4 min. 

 

(2R/S)-N-(3'-carboxypropyl)aspartic acid (rac-S26) 

Reference compound rac-S26 was prepared as previously reported.8 

Maleic acid (S20, 116 mg, 1 mmol) and 4-aminobutanoic acid (103 mg, 

1 mmol) were dissolved in H2O (5 mL). Saturated Ca(OH)2 aqueous 

solution was added slowly to neutralize all acid groups and adjust the pH to about 12 as 

measured initially at room temperature. The reaction mixture was heated to reflux for 4 h. 

After completion of the reaction, excess of Na2CO3 was added and the reaction mixture was 

stirred for 15 min. The precipitated CaCO3 was filtered and the filtrate was purified via ion 

exchange chromatography, following a procedure similar to that used for 3h. 

White solid. 90 mg (yield 41%). 1H NMR (500 MHz, D2O) δ 3.78 (dd, J = 7.7, 4.0 Hz, 1H), 

3.08 – 2.05 (m, 2H), 2.78 (dd, J = 17.5, 4.2 Hz, 1H), 2.67 (dd, J = 17.4, 7.8 Hz, 1H), 2.29 (t, J 

= 7.4 Hz, 2H), 1.92 (p, J = 7.4 Hz, 2H); 13C NMR (126 MHz, D2O) δ 181.10, 177.24, 173.33, 

59.28, 46.30, 35.54, 34.09, 22.48. HRMS (ESI+): calcd. for C8H14O6N [M+H]+: 220.0816, 
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found: 220.0814. Chiral HPLC conditions: Chirex 3126-D-penicillamine column (250 mm x 

4.6 mm, Phenomenex) with 2.0 mM aqueous CuSO4 as mobile phase at a flow rate of 1.2 

mL/min, 20 °C, UV detection at 254 nm, tR (peak-1) = 25.0 min, tR (peak-2) = 29.8 min. 

 

III) NMR spectra 

 

Supplementary Figure 2. Comparison of the 1H NMR spectra of (2S, 2'S)-3a and (2S, 2'R)-3b with 

0.2 M NaOD/D2O as the solvent. 

 

 

 

 

 

 

 



Chapter 2 

60 

 

Supplementary Figure 3. 1H NMR (top) and 13C NMR (bottom) of one-pot, chemoenzymatically 

prepared (2S, 2'S)-2a (AMB) 
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Supplementary Figure 4. 1H NMR (top) and 13C NMR (bottom) of enzymatic product (2S, 2'S, 2''S)-

1a (AMA) 
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Supplementary Figure 5. 1H NMR (600 MHz) enzymatic product (2S, 2'S, 2''S)-1a (AMA) 

 

 

Supplementary Figure 6. 1H NMR of (S, S, S)-anhydro-AMA   
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Supplementary Figure 7. 1H NMR data comparison of diastereomeric mixture (2S/R, 3'S)-S22a, 

enzymatic product (2S, 3'S)-3c and authentic standard (2S, 3'S)-S19 

 

 

Supplementary Figure 8. 1H NMR data comparison of diastereomeric mixture (2S/R, 4'S)-S22b and 

enzymatic product 3d  

 

diastereomeric mixture (2S/R, 3'S)- S22a 

enzymatic product (2S, 3'S)-3c 

authentic standard (2S, 3'S)- S19 

diastereomer mixture (2S/R, 4'S)-S22b 

enzymatic product 3d 
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Supplementary Figure 9. 1H NMR data comparison of diastereomeric mixture (2S/R, 5'S)-S22c and 

enzymatic product 3e 

 

Supplementary Figure 10. 1H-1H COSY (0.2 N NaOD/D2O) of (2S, 2'S)-3a (Toxin A) 

diastereomeric mixture (2S/R, 5'S)-S22c 

enzymatic product 3e 



Chemoenzymatic Synthesis of the Metallo-β-Lactamase Inhibitors 

65 

 

Supplementary Figure 11. 1H-1H COSY (0.2 N NaOD/D2O) of (2S, 2'S)-2a (AMB)  

 

 

Supplementary Figure 12. HMQC (0.2 N NaOD/D2O) of (2S, 2'S)-2a 
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Supplementary Figure 13. Comparison of 1H NMR spectra of (2S, 2'S)-3a (Toxin A) and (2S, 2'S)-2a 

(AMB) with 0.2 N NaOD/D2O as the solvent 
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Supplementary Figure 14. 1H-1H COSY (D2O) of (2S, 2'S)-2b 

 

 

Supplementary Figure 15. 1H-1H COSY (D2O) of (2S, 2'S)-2c 
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Supplementary Figure 16. 1H-1H COSY (50 mM NaD2PO4/D2O, pD=7.0) of 1a (AMA) 

 

Supplementary Figure 17. 1H-1H COSY (0.2 N NaOD/D2O) of 1b 
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IV) Chiral HPLC analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 18. Chiral HPLC analysis of product 3f. Chiral HPLC conditions: Chirex 

3126-D-penicillamine column (250 mm x 4.6 mm, Phenomenex). Phase A: 2.0 mM CuSO4 aqueous 

solution, phase B: isopropanol, A/B = 95:5 (v/v). Flow rate 1.0 mL/min, 25 °C, UV detection at 254 

nm.  

 

 

Enzymatic product (S)-3f 

Authentic standard  (S)-S24 

(rac)-3f was made by mixing  

(S)-S24 with (R)-S24 (1:1). 
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Supplementary Figure 19. Chiral HPLC analysis of product 3g. Chiral HPLC conditions: Chirex 

3126-D-penicillamine column (250 mm x 4.6 mm, Phenomenex) with 2.0 mM aqueous CuSO4 as 

mobile phase at a flow rate of 0.8 mL/min, 20 °C, UV detection at 254 nm.  

 

 

 

Authentic standard (S)-S25 

(rac)-3g was made by mixing  

(S)-S25 with (R)-S25 (1:1). 

Enzymatic product (S)-3g 
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Supplementary Figure 20. Chiral HPLC analysis of product 3h. Chiral HPLC conditions: Chirex 

3126-D-penicillamine column (250 mm x 4.6 mm, Phenomenex) with 2.0 mM aqueous CuSO4 as 

mobile phase at a flow rate of 1.2 mL/min, 20 °C, UV detection at 254 nm.  

 

 

Enzymatic product (S)-3h 

(rac)-S26  

Spiking of (rac)-S26 and enzymatic 

product (S)-3h (1:1). 
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Abstract 

The natural aminocarboxylic acid product ethylenediamine-N,N′-disuccinic acid [(S,S)-EDDS] 

is able to form a stable complex with metal ions, making it an attractive biodegradable 

alternative for the synthetic metal chelator ethylenediamine tetraacetic acid (EDTA), which is 

currently used at large scale in numerous applications. Previous studies have demonstrated 

that biodegradation of (S,S)-EDDS may be initiated by an EDDS lyase, converting (S,S)-

EDDS via the intermediate N-(2-aminoethyl)aspartic acid (AEAA) into ethylenediamine and 

two molecules of fumarate. However, current knowledge of this enzyme is limited due to the 

absence of structural data. Here, we describe the identification and characterization of an 

EDDS lyase from Chelativorans sp. BNC1, which has a broad substrate scope, accepting 

various mono- and diamines for addition to fumarate. We report crystal structures of the 

enzyme in an unliganded state and in complex with formate, succinate, fumarate, AEAA and 

(S,S)-EDDS. The structures reveal a tertiary and quaternary fold that is characteristic of the 

aspartase/fumarase superfamily and support a mechanism that involves general base-catalyzed, 

sequential two-step deamination of (S,S)-EDDS. This work broadens our understanding of 

mechanistic diversity within the aspartase/fumarase superfamily and will aid in the 

optimization of EDDS lyase for asymmetric synthesis of valuable (metal-chelating) 

aminocarboxylic acids. 
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Introduction 

Aminocarboxylic acids that contain several carboxylate groups bound to one or more nitrogen 

atoms form an important group of metal chelating agents.1 The synthetic chelator 

ethylenediamine tetraacetic acid (EDTA) is a well-known example of this group of metal 

complexing compounds. It is used in large amounts in numerous industrial applications, 

including soil bioremediation and in the production of paper, textile, cosmetics, detergents 

and fertilizers.2 Although still widely in use, there is a growing concern about the adverse 

environmental effects of this synthetic compound.2-5 Its high resistance to biodegradation 

leads to accumulation in the environment. High concentrations of EDTA and its chelating of 

heavy metals is feared to have a negative effect on drinking water and aquatic life. Hence, 

aminocarboxylic acid metal chelators that are readily biodegradable are highly desirable as 

‘green’ alternatives. 

The natural aminocarboxylic acid product ethylenediamine-N,N’-disuccinic acid [(S,S)-

EDDS], which is produced by a wide range of bacteria to facilitate the uptake of metal ions, is 

a structural isomer of EDTA.6,7 Interestingly, (S,S)-EDDS exhibits similar chelating 

properties as EDTA. However, in contrast to EDTA, (S,S)-EDDS is readily biodegradable and 

is therefore an attractive alternative with a favourable environmental profile.8-10 Previous 

studies have demonstrated that biodegradation of (S,S)-EDDS may be initiated by an EDDS 

lyase, converting (S,S)-EDDS (1) via the intermediate N-(2-aminoethyl)aspartic acid (AEAA, 

3) into ethylenediamine (4) and two molecules of fumarate (2) (Scheme 1).8-11 Mizunashi 

firstly reported the cloning of a gene (from Brevundimonas sp. TN3) coding for an EDDS 

lyase.11 This Brevundimonas enzyme was shown to have potential for use as a biocatalyst in 

the preparation of EDDS and its derivatives.11 

Sequence analysis suggested that EDDS lyase belongs to the aspartase/fumarase 

superfamily.12 Members of this superfamily include aspartase, fumarase, argininosuccinate 

lyase, adenylosuccinate lyase, δ-crystallin, and 3-carboxy-cis,cis-muconate lactonizing 

enzyme. They share a common tertiary and quaternary fold, as well as a similar active site 

architecture, and process succinyl containing substrates, leading to the formation of fumarate 

as the common product (except for the CMLE-catalyzed reaction, which results in the 

formation of a lactone).12 Current knowledge of the reaction mechanism of EDDS lyase is 

limited, however, due to the absence of structural data. We have therefore focused our 

attention on the molecular cloning of an EDDS lyase and initiated structural studies with the 

aim of elucidating the details of its unusual two-step addition−elimination reaction 

mechanism. 

Here we describe the identification and cloning of the gene encoding EDDS lyase from 

the bacterium Chelativorans sp. BNC1, which was isolated from industrial sewage receiving 

EDTA-containing wastewater effluents.13 The enzyme has been purified to homogeneity and 

subjected to functional and structural characterization. It was found to accept a wide range of 
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structurally distinct amines for addition to fumarate. In addition, we have previously 

determined that this Chelativorans enzyme also accepts a wide variety of amino acids with 

terminal amino groups for selective amination of fumarate, demonstrating its synthetic 

usefulness for the production of various important metal-chelating aminocarboxylic acids.14 

Crystal structures of the enzyme in an unliganded state and in complex with formate, 

succinate, fumarate, AEAA and (S,S)-EDDS were determined. These structures confirm a 

structural fold that is characteristic of the aspartase/fumarase superfamily and support a 

mechanism that involves general base-catalyzed, sequential two-step deamination of (S,S)-

EDDS. 

 

 

 

 

Scheme 1. Reversible two-step deamination of (S,S)-EDDS catalyzed by EDDS lyase. 

 

Materials and Methods 

Materials 

Ingredients for buffers and media were obtained from Duchefa Biochemie (Haarlem, The 

Netherlands) or Merck (Darmstadt, Germany). All other chemicals used in the experiments 

including the sodium salt of (S,S)-EDDS, fumaric acid and succinic acid were purchased from 

Sigma-Aldrich Chemical Co. (St. Louis, MO) unless stated otherwise. Molecular biology 

reagents, including restriction enzymes, PCR reagents, T4 DNA ligase, and DNA and protein 

ladders were obtained from Fermentas (ThermoFisher Scientific, Pittsburgh, PA) or Promega 

Corp. (Madison, WI). PCR purification, gel extraction and Miniprep kits were provided by 

Macherey-Nagel (Duren, Germany). Ni-Sepharose 6 Fast Flow and pre-packed PD-10 

Sephadex G-25 columns were purchased from GE Healthcare Life Sciences (Uppsala, 

Sweden). Primers for DNA amplification were synthesized by Eurofins MWG Operon 

(Cologne, Germany). 

General Methods 

Techniques for restriction enzyme digestions, ligation, transformation, and other standard 

molecular biology manipulations were based on standard protocols or as suggested by the 

manufacturer. PCR was carried out in a DNA thermal cycler obtained from Biolegio 
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(Nijmegen, The Netherlands). DNA sequencing was performed by Macrogen (Amsterdam, 

The Netherlands). Protein was analyzed by polyacrylamide gel electrophoresis under 

denaturing conditions using sodium dodecyl sulfate (SDS) on precast gels containing 7.5-10% 

polyacrylamide (Invitrogen). The gels were stained with InstantBlueTM (Expedeon Inc.). 

Protein concentrations were determined by the Waddell method.15 Kinetic data were obtained 

on a V-650 spectrophotometer obtained from Jasco (IJsselstein, The Netherlands). The kinetic 

data were fitted by nonlinear regression data analysis using the Grafit program (Erithacus, 

Software Ltd., Horley, U.K.) obtained from Sigma Chemical Co. Dynamic light scattering 

(DLS) experiments were performed using a DynaPro MS800TC instrument (Wyatt 

Technology Corporation, USA) at 20 °C and data were processed and analyzed with 

Dynamics software (Wyatt Technology Corporation). 

Enzymatic synthesis of AEAA using MAL-Q73A 

The reference compound N-(2-aminoethyl)aspartic acid [(S)-AEAA] was synthesized using 

the previously reported MAL-Q73A enzyme.16 A solution (80 mL) of fumarate (2g, 17.24 

mmol, 215 mM), 1,2-diaminoethane dihydrochloride (32 g, 240 mmol, 3 M) and MgCl2 (20 

mM) was prepared. The pH was adjusted to 9.0 by using aqueous NaOH. The reaction was 

started by the addition of freshly purified MAL-Q73A enzyme (40 mg, 0.0005 mol%) and the 

reaction mixture was incubated at room temperature. The progress of the reaction was 

monitored by UV-Vis spectroscopy. The reaction was stopped after 7 d by incubating the 

reaction mixture at 100°C for 10 min, and precipitated protein was removed by filtration. 

Excess of amine was removed from the reaction mixture by the use of a rotary evaporator. 

The concentrated crude reaction mixture was dissolved in 50 mL 1 N HCl and the desired 

amino acid product was purified by cation-exchange chromatography by following an earlier 

described protocol.16 The purified product was obtained as the bis-ammonium salt and 

identified as N-(2-aminoethyl)aspartic acid by 1H NMR and 13C NMR spectroscopy and 

HRMS analysis. N-(2-aminoethyl) aspartic acid: conversion 100% (7 d), yield (61%, 2.2 g). 

Brown solid. 1H NMR (500 MHz, D2O): δ = 2.66 (dd, 1H, J = 17.3 Hz, 9.0 Hz, CHCH2), 2.83 

(dd, 1H, J = 17.3 Hz, 3.8 Hz, CHCH2), 3.34-3.46 (m, 4H, NHCH2CH2NH2), 3.83 (dd, 1H, J = 

9.0 Hz, 3.7 Hz, CHNH2). 1H NMR signals are in agreement with the literature data.16 

Cloning of the EDDS lyase gene into an expression vector 

The amino acid sequence of the putative EDDS lyase from Chelativorans sp. BNC1, which 

was annotated as an argininosuccinate lyase, was obtained from NCBI protein database under 

GenBank accession no. ABG61966 (NCBI reference sequence WP_011579909.1). The 

corresponding DNA sequence was codon-optimized for Escherichia coli and synthesized by 

Eurofins MWG Operon (Ebersberg, Germany). The gene was delivered in the pBSII SK+ 

vector with restrictions sites for NdeI and HindIII at the 5´ and 3´ end of the gene, 

respectively. The gene was amplified by PCR using primers Ed_fw-NdeI: 

GGAGGAATTACATATGAACATCAACGTACCGGACGC and Ed_his-st-rv-HindIII: 
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CATAAGCTTTATCAATGATGATGATGATGATGGCGCAGATATTTGCGGTCGG (the 

restrictions sites are depicted in bold), digested with NdeI/HindIII and cloned into the 

pBADN-Myc-His expression vector to obtain the pBADN(EDDS-His) construct. The entire 

gene was sequenced to verify that no mutations were introduced during the cloning procedure. 

Expression and purification of EDDS lyase 

The His6-tagged enzyme was overproduced in E. coli TOP10 cells using the pBADN(EDDS-

His) expression plasmid. Freshly transformed TOP10 cells containing this plasmid were used 

to inoculate 10 mL of LB/Amp medium. After overnight growth at 37 °C, this culture was 

used to inoculate 1 L of LB/Amp medium in a 5 L Erlenmeyer flask. Cultures were grown to 

an A600 of 0.4-0.6 at 37 °C with vigorous shaking, induced with arabinose (0.04% w/v) and 

placed at 20°C for overnight incubation (~16 h). Cells were harvested by centrifugation 

(6000g, 15 min) and stored at -20 °C until further use. 

In a typical purification experiment, cells from 1 L culture (~5.0 g wet weight) were 

thawed and suspended in 10 mL lysis buffer (50 mM Tris-HCl, 20 mM imidazole, pH 8.0). 

Cells were disrupted by sonication for 4 x 1 min (with 5 min rest in between each cycle) at a 

60 W output, after which unbroken cells and debris were removed by centrifugation (10,000g, 

30 min). The supernatant was filtered through a 0.45 μm-pore diameter filter and incubated 

with Ni-Sepharose (1 mL slurry in a small column at 4 °C for 18 h), which had previously 

been equilibrated with lysis buffer. The non-bound proteins were eluted from the column by 

gravity flow. The column was first washed with lysis buffer (10 mL) and then with buffer A 

(50 mM Tris-HCl, 40 mM imidazole, pH 8.0; 10 mL). Retained proteins were eluted with 

buffer B (50 mM Tris-HCl, 500 mM imidazole, pH 8.0; 4 mL). Fractions were analyzed by 

SDS-PAGE on gels containing 10% acrylamide, and those that contained purified EDDS 

lyase were pooled and the buffer was exchanged against 50 mM Tris-HCl (pH 8.0), 200 mM 

NaCl using a pre-packed PD-10 Sephadex G-25 gelfiltration column. The purified enzyme 

(yield ~50 mg) was stored at either 4 °C or −20 °C until further use. 

Construction and production of EDDS lyase mutants 

The S280A and D290A mutants of EDDS lyase were constructed using the QuickChange 

site-directed mutagenesis method (Stratagene). The plasmid pBADN-EDDS-His was used as 

a template. For the S280A mutation, the following oligonucleotides were used as forward and 

reverse primers: 5'-GCGGGAACCGCGTCGATCATGCCGC-3' and 5'-

GCGGCATGATCGACGCGGTTCCCGC-3', respectively, where the mutated codon is 

depicted in bold. For the D290A mutation, the following oligonucleotides were used as 

forward and reverse primers: 5'-

CGCAGAAGAAGAACCCGGCTAGCCTGGAACGTAGTCGC-3' and 5'-

GCGACTACGTTCCAGGCTAGCCGGGTTCTTCTTCTGCG-3', respectively, where the 
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mutated codon is depicted in bold.  DNA sequencing of the mutant genes was performed to 

assure that only the desired mutation had been introduced. 

The S280A and D290A mutants were produced and purified using similar protocols as 

those used for wild-type EDDS lyase. The S280A mutant was further purified by gel filtration 

chromatography with a Superdex 200 10/300 GL column (GE Healthcare) using 0.1 M NaCl 

in 50 mM Tris-HCl buffer (pH 7.5) as an eluent, whereas the D290A mutant was further 

purified to homogeneity by gel filtration chromatography with a  HiLoad 16/600 Superdex 

200 pg column (GE Healthcare) using 20 mM NaH2PO4 buffer (pH 8.5) as an eluent. Activity 

assays were done with freshly purified proteins (notably, some protein precipitation was 

observed upon storage of the S280A mutant, indicative of poor stability). 

Enzyme assays 

Kinetic assays were performed at 25 °C in 50 mM Tris/HCl buffer, pH 8.0, observing the 

increase in absorbance at 240 nm corresponding to the formation of fumarate ( = 2530 M-

1cm-1). An aliquot of EDDS lyase (180 μg) was diluted into buffer (15 mL) and incubated for 

30 min at 25 °C. Subsequently, a 1-mL portion was transferred to a 10 mm quartz cuvette and 

the enzyme activity was assayed by the addition of a small quantity (0.5-20 μL) of EDDS 

from a stock solution (10 mM). The stock solution was made up in 50 mM Tris/HCl buffer, 

pH 8.0. The concentrations of EDDS used in the assay ranged from 0.005 to 0.2 mM. 

The pH optimum of EDDS lyase was determined in 50 mM phosphate buffers with pH 

values ranging from 4.4 to 9.2 at 25 °C. A sufficient quantity of enzyme was added (12 

μg/mL) and its activity assayed by adding (S,S)-EDDS from a stock solution to a final 

concentration of 0.1 mM, following the increase in absorbance at 240 nm corresponding to 

the formation of fumarate. The normalized initial reaction rates were plotted against pH. 

The temperature optimum was determined in Tris-HCl buffer (50 mM, pH 8.0), using a 

temperature range of 10 to 80 °C. At each temperature, the pH of the Tris buffer was adjusted 

to the desired pH 8.0. A 1-mL portion of the buffer was transferred to a 10 mm cuvette, a 

sufficient quantity of enzyme was added (12 μg/mL), and its activity assayed using 0.1 mM 

(S,S)-EDDS (2 μL of 50 mM stock solution) as the substrate. Substrate stock solutions were 

made in Tris-HCl buffer (50 mM, pH adjusted to 8.0). The normalized initial reaction rates 

were plotted against temperature. 

Enzymatic synthesis of AEAA and (S,S)-EDDS using EDDS lyase 

A reaction mixture containing fumaric acid (50 mM) and ethylenediamine (10 mM) was 

prepared in 20 mM NaH2PO4-NaOH buffer, pH 8.5. EDDS lyase (14 mg, 0.05 mol%) was 

added to start the reaction, and the reaction volume was immediately adjusted to 50 mL with 

20 mM NaH2PO4-NaOH buffer (pH 8.5). The reaction was allowed to proceed at room 

temperature. At different time points, reaction samples (0.5 mL) were taken from the reaction 
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mixture and boiled for 10 min to inactivate the enzyme. The samples were dried under 

vacuum and re-dissolved in 0.5 mL D2O for 1H NMR measurements. 

The 1H NMR (500 MHz, Deuterium Oxide) signals of (S,S)-EDDS are: δ 3.57 (dd, J = 8.7, 

4.3 Hz, 2H), 3.08 – 2.88 (m, 4H), 2.66 (dd, J = 16.2, 4.3 Hz, 2H), 2.48 (dd, J = 16.2, 8.8 Hz, 

2H). The 1H NMR signals (500 MHz, Deuterium Oxide) of AEAA are: δ 3.43 (dd, J = 10.4, 

3.7 Hz, 1H), 3.14 – 2.92 (m, 3H), 2.84 – 2.77 (m, 1H), 2.60 (dd, J = 15.5, 3.7 Hz, 1H), 2.29 

(dd, J = 15.5, 10.4 Hz, 1H). After 24 h, the ratio between AEAA and (S,S)-EDDS in the 

reaction mixture was ~2:1, calculated by integration of the signals at 3.43 ppm and 3.57 ppm, 

respectively. 

Substrate scope and product identification by LC-MS/MS 

Various amines were tested as substrates for EDDS lyase in the addition to fumarate. 

Fumarate (5 mM), amine (400 mM) and EDDS-lyase (0.5 mg/mL, 0.17 mol%) in 50 mM 

Tris-HCl buffer, pH 8.0, were incubated at room temperature in a 96-well plate (final volume 

of 150 µL). Reactions were monitored by UV spectroscopy, following the decrease in 

absorbance at 240 nm corresponding to the depletion of fumarate. 

For several selected amine substrates, reactions were performed with two different 

substrate ratios and the products identified with LC-MS/MS. Reactions were initially 

performed with a 20-fold excess of amine. Fumarate (50 mM), amine (1000 mM) and EDDS-

lyase (0.5 mg/ml) in buffer (Tris-HCl, pH 8.0) were incubated for 24 h. Reactions were 

subsequently also performed with a 2-fold excess of fumarate. Fumarate (100 mM), amine 

(50 mM) and EDDS-lyase (0.1 mg/ml) in buffer (Tris-HCl, pH 8.0) were incubated for 24 h. 

All samples were prepared for LC-MS/MS analysis as follows. After incubation of the 

reaction mixture for 24 h, the samples were incubated at 100 °C for 1-2 min to stop the 

reaction. The precipitated enzyme was removed by centrifugation. The supernatant was 

filtered (0.42 µm filter) and subjected to LC-MS/MS to confirm formation of single and/or 

double addition products. Mass spectrometric analysis was performed by the Mass 

Spectrometry Facility Core in the Department of Pharmacy at the University of Groningen. 

Crystallization  

Before setting up crystallization trials, the EDDS lyase protein sample was further purified by 

gel filtration chromatography with a Superdex 200 (GE Healthcare) column using 0.2 M NaCl 

in 50 mM Tris-HCl buffer, pH 7.5, as an eluent. The protein eluted as a tetramer with an 

apparent molecular weight of about 200 kDa, as confirmed by dynamic light scattering 

analysis. The protein sample was concentrated to 9 mg/mL using a centrifugal concentrator 

(Vivaspin 15R, 30-kDa molecular weight cut-off, Sartorius Stedim Biotech). A search for 

crystallization conditions was performed using various commercial crystallization screens. 

Screening was carried out at room temperature in 96-well sitting-drop crystallization plates 

using a robot (Mosquito, TTP LabTech) to dispense 300 nL drops (protein:reservoir, 1:1). A 
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single cubic-shaped crystal was obtained directly from the Structure Screen (Molecular 

Dimensions) with a solution containing 0.1 M HEPES pH 7.5 and 4 M NaCl, but this 

condition could not be reproduced. Crystals also grew at a condition from Clear Strategy 

Screen II (Molecular Dimensions), containing 0.1 M sodium cacodylate pH 6.5 and 2.0 M 

sodium formate. Small crystals would typically appear within an hour after setting up the 

crystallization plates, reaching a maximum size of about 140 x 90 x 80 µm3 after overnight 

growth. 

Crystal soaking experiments to trap a substrate, intermediate or product in the active site 

of EDDS lyase were unsuccessful, probably due to the high sodium formate concentration in 

the crystallization solution and the presence of bound formate ions in the active site. Thus, an 

alternative strategy was employed, replacing sodium formate in the crystallization condition 

by sodium salts of fumaric acid, succinic acid, (S,S)-EDDS or a bis-ammonium salt of AEAA 

(synthesized as described above). Diffracting crystals appeared overnight, with all of the 

above-mentioned salts at a concentration of 0.2-0.3 M, similar as the crystals grown in the 

presence of sodium formate. As an additional strategy to trap an intermediate-bound state of 

EDDS lyase, crystals co-crystallized with fumarate were soaked for 30 seconds in drops of 

mother liquor (0.1 M sodium cacodylate pH 6.5 and 0.3 M fumarate) containing 20 mM 

ethylenediamine or AEAA, immediately followed by flash cooling in liquid nitrogen. 

X-ray data collection and crystal structure determination 

Prior to X-ray data collection, crystals were briefly transferred to drops containing mother 

liquor supplied with 25% PEG 400 and flash-cooled in liquid nitrogen. All the diffraction data 

were collected in-house at 110 K using a Microstar rotating Cu anode X-ray source (Bruker 

AXS GmbH) in combination with Helios optics (Incoatec GmbH) and a MAR345dtb detector 

(MarResearch GmbH). Data sets were integrated and scaled using XDS17 and merged using 

the program AIMLESS18 from the CCP4 software suite.19 All crystals belonged to the F222 

space group and contained a single polypeptide chain per asymmetric unit, with a solvent 

content of about 62%. Relevant data collection and refinement statistics are shown in Table 

S2. The upper resolution limit of the data sets varied between 2.6 Å and 1.9 Å. It should be 

noted that some of the data sets were recorded with a non-optimal crystal-to-detector distance, 

in which cases the actual resolution limit of the diffraction was somewhat higher. Structure 

determination was started with diffraction data collected from the single crystal obtained at 4 

M NaCl. The program PHASER20 from the CCP4 package was used to obtain initial phases 

by molecular replacement. With the help of the Fold and Function Assignment Server 

(FFAS),21 an ensemble of three homologous protein structures was used as a molecular 

replacement search model: duck δ crystallin II (28% identity, PDB entry 1TJU,)22, 

argininosuccinate lyase from Thermus thermophilus HB8 (30% identity, not published, PDB 

entry 2E9F) and duck δ crystallin I (29% identity, PDB entry 1U15).23 Automatic model 

building was performed using ARP/wARP.24 The programs REFMAC525 and COOT26 were 

used for subsequent rounds of refinement and model building, including the placement and 
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validation of water molecules. The final rounds of refinement were performed using 

phenix.refine from the Phenix software suite.27 All other structures were adapted and refined 

starting from the apo structure, using identical strategies and software. Coordinates and 

restraints for formate, fumarate and succinate were readily available from the CCP4 database 

with the following ligand identifiers, FMT, FUM and SIN. Co-ordinates and restraints for 

(S,S)-EDDS and AEAA were generated using the PRODRG2 server.28N,ENSUCP, CCDC no. 

Crystal structure analysis 

Molprobity29 was used for validating the stereochemical quality of the models. Structure-

based sequence alignments were carried out using T-coffee30 and visualized using ESPript 3.0 

server.31 Superpositions and calculation of Cα-backbone rmsd values were performed using 

the protein structure comparison service Fold at the European Bioinformatics Institute.32 

PyMOL (Schrödinger)33 was used for structure analysis and figure preparations. 

ChemBioDraw 12.0 was used to draw schemes and chemical structures. Atomic coordinates 

and structure factors have been deposited in the Protein Data Bank (www.rcsb.org), with the 

following PDB codes, 6G3D, 6G3E, 6G3F, 6G3G, 6G3H, 6G3I. 

 

Results 

Identification of an EDDS lyase in Chelativorans sp. BNC1 

A sequence similarity search in the NCBI microbial database was performed with the 

BLASTP program using the EDDS lyase amino acid sequence from Brevundimonas sp. TN3 

as the query. This search yielded several bacterial proteins that shared significant sequence 

similarity with EDDS lyase. The top hits included a sequence from the bacterium 

Chelativorans sp. BNC1, which was isolated from industrial sewage receiving EDTA-

containing wastewater effluents.13 This Chelativorans protein, which shows 79% sequence 

identity to EDDS lyase from Brevundimonas sp. TN3 (Figure S1),11 was annotated as a 

putative argininosuccinate lyase and selected for further study. 

The gene coding for the EDDS lyase homologue from Chelativorans sp. BNC1 was 

cloned into the expression vector pBADN/Myc-His A, resulting in the construct pBADN 

(EDDS lyase-His). Using this expression plasmid, the enzyme was produced upon induction 

with arabinose in Escherichia coli TOP10 as a C-terminal hexahistidine fusion protein. The 

enzyme was purified by a one-step Ni-sepharose affinity chromatography protocol, which 

typically provides ~30 mg of homogeneous enzyme per liter of culture. Analysis of the 

purified enzyme by size-exclusion chromatography and dynamic light scattering revealed a 

native molecular mass of ~200 kDa. A comparison of this value to that of the calculated 

subunit mass suggests that the enzyme is a homotetrameric protein. 
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To examine whether the Chelativorans enzyme can promote the synthesis of AEAA (3) 

and EDDS (1), the enzyme was incubated with fumarate (2) and ethylenediamine (4) and the 

reaction was monitored by 1H NMR spectroscopy (Figure 1). The results showed that the 

enzyme indeed catalyzes the addition of ethylenediamine to fumarate to give AEAA and 

(S,S)-EDDS. The enzyme also catalyzes the reverse reaction, that is, the deamination of (S,S)-

EDDS to yield AEAA, fumarate and ethylenediamine as determined by UV and 1H NMR 

spectroscopy (data not shown). Having established that the Chelativorans enzyme exhibits 

EDDS lyase activity, kinetic parameters (at 25˚C) and the optimum pH and temperature were 

determined. The enzyme catalyzes the deamination of (S,S)-EDDS with a kcat of 6.5 ± 0.2 s-1 

and a Km of 16 ± 3 µM, and shows maximum activity at pH 8.0 and at 60˚C (Figure S2). 

Notably, incubation of the enzyme with fumarate and arginine showed that the enzyme 

displays no argininosuccinate lyase activity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. EDDS lyase-catalyzed addition of ethylenediamine (4) to fumaric acid (2) yielding AEAA 
(3) and EDDS (1). (A) 1H NMR spectrum of AEAA (3) in D2O. (B) 1H NMR spectrum of the reaction 
mixture after 24 h of incubation. The reaction was started by addition of EDDS lyase (0.05 mol%) to 
fumaric acid (50 mM) and ethylenediamine (10 mM) in 20 mM NaH2PO4-NaOH buffer, pH 8.5. (C) 
1H NMR spectrum of (S,S)-EDDS (1) in D2O. The assignments of key signals are highlighted in red 
color. 
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Substrate scope of EDDS-lyase 

It has previously been determined that the Chelativorans enzyme accepts a wide variety of 

amino acids with terminal amino groups for selective addition to fumarate, yielding the 

natural products Aspergillomarasmine A and Aspergillomarasmine B, as well as various 

related aminocarboxylic acids (Scheme S1).14 To further explore the substrate scope of EDDS 

lyase, the enzyme was incubated with fumarate and different amines and the rate of the 

reactions was monitored spectrophotometrically by following the depletion of fumarate at 240 

nm. The results showed that EDDS lyase has a broad nucleophile scope and accepts various 

mono- and diamines as unnatural substrates in the amination of fumarate, albeit with lower 

catalytic efficiency when compared to the reaction with the native substrate ethylenediamine 

(Table 1). For several selected substrates, the enzymatic addition reactions were performed 

with either a 20-fold excess of amine or a 2-fold excess of fumarate, and formation of the 

corresponding single and double addition products was determined by LC-MS/MS (Table S1). 

The results demonstrate that by using an appropriate molar ratio of starting substrates, 

different aminocarboxylic acid products, including EDDS derivatives, can be prepared using 

EDDS lyase as the catalyst. In contrast to its very broad nucleophile scope, the enzyme was 

found to be highly specific for fumarate, with fumaric acid monomethyl ester, crotonic acid, 

mesaconic acid, itaconic acid, 2-pentenoic acid and glutaconic acid not accepted as alternative 

electrophiles. 

Overall structure of EDDS lyase 

The crystal structure of EDDS lyase was determined at 2.2 Å resolution by molecular 

replacement and refined to a crystallographic R-factor of 18.2% (Rfree is 22.2%) with good 

geometry (Table S2). Diffraction data were obtained from a single crystal grown in the 

presence of 4 M NaCl at pH 7.5. The EDDS lyase crystal structure belongs to the space group 

F222 and contains one monomer per asymmetric unit (labeled A): the other three subunits (B, 

C and D) of the functional tetramer are “generated” by crystallographic 2-fold axes. The final 

model consists of 496 residues; only the first five residues at the N-terminus and the last 

seven residues at the C-terminus, which comprises Arg502 and the (His)6-tag, could not be 

modeled due to weak or absent electron density.  

The overall fold and topology of EDDS lyase closely resemble those of other members of 

the aspartase/fumarase superfamily (Figures 2 and 3).12 The dumbbell-shaped, mainly -

helical subunit can be sub-divided into three domains (Figure 2a): an N-terminal domain 

(residues 6-111), an elongated central domain (residues 112-351) and a C-terminal domain 

(residues 352-501). In the functional tetramer (Figure 2b) the central domains of the four 

subunits interact co-axially to form a tightly packed bundle of 20 -helices, with the N- and 

C-terminal domains of neighboring subunits positioned near to each other at the ends. Each 

active site (there are four in the tetramer) is composed of three regions of highly conserved 

amino acid residues, each of which originates from a different subunit (Figure S3, Figure 2b).  
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Table 1. Relative activities of EDDS lyase towards ammonia and various amines. 

Entry Substrate Substrate Structure 
Relative Activity 

[%] 

1 4a 
 

100a 

2 4b NH3 2 

3 4c 
 

< 1 

4 4d 
 

< 1 

5 4e 
 

< 1 

6 4f 
 

< 1 

7 4g 
 

6 

8 4h 
 

3 

9 4i 
 

9 

10 4j 
 

6 

11 4k 
 

34 

12 4l 
 

14 

13 4m 
 

59 

14 4n 
 

< 1 

15 4o 
 

< 1 

16 4p 
 

1 

17 4q 
 

112 

18 4r 
 

74 

19 4s 

 

23 

20 4t 
 

2 

aThe initial rate of the enzyme-catalyzed addition of ethylenediamine to fumarate was assigned as 100% 
activity. 
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These conserved regions are C1 (residues 111-114, for a representative active site we will 

refer to the subunit as A), C2 (residues 158-165, subunit B) and C3 (also known as the “SS-

loop”, residues 279-293, subunit C).12 

Two striking differences are observed in the overall structure of EDDS lyase compared to 

other aspartase/fumarase superfamily members (Figure 3). Firstly, the EDDS lyase subunit 

contains a final C-terminal α-helix (residues 451-500) which is elongated (Figure S3) and 

runs alongside the entire length of the central domain back to the N-terminal domain. 

Secondly, within a subunit the first ~30 residues at the N-terminus form a loop (residues 5-15) 

and a short -helix (residues 20-31), which fold away from the N-terminal domain to pack 

against the central domain and SS-loop. Two arginine residues (Arg10 and Arg13) in the N-

terminal loop form hydrogen bonds with the main chain carbonyls of Ala274, Ala277 and 

Gln285, effectively locking the SS-loop in place. In the tetramer, each SS-loop is further 

stabilized by interactions with residues of the N- and C-terminal domains from two 

neighboring subunits, resulting in a rigid, and well-defined conformation. In the structures of 

other aspartase/fumarase superfamily members the SS-loop is intrinsically flexible, and can  

 

Figure 2. Overall structure of EDDS lyase. a) Cartoon representation of a monomer. The N-terminal 
domain, central domain and C-terminal domain are depicted in blue, yellow and orange, respectively. 
The conserved regions C1, C2 and SS-loop are highlighted in red. b) Cartoon representation of the 
functional tetramer, with the polypeptide chains in different colours. The inset shows the zoomed-in 
view of an active site (viewing orientation different as for the tetramer). Residues from the conserved 
regions forming the composite active site are shown in stick representation.  
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Figure 3. Comparison of the EDDS lyase monomer with other aspartase/fumarase family enzymes. 
Cartoon representation of apo EDDS lyase (PDB entry: 6G3D), argininosuccinate lyase (δ2C, PDB 
entry: 1HY1), adenylosuccinate lyase (ADL, PDB entry: 2PTR), aspartase (AspB, PDB entry: 3R6V), 
and fumarase (FumC, PDB entry: IYFE). The N-terminal domain, central domain and C-terminal 
domain are depicted in blue, yellow and orange, respectively. The conserved regions C1, C2 and SS-
loop are highlighted in red. The location of the N- and C-terminus is also shown. 

undergo an open-closed transition upon binding of substrate.12, 34-37 In EDDS lyase the 

occurrence of such a transition of the SS-loop is unlikely: the additional interactions with the 

N-terminal loop region stabilize a conformation that is highly similar to the catalytically 

competent closed conformation observed in the structures of other aspartase/fumarase 

superfamily members, even when no substrate is bound. 

Formate-, fumarate-, and succinate-bound structures 

During the initial crystallization screening a condition containing 2.0 M sodium formate (pH 

6.5) also yielded protein crystals. The crystals belonged to the same space group F222 as the 

one obtained with 4 M NaCl, with identical cell parameters, and allowed a structure 

determination at 1.9 Å resolution. The overall structure of EDDS lyase in the crystals grown 

with sodium formate is identical to that in the crystal obtained with sodium chloride, 

including the conformation of the SS-loop (the structures superpose with a r.m.s.d value of 

only 0.26 Å). Interestingly, however, extra wedge-shaped electron density clearly indicated 

the presence of three formate ions bound in the active site (Figure 4a, Figure S4a). One 

formate ion (FMT1) makes hydrogen bonds to Ser111, Arg112 (C1 region) from subunit A 

and Ser281 (SS-loop) from subunit C, while another formate ion (FMT2) makes hydrogen 

bonds to Asn113 (C1 region) from subunit A, Thr158 (C2 region) from subunit B and Lys286, 

Asn288 (SS-loop) from subunit C. The third formate ion (FMT3) is bound further away from 

the SS-loop making an interaction with Arg112. Based on a comparison with other 

aspartase/fumarase superfamily structures it was realized that two of these formate ions 

(FMT1 and FMT2) likely mimick the carboxylate groups of the succinyl moiety of the 

substrate, or of the product fumarate, when bound to the active site. To investigate this further, 

we repeated the crystallization experiments using solutions in which sodium formate was 

substituted with sodium salts of fumaric acid or succinic acid. Large cubic-shaped crystals 
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appeared overnight at conditions containing 0.2-0.3 M concentration of either salt, allowing 

the structure determination of fumarate-bound and succinate-bound EDDS-lyase at 2.2 Å and 

2.6 Å resolution, respectively (Table S2, Figure 4b,c and Figure S4b,c). The fumarate and 

succinate molecules are tightly coordinated at the active site with overall identical binding 

interactions. As expected, the C1 and C4 carboxylate groups of fumarate/succinate occupy 

identical positions as the formate ions FMT1 and FMT2 discussed above, making similar 

hydrogen bonds with residues from the C1, C2 and SS-loop region. Most notably, the 

hydroxyl group of Ser280 in the SS-loop (subunit C) is positioned at a close distance (~3 Å) 

and proper orientation from the C-atom in fumarate/succinate, in accordance with its 

presumed role as catalytic base in the α,-elimination reaction.  

 

 

Figure 4. Figure depicting formate (a), fumarate (b), succinate (c), (S,S)-EDDS (d) and AEAA (e) 

bound in the active site of EDDS lyase. The residues interacting with the ligands are shown as sticks 

in different colours (same coloring scheme as in Figure 2b). The grey mesh, contoured at 3σ, shows 

the simulated annealing mFo-DFc omit map. 

EDDS- and AEAA-bound structures 

Using a similar approach as described above, crystals diffracting to 2.2 Å resolution were 

obtained of EDDS lyase grown in the presence of 0.3 M (S,S)-EDDS. Since the enzyme is 

able to convert (S,S)-EDDS to fumarate and ethylenediamine, we expected to observe a 

fumarate ion bound at the active site. Much to our surprise, however, the electron density at 

the active site was consistent with the presence of an intact (S,S)-EDDS molecule, allowing 
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the determination of the substrate-bound structure (Table S2, Figures 4d and 5). Apparently, 

the conditions for cleavage of (S,S)-EDDS in the crystal are not ideal, which may be 

explained by the non-optimal pH (pH = 6.5) of the crystallization solution (optimal pH for 

activity is 8) and/or insufficient protein flexibility preventing the deamination step and 

effectively trapping (S,S)-EDDS in the active site. One of the two succinyl-moieties of (S,S)-

EDDS (we refer to it as the proximal succinyl, based on its close distance to the SS-loop) 

binds at the active site similar as fumarate or succinate in the other EDDS lyase structures, 

making identical interactions with the C1 and C2 regions and the SS-loop (Figure 6). The 

other (distal) succinyl moiety points away from the active site, and is bound near to the 

protein surface, with one of the carboxylate groups forming hydrogen bonds with residues 

Arg294 and Tyr26 from chain C of the functional tetramer. The other largely solvent exposed  

 

Figure 5. a) Stereo view of the interactions of bound (S,S)-EDDS in the active site. Dashed lines show 

the hydrogen bonding interactions and the labels show the distances in Å. b) Schematic representation 

of the interactions between (S,S)-EDDS and active site residues. Hydrogen bonds are represented as 

dashed lines and letters in the parentheses denote the polypeptide chain identifier. The putative role of 

Ser280 as a catalytic base, abstracting the proton from the Cβ atom of (S,S)-EDDS, is shown with an 

arrow. 
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carboxylate group makes a water-mediated hydrogen bond with Asn113. A comparison of the 

formate- and EDDS-bound structures shows that although the third formate ion (FMT3) and 

the carboxylate group of the distal succinyl moiety bind at similar regions of the active site 

pocket, their actual binding site locations and geometries are quite different (see Figure 4A 

and 4D). Thus unlike FMT1 and FMT2,  FMT3 indeed does not mimic the binding of one of 

the carboxylates of (S,S)-EDDS. In addition, the internal amino group of (S,S)-EDDS that is 

directly linked to the proximal succinyl moiety forms a hydrogen bond with Asn113, while 

the other amino group linked to the distal succinyl moiety makes water-mediated hydrogen 

bonds to Asn288 and Asp290. 

 

Figure 6. Superposition of bound (S,S)-EDDS (wheat), fumarate (light blue), and succinate (pale cyan) 

in the active site of EDDS lyase.  The SS-loop of the (S,S)-EDDS-bound, fumarate-bound and 

succinate-bound structures, with putative catalytic base Ser280, is shown in green, yellow and 

magenta, respectively. The distance in Å from the hydroxyl group of Ser280 to the Cβ atom of the 

(S,S)-EDDS substrate is shown as dashed line. 

 

To obtain a full description of all relevant structures in the catalytic cycle of EDDS lyase, 

crystals were also grown in the presence of the reaction intermediate AEAA. Surprisingly, 

instead of AEAA a molecule of (S,S)-EDDS was found in the active site bound in an identical 

conformation as in the structure obtained from a crystal grown in the presence of (S,S)-EDDS 

(data not shown). A possible explanation for this result is that EDDS lyase in solution will 

reversibly cleave AEAA to fumarate and ethylenediamine. EDDS lyase likely first crystallizes 

in a fumarate-bound state, after which (S,S)-EDDS can be produced in the crystal in one step 

by attack of AEAA. This can happen as long as the concentration of AEAA in the 

crystallization solution is sufficiently high. Upon formation of (S,S)-EDDS in the crystal, it 

will remain trapped in the active site (as shown by the co-crystallization with (S,S)-EDDS). In 

another attempt to obtain an AEAA-bound structure, a fumarate-bound crystal (prepared by 

crystallizing the enzyme in the presence of 0.3 M fumarate) was briefly soaked for ~30 

seconds in mother liquor containing 20 mM ethylenediamine. The crystal was then 
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immediately flash-cooled in liquid nitrogen and used for X-ray diffraction data collection. 

Difference Fourier analysis of the active site revealed a small adduct at the C carbon of 

bound fumarate, most likely resulting from the addition of ethylenediamine to form the 

intermediate AEAA. Subsequent refinement yielded an AEAA-bound structure at 2.4 Å 

resolution (Table S2, Figure 4e, Figure S4d). It should be noted that in this structure the 

ethylenediamine moiety of the bound AEAA molecule is relatively disordered, as indicated 

by the absence of electron density for the terminal, free amino group. In addition, a second 

molecule of fumarate is observed near to AEAA, bound at a location similar to where the 

distal succinyl moiety of (S,S)-EDDS binds. Possibly, this second molecule of fumarate 

prevented a quick release of AEAA, thereby inhibiting the full conversion towards (S,S)-

EDDS.  

Mutagenesis of active site residues 

The crystal structure of the enzyme in complex with (S,S)-EDDS (Figure 5) suggests 

important roles for Ser280 and Asp290 in catalysis and substrate binding, respectively. 

Ser280 is positioned near the Cβ proton of the substrate and in a suitable orientation to allow 

proton abstraction to initiate the deamination reaction. 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 for addition to fumarate. To study the importance of these residues for 

catalytic activity, each residue was replaced with an alanine. The mutation of Ser280 to an 

alanine resulted in an inactive enzyme (data not shown), confirming the essential role of this 

residue in catalysis. The mutation of Asp290 to an alanine resulted in a mutant enzyme that 

displayed significantly lower activity than wild-type EDDS lyase for the addition of 

ethylenediamine to fumarate (Figure S5). 

Discussion 

The crystal structures of EDDS lyase determined in this study confirm a tertiary and 

quaternary fold that is characteristic of the aspartase/fumarase superfamily and provide the 

first detailed view of the substrate- and product-bound active site of an EDDS lyase, allowing 

an understanding of the roles of the various active site residues in substrate binding and 

catalysis (Figure 7). In all members of the aspartase/fumarase superfamily, a strictly 

conserved serine residue from the SS-loop has been implicated to act as the catalytic base, 

abstracting a proton from the Cβ atom of the substrate to initiate the α,β-elimination 

reaction.12, 34-37 In EDDS lyase, the equivalent SS-loop serine residue, Ser280, most likely 

functions as the catalytic base. Indeed, in both the (S,S)-EDDS- and AEAA-bound structures 

Ser280 is positioned near (~3 Å) the Cβ proton of the substrate (Figures 5, 6 and S3d) and in a 

suitable orientation to allow proton abstraction in the first step of the reaction (Figure 7). As 

expected, mutation of Ser280 to an alanine resulted in an inactive enzyme. However, for 

Ser280 to function as the catalytic base, it needs to be activated to form a Ser-O- oxyanion. 
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Possible mechanisms for activation of the catalytic serine in aspartase/fumarase superfamily 

members have been suggested previously, including substrate-assisted deprotonation of the 

serine residue to generate the Ser-O- oxyanion.12 The serine oxyanion could be stabilized by 

main chain amide interactions. In the structure of EDDS lyase, Ser280 is within hydrogen-

bonding distance of the neighbouring main-chain backbone amides of Ser281, Ile282 and 

Met283, which form part of the SS-loop. The question how Ser280 is activated to function as 

the catalytic base thus remains to be answered. 

 

Figure 7. Proposed catalytic mechanism for the deamination of (S,S)-EDDS to yield AEAA and 

fumarate. 
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The extensive number of hydrogen-bonding interactions observed for the binding of (S,S)-

EDDS and AEAA (Figures 5 and S3d) forces the substrates to adopt an energetically 

unfavourable rotamer conformation in which the Cα, Cβ and β-carboxylic atoms are coplanar. 

This is consistent with a conformation resembling a putative enediolate (aci-carboxylate) 

intermediate during catalysis (Figure 7).12,36 The oxygens of the β-carboxylate group of (S,S)-

EDDS and AEAA form hydrogen bonds with the side chain hydroxyls of  Ser111 (subunit A) 

and Ser281 (subunit C, SS-loop), the guanidinium moiety of Arg112 (subunit A) and main 

chain amides of  Arg112 and Ser281. This extensive hydrogen-bonding network is not only 

essential for substrate binding but also plays a crucial role in stabilizing the additional 

negative charge that develops on one of the β-carboxylate oxygens as a result of Cβ-proton 

abstraction by Ser280. The presence of a positively charged residue, Arg112, has an 

additional stabilizing effect on the negatively charged aci-carboxylate intermediate. Both 

(S,S)-EDDS and AEAA are expected to undergo similar catalytic mechanisms for the 

cleavage of the C-N bond (Figure 7). Hence, our results, combined with earlier mechanistic 

studies on other superfamily members,12,34-37 support a mechanism that involves general base-

catalyzed formation of a highly stabilized enediolate (or aci-carboxylate) intermediate during 

the sequential two-step deamination of (S,S)-EDDS. 

The water mediated hydrogen bond between Asp290 and the internal amino group 

connected to the distal succinyl moiety of (S,S)-EDDS (Figure 5) appears to be an important 

interaction for binding and positioning of ethylenediamine (and other diamine substrates) for 

addition to fumarate. Indeed, EDDS lyase seems to display higher amination activity using 

diamines as substrates compared to monoamines (Table 1). The results showed that mutation 

of Asp290 to an alanine resulted in significant loss of activity of EDDS lyase for the addition 

of ethylenediamine to fumarate (Figure S5). 

The crystal structures may also provide a possible explanation for the very broad substrate 

scope of EDDS lyase, which accepts a wide variety of amines (Table 1) and amino acids with 

terminal amino groups14 for selective addition to fumarate. In the structures of most members 

of the aspartase/fumarase superfamily the SS-loop is intrinsically flexible and undergoes an 

open-closed transition upon binding of substrate.12, 34-37 This substrate-dependent movement 

of the SS-loop is crucial because it positions catalytic and substrate-binding residues in a 

suitable orientation for catalysis, and is accompanied by a closure of the active site pocket. 

Hence, the rather narrow substrate range of members of this superfamily may mirror this 

complex step in the catalytic mechanism. In EDDS lyase, however, the occurrence of an 

open-closed transition of the SS-loop is highly unlikely; additional interactions with the N-

terminal loop region stabilize a conformation of the SS-loop that is highly similar to the 

catalytically competent closed conformation observed in the structures of other superfamily 

members, even when no substrate is bound. Thus, in contrast to superfamily lyases where 

substrate-dependent movement of the SS-loop positions catalytic and substrate-binding 

residues in a suitable orientation for catalysis and results in closure of the active site pocket, 

EDDS lyase appears to have a fully competent catalytic machinery in the uncomplexed 
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enzyme, its SS-loop does not seem to undergo conformational changes upon substrate 

binding, its active site pocket remains more accessible and the pocket for the amine 

substituent is less defined. It is tempting to speculate that these unique structural properties 

reflect its very broad amine substrate scope and make EDDS lyase a more promising template 

for redesign to convert new unnatural substrates.  

The crystal structures of EDDS lyase in complex with AEAA and (S,S)-EDDS set the 

stage for structure-based engineering of this fascinating enzyme. Improved variants of EDDS 

lyase with enhanced catalytic activity and expanded unnatural substrate scope will provide a 

powerful synthetic tool for the preparation of diverse complex molecules by C-N bond 

formation. We have therefore initiated studies aimed at engineering of EDDS lyase, guided by 

the crystal structures reported here, to increase its synthetic usefulness in the production of 

metal-chelating aminocarboxylic acids as potential metallo-β-lactamase inhibitors, amino acid 

precursors for artificial dipeptide sweeteners, and substituted aspartic acids as 

aspartate/glutamate transporter inhibitors. The results of these studies will be reported in due 

course. 
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Scheme S1. Enzymatic synthesis of the natural aminocarboxylic acid products Aspergillomarasmine 
A and Aspergillomarasmine B using EDDS lyase as the biocatalyst. 

 

 

 

Figure S1. Sequence alignment of EDDS lyases from Chelativorans sp. BNC1 and Brevundimonas sp. 
TN3. These two EDDS lyase amino acid sequences share ~79% sequence identity. 

 

 

 



Chapter 3  

100 

 

Figure S2. Graphs showing the pH and temperature optima for the EDDS lyase catalyzed reaction. 
The initial rates of the EDDS lyase catalyzed deamination of (S,S)-EDDS were plotted against pH (top 
graph) or temperature (bottom graph). 

 

Figure S3. Structure-based sequence alignment of EDDS lyase and members of the 
aspartase/fumarase superfamily of enzymes. The conserved regions C1, C2 and SS-loop are shown in 
red and underlined in the alignment. The secondary structure of EDDS lyase is shown above the 
alignment. EDDSL – EDDS lyase, d2C – duck delta II crystallin, ADL – E. coli adenylosuccinate 
lyase, AspB – aspartase from Bacillus sp. YM55-1, FumC – E. coli fumarase.  
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Figure S4. Schematic representation of the interactions between formate (a), succinate (b), fumarate 
(c) and AEAA (d) and active site residues of EDDS lyase. Hydrogen bonds are represented as dashed 
lines and letters in the parentheses denote the polypeptide chain identifier. The putative role of Ser280 
as a catalytic base is highlighted with an arrow in (d). 

 

 

Figure S5. Progress curves of the addition of ethylenediamine (100 mM) to fumaric acid (5 mM) 
catalyzed by wild-type EDDS lyase and the D290A mutant (each 0.5 mg/ml) in 20 mM NaH2PO4 
buffer (pH 8.5). Reaction progress was monitored at 270 nm by UV spectrophotometry. 
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Table S1. Influence of amine/fumarate ratio on product formation of EDDS lyase-catalyzed reactions. 

Entry Substrate 
Substrate 
Structure 

Observed Productsa 

20-Fold Excess of Amine 
2-Fold Excess of Fumaric 

Acid 

1 4a  

 

 

 

2 4k  
  

3 4l  
  

4 4m  
 

 

5 4q 
  

 

6 4r 
  

 

7 4s 
   

aProducts were identified by LC-MS/MS 
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Abstract  

N-cycloalkyl-substituted amino acids have wide-ranging applications in pharma- and 

nutraceutical fields. Here we report the asymmetric synthesis of various N-cycloalkyl-

substituted L-aspartic acids using ethylenediamine-N,N'-disuccinic acid lyase (EDDS lyase) 

and a previously engineered variant of methylaspartate ammonia lyase (MAL-Q73A) as 

biocatalysts. Particularly, EDDS lyase shows broad non-natural substrate promiscuity and 

excellent enantioselectivity, allowing the selective addition of homo- and heterocycloalkyl 

amines (comprising four-, five- and six-membered rings) to fumarate, giving the 

corresponding N-cycloalkyl-substituted L-aspartic acids with >99% e.e. This biocatalytic 

methodology offers an alternative synthetic choice to prepare difficult N-cycloalkyl-

substituted amino acids. Given its very broad amine scope, EDDS lyase is an exceptionally 

powerful synthetic tool that nicely complements the rapidly expanding toolbox of biocatalysts 

for asymmetric synthesis of noncanonical amino acids. 
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N-substituted L-aspartic acids are noncanonical amino acids that have wide applications in 

pharma- and nutraceutical fields, serving as drug candidates and chiral building blocks for 

pharmaceutically active molecules, artificial sweeteners and peptido-mimetics.[1-7] Therefore, 

the development of methodologies for the efficient synthesis of N-substituted aspartic acids in 

enantioenriched form is of high academic and industrial interest. The most common 

chemocatalytic synthetic strategy is the Michael addition of suitable amines to maleic acid, 

fumaric acid, their ester or amide derivatives, or monoalkali salts.[7-9] However, in these 

chemocatalytic reactions, racemic product mixtures are obtained. To achieve the desired 

single L-enantiomer, purification or resolution is needed, leading to unsatisfactory product 

yields lower than 50%. 

Asymmetric hydroamination of alkenes is a desirable atom-economic route to introduce 

nitrogen-based functionalities into organic molecules.[10-12] Enzymatic addition of ammonia or 

amines to appropriate α,β-unsaturated mono- or dicarboxylic acids using C-N lyases as 

biocatalysts has become an attractive methodology to synthesize chiral α-amino acids, such as 

phenylalanine and aspartic acid, and their derivatives (Scheme 1).[10,13-15] This enzymatic 

strategy employs readily available α,β-unsaturated acids as starting materials, escaping steps 

of protecting/activating carboxylic groups by derivatization as the corresponding esters or 

amides, and normally gives high stereocontrol under mild and potentially green reaction 

conditions. Using this concept, a range of N-substituted L-aspartic acids has previously been 

prepared.[16-18] For instance, aspartate ammonia lyase (AspB) from Bacillus sp. YM55-1 and 

methylaspartate ammonia lyase (MAL) from Clostridium tetanomorphum were found to 

accept several small substituted amines, like hydroxylamine, methoxylamine and 

methylamine, as substrates for hydroamination of fumarate or mesaconate, yielding the 

corresponding N-substituted L-aspartic acid derivatives.[16,17] MAL is a homodimeric protein 

that belongs to the enolase superfamily, and exploits a deamination mechanism that involves 

general-base catalyzed formation of an enolate anion (aci-carboxylate) intermediate that is 

stabilized by coordination to the essential active site Mg2+ ion.[14] The detailed knowledge of 

the structure and catalytic mechanism of MAL served as a guide to expand the synthetic 

usefulness of this enzyme by protein engineering.[19] Two variants of MAL were generated, 

one having an enlarged nucleophile scope (MAL-Q73A) and the other having an enlarged 

electrophile scope (MAL-L384A).[19] Using MAL-Q73A, a large variety of N-substituted L-

aspartic acids were synthesized with high enantioselectivity (>99% e.e.).[20] Structural analysis 

of MAL-Q73A showed that this mutant enzyme has an enlarged amine binding pocket, 

without changes in the orientation of active site residues, thus rationalizing its ability to 

convert the new amine substrates.[19] 

Recently, we reported another C-N lyase, ethylenediamine-N,N'-disuccinic acid (EDDS) 

lyase from Chelativorans sp. BNC1, that can catalyze the reversible addition of ethylene 

diamine to two molecules of fumarate to produce (S,S)-EDDS, which is an attractive 

biodegradable metal-chelator.[21] Wild-type EDDS lyase has a large amine scope, including 

linear mono- and diamines, and its preparative usefulness was recently demonstrated in the 
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chemoenzymatic synthesis of aspergillomarasmine A (AMA), an important metallo-β-

lactamase inhibitor, as well as various related aminocarboxylic acids.[22]  

 

 

 

 

Scheme 1. Direct hydroamination of α,β-unsaturated carboxylic acids catalyzed by a C-N lyase with 

enantiocontrol to synthesize optically pure α-amino acids. 

 
Cycles are versatile and important structural moieties present in organic molecules, which act 

as good modifiers of properties and biological activities.[23-26] Functionalization of amino 

acids with cycles is a subject of great interest, leading to a diversity of useful noncanonical 

amino acids with broad applications.[27-29] Here we report the asymmetric synthesis of various 

N-cycloalkyl-substituted L-aspartic acids using MAL-Q73A and EDDS lyase as biocatalysts. 

This biocatalytic methodology provides an alternative synthetic choice to prepare difficult N-

cycloalkyl-substituted amino acids. 

Previous work from our group demonstrated that the Q73A mutant of MAL exhibits an 

expanded amine scope, accepting various structurally distinct amines in hydroamination 

reactions.[19,20] This prompted us to first test the potential of MAL-Q73A for the asymmetric 

synthesis of N-cycloalkyl-substituted L-aspartic acids. Out of ten amines tested, MAL-Q73A 

only accepted amines 2b, 2e and 2f as substrates (Table 1). However, the observed 

conversions for the reactions with cycloalkyl amines 2b, 2e and 2f were quite low (20-25%). 

The enzymatic products 3b, 3e, and 3f were purified and identified as the corresponding N-

substituted aspartic acid derivatives by 1H NMR, 13C NMR and HRMS (see Supporting 

Information). 

As MAL-Q73A showed a narrow cycloalkyl amine scope, we investigated the amine scope of 

EDDS lyase. Remarkably, EDDS lyase accepted all ten amines as substrates for addition to 

fumarate, giving high conversions (83-99%) for most reactions (Table 1). Relatively low 

conversions were observed for reactions with homocycloalkyl amines 2b and 2e (25% and 

10%, respectively) as well as with heterocycloalkyl amines 2h and 2i (14% and 46%, 

respectively). The enzymatic products were isolated and identified as the anticipated N-

substituted aspartic acids by 1H NMR, 13C NMR and HRMS (see Supporting Information). 

Hence, EDDS lyase shows a broad amine scope, accepting. structurally distinct homo- and 

heterocycloalkyl amines in the hydroamination of fumarate. 
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Table 1. Enantioselective synthesis of N-cycloalkyl-substituted L-aspartic acids via addition of amines 
2a-2j to fumarate catalyzed by MAL-Q73A or EDDS lyase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
[a] Substrates 2c and 2d were used as racemic mixtures. [b] Reaction conditions: fumaric acid (1, 10 mM), amine 
2a–j (100 mM), MgCl2 (20 mM), and MAL-Q73A (0.1 mol% based on fumaric acid) in H2O at pH 9 and room 
temperature. Reactions were allowed to proceed for 5 d. Conversions were determined using 1H NMR 

Entry Amine Substrate Amino Acid Product Conv. [%]
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spectroscopy. [c] The e.e. and d.r. values were determined by chiral HPLC analysis using chemically synthesized 
reference compounds with known configuration. [d] Reaction conditions: fumaric acid (1, 10 mM), amines 2a–j 
(100 mM) and EDDS lyase (0.15 mol% based on fumaric acid) in buffer (20 mM NaH2PO4/NaOH, pH 8.5) at 
room temperature. Reactions were allowed to proceed for 7 d. Conversions were determined using 1H NMR 
spectroscopy. [e]The isolated amino acid product could be tentatively assigned the L configuration on the basis of 
analogy. [f] Products 3c and 3d were mixtures of (S,S)- and (S,R)-isomers (Figure S2 and S3). [g] The absolute 
configuration of product 3j is assigned to be L-trans; Figure S9). 

 

The absolute configuration and optical purity of the enzymatic products was determined 

by HPLC using a chiral stationary phase. For this, N-substituted L-aspartic acids and N-

substituted D-aspartic acids were prepared by chemical synthesis and used as authentic 

standards (for detailed procedures, see Supporting Information). The three products from the 

MAL-Q73A-catalyzed hydroamination reactions (3b, 3e and 3f) were identified as the desired 

L-configured enantiomers, with >99% enantiomeric excess (e.e.) (Table 1, Figure S1, S4, 

S10). Analysis of eight selected products from the EDDS-lyase-catalyzed hydroamination 

reactions (3b-d, 3f-j) showed that the absolute configuration of the newly formed stereogenic 

center was L in all cases (>99% e.e., Table 1, Figure S1-S9), while no D-configured 

enantiomers were observed. With regard to amino acid products 3c and 3d, pairs of 

diastereoisomers (S,S- and S,R-configured) were formed from addition of racemic mixtures of 

2c and 2d to fumarate, and the diastereomeric ratio (d.r.) values were determined to be 50:50 

(Figure S2 and S3). This revealed that EDDS lyase accepts both enantiomers of the starting 

racemic substrates 2c or 2d in the hydroamination reactions. Thus, both MAL-Q73A and 

EDDS lyase exhibit excellent enantioselectivity in the addition of substituted amines to 

fumarate, yielding the desired optically pure L-aspartic acid derivatives. 

To further demonstrate the synthetic usefulness of EDDS-lyase, preparative-scale 

synthesis of amino acid 3f was performed. Accordingly, substrates 1 (10 mM) and 2f (100 

mM) were incubated with EDDS lyase (0.15 mol%) in 20 mM NaH2PO4-NaOH at pH 8.5 and 

room temperature. Under these conditions, excellent conversion (85%) and good isolated 

yield (54%, 117 mg) of optically pure (>99% e.e.) product 3f were achieved. 

In conclusion, we explored the substrate scope of two C-N lyases, a previously engineered 

variant of MAL (mutant Q73A)[14,19] and wild-type EDDS lyase,[21,22] towards a series of 

homo- and heterocycloalkyl amines. Pleasingly, EDDS lyase was found to possess broad non-

natural substrate promiscuity accepting various cycloalkyl amines in the hydroamination of 

fumarate. A set of N-cycloalkyl-substituted L-aspartic acids was synthesized with excellent 

stereoselectivity (>99% e.e. for all amino acid products), including those with interesting 

heterocyclic substituents that might allow ring opening and further derivatization for various 

applications.[30-33] Previous studies on EDDS lyase revealed that this C-N lyase, when 

working in reverse, accepts a wide variety of amino acids and diamines as substrates in the 

hydroamination of fumarate, giving rise to a large number of useful aminocarboxylic acid 

products, including biodegradable metal chelators and potent metallo-β-lactamase 
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inhibitors.[21,22] Hence, EDDS lyase is a powerful synthetic tool that nicely complements 

the rapidly expanding toolbox of biocatalysts for asymmetric synthesis of unnatural amino 

acids. In contrast to its broad amine scope, EDDS lyase was found to be specific for fumarate, 

and not capable to accept fumaric acid monomethyl ester, crotonic acid, mesaconic acid, 

itaconic acid, 2-pentenoic acid or glutaconic acid as alternative substrate for 

hydroamination.[21] Work is in progress to expand the electrophile scope of EDDS lyase by 

structure-based protein engineering. 
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1. Materials and Instrumentation 

All reagents that were used to prepare media and buffers were purchased from Sigma-Aldrich 

Chemical Co. (St. Louis, MO) or Merck (Darmstadt, Germany) and were used without further 

purification. Fumaric acid and the starting amines, 3-aminooxetane, cyclopentylamine, 3-

aminotetrahydrofuran, cyclohexylamine, 4-aminotetrahydropyran, 4-aminopiperidine, tetra-

2H-thiopyran-3-amine, 1-methyl-4-piperidinamine, and trans-1,4-diaminocyclohexane were 

purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO). Tetrahydrothiophen-3-amine 

and tetrahydro-2H-thiopyran-4-amine were synthesized according to protocols reported 

previously.[1,2] Dowex 50W X8 resin (100-200 mesh) and Dowex 1X8 resin (chloride form, 

100-200 mesh) were purchased from Sigma-Aldrich Chemical Co. Ni sepharose 6 fast flow 

resin and a HiLoad 16/600 Superdex 200 pg column were purchased from GE Healthcare 

Bio-Sciences AB (Uppsala, Sweden). 
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NMR analysis was performed on a Brucker 500 MHz machine at the Drug Design 

laboratory of the University of Groningen. High resolution mass spectrometry (HRMS) was 

performed by the Mass Spectrometry core facility of the University of Groningen. HPLC 

analysis was performed on a Shimadzu VP HPLC system. Enzyme purification on a HiLoad 

16/600 Superdex 200 pg column was conducted using an AKTAexplorer 10S protein 

purification system. 

 

2. General Procedure for Enzymatic Synthesis of N-Cycloalkyl-Substituted 

Aspartic Acids  

 

 

 

The MAL-Q73A and EDDS lyase enzymes were overproduced and purified to homogeneity 

by following previously described protocols.[3,4] For a typical MAL-Q73A reaction, an initial 

reaction mixture (15 ml) consisting of fumaric acid (0.2 mmol, 200 ul of 1 M stock solution), 

an amine (2a-2j; 2 mmol), and MgCl2 (0.4 mmol, 400 ul of 1 M stock solution) was prepared 

in demineralized (demi) water and the pH was adjusted to 9.0. MAL-Q73A (9.6 mg, 0.1 mol% 

based on fumaric acid) was added to start the reaction, and the volume of the reaction mixture 

was immediately adjusted to 20 ml with demi water. The reaction was allowed to proceed for 

5 d, and was stopped by heating at 70 °C for 10 min. Reaction progress was monitored by 1H 

NMR spectroscopy. The conversions were determined by comparing the signals 

corresponding to fumaric acid (6.5 ppm) and amino acid product.  

For a typical EDDS lyase reaction, an initial reaction mixture (15 ml) containing fumaric 

acid (0.2 mmol, 200 ul of 1 M stock solution) and an amine (2a-2j; 2 mmol) in NaH2PO4-

NaOH buffer (20 mM, pH 8.5) was prepared. The pH was adjusted to 8.5 with hydrochloric 

acid solution. To start the reaction, EDDS lyase (16.5 mg, 0.15 mol% based on fumaric acid) 

was added, and the final volume of the reaction mixture was immediately adjusted to 20 ml 

with the same buffer. The reaction was allowed to proceed for 7 d, and stopped by heating at 

70 °C for 10 min. The reaction progress was monitored using 1H NMR spectroscopy by 

comparing signals corresponding to fumaric acid (6.5 ppm) and amino acid product. 

Enzymatic products were purified by two steps of ion-exchange chromatography, as 

described previously.[3] The purified products were lyophilized and their identity was 

determined by using 1H NMR, 13C NMR and HRMS. The enantiomeric excess and absolute 

configuration of the product was determined by HPLC analysis on a chiral stationary phase. 
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N-(3-oxetanyl)aspartic acid (3a) 

Synthesis of 3a using EDDS lyase as biocatalyst was performed, and the 

product was purified according to a slightly modified protocol. The reaction 

(20 ml) was performed with fumaric acid (0.2 mmol, 200 ul of 1 M stock 

solution), 2a (2 mmol, 146 mg) and EDDS lyase (16.5 mg, 0.15 mol% of 

fumaric acid) in demi water. The product was purified by flash silica chromatography 

(CH2Cl2/ MeOH: 50/50, v/v).  

7 mg (18% yield); 1H NMR (500 MHz, D2O) δ 4.97 – 4.92 (m, 2H), 4.85 – 4.79 (m, 2H), 4.56 

– 4.50 (m, 1H), 3.77 (dd, J = 8.0, 3.8 Hz, 1H), 2.78 (dd, J = 17.8, 3.8 Hz, 1H), 2.70 (dd, J = 

17.8, 8.1 Hz, 1H); 13C NMR (126 MHz, D2O) δ 176.74 , 172.75 , 73.82, 73.75 , 58.25 , 50.90 , 

35.68;  HRMS (ESI+): calcd. for C7H12O5N, 190.0710 [M+H]+, found, 190.0710.  

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

MAL-Q73A: 5 mg (12% yield); EDDS lyase: 10 mg (25% yield); 1H NMR 

(500 MHz, D2O) δ 3.83 (dd, J = 9.3, 3.8 Hz, 1H), 3.66 – 3.60 (m, 1H), 2.79 

(dd, J = 17.5, 3.7 Hz, 1H), 2.64 (dd, J = 17.5, 9.3 Hz, 1H),  2.08 – 2.01 (m, 

2H), 1.79 – 1.61 (m, 6H); 13C NMR (126 MHz, D2O) δ 176.95, 173.40, 

58.97, 58.57, 35.87, 29.64, 28.95, 23.23 (2C); HRMS (ESI+): calcd. for 

C9H16O4N, 202.1074 [M+H]+, found, 202.1073. The enantiopurity was determined by chiral 

HPLC analysis on a Nucleosil 5μ chiral-1 120A (250*4.6 mm) column, using isocratic 0.5 

mM CuSO4 at 1 ml/min at 60°C, detected at 240 nm. Retention time: 13.7 min.  

N-[(S/R)-3-tetrahydrofuranyl]-L-aspartic acid (3c) 

7 mg (17% yield); 1H NMR (500 MHz, D2O) δ 4.10 – 3.95 (m, 3H), 3.92 – 

3.80 (m, 3H), 2.83 – 2.75 (m, 1H), 2.64 – 2.56 (m, 1H), 2.45 – 2.32 (m, 

1H), 2.22 – 2.08 (m, 1H).;  13C NMR (126 MHz, D2O) δ 177.75 (2C), 

174.88(2C), 70.23, 69.62, 66.72(2C), 59.24, 58.84, 57.44(2C), 37.17, 

37.11, 29.85, 29.02; HRMS (ESI+): calcd. for C8H14O5N, 204.0867 

[M+H]+, found, 204.0867. The stereochemistry was determined by chiral HPLC analysis on a 

Chirex 3126-D-penicillamine column (250 mm x 4.6 mm, Phenomenex, USA), using 

isocratic 2 mM CuSO4 solution: isopropanol (95:5, v/v) at 1 ml/min at 25°C, detected at 254 

nm. Retention time: 45.4 min and 55.0 min. 

N-[(S/R)-3-tetrahydrothiophenyl]-L-aspartic acid (3d) 

12 mg (27% yield); 1H NMR (500 MHz, D2O) δ 4.08 – 4.00 (m, 1H), 3.96 

– 3.90 (m, 1H), 3.20 – 3.12 (m, 1H), 3.08 – 2.89 (m, 3H), 2.87 – 2.81 (m, 

1H), 2.68 – 2.61 (m, 1H), 2.38 – 2.22 (m, 2H); 13C NMR (126 MHz, D2O) 

δ 177.64, 177.54, 173.80, 173.68, 61.21, 60.69, 59.26, 58.55, 36.31, 36.13, 
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34.11, 33.82, 32.96, 31.64, 27.24, 27.08; HRMS (ESI+): calcd. for C8H14O4NS, 220.0638 

[M+H]+, found, 220.0638. The stereochemistry was determined by chiral HPLC analysis on a 

Chirex 3126-D-penicillamine column (250 mm x 4.6 mm, Phenomenex, USA), using 

isocratic 2 mM CuSO4 solution: isopropanol (95:5, v/v) at 1 ml/min at 25°C, detected at 254 

nm. Retention time: 13.2 min and 20.0 min. 

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

MAL-Q73A: 5 mg (12% yield); 1H NMR (500 MHz, D2O) δ 3.95 (dd, J = 

8.9, 3.9 Hz, 1H), 3.17 – 3.11 (m, 1H), 2.84 (dd, J = 17.6, 3.8 Hz, 1H), 2.71 

(dd, J = 17.6, 8.9 Hz, 1H), 2.10 – 2.02 (m, 2H), 1.82 – 1.79 (m, 2H), 1.63 

(dt, J = 12.4, 3.5 Hz, 1H), 1.45 – 1.27 (m, 4H), 1.25 – 1.15 (m, 1H);[5] 13C 

NMR (126 MHz, D2O) δ 176.75, 175.36, 57.03, 56.87, 35.75, 29.53, 28.81, 

24.43, 23.81, 23.74; HRMS (ESI+): calcd. for C10H18O4N, 216.1230 [M+H]+, found, 

216.1229. The enantiopurity was determined by chiral HPLC analysis on a Nucleosil 5μ 

chiral-1 120A (250*4.6 mm) column, using isocratic 0.5 mM CuSO4 at 1 ml/min at 60°C, 

detected at 240 nm. Retention time: 13.7 min.  

N-(4-tetrahydropyranyl)-L-aspartic acid (3f) 

MAL-Q73A: 7 mg (16% yield), EDDS lyase: 18 mg (41% yield); 1H NMR 

(500 MHz, D2O) δ 4.07 – 4.03 (m, 2H), 3.98 (dd, J = 9.0, 3.8 Hz, 1H), 3.53 

– 3.45 (m, 3H), 2.85 (dd, J = 17.6, 3.8 Hz, 1H), 2.71 (dd, J = 17.7, 9.0 Hz, 

1H), 2.12 – 2.04 (m, 2H), 1.82 – 1.70 (m, 2H); 13C NMR (126 MHz, D2O) 

δ 177.34, 173.81, 65.72 (2C), 57.08, 53.35, 36.27, 29.47, 29.00; HRMS 

(ESI+): calcd. for C9H16O5N, 218.1023 [M+H]+, found, 218.1023. The enantiopurity was 

determined by chiral HPLC analysis on a Nucleosil 5μ chiral-1 120A (250*4.6 mm) column, 

using isocratic 0.5 mM CuSO4 at 1 ml/min at 60°C, detected at 240 nm. Retention time: 6.7 

min. 

N-(4-piperidinyl)-L-aspartic acid (3g) 

29 mg (67% yield); 1H NMR (500 MHz, D2O) δ 3.94 (dd, J = 10.1, 3.4 Hz, 

1H), 3.58 – 3.49 (m, 3H), 3.13 – 3.07 (m, 2H), 2.80 (dd, J = 17.4, 3.5 Hz, 

1H), 2.60 (dd, J = 17.4, 10.0 Hz, 1H), 2.43 – 2.33 (m, 2H), 1.96 – 1.85 (m, 

2H); 13C NMR (126 MHz, D2O) δ 177.25, 173.53, 57.70, 51.91, 42.28 

(2C), 36.24, 25.91, 25.40; HRMS (ESI+): calcd. for C9H17O4N2, 217.1183 

[M+H]+, found, 217.1181. The enantiopurity was determined by chiral HPLC analysis on a 

Nucleosil 5μ chiral-1 120A (250*4.6 mm) column, using isocratic 0.5 mM CuSO4 at 1 ml/min 

at 60°C, detected at 240 nm. Retention time: 6.4 min. 
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N-(tetrahydro-2H-thiopyran-4-yl)-L-aspartic acid (3h) 

5 mg (11 % yield); 1H NMR (500 MHz, D2O) δ 3.94 (dd, J = 9.1, 3.7 Hz, 

1H), 3.25 – 3.14 (m, 1H), 2.80 (dd, J = 17.6, 3.7 Hz, 1H), 2.76 – 2.71 (m, 

4H), 2.66 (dd, J = 17.6, 9.1 Hz, 1H), 2.45 – 2.33 (m, 2H), 1.86 – 1.69 (m, 

2H); 13C NMR (126 MHz, D2O) δ 176.64, 173.16, 56.96, 56.28, 35.65, 

30.74, 30.16, 26.32, 26.29. The enantiopurity was determined by chiral 

HPLC analysis on a Nucleosil 5μ chiral-1 120A (250*4.6 mm) column, using isocratic 0.5 

mM CuSO4 at 0.6 ml/min at 60°C, detected at 240 nm. Retention time: 6.9 min. 

N-(1-methylpiperidin-4-yl)-L-aspartic acid (3i) 

12 mg (26% yield); 1H NMR (500 MHz, D2O) δ 3.89 (dd, J = 9.9, 3.4 Hz, 

1H), 3.55 – 3.50 (m, 2H), 3.41 – 3.39 (m, 1H), 3.06 – 3.02 (m, 2H), 2.81 (s, 

3H), 2.77 (dd, J = 17.2, 3.6 Hz, 1H),  2.57 (dd, J = 17.2, 9.9 Hz, 1H), 2.40 

– 2.30 (m, 2H), 1.97 – 1.85 (m, 2H); 13C NMR (126 MHz, D2O)  δ 177.18, 

173.11, 57.89, 52.45 (2C), 51.48, 42.90, 36.01, 26.54 (2C); HRMS (ESI+): 

calcd. for C10H19O4N2, 231.1339 [M+H]+, found, 231.1338. The enantiopurity was 

determined by chiral HPLC analysis on a Nucleosil 5μ chiral-1 120A (250*4.6 mm) column, 

using isocratic 0.5 mM CuSO4 at 1 ml/min at 60°C, detected at 240 nm. Retention time: 11.2 

min.  

N-(trans-4-aminocyclohexyl)-L-aspartic acid (3j) 

4 mg (9% yield); 1H NMR (500 MHz, D2O) δ 3.93 (dd, J = 9.8, 3.6 Hz, 

1H), 3.27 - 3.16 (m, 2H), 2.79 (dd, J = 17.5, 3.5 Hz, 1H), 2.61 (dd, J = 

17.5, 9.8 Hz, 1H), 2.31 – 2.16 (m, 4H), 1.64 – 1.46 (m, 4H); 13C NMR 

(126 MHz, D2O) δ 177.26, 173.48, 57.61, 55.00, 48.47, 36.08, 28.00, 

27.94, 27.24, 26.65; HRMS (ESI+): calcd. for C10H19O4N2, 231.1339 

[M+H]+, found, 231.1337. The stereochemistry was determined by chiral HPLC analysis on a 

Chirex 3126-D-penicillamine column (250 mm x 4.6 mm, Phenomenex, USA), using 

isocratic 2 mM CuSO4 solution:isopropanol (95:5, v/v) at 1 ml/min at 25°C, detected at 254 

nm. Retention time: 15.2 min. 

 
3. General Procedure for Chemical Synthesis of N-Substituted L- or D-

Aspartic Acids  

Chemical synthesis of N-substituted L- or D-aspartic acids was performed using a previously 

described method with a slight modification.[3][6] In general, a solution (1 ml) of sodium 

cyanoborohydride (72.5 mg, 1.15 mmol, 1.5 eq) in dry methanol was added to a mixture of L- 

or D-aspartic acid (100 mg, 0.75 mmol, 1 eq) and an appropriate ketone/aldehyde (0.90 mmol, 

1.2 eq) in dry methanol (2 ml). The mixture was stirred for 24 - 48 hours at room temperature. 
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The reaction mixture was coated first on silica and then purified by flash silica 

chromatography [dichloromethane/methanol (50-60%)] without workup. The purified 

fractions were combined and dried under vacuum.          

 

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

The synthesis of compound L-3b was conducted with a slightly modified 

protocol. Compound L-3b was obtained by reacting cyclopentanone (101 

mg, 1.20 mmol) with L-aspartic acid (147 mg, 1.10 mmol) and sodium 

cyanoborohydride (95.0 mg, 1.50 mmol). The reaction mixture was 

filtered. The filtrate was evaporated, washed with ethyl acetate (3 x 6 ml), 

and dried under vacuum. 40 mg product was further purified by silica chromatography 

(DCM/MeOH: 50:50, v/v).  

23 mg (10% yield); 1H NMR (500 MHz, D2O) δ 3.83 (dd, J = 9.5, 3.7 Hz, 1H), 3.66 – 3.60 (m, 

1H), 2.79 (dd, J = 17.5, 3.7 Hz, 1H), 2.63 (dd, J = 17.5, 9.5 Hz, 1H), 2.08 – 2.01 (m, 2H), 

1.77 – 1.61 (m, 6H); 13C NMR (126 MHz, D2O) δ 177.13, 173.46, 58.87, 58.64, 35.95, 29.69, 

28.96, 23.25(2C); HRMS (ESI+): calcd. for C9H16O4N, 202.1074 [M+H]+, found,  202.1073. 

The chiral HPLC analysis was conducted on a Nucleosil 5μ chiral-1 120A (250*4.6 mm) 

column, using isocratic 0.5 mM CuSO4 at 1 ml/min at 60°C, detected at 240 nm. Retention 

time: 13.8 min. 

N-cyclopentyl-D-aspartic acid (D-3b) 

  The synthesis of compound D-3b was conducted with a slightly modified 

protocol. Compound D-3b was obtained by reacting cyclopentanone (101 

mg, 1.20 mmol) with D-aspartic acid (147 mg, 1.10 mmol) and sodium 

cyanoborohydride (95.0 mg, 1.50 mmol). The reaction mixture was 

filtered. The filtrate was evaporated, washed with ethyl acetate (3 x 6 ml), 

and dried under vacuum. 57 mg product was further purified by silica chromatography 

(DCM/MeOH: 50:50, v/v).  

14 mg (6% yield);  1H NMR (500 MHz, D2O) δ 3.83 (dd, J = 9.5, 3.7 Hz, 1H), 3.66 – 3.60 (m, 

1H), 2.79 (dd, J = 17.4, 3.7 Hz, 1H), 2.62 (dd, J = 17.4, 9.5 Hz, 1H), 2.08 – 2.01 (m, 2H), 

1.76 – 1.65 (m, 6H); 13C NMR (126 MHz, D2O) δ 177.23, 173.49, 58.91, 58.69, 35.99, 29.71, 

28.93, 23.18(2C); HRMS (ESI+): calcd. for C9H16O4N, 202.1074 [M+H]+, found, 202.1075. 

The chiral HPLC analysis was conducted on a Nucleosil 5μ chiral-1 120A (250*4.6 mm) 

column, using isocratic 0.5 mM CuSO4 at 1 ml/min at 60°C, detected at 240 nm. Retention 

time: 6.0 min. 
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N-[(S/R)-3-tetrahydrofuranyl]-L-aspartic acid  [L, (S/R)]-3c  

 Compound L-3c was obtained by reacting dihydrofuran-3(H)-one (73 mg, 

0.85 mmol) with L-aspartic acid (100 mg, 0.75 mmol) and sodium 

cyanoborohydride (72.5 mg, 1.15 mmol). 65 mg (43% yield);     1H  NMR 

(500 MHz, D2O) δ 4.18 – 3.99 (m, 3H), 3.94 – 3.76 (m, 3H), 2.88 – 2.77 

(m, 1H), 2.71 – 2.58 (m, 1H), 2.49 – 2.31 (m, 1H), 2.28 – 2.10 (m, 1H); 
13C NMR (126 MHz, D2O) δ 176.96, 176.89, 172.89, 172.82, 69.64, 68.90, 66.70, 66.65, 

58.81, 58.50, 57.89, 57.79, 35.77 (2C), 29.19, 28.41; HRMS (ESI+): calcd. for C8H14O5N, 

204.0867 [M+H]+, found,  204.0866. The chiral HPLC analysis was performed on a Chirex 

3126-D-penicillamine column (250 mm x 4.6 mm, Phenomenex, USA), using isocratic 2 mM 

CuSO4 solution: isopropanol (95:5, v/v) at 1 ml/min at 25°C, detected at 254 nm. Retention 

time: 45.7 min and 55.4 min. 

N-[(S/R)-3-tetrahydrofuranyl]-D-aspartic acid  [D, (S/R)]-3c  

 Compound D-3c was obtained by reacting dihydrofuran-3(H)-one (73 mg, 

0.85 mmol) with D-aspartic acid (100 mg, 0.75 mmol) and sodium 

cyanoborohydride (72.5 mg, 1.15 mmol). 51 mg (33% yield);    1H  NMR 

(500 MHz, D2O) δ 4.18 – 3.99 (m, 3H), 3.94 – 3.76 (m, 3H), 2.88 – 2.77 

(m, 1H), 2.71 – 2.59 (m, 1H), 2.50 – 2.32 (m, 1H), 2.28 – 2.08 (m, 1H); 

HRMS (ESI+): calcd. for C8H14O5N, 204.0867 [M+H]+, found,  204.0867. The chiral HPLC 

analysis was performed on a Chirex 3126-D-penicillamine column (250 mm x 4.6 mm, 

Phenomenex, USA), using isocratic 2 mM CuSO4 solution: isopropanol (95:5, v/v) at 1 

ml/min at 25°C, detected at 254 nm. Retention time: 21.1 min and 40.9 min. 

N-[(S/R)-3-tetrahydrothiophen]-L-aspartic acid [L, (S/R)]-3d  

 Compound L-3d was obtained by reacting 4.5-dihydro-3(2H)-thiophenone 

(92 mg, 0.90 mmol) with L-aspartic acid (100 mg, 0.75 mmol) and sodium 

cyanoborohydride (72.5 mg, 1.15 mmol). 56 mg (40% yield); 1H  NMR 

(500 MHz, D2O) δ 4.09 – 4.00 (m, 1H), 3.96 – 3.87 (m, 1H), 3.21 – 3.10 

(m, 1H), 3.09 – 2.88 (m, 3H), 2.87 – 2.80 (m, 1H), 2.68 – 2.60 (m, 1H), 

2.40 – 2.21 (m, 2H);  13C NMR (126 MHz, D2O) δ 177.30, 177.18, 172.95, 172.87, 61.38, 

60.81, 59.06, 58.33, 35.71, 35.54, 33.94, 33.18, 32.77, 31.39, 27.16, 26.99; HRMS (ESI+): 

calcd. for C8H14O4NS,  220.0638 [M+H]+, found,  220.0638. The chiral HPLC analysis was 

performed on a Chirex 3126-D-penicillamine column (250 mm x 4.6 mm, Phenomenex, 

USA), using isocratic 2 mM CuSO4 solution: isopropanol (95:5, v/v) at 1 ml/min at 25°C, 

detected at 254 nm. Retention time: 13.3 min and 20.3 min. 
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N-[(S/R)-3-tetrahydrothiophen]-D-aspartic acid [D, (S/R)]-3d  

 Compound D-3d was obtained by reacting 4.5-dihydro-3(2H)-

thiophenone (92 mg, 0.90 mmol) with D-aspartic acid (100 mg, 0.75 mmol) 

and sodium cyanoborohydride (72.5 mg, 1.15 mmol). 56 mg (40% yield); 
1H  NMR (500 MHz, D2O) δ 4.13 – 3.99 (m, 1H), 3.98 – 3.87 (m, 1H), 

3.20 – 3.11 (m, 1H), 3.09 – 2.91 (m, 3H), 2.87 – 2.78 (m, 1H), 2.68 – 2.56 

(m, 1H), 2.42 – 2.18 (m, 2H); 13C NMR (126 MHz, D2O) δ 177.31, 177.19, 172.95, 172.87, 

61.11, 60.79, 59.12, 58.39, 35.72, 35.55, 33.95, 33.18, 32.78, 31.40, 27.17, 27.00; HRMS 

(ESI+): calcd. for C8H14O4NS, 220.0638 [M+H]+, found, 220.0638. The chiral HPLC analysis 

was on a Chirex 3126-D-penicillamine column (250 mm x 4.6 mm, Phenomenex, USA), 

using isocratic 2 mM CuSO4 solution: isopropanol (95:5, v/v) at 1 ml/min at 25°C, detected at 

254 nm. Retention time: 11.5 min and 52.9 min. 

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

Compound L-3e was obtained by reacting cyclohexanone (118 mg, 1.20 

mmol) with L-aspartic acid (147 mg, 1.10 mmol) and sodium 

cyanoborohydride (95.0 mg, 1.50 mmol). The reaction mixture was filtered. 

The filtrate was evaporated, washed with ethylacetate (3 x 6 ml), and dried 

under vacuum. 40 mg product was further purified by silica 

chromatography (DCM/MeOH: 50:50, v/v).  

25 mg (11% yield);  1H NMR (500 MHz, D2O) δ 3.89 (dd, J = 9.4, 3.7 Hz, 1H), 3.12 – 3.06 (m, 

1H), 2.76 (dd, J = 17.2, 3.7 Hz, 1H), 2.60 (dd, J = 17.3, 9.5 Hz, 1H), 2.08 – 2.00 (m, 2H), 

1.81 – 1.77 (m, 2H), 1.64 – 1.61 (m, 1H), 1.46 – 1.16 (m, 5H); 13C NMR (126 MHz, D2O) δ 

177.07, 173.57, 56.94, 56.90, 35.87, 29.52, 28.82, 24.43, 23.79, 23.72; HRMS (ESI+): calcd. 

for C10H18O4N, 216.1230 [M+H]+, found, 216.1229. The chiral HPLC analysis was conducted 

on a Nucleosil 5μ chiral-1 120A (250*4.6 mm) column, using isocratic 0.5 mM CuSO4 at 1 

ml/min at 60°C, detected at 240 nm. Retention time: 13.5 min. 

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

Compound D-3e was obtained by reacting cyclohexanone (118 mg, 1.20 

mmol) with D-aspartic acid (147 mg, 1.10 mmol) and sodium 

cyanoborohydride (95.0 mg, 1.50 mmol). The reaction mixture was filtered. 

The filtrate was evaporated, washed with ethylacetate (3 x 6 ml), and dried 

under vacuum. 50 mg product was further purified by silica 

chromatography (DCM/MeOH: 50:50, v/v).  

24 mg (10% yield);  1H NMR (500 MHz, D2O) δ 3.92 (dd, J = 9.3, 3.7 Hz, 1H), 3.16 – 3.10 (m, 

1H), 2.78 (dd, J = 17.4, 3.7 Hz, 1H), 2.64 (dd, J = 17.4, 9.3 Hz, 1H), 2.09 – 2.02 (m, 2H), 

1.82 – 1.78 (m, 2H), 1.65 – 1.61 (m, 1H), 1.48 – 1.16 (m, 5H); 13C NMR (126 MHz, D2O) δ 
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177.24, 173.62, 57.04, 56.87, 35.94, 29.54, 28.83, 24.43, 23.79, 23.71; HRMS (ESI+): calcd. 

for C10H18O4N, 216.1230 [M+H]+, found, 216.1230. The chiral HPLC analysis was conducted 

on a Nucleosil 5μ chiral-1 120A (250*4.6 mm) column, using isocratic 0.5 mM CuSO4 at 1 

ml/min at 60°C, detected at 240 nm. Retention time: 6.4 min. 

N-(4-tetrahydro-2H-pyranyl)-L-aspartic acid (L-3f) 

Compound L-3f was obtained by reacting tetrahydro-4H-pyran-4-one (90 

mg, 0.90 mmol) with L-aspartic acid (100 mg, 0.75 mmol) and sodium 

cyanoborohydride (72.5 mg, 1.15 mmol). 75 mg (46% yield); 1H NMR 

(500 MHz, D2O) δ 4.07 – 4.03 (m, 2H), 3.95 (dd, J = 9.3, 3.7 Hz, 1H), 3.53 

– 3.43 (m, 3H), 2.80 (dd, J = 17.5, 3.7 Hz, 1H), 2.65 (dd, J = 17.5, 9.3 Hz, 

1H), 2.12 – 2.04 (m, 2H), 1.82 – 1.71 (m, 2H); 13C NMR (126 MHz, D2O) δ 177.11, 173.28, 

65.66 (2C), 57.03, 53.48, 35.90, 29.33, 28.88. HRMS (ESI+): calcd. for C9H16O5N, 218.1023 

[M+H]+, found, 218.1023. The chiral HPLC analysis was performed on a Nucleosil 5μ chiral-

1 120A (250*4.6 mm) column, using isocratic 0.5 mM CuSO4 at 1 ml/min at 60°C, detected 

at 240 nm. Retention time: 6.8 min. 

N-(4-tetrahydro-2H-pyranyl)-D-aspartic acid (D-3f) 

Compound D-3f was obtained by reacting with tetrahydro-4H-pyran-4-one 

(90 mg, 0.90 mmol) with D-aspartic acid (100 mg, 0.75 mmol) and sodium 

cyanoborohydride (72.5 mg, 1.15 mmol). 73 mg (45% yield);  1H  NMR 

(500 MHz, D2O) δ 4.08 – 4.02 (m, 2H), 3.95 (dd, J = 9.3, 3.8 Hz, 1H), 3.52 

– 3.43 (m, 3H), 2.81 (dd, J = 17.5, 3.8 Hz, 1H), 2.66 (dd, J = 17.5, 9.2 Hz, 

1H), 2.13 – 2.03 (m, 2H), 1.82 – 1.71 (m, 2H); 13C NMR (126 MHz, D2O) δ 177.00, 173.24, 

65.66 (2C), 56.80, 53.52, 35.85, 29.29, 28.86. HRMS (ESI+): calcd. for C9H16O5N, 218.1023 

[M+H]+, found, 218.1023. The chiral HPLC analysis was performed on a Nucleosil 5μ chiral-

1 120A (250*4.6 mm) column, using isocratic 0.5 mM CuSO4 at 1 ml/min at 60°C, detected 

at 240 nm. Retention time: 4.3 min. 

N-(4-piperidinyl)-L-aspartic acid (L-3g) 

Tert-butyl 4-oxo-1-piperidinecarboxylate (179 mg, 0.90 mmol), L-aspartic 

acid (100 mg, 0.75 mmol) and sodium cyanoborohydride (72.5 mg, 1.15 

mmol) were reacted to yield (1-(tert-butoxycarbonyl)piperidin-4-yl)-L-

aspartic acid (81 mg, 34 % yield). Next, (1-(tert-butoxycarbonyl)piperidin-

4-yl)-L-aspartic acid (38 mg, 0.12 mmol) was mixed with water in a closed 

vial of 4 ml and heated for 20 min at 100 oC. After heating, extra dry ice was added at room 

temperature, and the heating was continued for 1 h. The compound was purified by flash 

silica chromatography (gradient elution with dichloromethane/methanol from 50/50 to 10/90) 

and lyophilized.  
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26 mg (99.8% yield);  1H NMR (500 MHz, D2O) δ 3.58 (dd, J = 9.3, 4.4 Hz, 1H), 3.45 – 3.33 

(m, 2H), 3.01 – 2.91 (m, 2H), 2.85 – 2.80 (m, 1H), 2.54 (dd, J = 15.4, 4.5 Hz, 1H), 2.30 (dd, J 

= 15.3, 9.3 Hz, 1H), 2.19 – 1.97 (m, 2H), 1.61 – 1.47 (m, 2H); 13C NMR (126 MHz, D2O) δ 

179.04 (2C), 58.23, 50.89, 42.65, 42.59, 40.51, 28.47, 27.38; HRMS (ESI+): calcd. for 

C9H17O4N2, 217.1183 [M+H]+, found, 217.1182.  

In order to facilitate the comparison between 1H NMR of L-3g and enzymatic 3g, L-3g was 

loaded onto a cation-exchange column (Dowex 50WX8, 100-200 mesh), and eluted in the 

same way as in the last-step purification of enzymatic 3g (described in previous section).[3] 1H 

NMR (500 MHz, D2O) δ 3.95 (dd, J = 10.0, 3.3 Hz, 1H), 3.59 – 3.49 (m, 3H), 3.14 – 3.07 (m, 

2H), 2.81 (dd, J = 17.4, 3.3 Hz, 1H), 2.61 (dd, J = 17.6, 10.1 Hz, 1H), 2.45 – 2.34 (m, 2H), 

2.00 – 1.85 (m, 2H). Chiral HPLC analysis was performed on a Nucleosil 5μ chiral-1 120A 

(250*4.6 mm) column, using isocratic 0.5 mM CuSO4 at 1 ml/min at 60°C, detected at 240 

nm. Retention time: 6.4 min. 

N-(4-piperidinyl)-D-aspartic acid (D-3g) 

Tert-butyl 4-oxo-1-piperidinecarboxylate (179 mg, 0.90 mmol), D-aspartic 

acid (100 mg, 0.75 mmol) and sodium cyanoborohydride (72.5 mg, 1.15 

mmol) were reacted to yield (1-(tert-butoxycarbonyl)piperidin-4-yl)-D-

aspartic acid (85 mg, 36 % yield). Next, (1-(tert-butoxycarbonyl)piperidin-

4-yl)-D-aspartic acid (39 mg, 0.12 mmol) was mixed with water in a closed 

vial of 4 ml and heated for 20 min at 100 oC. After heating, extra dry ice was added at room 

temperature, and the heating was continued for 1 h. The compound was purified by flash 

silica chromatography (gradient elution with dichloromethane/methanol from 50/50 to 10/90) 

and lyophilized. 

25 mg (96% yield); 1H NMR (500 MHz, D2O) δ 3.58 (dd, J = 9.2, 4.4 Hz, 1H), 3.45 – 3.35 (m, 

2H), 3.04 – 2.88 (m, 2H), 2.87 – 2.80 (m, 1H), 2.54 (dd, J = 15.3, 4.4 Hz, 1H), 2.30 (dd, J = 

15.3, 9.3 Hz, 1H), 2.15 – 2.03 (m, 2H), 1.61 – 1.47 (m, 2H); 13C NMR (126 MHz, D2O) δ 

179.00 (2C), 58.26, 50.92, 42.65, 42.58, 40.46, 28.44, 27.41; HRMS (ESI+): calcd. for 

C9H17O4N2, 217.1183 [M+H]+, found,  217.1182. Chiral HPLC analysis was performed on a 

Nucleosil 5μ chiral-1 120A (250*4.6 mm) column, using isocratic 0.5 mM CuSO4 at 1 ml/min 

at 60°C, detected at 240 nm. Retention time: 5.4 min. 

N-(tetrahydro-2H-thiopyran-4-yl)-L-aspartic acid (L-3h) 

Compound L-3h was obtained by reacting tetrahydro-4H-thiopyran-4-one 

(105 mg, 0.90 mmol) with L-aspartic acid (100 mg, 0.75 mmol) and sodium 

cyanoborohydride (72.5 mg, 1.15 mmol). 26 mg (15 % yield); 1H NMR 

(500 MHz, D2O) δ 3.94 (dd, J = 9.5, 3.6 Hz, 1H), 3.27 – 3.16 (m, 1H), 2.82 

– 2.70 (m, 5H), 2.62 (dd, J = 17.5, 9.6 Hz, 1H), 2.49 – 2.34 (m, 2H), 1.89 – 

1.72 (m, 2H); 13C NMR (126 MHz, D2O) δ 177.27, 173.45, 57.34, 56.34, 36.02, 31.00, 30.35, 
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26.52, 26.49. HRMS (ESI+): calcd. for C9H16O4NS, 234.07946 [M+H]+, found, 234.07942. 

The chiral HPLC analysis was performed on a Nucleosil 5μ chiral-1 120A (250*4.6 mm) 

column, using isocratic 0.5 mM CuSO4 at 0.6 ml/min at 60°C, detected at 240 nm. Retention 

time: 7.1 min. 

N-(tetrahydro-2H-thiopyran-4-yl)-D-aspartic acid (D-3h) 

Compound D-3h was obtained by reacting tetrahydro-4H-thiopyran-4-one 

(105 mg, 0.90 mmol) with D-aspartic acid (100 mg, 0.75 mmol) and sodium 

cyanoborohydride (72.5 mg, 1.15 mmol). 9 mg (5 % yield); 1H NMR (500 

MHz, D2O) δ 3.95 (dd, J = 9.3, 3.6 Hz, 1H), 3.26 – 3.13 (m, 1H), 2.86 – 

2.69 (m, 5H), 2.64 (dd, J = 17.5, 9.4 Hz, 1H), 2.49 – 2.33 (m, 2H), 1.90 – 

1.69 (m, 2H); 13C NMR (126 MHz, D2O) δ 177.23, 173.44, 57.36, 56.39, 35.97, 31.07, 30.35, 

26.52, 26.50. HRMS (ESI+): calcd. for C9H16O4NS, 234.07946 [M+H]+, found, 234.07942. 

The chiral HPLC analysis was performed on a Nucleosil 5μ chiral-1 120A (250*4.6 mm) 

column, using isocratic 0.5 mM CuSO4 at 0.6 ml/min at 60°C, detected at 240 nm. Retention 

time: 5.9 min. 

N-(1-methylpiperidin-4-yl)-L-aspartic acid (L-3i) 

Compound L-3i was obtained by reacting N-methyl-piperidone (102 mg, 

0.90 mmol) with L-aspartic acid (100 mg, 0.75 mmol) and sodium 

cyanoborohydride (72.5 mg, 1.15 mmol). 156 mg (90% yield); 1H  NMR 

(500 MHz, D2O) δ 3.67 (dd, J = 9.2, 4.2 Hz, 1H), 3.22 – 3.20 (m, 2H), 

2.94 – 2.89 (m, 1H), 2.68 – 2.59 (m, 3H), 2.55 (s, 3H), 2.39 (dd, J = 15.9, 

9.3 Hz, 1H), 2.14 – 2.03 (m, 2H), 1.68 – 1.59 (m, 2H); 13C NMR (126 MHz, D2O) δ 178.66, 

178.44, 58.16, 58.03, 52.65, 51.32, 43.25, 39.61, 29.00, 28.02. HRMS (ESI+): calcd. for 

C10H19O4N2,  231.1339 [M+H]+, found, 231.1339.  

In order to facilitate the comparison between 1H NMR of L-3g and enzymatic 3g, L-3g was 

loaded onto a cation-exchange column (Dowex 50WX8, 100-200 mesh), and eluted in the 

same way as in the last-step purification of enzymatic 3g (descried in previous section).[3] 1H 

NMR (500 MHz, D2O) δ 3.95 (dd, J = 10.0, 3.5 Hz, 1H), 3.66 – 3.50 (m, 3H), 3.15 – 3.09 (m, 

2H), 2.88 (s, 3H), 2.81 (dd, J = 17.5, 3.5 Hz, 1H), 2.62 (dd, J = 17.5, 10.0 Hz, 1H), 2.47 – 

2.37 (m, 2H), 2.04 – 1.91 (m, 2H). Chiral HPLC analysis was performed on Nucleosil 5μ 

chiral-1 120A (250*4.6 mm) column, using isocratic 0.5 mM CuSO4 at 1 ml/min at 60°C, 

detected at 240 nm. Retention time: 11.3 min. 

N-(1-methylpiperidin-4-yl)-D-aspartic acid (D-3i) 

Compound D-3i was obtained by reacting N-methyl-piperidone (102 mg, 

0.90 mmol) with D-aspartic acid (100 mg, 0.75 mmol) and sodium 

cyanoborohydride (72.5 mg, 1.15 mmol). 39 mg (36% yield); 1H NMR 
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(500 MHz, D2O) δ 3.68 (dd, J = 9.0, 3.9 Hz, 1H), 3.24 – 3.19 (m, 2H), 2.94 (t, J = 10.5 Hz, 

1H), 2.74 – 2.60 (m, 3H), 2.57 (s, 3H), 2.40 (dd, J = 16.0, 9.4 Hz, 1H), 2.16 – 2.05 (m, 2H), 

1.71 – 1.59 (m, 2H); 13C NMR (126 MHz, D2O) δ 178.52, 178.08, 58.06 (2C), 52.54, 51.42, 

43.27, 39.38, 28.96, 28.00; HRMS (ESI+): calcd. for C10H19O4N2, 231.1339 [M+H]+, found, 

231.1338. Chiral HPLC analysis was performed on a Nucleosil 5μ chiral-1 120A (250*4.6 

mm) column, using isocratic 0.5 mM CuSO4 at 1 ml/min at 60°C, detected at 240 nm. 

Retention time: 8.6 min. 

N-(cis/trans-4-aminocyclohexyl)-L-aspartic acid [L, (cis/trans)]-3j 

Compound L-3j was obtained with a slightly modified protocol. The 

reaction was started with tert-butyl(4-oxocyclohexyl)carbamate (192 

mg, 0.90 mmol), L-aspartic acid (100 mg, 0.75 mmol) and sodium 

cyanoborohydride (72.5 mg, 1.15 mmol) in 3 ml methanol to yield (4-

((tert-butoxycarbonyl)amino) cyclohexyl)-L-aspartic acid (90 mg, 36% 

yield). 40 mg of (4-((tert-butoxycarbonyl)amino) cyclohexyl)-L-aspartic 

acid was mixed with water in a closed vial of 4 ml and heated for 20 min at 100 oC. After 

heating, extra dry ice was added at room temperature, and the heating was continued for 1 h. 

The compound was purified by flash silica chromatography (gradient elution with 

dichloromethane/methanol from 50/50 to 10/90) and lyophilized. 15 mg (54% yield); HRMS 

(ESI+): calcd. for C10H19O4N2, 231.1339 [M+H]+, found, 231.1339. The stereochemistry was 

determined by chiral HPLC analysis on a Chirex 3126-D-penicillamine column (250 mm x 

4.6 mm, Phenomenex, USA), using isocratic 2 mM CuSO4 solution: isopropanol (95:5, v/v) at 

1 ml/min at 25°C, detected at 254 nm. Retention time: 10.3 min, 15.2 min; d.r. (L, trans / L, 

cis) = 40: 60. 

N-(cis/trans-4-aminocyclohexyl)-D-aspartic acid [D, (cis/trans)]-3j 

Compound D-3j was obtained with a slightly modified protocol. The 

reaction was started with tert-butyl(4-oxocyclohexyl)carbamate (192 

mg, 0.90 mmol), D-aspartic acid (100 mg, 0.75 mmol) and sodium 

cyanoborohydride (72.5 mg, 1.15 mmol) in 3 ml methanol to yield (4-

((tert-butoxycarbonyl)amino) cyclohexyl)-D-aspartic acid (100 mg, 

40%). 40 mg of (4-((tert-butoxycarbonyl)amino) cyclohexyl)-D-aspartic acid was mixed with 

water in a closed vial of 4 ml and heated for 20 min at 100 oC. After heating, extra dry ice was 

added at room temperature, and the heating was continued for 1 h. The compound was 

purified by flash silica chromatography (gradient elution with dichloromethane/methanol 

from 50/50 to 10/90) and lyophilized. 24 mg (80% yield); 1H NMR (500 MHz, D2O) δ 3.72 – 

3.65 (m, 2H), 3.29 – 3.20 (m, 1H), 3.15 – 3.02 (m, 1H), 3.02 – 2.92 (m, 1H), 2.78 – 2.69 (m, 

1H), 2.65 – 2.54 (m, 2H), 2.47 – 2.33 (m, 2H), 2.17 – 2.10 (m, 1H), 2.09 – 1.93 (m, 3H), 1.88 

– 1.60 (m, 9H), 1.41 – 1.28 (m, 3H). HRMS (ESI+): calcd. for C10H19O4N2, 231.1339 [M+H]+, 

found, 231.1339. The stereochemistry was determined by chiral HPLC analysis on Chirex 
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3126-D-penicillamine column (250 mm x 4.6 mm, Phenomenex, USA), using isocratic 2 mM 

CuSO4 solution: isopropanol (95:5, v/v) at 1 ml/min at 25°C, detected at 254 nm. Retention 

time: 6.0 min, 7.1 min; d.r.= 47: 53. 

 

4. Chiral HPLC Chromatograms  

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. Chiral HPLC analysis of N-cyclopentylaspartic acid (3b). (a) Chromatogram of a racemic 
mixture of 3b, which was prepared by mixing chemically synthesized L-3b and D-3b in a molar ratio 
of 1:1; (b) Chromatogram of 3b obtained with MAL-Q73A as biocatalyst; (c) Chromatogram of 3b 
obtained with EDDS lyase as biocatalyst. Chiral HPLC analysis was performed on a Nucleosil 5μ 
chiral-1 120A (250*4.6 mm) column, using isocratic 0.5 mM CuSO4 at 1 ml/min at 60°C, detected at 
240 nm. 
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Figure S2. Chiral HPLC analysis of N-[(S/R)-3-tetrahydrofuranyl]-aspartic acid (3c). (a) 
Chromatogram of [L, (S/R)]-3c synthesized chemically; (b) Chromatogram of [D, (S/R)]-3c 
synthesized chemically; (c) Chromatogram of a mixture of 4 stereoisomers of 3c, which was prepared 
by mixing [L, (S/R)]-3c and [D, (S/R)]-3c in a molar ratio of 1:1; (d) Chromatogram of 3c obtained 
with EDDS lyase as biocatalyst. Chiral HPLC analysis was performed on a Chirex 3126-D-
penicillamine column (250 mm x 4.6 mm, Phenomenex, USA), using isocratic 2 mM CuSO4 solution: 
isopropanol (95:5, v/v) at 1 ml/min at 25°C, detected at 254 nm. 
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Figure S3. Chiral HPLC analysis of N-[(S/R)-3-tetrahydrothiophenyl]-aspartic acid (3d). (a) Chromatogram of 
[L, (S/R)]-3d synthesized chemically; (b) Chromatogram of [D, (S/R)]-3d synthesized chemically; (c) 
Chromatogram of a mixture of 4 stereoisomers of 3d, which was prepared by mixing [L, (S/R)]-3d and [D, 
(S/R)]-3d in a molar ratio of 1:1; (d) Chromatogram of 3d obtained with EDDS lyase as biocatalyst. Chiral 
HPLC analysis was performed on a Chirex 3126-D-penicillamine column (250 mm x 4.6 mm, Phenomenex, 
USA), using isocratic 2 mM CuSO4 solution: isopropanol (95:5, v/v) at 1 ml/min at 25°C, detected at 254 nm. 
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Figure S4. Chiral HPLC analysis of N-cyclohexyl-aspartic acid (3e). (a) Chromatogram of a racemic 
mixture of 3e, which was prepared by mixing L-3e and D-3e synthesized chemically in a molar ratio of 
1:1; (b) Chromatogram of 3e obtained with MAL-Q73A as biocatalyst. Chiral HPLC analysis was 
performed on a Nucleosil 5μ chiral-1 120A (250*4.6 mm) column, using isocratic 0.5 mM CuSO4 at 1 
ml/min at 60°C, detected at 240 nm. 

 

 

 

 

 

 

 

 

 

 

Figure S5. Chiral HPLC analysis of N-(4-tetrahydropyranyl)-aspartic acid (L-3f). (a) Chromatogram 
of a racemic mixture of 3f, which was prepared by mixing L-3f and D-3f synthesized chemically in a 
molar ratio of 1:1; (b) Chromatogram of 3f obtained with EDDS lyase as biocatalyst. Chiral HPLC 
analysis was performed on a Nucleosil 5μ chiral-1 120A (250*4.6 mm) column, using isocratic 0.5 
mM CuSO4 at 1 ml/min at 60°C, detected at 240 nm. 
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Figure S6. Chiral HPLC analysis of N-(4-piperidinyl)-aspartic acid (3g). (a) Chromatogram of a 
mixture of 3g, which was prepared by mixing L-3g and D-3g synthesized chemically; (b) 
Chromatogram of 3g obtained with EDDS lyase as biocatalyst. Chiral HPLC analysis was performed 
on a Nucleosil 5μ chiral-1 120A (250*4.6 mm) column, using isocratic 0.5 mM CuSO4 at 1 ml/min at 
60°C, detected at 240 nm. 
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Figure S7. Chiral HPLC analysis of N-(tetrahydro-2H-thiopyran-4-yl)-aspartic acid (3h). (a) 
Chromatogram of L-3h synthesized chemically; (b) Chromatogram of (rac)-3h prepared by mixing L-
3h with D-3h (1:1); (c) Chromatogram of 3h obtained with EDDS lyase as biocatalyst. Chiral HPLC 
analysis was performed on a Nucleosil 5μ chiral-1 120A (250*4.6 mm) column, using isocratic 0.5 
mM CuSO4 at 0.6 ml/min at 60°C, detected at 240 nm. 
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Figure S8.  Chiral HPLC analysis of N-(1-methylpiperidin-4-yl)-aspartic acid (3i). (a) Chromatogram 
of a racemic mixture of 3i, which was prepared by mixing L-3i and D-3i synthesized chemically in a 
molar ratio of 1:1; (b) Chromatogram of 3i obtained with EDDS lyase as biocatalyst. Chiral HPLC 
analysis was performed on a Nucleosil 5μ chiral-1 120A (250*4.6 mm) column, using isocratic 0.5 
mM CuSO4 at 1 ml/min at 60°C, detected at 240 nm. 
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Figure S9. Chiral HPLC analysis of N-(trans-4-aminocyclohexyl)-aspartic acid (3j). (a) 
Chromatogram of [L, (cis/trans)]-3j synthesized chemically; (b) Chromatogram of [D, (cis/trans)]-3j 
synthesized chemically; (c) Chromatogram of a mixture of 4 isomers of 3j, which was prepared by 
mixing [L, (cis/trans)]-3j and [D, (cis/trans)]-3j in a molar ratio of 1:1; (d) Chromatogram of 3j 
obtained with EDDS lyase as biocatalyst. Chiral HPLC analysis was performed on a Chirex 3126-D-
penicillamine column (250 mm x 4.6 mm, Phenomenex, USA), using isocratic 2 mM CuSO4 
solution:isopropanol (95:5, v/v) at 1 ml/min at 25°C, detected at 254 nm. 
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Figure S10. Chiral HPLC analysis of N-(4-tetrahydropyranyl)-aspartic acid (3f). (a) Chromatogram of 
L-3f synthesized chemically; (b) Chromatogram of D-3f synthesized chemically; (c) Chromatogram of 
3f obtained with MAL-Q73A as biocatalyst. Chiral HPLC conditions: Nucleosil 5μ chiral-1 120A 
(250*4.6 mm) column. Mobile phase A: 0.5 mM CuSO4, mobile phase B: acetonitrile; A/B = 80:20 
(v/v). Flow rate 1.2 mL/min, 60 °C, UV detection at 270 nm. 

 

 

 

 

 

 

Enzymatic product 3f (MAL-Q73A)  

Authentic standard L-3f  

Authentic standard D-3f  

a) 

b) 

c) 

O

O

HO
OH

HN

O

O

O

HO
OH

HN

O



Chapter 4  

134 

References 

 

[1] P. Bergeron,V. N. M. Bodil, P. Dragovich, C. Hurley, J. Kulagowski, S. Labadie, N. J. Mclean, 
R. Mendonca, R, Pulk, M. Zak (F. Hoffmann-La Roche AG), WO 2013007765, 2013. 

[2] D.-J. Kang, D.-H. Eom, J.-T. Mo, H.-S. Kim, P. Sokkalingam, C.-H. Lee, P.-H. Lee, Bull. 
Korean Chem. Soc. 2010, 31, 507–510. 

[3] V. Puthan Veetil, H. Raj, M. De Villiers, P. G. Tepper, F. J. Dekker, W. J. Quax, G. J. 
Poelarends, ChemCatChem 2013, 5, 1325–1327. 

[4] H. Raj, B. Weiner, V. Puthan Veetil, C. R. Reis, W. J. Quax, D. B. Janssen, B. L. Feringa, G. J. 
Poelarends, ChemBioChem 2009, 10, 2236–2245. 

[5] P. S. Piispanen, P. M. Pihko, Tetrahedron Lett. 2005, 46, 2751–2755. 

[6] Y. Ohfune, N. Kurokawa, N. Higuchi, M. Saito, M. Hashimoto, T. Tanaka, Chem. Lett. 1984, 
13, 441–444. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

   
 
 
 

V 
 
Enantioselective Synthesis of 
Chiral Synthons for Artificial 
Dipeptide Sweeteners Catalyzed by 
an Engineered C-N Lyase 

 
Jielin Zhang, Haigen Fu, Thangavelu 
Saravanan, Laura Bothof, Pieter G. Tepper, 
and Gerrit J. Poelarends 

 
Manuscript in preparation. 
 

   



Chapter 5  

138 

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% 
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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 
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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 



Engineering of EDDS lyase for Enhanced Activity 

143 

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. 



Chapter 5  

144 

 

 

 

 

 

 

 

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 

NHO

O
HO

OH

O

O

HO
OH

HN
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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).  

O
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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. 

 

 



Chapter 5  

164 

 

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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Abstract 

Access to vitamin B5 [(R)-pantothenic acid] and both diastereoisomers of α-methyl-

substituted vitamin B5 [(R)- and (S)-3-((R)-2,4-dihydroxy-3,3-dimethylbutanamido)-2-

methylpropanoic acid] has been achieved using a modular three-step biocatalytic cascade 

involving 3-methylaspartate ammonia lyase (MAL), aspartate-α-decarboxylase (ADC), β-

methylaspartate-α-decarboxylase (CrpG) or glutamate decarboxylase (GAD), and  

pantothenate synthetase (PS) enzymes. Starting from simple non-chiral dicarboxylic acids 

(either fumaric acid or mesaconic acid), vitamin B5 and both diastereoisomers of α-methyl-

substituted vitamin B5, which are valuable precursors for promising antimicrobials against 

Plasmodium falciparum and multidrug-resistant Staphylococcus aureus, can be generated in 

good yields (up to 70%) and excellent enantiopurity (>99% ee). This newly developed 

cascade process might be tailored and used for the biocatalytic production of various vitamin 

B5 derivatives by modifying the pantoyl or β-alanine moiety. 
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Coenzyme A (CoA) is an essential enzyme cofactor in all organisms, and its biosynthetic 

pathway enzymes have been identified as attractive targets for new antimicrobial drugs.[1,2] 

An interesting class of new antimicrobials that target CoA biosynthesis is the 

pantothenamides (PanAms), which are secondary or tertiary amides of pantothenic acid 

(vitamin B5, 5a, Figure 1), the biosynthetic precursor of CoA. Various PanAms have been 

shown to possess potent antimicrobial activity against several organisms, including the 

pathogenic bacterium Staphylococcus aureus[3] as well as the malaria parasite Plasmodium 

falciparum.[4] However, pantetheinase enzymes that normally hydrolyse pantetheine in human 

serum also act on the PanAms, thereby reducing their efficacy.[5,6] Interestingly, 

pantetheinase-mediated hydrolysis of PanAms could be prevented by modifying the β-alanine 

moiety of the compounds.[7,8] Indeed, a PanAm with an added α-methyl group was shown to 

have superior antiplasmodial activity compared to its parent molecule.[9] However, such 

modifications introduces stereochemical complexity to the molecules that recent results have 

indicated is highly relevant to the antimalarial activity of PanAm analogues.[10] However, the 

more challenging chemical syntheses of these compounds poses a significant barrier to the 

discovery of their clinical potential. Therefore, the development of an asymmetric biocatalytic 

synthesis strategy that provides efficient and step-economic access to pantothenic acid (5a) 

and both diastereoisomers of its α-methyl substituted derivative (5b, Figure 1), avoiding (de-

)protecting steps and intermediate purifications, is of high interest. The desired PanAms can 

be easily prepared from the corresponding pantothenic acids by transforming the carboxylic 

acid group to an amide.[11] 

 

 

Figure 1. Structures of vitamin B5 and its α-methyl-substituted derivative. 

 
We envisioned that pantothenic acid (5a) and its α-methyl substituted derivative (5b) 

could be prepared from fumaric acid (1a) and mesaconic acid (1b), respectively, via a 

modular three-step enzymatic cascade involving 3-methylaspartate ammonia lyase (MAL), an 

appropriate decarboxylase such as aspartate-α-decarboxylase (ADC), β-methylaspartate-α-

decarboxylase (CrpG) or glutamate decarboxylase (GAD), and pantothenate synthetase (PS) 

(Scheme 1). The expected chemoselectivity of each biocatalyst could allow for a one-pot 

reaction sequence due to the orthogonal reactivity of each enzyme. In this process, the new 

stereogenic center in product 5b can be established by either regio- and diastereoselective 
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amination (as catalyzed by MAL), or diastereospecific decarboxylation by one of the 

decarboxylase enzymes. 

 

Scheme 1. Proposed enzymatic cascade synthesis of vitamin B5 and its derivatives. 

MAL of Clostridium tetanomorphum is part of a catabolic pathway for L-glutamate, 

where it catalyzes the conversion of L-threo-3-methylaspartate to ammonia and 

mesaconate.[12] Using a large molar excess of ammonia, the enzyme also efficiently catalyzes 

the amination of mesaconate (1b) to give both (2S,3S)-3-methylaspartate (L-threo-2b) and 

(2S,3R)-3-methylaspartate (L-erythro-2b) as products (Scheme 1). It was found that L-threo-

2b is formed at a rate much faster than L-erythro-2b, but at equilibrium (using a 65-fold 

molar excess of ammonia over 1b at pH 9) the molar ratio of these diastereoisomers is 

approximately 1.[13] In addition, MAL accepts fumarate (1a) as substrate, which is converted 

to L-aspartate (2a). The mechanism-inspired engineering of a MAL mutant (H194A) with 

strongly enhanced diastereoselectivity in the amination of 1b, giving exclusively L-threo-2b, 

has been reported previously.[13] Moreover, the substrate scope of MAL has been expanded by 

structure-guided site-saturation mutagenesis, allowing for the biocatalytic production of a 

broad range of valuable 3-substituted L-aspartic acid derivatives.[14] 

ADC of Escherichia coli is part of the biosynthesis pathway for pantothenate, where it 

catalyzes the decarboxylation of 2a to give β-alanine (3a).[15] This enzyme has a limited 

substrate scope and showed no decarboxylation activity towards 2b.[16] The enzyme β-

methylaspartate-α-decarboxylase (CrpG) of Nostoc sp. ATCC53789 is involved in a 

biosynthetic pathway for cryptophycin, where it catalyzes the decarboxylation of L-erythro-

2b to yield (R)-3-amino-2-methylpropanoic acid (3b).[17] CrpG is the only enzyme known that 

can catalyze the decarboxylation of 2b, with significant activity towards the L-erythro isomer 

only. GAD of the hyperthermophilic archaeon Thermococcus kodakarensis has been reported 

to function as an ADC and is most likely responsible for the production of β-alanine 

necessary for pantothenate biosynthesis.[18] In this study, we demonstrate that this enzyme 

exhibits decarboxylase activity towards 2b, but with highest activity towards the L-threo 

isomer. Note that ADC and CrpG have to undergo self-processing leading to formation of the 
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catalytic pyruvoyl group, whereas GAD is a PLP-dependent decarboxylase that does not 

require autocatalytic self-processing. 

Pantothenate synthetase (PS) of E. coli is involved in the last step of pantothenate 

biosynthesis and catalyzes the ATP-dependent condensation of (R)-pantoate (4) and β-alanine 

(3a) to form (R)-pantothenate (vitamin B5, 5a). PS enzymes typically accept a variety of β-

alanine analogues in the condensation reaction, albeit with reduced catalytic efficiency 

compared to that with the natural substrate.[15,19] 

Initially, we set out to combine MAL and ADC in one-pot to prepare product 3a. 

Accordingly, substrate 1a and NH4Cl were incubated with MAL and ADC, and the reaction 

was monitored by TLC (Figure S3). After 24 h, 1a was completely converted into product 3a, 

as confirmed by 1H NMR spectroscopy. These initial results showed that the two enzymes 

MAL and ADC are compatible for cascade synthesis in one pot. To further demonstrate the 

preparative usefulness of this two-step cascade system, a 100 mg-scale synthesis was 

performed. Accordingly, substrate 1a (25 mM) and NH4Cl (500 mM) were incubated with 

MAL (0.02 mol%) and ADC (0.6 mol%) in one pot (25 mL of buffer, pH 8). Under these 

conditions, excellent conversion (>99% after 24 h) and good isolated yield of product 3a 

(85%) were achieved (Table 1). 

Unfortunately, ADC showed no decarboxylase activity towards either L-threo-2b or L-

erythro-2b. Therefore, we cloned, expressed and purified the decarboxylase CrpG, and 

incubated it with a 1:1 mixture of L-threo-2b and L-erythro-2b. Under these conditions the L-

erythro isomer was fully decarboxylated, whereas the L-threo isomer was not converted, not 

even after prolonged incubation for 7 d (Figure S11). This indicates that CrpG is highly 

diastereoselective, with detectable activity only towards the L-erythro isomer. 

Table 1. Two step enzymatic cascade synthesis of β-alanine (3a) and both enantiomers of 3-amino-2-
methylpropanoic acid (3b)[a]  
 

Product Enzymes Conversion 
(%)[b] 

Isolated 
yield (%)[c] ee (%)[d] 

3a MAL and 
ADC  > 99 85 - 

(R)-3b MAL and 
CrpG > 99 78 > 99 

(S)-3b 
MAL-

H194A and 
GAD 

75 63 >99 

 
[a] For synthesis of 3a, the reaction mixture contained MAL (0.02 mol%), ADC (0.6 mol%), 1a (25 mM), 
NH4Cl (500 mM), and MgCl2 (25 mM) in 25 mL Tris-HCl buffer (pH 8, 100 mM). For synthesis of (R)-3b, the 
reaction mixture contained MAL (0.02 mol%), CrpG (0.47 mol%), 1b (30 mM), NH4Cl (500 mM), and MgCl2 
(25 mM) in 25 mL potassium phosphate buffer (pH 8, 100 mM). For the synthesis of (S)-3b, the reaction mixture 
contained MAL-H194A (0.04 mol%), TkGAD (0.6 mol%), 1b (10 mM), NH4Cl (500 mM), PLP (1 mM), and 
MgCl2 (25 mM) in 25 mL potassium phosphate buffer (pH 8, 100 mM); [b] Conversion was analysed by 1H 
NMR spectroscopy; [c] Products were purified by cation exchange chromatography; [d] Enantiomeric excess 
(ee) was analysed by chiral HPLC. 
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Having established the preference of CrpG for L-erythro-2b, a two-step enzymatic 

cascade reaction was performed at analytical scale by incubation of 1b and NH4Cl with MAL 

and CrpG in one pot. Interestingly, full conversion of starting substrate 1b was observed 

(Figure S4), yielding solely the (R)-enantiomer of product 3b, as confirmed by 1H NMR 

spectroscopy and chiral HPLC analysis. This is explained by a dynamic kinetic asymmetric 

transformation[20,21] of the diastereoisomeric mixture of 2b (Scheme 2). In the first cascade 

step, MAL produces both L-erythro- and L-threo-2b as intermediate products. Subsequently, 

in the second step CrpG only decarboxylates L-erythro-2b to give exclusively (R)-3b. The 

remaining L-threo-2b is also converted into L-erythro-2b by MAL, leading to the full 

conversion of the starting material (1b) into the desired product (R)-3b. 

Several control experiments were also performed. First, when 1b and NH4Cl were 

incubated with MAL only, a ~1:1 mixture of L-threo-2b and L-erythro-2b was obtained 

(Figure S12A). After removal of MAL from the reaction mixture by heat inactivation and 

filtration, CrpG was added. After prolonged incubation (7 d), a mixture of unreacted L-threo-

2b and product 3b was obtained (Figure S12B). Second, incubation of 1b and NH4Cl with the 

diastereospecific mutant of MAL (MAL-H194A) and CrpG in one pot resulted in the 

formation of L-threo-2b but did not yield product 3b, consistent with the inability of CrpG to 

decarboxylate L-threo-2b (Figure S9). These results confirm that MAL is responsible for both 

the synthesis and epimerisation of L-threo- and L-erythro-2b, and that CrpG displays activity 

towards L-erythro-2b only, allowing for the selective synthesis of (R)-3b starting from the 

simple non-chiral dicarboxylic acid 1b. 

 

 

Scheme 2. One pot two-step enzymatic cascade reaction involving MAL and CrpG that fully converts 

mesaconate (1b) to only (R)-3b. This is due to CrpG only acting on L-erythro-2b, and the MAL-

mediated dynamic kinetic asymmetric transformation of the L-threo-2b into the desired diastereomer. 
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To demonstrate the synthetic usefulness of this two-step enzymatic cascade, a 100 mg-

scale synthesis was performed. Accordingly, substrate 1b (30.8 mM) and NH4Cl (500 mM) 

were incubated with MAL (0.02 mol%) and CrpG (0.47 mol%) in one pot (25 mL of buffer, 

pH 8). High conversion (>99% after 7 d), good isolated yield (78%), and excellent 

enantiopurity of product (R)-3b (>99% ee) were achieved (Table 1, Figure S16). 

CrpG displays activity towards L-erythro-2b, enabling the enzymatic synthesis of (R)-3b. 

In order to synthesize the opposite enantiomer of 3b, a decarboxylase with activity towards L-

threo-2b was required. Our attempts to obtain CrpG variants by directed evolution through 

screening of single-site saturation mutagenesis libraries did not yield any mutants with 

detectable activity towards L-threo-2b. We therefore cloned and produced two PLP-

dependent GAD enzymes and tested their ability to decarboxylate L-threo-2b. Initially, we 

worked on the GAD from Pyrococcus furiosus (PfGAD), which was reported to accept L-

aspartate, L-glutamate and L-tyrosine as substrates.[22] Although many different expression 

conditions were tested, we were not able to produce PfGAD in a soluble form in an 

Escherichia coli host. In an attempt to produce soluble protein, different constructs were 

made as fusions with three solubility enhancers: maltose-binding protein (MBP), small 

ubiquitin-like modifier protein (SUMO) and Fh8, a small protein secreted by the parasite 

Fasciola hepatica. However, inefficient solubilization of PfGAD limited the effectiveness of 

this approach. Therefore, we selected the GAD from the hyperthermophilic archaeon 

Thermococcus kodakarensis (TkGAD), which has 71% sequence similarity with PfGAD 

(Figure S2). TkGAD reportedly catalyzes the decarboxylation of L-glutamate and L-

aspartate.[23] The gene encoding TkGAD was cloned and expressed, and the corresponding 

enzyme purified, yielding soluble and active protein (Figure S1). Initially, TkGAD activity 

was tested towards L-aspartate (2a) and L-erythro- and L-threo-2b (Figure S10). The enzyme 

completely converted 2a to 3a, whereas the reaction with L-erythro-2b showed <10% 

conversion. To our delight, L-threo-2b was also accepted as substrate by TkGAD, yielding the 

desired (S)-3b with more than 70% conversion. 

Because TkGAD displays activity towards both diastereoisomers of 2b, a dynamic kinetic 

asymmetric transformation approach in which MAL and TkGAD are combined in one pot 

would not yield enantiopure (S)-3b product. Hence, for the one-pot, two-step enzymatic 

cascade synthesis of (S)-3b, TkGAD was used in combination with the diastereospecific 

MAL-H194A mutant, which produces exclusively L-threo-2b upon amination of 1b (Scheme 

3 and Figure S5). Accordingly, substrate 1b (10 mM) and NH4Cl (500 mM) were incubated 

with MAL-H194A (0.02 mol%) and TkGAD (0.3 mol%) in one pot (25 mL of buffer, pH 8). 

Because some protein precipitation occurred (due to instability of TkGAD), the same amount 

of each enzyme was added again after 24 h of incubation. Using these conditions, good 

conversion (75% after 48 h), good isolated yield (63%), and excellent enantiopurity of 

product (S)-3b (>99% ee) were achieved (Table 1, Figure S16). 

Having developed one-pot, two-step enzymatic cascade reactions for the production of 3a, 
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Scheme 3. The one pot two-step enzymatic cascade reaction that converts mesaconate (1b) to only 

(S)-3b relies on a diastereospecific mutant MAL (MAL-H194A) and the newly discovered 

stereoselectivity of TkGAD towards L-threo-2b. 

 
 (R)-3b and(S)-3b, we next verified whether the PS enzyme is able to accept these compounds 

as substrates in condensation with (R)-pantoate (4) using small-scale (1 mL) reactions. We 

were pleased to find that PS accepted 3a, (R)-3b and (S)-3b as substrates in the condensation 

reaction, yielding the corresponding pantothenic acid products 5a and 5b, as confirmed by 1H 

NMR spectroscopy (Figure S13). 

Having established that PS can be used to set up a three-step enzymatic cascade reaction, 

the enzymes MAL, ADC, and PS were combined in one pot. Initially, the reaction was tested 

by adding the three enzymes simultaneously and using an equimolar ratio of 1a, 4 and ATP. 

Although full conversion of the starting substrate 1a was observed after 24 h, the desired 

product (R)-5a was obtained in a crude yield of only 50% along with accumulation of 3a. 

This indicated that further optimization of the reaction conditions was necessary to improve 

the yield of product (R)-5a. After testing different ratios of 4 and ATP, a molar ratio of 2:3 

was found to be best, which resulted in excellent conversion of the starting substrate into the 

desired product 5a (crude yield >99%; Figure S6 and S14). Hence, under these conditions, no 

significant accumulation of intermediate product 3a was observed. 

To assess the performance of this one-pot multi-enzymatic cascade, a 32 mg-scale 

synthesis was performed. The three-step cascade reaction was performed by addition of all 

components simultaneously including the three enzymes. After 24 h, the starting material 1a 

was completely consumed (conversion >99%, Figure S15A) and the desired product (R)-5a 

was obtained in good isolated yield (70%) and with excellent ee (>99%) (Table 2). 

Importantly, the modularity of this enzymatic cascade approach also allows for the facile 

synthesis of both diastereoisomers of α-methyl-substituted vitamin B5, that is (2R,2'R)-5b and 

(2S,2'R)-5b (Figure S7 and S8), with one stereogenic center being set by the selected 

combination of enzymes and the other by the substrate (R)-pantoate (4). Under suitable 

reaction conditions (for details, see section 8.2 in SI), and using the appropriate combination 



Enzymatic Cascade Synthesis of Vitamin B5 

183 

of enzymes in one-pot, the desired products (2R,2'R)-5b and (2S,2'R)-5b were obtained with 

excellent de and ee values (>99%) and in 46-49% isolated yield (Table 2, Figure S15 and 

S17). 

 
Table 2. Three-step enzymatic cascade synthesis of pantothenic acid (5a) and both diastereoisomers of 
its α-methyl-substituted derivative 5b[a] 

 

Product Enzymes Conv 
(%)[b] 

Isolated yield 
(%) 

de and ee 
(%)[e] 

(R)-5a MAL, ADC 
and PS > 99 70[c] 

 
> 99  

 

(2R,2'R)-5b MAL, CrpG 
and PS > 99 49[c] 

 
> 99  

 

(2S,2'R)-5b MAL-H194A, 
GAD and PS 75 46[d] >99 

 
[a] The enzymes were found to be compatible for cascade synthesis at pH 9 (MAL, MAL-H194A and PS, 
optimum pH: 9.0-10.0; ADC, CrpG and GAD, optimum pH: 7.5-8.0). The amounts of applied enzymes were 
adjusted such that high conversions were achieved. For synthesis of 5a, the reaction mixture contained MAL 
(0.01 mol%), ADC (0.3 mol%), PS (0.07 mol%), 1a (10 mM), 4 (20 mM), ATP (30 mM), NH4Cl (500 mM) and 
MgCl2 (10 mM) in 20 mL Tris-HCl buffer (100 mM, pH 9). For synthesis of (2R,2'R)-5b, the reaction mixture 
contained MAL (0.01 mol%), CrpG (0.7 mol%), PS (0.07 mol%), 1b (10 mM), 4 (20 mM), ATP (30 mM), 
NH4Cl (500 mM) and MgCl2 (10 mM) in 20 mL Tris-HCl buffer (100 mM, pH 9). For synthesis of (2S,2'R)-5b, 
the reaction mixture contained MAL-H194A (0.04 mol%), TkGAD (0.6 mol%), PS (0.07 mol%), 1b (10 mM), 4 
(20 mM), ATP (30 mM), PLP (1 mM), NH4Cl (500 mM) and MgCl2 (10 mM) in 20 mL Tris-HCl buffer (100 
mM, pH 9). [b] conversion was analysed by 1H NMR spectroscopy; [c] product was purified by preparative 
HPLC; [d] product was purified by silica gel column chromatography; [e] de and ee were analysed by 1H NMR 
spectroscopy and HPLC analysis. 
 
 

In conclusion, we have successfully developed a one-pot cascade process for the synthesis 

of enantiomerically pure vitamin B5 starting from fumarate and utilizing MAL, ADC, and PS 

enzymes. Starting from mesaconic acid, the stereoselective synthesis of both diastereoisomers 

of α-methyl-substituted vitamin B5, an important antibiotic precursor, was achieved by using 

either the CrpG or GAD enzyme instead of ADC, with one stereogenic center being set by the 

selected combination of MAL/CrpG or MAL-H194A/GAD and the other derived from one of 

the starting substrates. Given the availability of engineered MAL mutants and natural PS 

enzymes with a broad substrate scope, work is in progress to expand the substrate scope of 

CrpG and GAD by protein engineering. 

Although the decarboxylation step actually is stereochemically deconstructive, with the 

loss of one chiral centre, the cascade approach strongly benefits from the use of stereo-

divergent decarboxylases. These enzymes not only allow the synthesis of both 

diastereoisomers of α-methyl-substituted vitamin B5, but they also provide a strong driving 

force to pull the equilibrium of the MAL-catalyzed reaction towards product formation. The 

use of an irreversible decarboxylation step, with stereochemical kinetic distinction, is an 



Chapter 6  

184 

important strategy in biocatalytic cascade synthesis to overcome thermodynamic limitations 

and maximize product yield.[24,25] A possible constraint on the use of the developed cascade 

for large-scale transformations would be the dependence of the PS enzyme on the expensive 

cofactor ATP. This could be addressed by the incorporation of an auxiliary enzyme-catalyzed 

step for efficient ATP recycling. Several ATP recycling enzyme systems are available and a 

few have already been successfully implemented in preparative biocatalysis.[26-28] However, 

as the starting materials (fumarate and mesaconate) can be efficiently produced in high yields 

by large-scale fermentation using metabolically engineered E. coli strains,[29,30] we envision to 

co-express the enzymes employed for the cascade in such a fermentation host in order to 

directly obtain vitamin B5 and its α-methyl-substituted derivatives from cheap carbon and 

nitrogen sources. Indeed, such a cell-based approach would eliminate the need for ATP 

recycling. 
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1. Materials 

Mesaconic acid, sodium fumarate, β-alanine, (R/S)-3-aminoisobutyric acid, L-aspartatic acid, 

sodium (R)-pantoate, adenosine triphospate (ATP), calcium (R)-pantothenate and pyridoxal 

phosphate (PLP) were purchased from Sigma-Aldrich Chemical Co. A diastereomeric 

mixture of L-threo- and L-erythro-3-methylaspartic acid (2b) was obtained using the MAL 

enzyme by following a previously published procedure.[1] Buffers and media were obtained 

from Duchefa Biochemie or Merck. Molecular biology reagents, including restriction 

enzymes, PCR reagents, T4 DNA ligase and DNA ladders, agarose, SDS-PAGE gels and 

protein markers were obtained from Fermentas. PCR purification kits and Miniprep kits were 

purchased from Macherey-Nagel. Ni Sepharose High Performance (HP) affinity resin and 

pre-packed Sephadex G-25 columns were purchased from GE Healthcare Life Sciences AB. 

Amylose resin was purchased from New England Biolabs Inc. Oligonucleotides for DNA 

amplification and synthetic genes were obtained from Operon Biotechnologies. Column 

chromatography was performed on Merck 60 silica gel (0.063 – 0.200 mesh; Milipore). 

Analytical thin layer chromatography (TLC) was performed on Merck silica plates 60 GF254 

with ninhydrin staining for detection. 

 

2. General methods 

Techniques for transformation and other standard molecular biology manipulations were 

based on methods described elsewhere.[2] Proteins were analyzed by polyacrylamide gel 

electrophoresis (PAGE) using sodium dodecyl sulfate (SDS) gels containing polyacrylamide 

(12%). The gels were stained with Instant Blue. Protein concentrations were determined by 

the Waddell method.[3] NMR spectra were recorded on a Bruker DRX-500 (500 MHz) 

spectrometer. Chemical shifts for protons are reported in parts per million and are referenced 

to the residual water in D2O. To monitor the reaction progress by 1H NMR, the reaction 

mixture was lyophilized and dissolved in D2O. Analytical HPLC analysis was carried out 

using an in-house HPLC equipped with either a chiral CROWNPAK® CR-I(+) (150 × 3mm, 

5µm) column or a Kinetex® 5µm EVO C-18 (100 Å; 150 × 4.6 mm; Phenomenex) column. 

Preparative HPLC analysis was performed using a Kinetex® 5µm C18, AXIA (100 Å;  100 x 

21,2 mm, Phenomenex) column. The HPLC chromatographic data were analyzed by data 

processing software (LC Solutions) obtained from Shimadzu. Thin Layer Chromatography 

(TLC) analysis was performed in 2-butanol:acetic acid:water (8:2:2) as the mobile phase. 
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3.1. Expression and purification of methylaspartate ammonia lyase (MAL) 

and the mutant enzyme MAL-H194A 

The wildtype MAL and mutant MAL-H194A enzymes were overexpressed and purified by 

following a previously reported protocol.[1]  

3.2. Expression and purification of aspartate-α-decarboxylase (ADC) 

The ADC enzyme was expressed and purified according to previously reported procedures.[4] 

A preculture was prepared by inoculating 10 mL of LB-medium containing kanamycin (100 

mg/L). The preculture was incubated overnight at 200 rpm and 37°C. The complete overnight 

culture was used to inoculate fresh LB medium (1 L) containing kanamycin (100 mg/L) in a 5 

L Erlenmeyer flask. The culture was incubated at 200 rpm and 37°C to an initial OD600 of 0.4 

– 0.6. The protein expression was induced by adding IPTG (1 mM, final concentration) and 

the incubation was continued for 18 h at 37°C and 200 rpm. Cells were harvested by 

centrifugation, the supernatant was removed and the cells stored at -20°C until further use. 

Cell pellets were thawed and suspended in lysis buffer (30 mL, 20 mM Tris-HCl, 500 

mM NaCl, 5 mM imidazole, pH 7.9). Then, cells were disrupted by sonication for 5 x 40 sec 

(with 5 min intervals between each cycle) at a 60 W output. The unbroken cells and debris 

were removed by centrifugation. The supernatant (25 mL) was filtered (0.45 µm filter), and 

incubated with Ni sepharose resin (1 mL slurry) in a column for 18 h at 4°C. 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 (5 mL, 20 mM Tris-HCl, 500 mM NaCl, 100 mM 

imidazole, pH 7.9). Retained proteins were eluted with buffer B (5 mL, 20 mM Tris-HCl, 500 

mM NaCl, 250 mM imidazole, pH 7.9). Fractions were analyzed by SDS-PAGE and those 

containing pure enzyme were combined, and the buffer was exchanged against Tris-HCl (3.5 

mL, 25 mM, pH 8.0), containing 5 mM MgCl2, using a pre-packed Sephadex G-25 column 

(GE-Healthcare). The purified ADC enzyme was activated at 50°C for 48 h (autocatalytic 

self-processing). Subsequently, the activated enzyme was aliquoted, snap-frozen in liquid 

nitrogen and stored in aliquots at −80 °Cuntil further use.  

3.3. Cloning, expression and purification of β-methylaspartate-α-

decarboxylase (CrpG) 

The sequence of the gene encoding CrpG from Nostoc sp. ATCC 53789 was obtained from 

the NCBI nucleotide database under GenBank accession no. EF159954. The DNA sequence 

was codon-optimized for E. coli and synthesized by Operon Biotechnologies. The synthetic 

gene was first cloned into the pGEM-T Easy Vector, using standard TA cloning. 

Subsequently, the gene was obtained from this vector using the restriction enzymes NdeI and 

XhoI, and subcloned into the pET-28 expression vector to produce N-terminally 

hexahistidine-tagged CrpG. Expression and purification of CrpG were performed as described 
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previously.[5] The buffers used for Ni-sepharose column chromatography and desalting of 

CrpG by using a pre-packed Sephadex G-25 column (GE-Healthcare) are given in Table S2. 

The purified enzyme was activated at 50°C for 48 h (autocatalytic self-processing).  The 

activated enzyme was aliquoted, snap-frozen in liquid nitrogen and stored in aliquots at −80 

°C until further use.   

3.4. Cloning and expression of glutamate decarboxylase from Pyrococcus 

furiosus (PfGAD) 

The sequence of the gene encoding glutamate decarboxylase (GAD) from Pyrococcus 

furiosus was obtained from the NCBI nucleotide database under GenBank accession no. 

NC_003413. The DNA sequence was codon-optimized for E. coli and synthesized by Operon 

Biotechnologies. After initial cloning of the synthetic gene into the pGEM-T Easy Vector, it 

was finally subcloned into the pET-20b expression vector. For expression of PfGAD, a 

procedure was followed as described in an earlier study.[6] After lysis of the cells and 

subsequent centrifugation, the cell-free extract (supernatant) and pellet were analysed by 

SDS-PAGE, showing that the enzyme was produced in a insoluble form. 

3.5. Cloning, expression and purification of PfGAD with fusion partner 

(MBP, SUMO, or Fh8) 

The pCOBO-MBP vector was made by following our earlier reported protocol.[7] The 

pCOBO-MBP-PfGAD fusion construct was generated by the AQUA cloning technique. The 

first DNA fragment, containing the MBP gene, was mutated using PCR and an appropriate 

mutagenesis primer to remove an internal NcoI restriction site. For this, a silent mutation (C 

to G) was introduced at position 975 of the MBP ORF by the QuickChange method. The 

second fragment, containing the PfGAD gene, was amplified using pET-20b-PfGAD as the 

template. The PfGAD gene was amplified using the following primers: PfGAD-Fw: 5’-TG 

CTT TTT CAA GGC CCT GGA GGC GCC ATG GTG AAG TTC CCA AGA AAA GGT 

ATC-3’ (NcoI site in bold) and PfGAD-Rev: 5’-GCC GGA TCG TCA TTA CCC GGG TTT 

CTC GAG TTA TTA ATC ATG GCC TCC GTC ACA TGA-3’ (XhoI site in bold). After 

NcoI/XhoI digestion of both PCR products, the two fragments were ligated and fused into 

pCOBO-MBP using the AQUA cloning technique. The newly constructed expression vector 

was denoted pCOBO-MBP-PfGAD and its fidelity was confirmed by DNA sequencing. 

The pCOBO-MBP-PfGAD plasmid was transformed into E. coli BL21(DE3). For protein 

production, a preculture was prepared by inoculating 10 mL of LB-medium containing 

ampicillin (100 µg/mL). The preculture was incubated overnight at 200 rpm and 37°C. The 

complete overnight culture was used to inoculate fresh LB medium (1 L), containing 

ampicillin (100 µg/mL) in a 5 L Erlenmeyer flask. Then, the culture was incubated at 200 rpm 

and 37°C to an initial OD600 of 0.4 – 0.6. The protein expression was induced by adding IPTG 
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(0.1 mM, final concentration) and the incubation was continued for 18 h at 20°C and 200 rpm. 

Cells were harvested by centrifugation and stored at -20°C until further use. 

Cell pellets were thawed and suspended in lysis buffer (30 mL, 50 mM Tris-HCl, 10% 

glycerol, pH 7.4) supplemented with protease inhibitor (Roche, The Netherlands). Then, cells 

were disrupted by sonication for 5 x 40 sec (with 5 min interval between each cycle) at a 60 

W output. The unbroken cells and debris were removed by centrifugation. The supernatant 

(25 mL) was filtered (0.45 µm filter) and incubated overnight at 4 °C with 5 mL MBPTrap 

resin, which was pre-equilibrated with buffer (50 mM Tris-HCl, 10% glycerol, pH 7.4), in a 

conical centrifuge tube. Then the resin was transfered into a column and the unbound proteins 

were eluted from the column by gravity flow. Bound protein was eluted with 3.5 mL elution 

buffer (50 mM Tris-HCl, 10 mM maltose, 10% glycerol, pH 7.4). Fractions were analyzed by 

SDS PAGE, those containing the fusion protein were pooled, aliquoted, snap-frozen in liquid 

nitrogen, and stored in aliquots at −80 °C. Unfortunately, the purified MBP-PfGAD fusion 

protein was found to be inactive. 

The pCOBO-SUMO-PfGAD and pCOBO-Fh8-PfGAD expression constructs were made 

using a similar cloning strategy as that mentioned above for pCOBO-MBP-PfGAD. The 

pCOBO-SUMO and pCOBO-Fh8 vectors have been reported before.[7] The conditions for 

production of the fusion proteins SUMO-PfGAD and Fh8-PfGAD were the same as that 

followed for MBP-PfGAD. After lysis of the cells and subsequent centrifugation, the cell free 

extract (supernatant) and pellet were analysed by SDS-PAGE, showing that the fusion 

proteins were produced in a insoluble form. 

3.6. Cloning, expression and purification of glutamate decarboxylase 

from Thermococcus kodakarensis (TkGAD) 

The sequence of the gene encoding GAD from Thermococcus kodakarensis KOD1 was 

obtained from the NCBI nucleotide database under GenBank accession no. AP006878.1. The 

DNA sequence was codon-optimized for E. coli and synthesized by Operon Biotechnologies. 

After initial cloning of the synthetic gene into the pGEM-T Easy Vector, it was finally 

subcloned into the pET-20b expression vector. Expression and purification of TkGAD were 

performed as described earlier.[8] The buffers used for Ni-sepharose column chromatography 

and desalting of the purified enzyme by using a pre-packed Sephadex G-25 column (GE-

Healthcare) are given in Table S2. The purified enzyme was aliquoted, snap-frozen in liquid 

nitrogen, and stored in aliquots at −80 °C until further use.  

3.7. Cloning, expression and purification of pantothenate synthetase (PS) 

The sequence of the panC gene, encoding pantothenate synthetase of E. coli, was obtained 

from the NCBI nucleotide database under GenBank accession no. NP_414675. The DNA 

sequence was codon-optimized for E. coli and synthesized by Operon Biotechnologies. After 
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initial cloning of the synthetic gene into the pGEM-T Easy Vector, the PS gene was mutated 

using PCR and an appropriate mutagenesis primer to remove an internal NdeI restriction site. 

For this, a silent mutation (T to C) was introduced at position 171 of the PS ORF by single 

overlap extension PCR. The amplified gene encoding PS was cloned into the pET-28a vector. 

Expression and purification were performed as described earlier.[9] The buffers used for Ni-

sepharose column chromatography and desalting of the purified PS enzyme by using a pre-

packed Sephadex G-25 column (GE-Healthcare) are given in Table S2. The purified enzyme 

was aliquoted, snap-frozen in liquid nitrogen, and stored in aliquots at −80 °C until further use.  

 

 

Table S2: Protein purification conditions 

 

Enzyme Step1 (Washing) Step2 (Elution) Step 3 (Desalting) 

MAL/ 
MAL-
H194A 

i) 50 mM Tris-HCl, 300 mM 
NaCl, 10 mM Imidazole, pH 8.0 

(15 mL) 
ii) 50 mM Tris-HCl, 300 mM 

NaCl, 100 mM Imidazole, pH 8 
(5 mL) 

50 mM Tris-HCl, 
300 mM NaCl, 500 

mM Imidazole, pH 8 
(5 mL) 

50 mM Tris buffer, 2 
mM MgCl2, 0.1 mM 
KCl, pH 8 (3.5 mL) 

ADC 

i) 20 mM Tris-HCl, 500 mM 
NaCl, 5 mM Imidazole, pH 8 (15 

mL) 
ii) 20 mM Tris-HCl, 500 mM 

NaCl, 100 mM Imidazole, pH 8 
(5 mL) 

20 mM Tris-HCl, 
500 mM NaCl, 250 

mM Imidazole, pH 8 
(5 mL) 

25 mM Tris-HCl, 5 mM 
MgCl2, pH 8 (3.5 mL) 

CrpG 
50 mM potassium phosphate, 300 

mM NaCL, 20 mM Imidazole, 
pH 8 (15 mL) 

50 mM potassium 
phosphate, 300 mM 

NaCL, 250 mM 
Imidazole, pH 8 (5 

mL) 

50 mM Potassium 
phosphate, pH 8 or 20 

mM Tris-HCl, 500 mM 
NaCl, pH 8 (3.5 mL) 

TkGAD 
20 mM Na-phospate buffer, 500 
mM NaCl, 25 mM Imidazole,  

pH 7.4 (15 mL) 

20 mM Na-phospate 
buffer, 500 mM 
NaCl, 250 mM 

Imidazole,  pH 7.4 
(5 mL) 

20 mM Na-phospate 
buffer, 150 mM NaCl, 
0.25 mM PLP, pH 7.4 

(3.5 mL) 

PS 
20 mM Na-phospate buffer, 500 
mM NaCl, 30 mM Imidazole, 

pH 8 (15 mL) 

20 mM Na-phospate 
buffer, 500 mM 
NaCl, 250 mM 

Imidazole, pH 8 (5 
mL) 

20 mM Tris-HCl, 500 
mM NaCl, pH 7.9 (3.5 

mL) 
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Figure S1. SDS-PAGE analysis of purified proteins. (M) protein ladder (PageRuler Plus Prestained, 
Thermo Fisher Scientific); (1) MAL; (2) MAL-H194A; (3) ADC (after activation; π – unprocessed 
proenzyme form; α – enzyme subunit which contains a C-terminal acid; β – enzyme subunit which 
contains the pyruvoyl group at its N terminus); (4) CrpG (after activation; π – unprocessed proenzyme 
form; α – enzyme subunit which contains a C-terminal acid; β – enzyme subunit which contains the 
pyruvoyl group at its N terminus); (5) TkGAD; (6) PS.  
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4. Sequence alignment between PfGAD and TkGAD 

 

 

Figure S2. Sequence alignment between PfGAD and TkGAD. The amino acid sequences were aligned 
with the DNAMAN program using default parameters. (-) in the TkGAD sequence denotes that its 
residues at that position are identical to those of PfGAD. 
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5. TLC analysis  

5.1. Monitoring the progress of two-step enzymatic cascade synthesis  

 

 

 

1a    = fumarate (standard) 

2a    = L-aspartic acid (standard) 

3a    = β-alanine (standard) 

RM  = sample of enzymatic reaction 

mixture 

Figure S3. Two-step enzymatic cascade synthesis of 3a. The reaction mixture (1 mL) 
contained 0.01 mol% of MAL, 0.6 mol% of ADC, fumarate (1a, 25 mM), NH4Cl (500 
mM) and MgCl2 (10 mM) in Tris-HCl buffer (100 mM, pH = 8). 

 

 

 
1b        = mesaconic acid (standard) 

ery-2b  = L-erythro-3-methylaspartic acid    

(standard) 

(R)-3b  = (R)-3-amino-2-methylpropanoic 

acid (standard) 

C         = control of enzymatic reaction 

mixture (without enzyme) 

RM      = sample of enzymatic reaction 

mixture  

Figure S4. Two-step enzymatic cascade synthesis of (R)-3b. The reaction mixture (1 mL) 

contained 0.01 mol% of MAL, 0.25 mol% of CrpG, mesaconic acid (1b, 25 mM) and 

NH4Cl (500 mM) in potassium phosphate buffer (100 mM, pH = 8). 

 
 

1b       = mesaconic acid (standard) 

thr-2b  = L-threo-3-methylaspartic acid (standard) 

(S)-3b = (S)-3-amino-2-methylpropanoic acid (standard) 

RM      = sample of enzymatic reaction mixture  

Figure S5. Two-step enzymatic cascade synthesis of (S)-3b; The reaction mixture (1 mL) 

contained 0.04 mol% of MAL-H194A, 0.6 mol% of TkGAD, mesaconic acid (1b, 10 

mM), NH4Cl (500 mM) and PLP (1 mM) in potassium phosphate buffer (100 mM, pH = 

8). 
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5.2. Monitoring the progress of three-step enzymatic cascade synthesis  

 

 

 
1a = fumarate (standard) 

2a            = L-aspartic acid (standard) 

3a = β-alanine (standard) 

(R)-5a = (R)-pantothenic acid (standard) 

RM = sample of enzymatic reaction mixture 

 

Note: All three enzymes (MAL. ADC and PS) were added 

simultaneously and the reaction progress was monitored by TLC. 

Reaction completion was also confirmed by 1H NMR (Figure 

S15A). 

Figure S6. Three-step enzymatic cascade synthesis of (R)-5a. The reaction mixture (1 
mL) contained 0.02 mol% of MAL, 0.3 mol% of ADC, 0.07 mol% of PS, fumarate (1a, 
10 mM), NH4Cl (500 mM), (R)-pantoate (4, 20 mM), ATP (30 mM) and MgCl2 (10 mM) 
in Tris-HCl buffer (100 mM, pH = 9). 

 

 

 

1b = mesaconic acid (standard) 

ery-2b = L-erythro-3-methylaspartic acid (standard) 

(R)-3b = (R)-3-amino-2-methylpropanoic acid (standard) 

RM = sample of enzymatic reaction mixture  

    (before addition of the PS enzyme) 

 

Note: The first two steps of the cascade reaction were monitored by 

TLC. After addition of the PS enzyme, the completion of the third 

step (condensation reaction) was confirmed by 1H NMR (Figure 

S15B). 

Figure S7. Three-step enzymatic cascade synthesis of (2R,2´R)-5b. The reaction mixture 
(1 mL) contained 0.02 mol% of MAL, 0.25 mol% of CrpG, 0.07 mol% of PS, mesaconic 
acid (1b, 10 mM), NH4Cl (500 mM), (R)-pantoate (4, 20 mM), ATP (30 mM) and MgCl2 
(10 mM) in Tris-HCl buffer (100 mM, pH = 9). 

 

  

1b    = mesaconic acid (standard) 

thr-2b    = L-threo-3-methylaspartic acid (standard) 

(S)-3b    = (S)-3-amino-2-methylpropanoic acid (standard) 

RM (24 h)   = sample of enzymatic reaction mixture after 24 h 

RM (48 h)   = sample of enzymatic reaction mixture after 48 h 

       (after addition of the second batch of enzyme) 

 

Note: The first two steps of the cascade reaction were monitored by 

TLC. After addition of the PS enzyme, the completion of the third step 

(condensation reaction) was confirmed by 1H NMR (Figure S15C). 

Figure S8. Three-step enzymatic cascade synthesis of (2S,2´R)-5b. The reaction mixture 
(1 mL) contained 0.04 mol% of MAL-H194A, 0.6 mol% of TkGAD, 0.07 mol% of PS, 
mesaconic acid (1b, 10 mM), NH4Cl (500 mM), MgCl2 (10 mM), (R)-pantoate (4, 20 
mM), and ATP (30 mM) in Tris-HCl buffer (100 mM, pH = 9). 
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5.3. Control experiment to test the diastereoselectivity of CrpG 

 

 

1b = mesaconic acid (standard) 

thr-2b = L-threo-3-methylaspartic acid (standard) 

(S)-3b = (S)-3-amino-2-methylpropanoic acid (standard) 

C             = sample of control reaction without enzyme 

RM          = sample of reaction mixture with enzyme  

Figure S9. The reaction mixture (1 mL) contained 0.01 mol% of MAL-H194A, 0.25 mol% of CrpG, 
mesaconic acid (1b, 25 mM) and NH4Cl (500 mM) in potassium phosphate buffer (100 mM, pH = 8). 

 

5.4. TkGAD activity test  

 

2a = L-aspartate (standard) 

asp-RM = sample of enzymatic reaction mixture 

3a = β-alanine (standard) 

thr-2b = L-threo-3-methylaspartic acid (standard) 

thr-RM     = sample of enzymatic reaction mixture 

containing L-threo-2b as starting substrate 

ery-RM     = sample of enzymatic reaction mixture 

containing L-erythro-2b as starting substrate 

(S)-3b = (S)-3-amino-2-methylpropanoic acid (standard) 

  

Figure S10. The reaction mixtures contained 0.3 mol% of TkGAD, 10 mM of substrate (2a, L-threo-
2b, or L-erythro-2b), and 1 mM PLP in 50 mM HEPES buffer (100 mM, pH = 8).  
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6. NMR Analysis  

6.1. CrpG catalyzed diastereoselective decarboxylation of 2b 

 

 

 

 

Figure S11. CrpG catalyzed diastereoselective decarboxylation of 2b. (A) 1H NMR spectrum of a 1:1 
mixture of L-threo- and L-erythro-3-methylaspartic acid (2b). (B) 1H NMR analysis of the 
diastereoselective decarboxylation of a 1:1 mixture of L-threo-2b and L-erythro-2b by CrpG. The 
spectrum was recorded after 7 d of incubation, showing unreacted L-threo-2b and product (R)-3-
amino-2-methylpropanoic acid [(R)-3b], which results from the CrpG-catalyzed decarboxylation of L-
erythro-2b. 
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6.2. Control experiment to test the diastereoselectivity of CrpG 

 

 

 

 

Figure S12. (A) 1H NMR spectrum monitoring the MAL-catalyzed amination of mesaconic acid (1b), 
yielding a ~1:1 mixture of L-threo- and L-erythro-3-methylaspartic acid (2b); the spectrum was 
recorded 24 h after the start of the amination reaction. (B) 1H NMR spectrum monitoring the CrpG 
catalyzed diastereoselective decarboxylation of L-erythro-3-methylaspartic acid yielding (R)-3-amino-
2-methylpropanoic acid [(R)-3b]. After removal of MAL from the reaction mixture shown in Figure 
S12A by heat inactivation and filtration, CrpG was added. The spectrum was recorded after 7 d of 
incubation, showing complete decarboxylation of L-erythro-2b into (R)-3b, as well as unreacted L-
threo-2b. 

 



Chapter 6  

200 

6.3. Testing the substrate scope of PS by 1H NMR analysis 

 

Figure S13. (A) 1H NMR spectrum monitoring the PS-catalyzed condensation of 3a and (R)-pantoate 
(4) yielding (R)-5a; (B) 1H NMR spectrum monitoring the PS-catalyzed condensation of (R)-3b and 4 
yielding (2R,2´R)-5b; (C) 1H NMR spectrum monitoring the PS-catalyzed condensation of (S)-3b and 
4 yielding (2S,2´R)-5b. Reaction mixtures contained 0.07 mol% of PS, 10 mM of 3a or (R)-3b or (S)-
3b, 20 mM of 4, 20 mM of ATP, and 10 mM of MgCl2 in 1 mL Tris-HCl buffer (pH 9, 100 mM); 
NMR spectra were recorded 24 h after the start of the condensation reactions. Characteristic signals of 
the products are labeled. 
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6.4. Reaction conditions optimization for three-step cascade synthesis of 

(R)-5a 

 

 

Figure S14. 1H NMR spectra monitoring the progress of the cascade synthesis of (R)-5a using 
different conditions. (A) 1H NMR spectrum of reaction mixture which contained 1:1:1 ratio of 
fumarate (1a), (R)-pantoate (4), and ATP; (B) 1H NMR spectrum of reaction mixture which contained 
1:2:2 ratio of 3a, 4, and ATP; (C) 1H NMR spectrum of reaction mixture which contained 1:2:3 ratio 
of 1a, 4, and ATP. The reaction mixtures contained 0.01 mol% of MAL, 0.03 mol% of ADC and 0.07 
mol% of PS, 1a (10 mM), 4 (10-20 mM), ATP (10-30 mM), and MgCl2 (10 mM) in 20 mL Tris-HCl 
buffer (pH 9, 100 mM); NMR spectra were recorded after 24 h. Characteristic signals of the products 
are labeled in Panels A-C. 
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6.5. Monitoring the progress of three-step cascade synthesis 

 

 

 

 

Figure S15. 1H NMR spectra monitoring the progress of the multi-enzymatic synthesis of pantothenic 
acid (5a) and both diastereoisomers of α-methyl-pantothenic acid (5b). (A) 1H NMR spectrum of 
reaction mixture which contains (R)-5a; spectrum was recorded after 24 h; (B) 1H NMR spectrum of 
reaction mixture which contains (2R,2’R)-5b; spectrum was recorded after 8 d; (C) 1H NMR spectrum 
of reaction mixture which contains (2S,2’R)-5b; spectrum was recorded after 3 d. Characteristic 
signals of the products are labeled in Panels A-C. 
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7. Experimental procedure for analytical scale synthesis 

7.1. One-pot two-step enzymatic cascade synthesis 

7.1.1. 3-Aminopropanoic acid (3a): The reaction was performed in Tris-HCl buffer (100 

mM, pH 8). The reaction mixture (1 mL) contained MAL (0.01 mol%), ADC (0.6 mol%), 

fumarate (1a, 25 mM), NH4Cl (500 mM) and MgCl2 (10 mM). The reaction mixture was 

incubated at 25 °C. Reaction progress was monitored by TLC analysis. After 24 h the reaction 

mixture was heated at 100°C for 5 min and the precipitated proteins were removed by 

centrifugation. The crude reaction mixture was analyzed by 1H NMR and showed >99% 

conversion of 1a into 3a. 

7.1.2. (R)-3-amino-2-methylpropanoic acid [(R)-3b]: The reaction was performed in 

potassium phosphate buffer (100 mM, pH 8). The reaction mixture (1 mL) contained MAL 

(0.01 mol%), CrpG (0.25 mol%), mesaconic acid (1b, 25 mM) and NH4Cl (500 mM). The 

reaction mixture was incubated at 25 °C. Reaction progress was monitored by TLC analysis. 

After 7 d the reaction mixture was heated at 100°C for 5 min and the precipitated proteins 

were removed by centrifugation. The crude reaction mixture was analyzed by 1H NMR and 

showed >99% conversion of 1b into the desired product (R)-3b. 

7.1.3. (S)-3-amino-2-methylpropanoic acid [(S)-3b]: The reaction was performed in 

potassium phosphate buffer (100 mM, pH 8). The reaction mixture (1 mL) contained MAL-

H194A (0.02 mol%), TkGAD (0.3 mol%), mesaconic acid (1b, 10 mM), NH4Cl (500 mM), 

and PLP (1 mM). The reaction mixture was incubated at 37 °C for 24 h. The reaction progress 

was monitored by TLC analysis and after 24 h the reaction showed ~48% conversion. Then, 

one more equivalent of MAL-H194A (0.02 mol%) and TkGAD (0.3 mol%) were added and 

the reaction was allowed to proceed further for 24 h. After a total incubation time of 2 d, 

maximum conversion of 1b (75%) into the desired product (S)-3b was obtained, and further 

incubation did not show any improvement. 

7.2. One-pot three-step enzymatic cascade synthesis 

7.2.1. (R)-pantothenic acid [(R)-5a]: The reaction was performed in Tris-HCl buffer (100 

mM, pH 9). All three enzymes, MAL (0.02 mol%), ADC (0.3 mol%) and PS (0.07 mol%) 

were added simultaneously into Tris-HCl buffer. To this 1a (10 mM), NH4Cl (500 mM), 4 (20 

mM), ATP (30 mM) and MgCl2 (10 mM) were added. The reaction mixture (1 mL) was 

incubated at 25 °C. After 24 h the reaction mixture was heated at 100 °C for 5 min and the 

precipitated proteins were removed by centrifugation. The crude reaction mixture was 

analyzed by 1H NMR and showed >99% conversion of 1a into (R)-5a. 

7.2.2. (2R,2´R)-α-methyl-pantothenic acid [(2R,2´R)-5b]: The reaction was performed in 

Tris-HCl buffer (100 mM, pH 9). Initially, the first two enzymes MAL (0.02 mol%) and 

CrpG (0.25 mol%) were added simultaneously into the buffer. To this 1b (10 mM), NH4Cl 
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(500 mM), and MgCl2 (10 mM) were added. The reaction mixture (1 mL) was incubated at 

25 °C for 7 d. After complete conversion of 1b into (R)-3b, the third enzyme PS (0.07 mol%), 

4 (20 mM) and ATP (30 mM) were added into the reaction mixture, and incubation was 

continued further for 24 h. Then, the reaction mixture was heated at 100 °C for 5 min and the 

precipitated proteins were removed by centrifugation. The crude reaction mixture was 

analyzed by 1H NMR and showed >99% conversion of 1b into (2R,2´R)-5b. 

7.2.3. (2S,2´R)-α-methyl-pantothenic acid [(2S,2´R)-5b]: The reaction was performed in 

Tris-HCl buffer (100 mM, pH 9). Initially, the first two enzymes MAL-H194A (0.04 mol%) 

and TkGAD (0.6 mol%) were added simultaniously into the buffer. To this 1b (10 mM), 

NH4Cl (500 mM), MgCl2 (10 mM), and PLP (1 mM) were added and the reaction mixture 

was incubated at 37 °C for 24 h to produce (S)-3b as mentioned earlier (section 7.1.3). Then, 

the third enzyme PS (0.07 mol%), 4 (20 mM) and ATP (30 mM) were added into the reaction 

mixture, and incubation of the reaction mixture was continued further at 25 °C for 24 h. Then, 

the reaction mixture was heated at 100 °C for 5 min and the precipitated proteins were 

removed by centrifugation. The crude reaction mixture was analyzed by 1H NMR and showed 

75% conversion of 1b into (2S,2´R)-5b. 

 

8. Experimental procedure for preparative scale synthesis  

8.1. One-pot two-step enzymatic cascade synthesis 

8.1.1. 3-aminopropanoic acid (3a): 

The reaction mixture consisted of 1a (100 mg, 25 mM), NH4Cl (500 mM) and MgCl2 (25 mM) 

in 25 mL of Tris-HCl buffer (100 mM, pH 8), and the pH of the reaction mixture was adjusted 

to pH 8 by addition of aqueous HCl or NaOH. The enzymatic cascade reaction was started by 

addition of MAL (0.02 mol%) and ADC (0.6 mol%), and the reaction mixture was incubated 

at 25 °C. The reaction progress was monitored by TLC. After 24 h, the reaction mixture was 

heated at 100 °C for 5 min and precipitated protein was removed by centrifugation. The 

reaction mixture was concentrated and then acidified with 1N HCl (5 mL). The desired 

product was purified using a cation exchange column (Dowex® 50W X8, 5 mL), which was 

pretreated with aqueous NH3 (2 M, 4 column volumes) followed by HCl (1N, 2 column 

volumes) and finally washed with distilled water (4 column volumes). The crude reaction 

sample was loaded onto the cation exchange column and washed with water (2 column 

volume), after which the product was eluted with aqueous NH3 (2 M, 3 column volumes). The 

collected fractions (analysed by TLC using ninhydrin staining)  that contained the product 

were combined and concentrated, followed by lyophilization. Product 3a was isolated in 85% 

yield (48 mg). 
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8.1.2. (R)-3-amino-2-methylpropanoic acid [(R)-3b]: 

The reaction mixture consisted of 1b (100 mg, 30.8 mM), NH4Cl (500 mM) and MgCl2 (25 

mM) in 25 mL of pottasium phosphate buffer (100 mM, pH 8), and the pH of the reaction 

mixture was adjusted to pH 8 by addition of aqueous HCl or NaOH. The enzymatic cascade 

reaction was started by addition of MAL (0.02 mol%) and CrpG (0.47 mol%) and the reaction 

mixture was incubated at 25 °C. The reaction progress was monitored by TLC. After 7 d, the 

reaction mixture was heated at 100 °C and precipitated protein was removed by centrifugation. 

The reaction mixture was concentrated and then acidified with 1 N HCl (5 mL). The crude 

product was purified as mentioned above (section 8.1.1). Product (R)-3b was isolated in 78% 

yield (62 mg). 

8.1.3. (S)-3-amino-2-methylpropanoic acid [(S)-3b]: 

The reaction mixture consisted of 1b (32.5 mg, 10 mM), NH4Cl (500 mM) and MgCl2 (25 

mM) in 25 mL of pottasium phosphate buffer (100 mM, pH 8), and the pH of the reaction 

mixture was adjusted to pH 8 by addition of aqueous HCl or NaOH. The enzymatic cascade 

reaction was started by addition of MAL-H194A (0.02 mol%) and TkGAD (0.3 mol%) and 

incubated at 37 °C for 24 h. After 24 h of incubation, the reaction showed only ~48% 

conversion of 1b into the final product (S)-3b. To achieve a better yield of 3b, MAL-H194A 

(0.02 mol%) and TkGAD (0.3 mol%) were added again and the reaction mixture was 

incubated further for 24 h. The reaction progress was monitored by TLC. After a total 

incubation time of 2 d, the reaction mixture was heated at 100 °C and precipitated protein was 

removed by centrifugation. The reaction mixture was concentrated and then acidified with 1 

N HCl (5 mL). The crude product was purified as mentioned above (section 8.1.1). Product 

(S)-3b was isolated in 63% yield (16 mg). 

8.2. One-pot three-step enzymatic cascade synthesis 

8.2.1. (R)-pantothenic acid [(R)-5a]:  

The reaction mixture consisted of 1a (32 mg, 10 mM), NH4Cl (500 mM), 4 (20 mM), ATP 

(30 mM) and MgCl2 (10 mM) in 20 mL of Tris-HCl buffer (100 mM, pH 9), and the pH of 

the reaction mixture was adjusted to pH 9 by addition of aqueous HCl or NaOH. All three 

enzymes MAL (0.01 mol%), ADC (0.3 mol%) and PS (0.07 mol%) were added 

simultaneously into the reaction mixture, and the reaction mixture was incubated at 25 °C. 

After 24 h, the reaction mixture was heated at 100°C for 5 min and the precipitated proteins 

were removed by centrifugation. The reaction mixture was concentrated and dissolved in 2 

mL of NH4HCO3 (20 mM). The crude product was purified by preparative HPLC (20 mM 

ammonium bicarbonate, flow rate 15 mL/min). The eluted fractions (analysed by TLC using 

ninhydrin staining) that contained the product were combined and concentrated, followed by 

lyophilization. Product (R)-5a was isolated in 70% yield (31 mg).  
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8.2.2. (2R,2'R)-α-methyl-pantothenic acid [(2R,2´R)-5b]:  

The reaction mixture consisted of 1b (26 mg, 10 mM), NH4Cl (500 mM) and MgCl2 (10 mM) 

in 20 mL of Tris-HCl (100 mM, pH 9), and the pH of the reaction mixture was adjusted to pH 

9 by addition of aqueous HCl or NaOH. Initially the first two enzymes MAL (0.01 mol%) and 

CrpG (0.7 mol%) were added into the reaction mixture. The reaction mixture was incubated at 

25 ºC and reaction progress was monitored by TLC and 1H NMR analysis. After complete 

conversion of 1b (7 d), the third enzyme PS (0.07 mol%), 4 (20 mM), and ATP (30 mM) were 

added, and incubation of the reaction mixture was continued at 25 ºC. After 24 h the crude 

product was purified by preparative HPLC as mentioned above (section 8.2.1). Product 

(2R,2’R)-5b was isolated in 49% yield (23 mg). 

8.2.3. (2S,2'R)-α-methyl-pantothenic acid [(2S,2´R)-5b]:  

The reaction mixture consisted of 1b (26 mg, 10 mM), PLP (1 mM), NH4Cl (500 mM) and 

MgCl2 (10 mM) in 20 mL of Tris-HCl (100 mM, pH 9), and the pH of the reaction mixture 

was adjusted to pH 9 by addition of aqueous HCl or NaOH. The first two steps of the three-

step cascade reaction were carried out as mentioned above (section 8.1.3). The reaction 

progress was monitored by TLC and 1H NMR analysis. After 2 d, maximum conversion of 1b 

into the intermediate product (S)-3b was obtained (75%). Then, the third enzyme PS (0.07 

mol%), 4 (20 mM), and ATP (30 mM) were added, and incubation of the reaction mixture 

was continued at 25 ºC. After 24 h, the crude product was purified by silica gel column 

chromatography (ethyl acetate and methanol; 9:1). Product (2S,2’R)-5b was isolated in 46% 

yield (23 mg). 

 

9. Spectral data 

9.1. 3-Aminopropanoic acid (3a): Conversion >99%; Yield 85%; White solid. 1H NMR (500 

MHz, Deuterium Oxide): δ 3.10 (t, J = 6.6 Hz, 1H), 2.49 (t, J = 6.6 Hz, 1H); HRMS: m/z calc. 

for C3H8NO2, 90.0477 [M+H]+, found: 90.0549. 

 9.2. (R)-3-amino-2-methylpropanoic acid [(R)-3b]: Conversion >99%; Yield 78%; White 

solid. 1H NMR (500 MHz, Deuterium Oxide): δ 3.08 (dd, J = 12.8, 8.5 Hz, 1H), 3.01 (dd, J = 

12.8, 5.3 Hz, 1H), 2.64 – 2.53 (m, 1H), 1.18 (d, J = 7.3 Hz, 3H); HRMS: m/z calc. for 

C4H10NO2, 104.0633 [M+H]+, found: 104.0708. 

 9.3. (S)-3-amino-2-methylpropanoic acid [(S)-3b]: Conversion 75%; Yield 63%; Yellow 

solid. 1H NMR (500 MHz, Deuterium Oxide): δ 3.08 (dd, J = 12.8, 8.5 Hz, 1H), 3.00 (dd, J = 

12.8, 5.3 Hz, 1H), 2.65 – 2.52 (m, 1H), 1.17 (d, J = 7.3 Hz, 3H); HRMS: m/z calc. for 

C4H10NO2, 104.0633 [M+H]+, found: 104.0708. 
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9.4. (R)-pantothenic acid [(R)-5a]: Conversion >99%; Yield 70%; White solid. 1H NMR 

(500 MHz, Deuterium Oxide): δ 3.97 (s, 1H), 3.50 (d, J = 11.2 Hz, 1H), 3.45 (t, J = 6.7 Hz, 

2H), 3.39 (d, J = 11.2 Hz, 1H), 2.46 (t, J = 6.7 Hz, 2H), 0.90 (d, J = 18.3 Hz, 6H); 13C NMR 

(126 MHz, Deuterium Oxide): δ 174.93, 75.74, 75.64, 68.32, 38.51, 35.87, 35.76, 20.46, 

19.04; HRMS: m/z calc. for C9H18O5N, 220.1107 [M+H]+, found: 220.1180. 

9.5. (2R,2'R)-α-methyl-pantothenic acid [(2R,2'R)-5b]: Conversion >99 %; Yield 49%; 

White solid. 1H NMR (500 MHz, Deuterium Oxide): δ 3.98 (s, 1H), 3.51 (d, J = 11.2 Hz, 1H), 

3.39 (d, J = 11.2 Hz, 1H), 3.30 (d, J = 7.2 Hz, 2H), 2.53 (h, J = 7.0 Hz, 1H), 1.10 (d, J = 7.1 

Hz, 3H), 0.90 (d, J = 19.6 Hz, 6H); 13C NMR (126 MHz, Deuterium Oxide): δ 183.68, 175.03, 

75.70, 68.36, 42.45, 42.33, 38.50, 20.45, 19.07, 15.28; HRMS: m/z calc. for C10H20O5N, 

234.1263 [M+H]+, found 234.1334. 

9.6. (2S,2'R)-α-methyl-pantothenic acid [(2S,2'R)-5b]: Conversion 75%; Yield 46%; White 

solid. 1H NMR (500 MHz, Deuterium Oxide): δ 3.99 (s, 1H), 3.53 – 3.43 (m, 2H), 3.41 – 3.33 

(m, 2H), 2.75 (h, J = 7.1 Hz, 1H), 1.16 (d, J = 7.1 Hz, 3H), 0.90 (d, J = 17.1 Hz, 6H); 13C 

NMR(126 MHz, Deuterium Oxide): δ 179.86, 175.18, 75.84, 68.45, 41.61, 39.71, 38.59, 

20.48, 19.11, 14.33; HRMS: m/z calc. for C10H20O5N, 234.1263 [M+H]+, found 234.1337. 
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10. HPLC analysis of isolated target compounds 

10.1. Chiral HPLC analysis of (R)-3-amino-2-methylpropanoic acid [(R)-3b] 

and  (S)-3-amino-2-methylpropanoic acid [(S)-3b]. 

 
 

 
 

 
 

 
 

Figure S16. (A) HPLC chromatogram of rac-3b; (B) HPLC chromatogram of enzymatically obtained 
(R)-3b; (C) HPLC chromatogram of enzymatically obtained (S)-3b. HPLC conditions: CROWNPAK® 
CR-(+) column (150 x 3 mm, Daicel); HClO4 (pH = 1.0) / ACN  (80:20); 0.2 mL/min flow rate; 20°C; 
210 nm; Retention times: (S)-3b = 8.1 min, (R)-3b = 9.3 min. 
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10.2 HPLC analysis of diastereoisomers of α-methyl substituted 
pantothenic acid (5b) 

 

 

 

 

Figure S17. (A) HPLC chromatogram of a diastereomeric mixture of 5b; (B) HPLC chromatogram of 
enzymatically obtained (2R,2’R)-5b; (C) HPLC chromatogram of enzymatically obtained (2S,2’R)-5b. 
HPLC conditions: Kinetex® 5µm EVO C18 column (100 Å; 150 x 4.6 mm; Phenomenex); KH2PO4 / 
MeOH (90:10); 0.4 mL/min; 30°C; 210 nm; Retention times: (2R,2’R)-5b = 6.8 min, (2S,2’R)-5b = 
7.4 min. 
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In biocatalysis, enzymes or microorganisms are used as catalysts to accelerate chemical 

reactions. The use of enzymes as catalysts offers multiple benefits such as high catalytic 

efficiency, good chemo-, regio- and stereoselectivity, and adaptability via molecular 

biological manipulations. This has attracted strong interest from both academia and industry 

to apply biocatalysis for chemical synthesis. Recent years witnessed rapid advances in 

biocatalysis, which has now become a widely accepted strategy for sustainable and scalable 

production of important organic molecules, especially those of pharmaceutical significance. 

Developments in directed evolution, high throughput screening, bioinformatics and 

computational design accelerated enzyme discovery and engineering, rapidly generating 

biocatalysts with desired properties and reaction selectivity for a certain synthetic step.  

Carbon-nitrogen lyases (C-N lyases) are enzymes catalyzing the cleavage of C-N bonds 

by an α,β-elimination reaction, yielding α,β-unsaturated molecules as products. C-N lyases 

can also work in reverse and thus be used as synthetic enzymes in C-N bond-forming 

reactions. These enzymes are found in a broad range of prokaryotic and eukaryotic organisms, 

with a vast diversity in structural and mechanistic characteristics. C-N lyases show great 

potential as biocatalytic tools for asymmetric synthesis of unnatural α- and β-amino acids 

through hydroamination of simple unsaturated carboxylic acids. Despite their great synthetic 

potential, only a few C-N bond-forming lyases have been identified and characterized for 

their substrate scope and synthetic usefulness. Developing new C-N lyases as effective C-N 

bond-forming biocatalysts by enzyme discovery and engineering, as well as expanding the 

synthetic applications of this fascinating group of enzymes, are promising areas to investigate. 

Chapter 1 of this thesis provides a review on the biochemical properties, structures and 

catalytic mechanisms of two biotechnologically-relevant C-N lyases, MAL and EDDS lyase. 

Recent synthetic applications of these two enzymes in preparing a broad range of L-aspartic 

acid derivatives and building complex compounds of pharmaceutical and nutraceutical 

interest through chemoenzymatic and multienzymatic cascades are discussed. 

In the work described in Chapter 2, an EDDS lyase from Chelativorans sp. BNC1 was 

investigated as biocatalyst for (chemo)enzymatic asymmetric synthesis of the important 

fungal natural products aspergillomarasmine A (AMA), aspergillomarasmine B (AMB) and 

toxin A, as well as related compounds. AMA is a potent inhibitor of metallo-β-lactamases 

such as NDM-1 and VIM-2, which are widely recognized as a major cause of bacterial 

resistance to β-lactam antibiotics, which is  one of the biggest threats to global health. Given 

that AMA is difficult to synthesize chemically, EDDS lyase was used to catalyze the addition 

of different amino acids to fumaric acid to yield toxin A, the biosynthetic precursor of AMA, 

as well as seven analogues of Toxin A, with high conversion (91-98%), good isolated yield 

(34-82%) and excellent regio- and stereoselectivity (d.e. >98%, e.e. >99%). Based on this 

biocatalytic process, a one-pot chemoenzymatic synthetic strategy was developed for rapid 

derivatization of toxin A and related compounds by chemical N-alkylation using bromoacetic 

acid and bromopropanoic acid, generating AMB and two derivatives with only two synthetic 
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steps. Lastly, the biocatalytic synthesis of AMA, AMB or derivatives in one asymmetric step 

was performed by the regio- and stereoselective addition of retrosynthetically-designed amino 

acid substrates to fumaric acid by EDDS lyase. Reactions gave 65-80% conversion and 

enzymatic products were obtained with 20-47% isolated yield and in the desired absolute 

configuration (>98% d.e.). In summary, EDDS lyase is an important synthetic tool for the 

(chemo)enzymatic synthesis of the biologically active aminocarboxylic acids AMA, AMB, 

toxin A and their derivatives. EDDS lyase shows a broad amine scope, including structurally 

distinct amino acids, and excellent regio- and stereoselectivity. As such, this C-N lyase has 

great potential for practical synthesis of optically-pure (metal-chelating) aminocarboxylic 

acids. 

To broaden our knowledge of EDDS lyase, an EDDS lyase from Chelativorans sp. BNC1 

was cloned and characterized for its structural and mechanistic features (Chapter 3). The 

purified EDDS lyase reversibly catalyzed a sequential two-step amination of fumaric acid 

with ethylene diamine to give the natural metal chelator (S,S)-EDDS via the intermediate 

compound AEAA. Except for ethylene diamine, EDDS lyase showed broad substrate scope 

towards a variety of mono- and diamines. Crystal structures of EDDS lyase in native form and 

in complex with formate, succinate, fumarate, AEAA and (S,S)-EDDS were determined, 

revealing that the enzyme has a tertiary and quaternary structure that is characteristic for 

members of the aspartase/fumarase superfamily. A general base-catalyzed deamination 

mechanism was suggested, involving an enediolate intermediate that is highly stabilized by 

hydrogen bonding with active site residues. This work broadens our understanding of 

mechanistic diversity within the aspartase/fumarase superfamily and will aid in the 

optimization of EDDS lyase for asymmetric synthesis of valuable aminocarboxylic acids. 

In Chapter 4, the substrate spectra of the MAL-Q73A mutant and EDDS lyase towards 

ring-substituted amines were investigated for biocatalytic asymmetric synthesis of N-

cycloalkyl substituted L-aspartic acids. Cycles, especially heterocycles, are good modifiers of 

properties and biological activities of chemical molecules. A set of homo- and 

heterocycloalkyl amines substituted with four-, five-, and six-membered rings were evaluated 

for selective enzymatic addition to fumaric acid. The MAL-Q73A mutant displayed a 

relatively narrow scope for cycloalkyl amines, accepting only three tested amines as 

substrates, yet displaying perfect enantioselectivity (>99% e.e.). EDDS lyase accepted all ten 

amine substrates for addition to fumaric acid, giving the corresponding N-cycloalkyl L-

aspartic acids with good conversions and in the desired L-configuration (>99% e.e.). EDDS 

lyase thus shows excellent enantioselectivity in the addition of various cycloalkylamines to 

fumaric acid, exhibiting great potential for biocatalytic asymmetric synthesis of difficult L-

aspartic acid derivatives carrying homo- and heterocycles, which may be exploited for follow-

up chemistry. 

Chapter 5 describes the use of enzyme engineering to extend the synthetic application of 

EDDS lyase for biocatalytic preparation of N-(3,3-dimethylbutyl)-L-aspartic acid, an 
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important precursor to the artificial dipeptide sweetener neotame. Approved as a low-calorie 

artificial sweetener, neotame has wide-ranging applications in the food industry. First, results 

demonstrated that wild-type EDDS lyase has low-level hydroamination activity allowing the 

synthesis of N-(3,3-dimethylbutyl)-L-aspartic acid and five derivatives via enantioselective 

amine addition to fumaric acid (82-97% conversion in 7 days, 34-74% isolated yield, 

e.e >99%). The activity of EDDS lyase for synthesis of the neotame precursor was further 

enhanced by two rounds of site-saturation mutagenesis and activity screening, yielding double 

mutant D290M/Y320M that displays an 1140-fold increase in activity. This newly engineered 

C-N lyase enabled the efficient synthesis of the neotame precursor within 2.5 h (instead of 7 

days) using low biocatalyst loading (0.05 mol%), and achieving 96% conversion and optically 

pure product (>99% e.e.) in 83% isolated yield. Five related aspartic acid derivatives were 

also synthesized with good conversions and enantioselectivity, including N-[3-(3-hydroxy-4-

methoxyphenyl)propyl]-L-aspartic acid, an important precursor to the artificial sweetener 

advantame. This study provided the first biocatalyst to synthesize valuable amino acid 

precursors for neotame and advantame in a single asymmetric step, opening up new 

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

economic synthesis of an important class of food additives. 

In Chapter 6, an application of MAL and its H194A mutant was demonstrated in 

enzymatic cascade synthesis of (R)-pantothenic acid (vitamin B5) and its derivatives with 

high stereocontrol. (R)-Pantothenic acid and its α-methyl-substituted derivatives are synthetic 

precursors to pantothenamides, which are promising antimicrobial compounds. First, a one-

pot two-step enzymatic cascade starting from unsaturated carboxylic acids was established 

containing a C-N lyase (MAL or MAL-H194A) and an amino acid decarboxylase [aspartate-

α-decarboxylase (ADC), β-methylaspartate-α-decarboxylase (CrpG) or glutamate 

decarboxylase (GAD)], producing β-alanine and both enantiomers of α-methyl-β-alanine with 

good conversion (75-99%), isolated yield (63-85%) and optical purity (>99% e.e). Next, the 

synthetic pathway was extended by including pantothenate synthetase (PS) to form a one-pot 

three-step enzymatic cascade for production of (R)-pantothenic acid and both 

diastereoisomers of α-methyl-(R)-pantothenic acid (75-99% conversion, 46-70% isolated 

yield over three steps). 

 

Conclusion and future perspectives 

The work described in this thesis explored the synthetic application of C-N lyases for 

biocatalytic asymmetric hydroamination of unsaturated carboxylic acids to produce L-aspartic 

acid derivatives of pharmaceutical and nutraceutical importance. A new member of the 

aspartase/fumarase superfamily, EDDS lyase from Chelativorans sp. BNC1, was identified 

and characterized to elucidate its properties, structure and catalytic mechanism. EDDS lyase 

has a broad nucleophile scope and excellent regio- and stereoselectivity, showing great 
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potential for biocatalytic application. Successful structure-based engineering of EDDS lyase 

generated a tailor-made variant with significant improvement in catalytic efficiency, 

implicating its evolvability to an efficient biocatalyst for unnatural substrates. A collection of 

substituted L-aspartic acid derivatives with structural diversity were synthesized using EDDS 

lyase and MAL as biocatalysts, leading to novel enzymatic and chemoenzymatic routes to 

several valuable pharma- and neutraceutical compounds, including the metal chelators EDDS 

and AMA, low-calorie artificial sweeteners such as neotame and advantame, and vitamin B5 

and its derivatives.  

There is a need to further explore the substrate scope of EDDS lyase. Aromatic rings are 

versatile structures in natural products and pharmaceuticals, playing functions in numerous 

biological activities and in modifying compound properties. While the alkylamine scope of 

EDDS lyase has been elaborated, its ability to accept arylamines remains unknown. It is an 

interesting topic to explore the arylamine scope of EDDS lyase for addition to fumaric acid 

which would yield N-aryl substituted L-aspartic acids with extended applications. In addition, 

it would be interesting to investigate whether EDDS lyase can accept other nucleophiles such 

as thiols, alcohols, nitroalkanes, and others, which would result in non-native bond-forming 

reactions. 

Similarly, expanding the electrophile scope of EDDS lyase is also an interesting yet 

challenging research topic to inspect. In contrast to the broad nucleophile scope, wild-type 

EDDS lyase shows a narrow electrophile scope. Except for fumaric acid, analogues like 

crotonic acid, mesaconic acid, itaconic acid, 2-pentenoic acid, and glutaconic acid are not 

processed by EDDS lyase. Structure-guided engineering of EDDS lyase, especially the 

redesign of its α-carboxylate-binding site (Figure 1), is a potential strategy to enlarge its 

electrophile scope with the aim to use EDDS lyase as catalyst for the asymmetric synthesis of 

β-amino acids. Based on the catalytic mechanism, the β-carboxyl group of the proximal 

aspartic acid moiety of the (S,S)-EDDS substrate is crucial for catalysis because it’s involved 

in formation of the enediolate intermediate, while the α-carboxylate does not seem to be 

important for the catalytic mechanism as it mainly plays a role in substrate binding, forming 

hydrogen bond interactions with several active site residues. Modifying the α-carboxylate-

binding site hypothetically could lead to binding and proper positioning of fumarate 

analogues in the modified active site, which might enable the attack of amines to produce β-

amino acids.  

A recent successful computational redesign of AspB (aspartase from Bacillus sp. YM55-1) 

into a β-amino acid lyase revealed mutations at four residue positions in the α-carboxylate-

binding site (Thr187/Met321/Lys324/Asn326).1 This engineered AspB enzyme catalyzes the 

enantioselective hydroamination of α,β-unsaturated monocarboxylic acids to yield several β-

amino acids. As these four residues are highly conserved in members of the 

aspartase/fumarase superfamily, they are also found in EDDS lyase 

(Thr158/Met283/Lys286/Asn288), serving as good candidates to start with a focused 
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engineering approach. If engineering of EDDS lyase is successful and results in an enlarged 

electrophile scope, and given its broad nucleophile scope, it may be possible to use such an 

EDDS lyase variant to produce a large set of valuable β-amino acids.  

 

 

Figure 1. Crystal structure of EDDS lyase bound with (S,S)-EDDS. (A) Amine binding site showing 

hydrogen-bonding interactions; (B) Amine binding site showing distances between (S,S)-EDDS and 

residues that do not directly interact with the substrate; (C) α-Carboxylate binding site showing 

hydrogen-bonding interactions; (D) β-Carboxylate binding site showing hydrogen-bonding 

interactions. (S,S)-EDDS (green) and residues (grey) are shown in stick representation. The water 

molecule is shown as a yellow sphere. Hydrogen bonds and observed distances are shown as dash 

lines and solid lines, respectively. 

 
Chapter 5 of this thesis described the application of an engineered EDDS lyase variant 

(D290M/Y320M) for efficient and enantioselective synthesis of complex N-substituted L-

aspartic acids serving as neotame and advantame precursors. To fully synthesize the neotame 

and advantame dipeptides, these precursors would have to be coupled with L-phenylalanine 

methyl ester by amide bond formation via the α-carboxylic acid group. Current chemical 

coupling methods are relatively laborious because protecting/deprotecting the β-carboxylic 

acid group of the precursors and activating the α-carboxylic acid group are needed. An 

A B

C D 
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alternate approach is peptidase-catalyzed amide-bond formation, which has already been well-

studied and applied to the synthesis of a number of useful peptides, including aspartame. It 

would be very interesting to develop a two-step enzymatic cascade using EDDS lyase variant 

D290M/Y320M and a regioselective peptidase to synthesize neotame and advantame (Figure 

2). If this cascade works, the total number of synthetic steps would be reduced from 4-6 steps 

to only two steps, eliminating the protection/deprotection and activation steps. The challenges 

of this cascade strategy include finding a peptidase with proper substrate acceptance and 

selectivity, as well as suitable reaction conditions to overcome the unfavourable equilibrium 

favoring hydrolysis over peptide-bond formation. Our preliminary efforts on using 

thermolysin or papain failed to connect N-(3,3-dimethylbutyl)-L-aspartic acid and L-

phenylalanine methyl ester to produce neotame under several tested reaction conditions 

(aqueous, mono- or biphasic aqueous/organic and solvent-less conditions). Screening a library 

of peptidases could be effective in finding a suitable peptidase. Process optimization for in-

situ product-removal techniques (precipitation, resins absorption, solid-state reactions) could 

be explored for driving the equilibrium towards peptide synthesis.  
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Figure 2. Proposed two-step enzymatic cascade synthesis of neotame and advantame. 

 
Finally, elucidating the precise physiological role of EDDS and unraveling its metabolic 

pathway are interesting subjects to investigate. Previous studies hypothesized that EDDS is 

secreted by bacteria serving to transport metal ions across cell membranes, and EDDS lyase 

initiates intracellular degradation of EDDS.2,3 However, questions on how EDDS is 

transported across the cell membrane, which metal ions can be complexed and transported, 

and how the EDDS degradation product ethylene diamine is further metabolized remain to be 

answered. Inspecting the genomic context of the gene encoding EDDS lyase in different 

bacteria could shed light on the metabolic pathway for EDDS biodegradation. 
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Biokatalyse behelst het gebruik van enzymen of micro-organismen als katalysatoren om 

chemische reacties te versnellen. De toepassing van enzymen als katalysator biedt meerdere 

voordelen, zoals een hoge katalytische efficiëntie, goede chemo-, regio- en stereoselectiviteit, 

milde procescondities en de optie tot verdere aanpassing via moleculair biologische 

modificaties. Dit alles heeft sterk de aandacht getrokken van zowel de academische wereld als 

het bedrijfsleven met als resultaat een toenemende inzet van biokatalyse voor chemische 

synthese. De afgelopen jaren hebben snelle vorderingen laten zien in de biokatalyse waarmee 

dit inmiddels een algemeen aanvaarde strategie is geworden voor de duurzame en 

opschaalbare productie van belangrijke organische moleculen, met name farmaceutisch 

relevante verbindingen. Ontwikkelingen in gerichte evolutie, high throughput screening, 

bioinformatica en in silico ontwerpen hebben de ontdekking en engineering van enzymen 

sterk versneld resulterend in efficiënte biokatalysatoren met gewenste eigenschappen en hoge 

selectiviteit voor een bepaalde synthetische stap. 

Koolstof-stikstof-lyasen (C-N-lyasen) zijn enzymen die de splitsing van C-N-bindingen 

katalyseren door een α,β-eliminatiereactie, waarbij α,β-onverzadigde moleculen als producten 

worden verkregen. C-N-lyasen kunnen ook in omgekeerde richting werken en dus worden 

gebruikt als synthetische enzymen in C-N-bindingsvormende reacties. Deze enzymen zijn te 

vinden in een breed spectrum van prokaryote en eukaryote organismen, met een enorme 

diversiteit aan structurele en mechanistische kenmerken. C-N-lyasen vertonen een groot 

potentieel als biokatalytische hulpmiddelen voor asymmetrische synthese van niet-natuurlijke 

α- en β-aminozuren door middel van hydro-aminering van eenvoudige onverzadigde 

carbonzuren. Ondanks hun grote synthetische potentieel, zijn slechts een paar C-N-

bindingsvormende lyasen geïdentificeerd en gekarakteriseerd met betrekking tot hun 

substraatspecificiteit en synthetische bruikbaarheid. Het ontwikkelen van nieuwe C-N-lyasen 

als effectieve C-N-bindingsvormende biokatalysatoren door enzym discovery en engineering, 

evenals het uitbreiden van de synthetische toepassingen van deze fascinerende groep enzymen, 

zijn veelbelovende thema’s voor onderzoek. 

In hoofdstuk 1 hebben we de biochemische eigenschappen, structuren en katalytische 

mechanismen besproken van twee biotechnologisch relevante C-N-lyasen, MAL en EDDS-

lyase. We bespraken recente synthetische toepassingen van deze twee enzymen bij het 

bereiden van een breed scala aan L-asparaginezuurderivaten en het bouwen van complexe 

verbindingen van farmaceutisch en nutraceutisch belang door chemoenzymatische en 

multienzymatische cascades. 

Met het werk beschreven in hoofdstuk 2, hebben we EDDS-lyase van Chelativorans sp. 

BNC1 onderzocht als biokatalysator voor (chemo) enzymatische asymmetrische synthese van 

de belangrijke natuurlijke schimmelproducten aspergillomarasmine A (AMA), 
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aspergillomarasmine B (AMB) en toxine A, evenals verwante verbindingen. AMA is een 

krachtige remmer van metallo-β-lactamasen zoals NDM-1 en VIM-2, die algemeen worden 

beschouwd als een belangrijke oorzaak van bacteriële resistentie tegen β-lactam-antibiotica, 

een van de grootste bedreigingen voor de wereldwijde gezondheid. Aangezien AMA moeilijk 

chemisch te synthetiseren is, gebruiken wij EDDS-lyase om de koppeling van verschillende 

aminozuren aan fumaarzuur te katalyseren en zodoende toxine A, de biosynthetische 

voorloper van AMA, en zeven analogen van toxine A, met hoge omzetting (91- 98%), goede 

opbrengst (34-82%) en uitstekende regio- en stereoselectiviteit (d.e. >98%, e.e. >99%) te 

maken. Op basis van dit biokatalytische proces werd een één-pot chemoenzymatische 

synthetische strategie ontwikkeld voor snelle derivatisering van toxine A en verwante 

verbindingen door chemische N-alkylering met behulp van broomazijnzuur en 

broompropaanzuur, waarbij AMB en twee derivaten worden gegenereerd met slechts twee 

synthetische stappen. Tenslotte werd de biokatalytische synthese van AMA, AMB of 

derivaten in één asymmetrische stap uitgevoerd door de regio- en stereoselectieve toevoeging 

van retrosynthetisch ontworpen aminozuursubstraten aan fumaarzuur door EDDS-lyase. 

Reacties gaven 65-80% omzetting en enzymatische producten werden geïsoleerd met een 

opbrengst van 20-47% en in de gewenste absolute configuratie (>98% d.e.). Samengevat 

hebben we aangetoond dat EDDS-lyase een belangrijk synthetisch hulpmiddel is voor de 

(chemo) enzymatische synthese van de biologisch actieve aminocarbonzuren AMA, AMB, 

toxine A en hun derivaten. EDDS-lyase vertoont een breed aminebereik, inclusief structureel 

verschillende aminozuren, en een uitstekende regio- en stereoselectiviteit. Als zodanig heeft 

dit C-N-lyase een groot potentieel voor praktische synthese van optisch zuivere 

(metaalchelerende) aminocarbonzuren. 

Om onze kennis van EDDS-lyase te verbreden, hebben we EDDS-lyase afkomstig van 

Chelativorans sp. BNC1 gekloneerd en gekarakteriseerd, en voerden we structurele en 

mechanistische studies uit (Hoofdstuk 3). Het gezuiverde EDDS-lyase katalyseerde 

reversibel een sequentiële tweestaps-aminering van fumaarzuur met ethyleendiamine 

resulterend in de natuurlijke metaalchelator (S,S)-EDDS. EDDS-lyase vertoonde een breed 

substraatbereik voor een verscheidenheid aan mono- en diaminen. Kristalstructuren van 

EDDS-lyase in natieve vorm en in complex met formiaat, succinaat, fumaraat, AEAA en 

(S,S)-EDDS werden bepaald, hetgeen onthulde dat het enzym een tertiaire en quaternaire 

structuur heeft die kenmerkend is voor leden van de aspartase/fumarase-superfamilie. Een 

algemeen door base gekatalyseerd deamineringsmechanisme wordt door ons gesuggereerd, 

waarbij een enediolaat-tussenproduct betrokken is dat sterk gestabiliseerd is door 

waterstofbinding met actieve structurele residuen. Dit werk verbreedt ons begrip van de 

mechanistische diversiteit binnen de aspartase/fumarase-superfamilie en zal helpen bij de 

optimalisatie van EDDS-lyase voor asymmetrische synthese van waardevolle 

aminocarbonzuren. In Hoofdstuk 4 hebben we het substraatspectrum van de MAL-Q73A-

mutant en EDDS-lyase onderzocht in de richting van ring-gesubstitueerde amines voor 

biokatalytische asymmetrische synthese van N-cycloalkyl-gesubstitueerde L-asparaginezuren. 

Ringvormige verbindingen, vooral heterocycli, zijn goede modificatoren van eigenschappen 
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en biologische activiteiten van chemische moleculen. We evalueerden een reeks homo- en 

heterocycloalkylamines gesubstitueerd met vier-, vijf- en zesledige ringen voor selectieve 

enzymatische additie aan fumaarzuur. De MAL-Q73A-mutant vertoonde een betrekkelijk 

smalle reikwijdte voor cycloalkylaminen, waarbij slechts drie geteste aminen als substraten 

werden aanvaard, maar toch perfecte enantioselectiviteit vertoonden (>99% e.e.). EDDS-lyase 

accepteerde alle tien aminesubstraten voor toevoeging aan fumaarzuur, wat de 

overeenkomstige N-cycloalkyl-L-asparaginezuren met goede conversies en in de gewenste L-

configuratie (>99% e.e.) opleverde. EDDS-lyase vertoont aldus uitstekende 

enantioselectiviteit bij de toevoeging van verschillende cycloalkylaminen aan fumaarzuur. Dit 

is zeer veelbelovend voor biokatalytische asymmetrische synthese van moeilijke L-

asparaginezuurderivaten, welke homo- en heterocycli dragen, die kunnen worden gebruikt 

voor vervolgchemie. In Hoofdstuk 5  beschrijven we het gebruik van enzymtechnologie om 

de synthetische toepassing van EDDS-lyase uit te breiden voor biokatalytische bereiding van 

N-(3,3-dimethylbutyl)-L-asparaginezuur, een belangrijke voorloper van de kunstmatige 

dipeptide-zoetstof neotaam. Goedgekeurd als een caloriearme kunstmatige zoetstof, heeft 

neotaam brede toepassingen in de voedingsindustrie. Eerst hebben we aangetoond dat wild-

type EDDS-lyase lage hydroamineringsactiviteit heeft waardoor de synthese van N-(3,3-

dimethylbutyl)-L-asparaginezuur en vijf derivaten mogelijk is via enantioselectieve amine-

additie aan fumaarzuur (82-97% omzetting in 7 dagen, 34-74% geïsoleerde opbrengst, 

e.e. >99%). De activiteit van EDDS-lyase voor synthese van de neotaam-precursor werd 

verder versterkt door twee ronden van plaatsverzadigingsmutagenese en activiteitsscreening, 

hetgeen dubbel mutant D290M/Y320M opleverde, die een 1140-voudige toename in activiteit 

vertoonde. Dit nieuw ontwikkelde C-N-lyase maakte de efficiënte synthese van de neotaam-

voorloper mogelijk binnen 2,5 uur (in plaats van 7 dagen) met een lage 

biokatalysatorbelasting (0,05 mol%) en het bereiken van 96% omzetting en optisch zuiver 

product (>99% e.e.) met 83% opbrengst. Vijf gerelateerde asparaginezuurderivaten werden 

ook gesynthetiseerd met goede omzettingen en enantioselectiviteit, waaronder N-[3-(3-

hydroxy-4-methoxyfenyl)propyl]-L-asparaginezuur, een belangrijke voorloper van de 

kunstmatige zoetstof advantaam. Deze studie leverde de eerste biokatalysator die waardevolle 

aminozuurprecursoren voor neotaam en advantaam synthetiseert in een enkele asymmetrische 

stap, waardoor nieuwe mogelijkheden worden geboden om praktische multi-enzymatische 

processen te ontwikkelen voor de meer duurzame en economische synthese van een 

belangrijke klasse van levensmiddelenadditieven. In Hoofdstuk 6 demonstreerden we de 

toepassing van MAL en zijn H194A mutant in de enzymatische cascade synthese van (R)-

pantotheenzuur (vitamine B5) en zijn derivaten met hoge stereocontrole. (R)-Pantotheenzuur 

en zijn α-methyl-gesubstitueerde derivaten zijn synthetische precursors voor 

pantotheenamides, die veelbelovende antimicrobiële verbindingen zijn. Eerst werd een 

tweestaps enzymatische cascade gestart uitgaande van onverzadigde carbonzuren met een C-

N-lyase (MAL of MAL-H194A) en een aminozuurdecarboxylase [aspartaat-α-decarboxylase 

(ADC), β-methylaspartaat-α-decarboxylase (CrpG) of glutamaatdecarboxylase (GAD)], 

waarbij β-alanine en beide enantiomeren van α-methyl-β-alanine met goede conversie (75-
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99%), hoge opbrengst (63-85%) en optische zuiverheid (>99% e.e.) werden verkregen. 

Vervolgens werd de synthetische route verlengd door pantothenaatsynthetase (PS) op te 

nemen om een enzymatische cascade met drie stappen in een één-pots omzetting te vormen 

voor de productie van (R)-pantotheenzuur en beide diastereo-isomeren van α-methyl-(R)-

pantotheenzuur (75 -99% conversie, 46-70% geïsoleerde opbrengst in drie stappen). 
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