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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. BNCI1, 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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Aminocarboxylic acids that contain several carboxylate groups bound to one or more
nitrogen atoms form an important group of metal chelating agents.' 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.” Although still widely in use, there is a growing concern about the adverse
environmental effects of this synthetic compound.*” 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.*’ Interestingly, (S,S)-EDDS exhibits similar chelating
properties as EDTA. However, in contrast to EDTA, (S5,5)-EDDS is readily biodegradable
and is therefore an attractive alternative with a favourable environmental proﬁle.g'10 Previous
studies have demonstrated that biodegradation of (S,S)-EDDS may be initiated by an EDDS
lyase, converting (S,5)-EDDS (1) via the intermediate N-(2-aminoethyl)aspartic acid (AEAA,
3) into ethylenediamine (4) and two molecules of fumarate (2) (Scheme 1.5 Mizunashi
firstly reported the cloning of a gene (from Brevundimonas sp. TN3) coding for an EDDS
lyase.'! This Brevundimonas enzyme was shown to have potential for use as a biocatalyst in

the preparation of EDDS and its derivatives.''

Sequence analysis suggested that EDDS lyase belongs to the aspartase/fumarase
superfamily.'? Members of this superfamily include aspartase, fumarase, argininosuccinate

lyase, adenylosuccinate lyase, oJ-crystallin, and 3-carboxy-cis,cis-muconate lactonizing
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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)." 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.
(6]
EDDS lyase NH EDDS lyase
OH HO 2 , A~ NH2
(S) —_—
Ho (Y., J/ 0 Ho (&) N 0 aN 4
Hoo Ao IR Ho Aoy
3 o 2
(S,S)-EDDS (S)-AEAA ethylenediamine

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

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.” The enzyme has been purified to homogeneity and
subjected to functional and structural characterization. It was found to accept a wide range of
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.'*
Crystal structures of the enzyme in an unliganded state and in complex with formate,

succinate, fumarate, AEAA and (S,5)-EDDS were determined. These structures confirm a
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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.

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 InstantBlue™ (Expedeon Inc.).
Protein concentrations were determined by the Waddell method.'® 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.'® A solution (80 mL) of fumarate (2g, 17.24
mmol, 215 mM), 1,2-diaminoethane dihydrochloride (32 g, 240 mmol, 3 M) and MgCl, (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 HCI and the desired

amino acid product was purified by cation-exchange chromatography by following an earlier
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described protocol.'® The purified product was obtained as the bis-ammonium salt and
identified as N-(2-aminoethyl)aspartic acid by '"H NMR and *C NMR spectroscopy and
HRMS analysis. N-(2-aminoethyl) aspartic acid: conversion 100% (7 d), yield (61%, 2.2 g).
Brown solid. '"H NMR (500 MHz, D,0): d = 2.66 (dd, 1H, J = 17.3 Hz, 9.0 Hz, CHCH,),
2.83 (dd, 1H, J = 17.3 Hz, 3.8 Hz, CHCH,), 3.34-3.46 (m, 4H, NHCH,CH,NH,), 3.83 (dd,

1H, J=9.0 Hz, 3.7 Hz, CHNH,). "H NMR signals are in agreement with the literature data.'®

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 Ndel and HindIll at the 5" and 3° end of the gene,
respectively. The gene was amplified by PCR using primers Ed fw-Ndel:
GGAGGAATTACATATGAACATCAACGTACCGGACGC and Ed his-st-rv-HindIII:
CATAAGCTTTATCAATGATGATGATGATGATGGCGCAGATATTTGCGGTCGG (the
restrictions sites are depicted in bold), digested with Ndel/HindlIl and cloned into the
pBADN-Myc-His expression vector to obtain the pPBADN(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
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The Hise-tagged enzyme was overproduced in E. coli TOP10 cells using the pPBADN(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 Agpo 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 um-pore diameter filter and
incubated with Ni-Sepharose (1 mL slurry in a small column at 4 °C for 218 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-HCI, 40 mM imidazole, pH 8.0; 10 mL). Retained proteins were
eluted with buffer B (50 mM Tris-HCI, 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-HCI (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
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The S280A and D290A mutants of EDDS lyase were constructed using the QuikChange 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
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-HCI 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 NaH,PO, 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/HCI buffer, pH 8.0, observing the
increase in absorbance at 240 nm corresponding to the formation of fumarate (¢ = 2530 M~

'em™). An aliquot of EDDS lyase (180 pg) was diluted into buffer (15 mL) and incubated for
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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 puL) of EDDS
from a stock solution (10 mM). The stock solution was made up in 50 mM Tris/HCI 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
pug/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-HCI 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 pg/mL), and its activity assayed using
0.1 mM (S,S)-EDDS (2 pL of 50 mM stock solution) as the substrate. Substrate stock
solutions were made in Tris-HCI 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 NaH,PO4-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 NaH,PO4-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 D,O for '"H NMR measurements.

The 'H NMR (500 MHz, Deuterium Oxide) signals of (S,S)-EDDS are: 6 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, ] = 16.2, 8.8
Hz, 2H). The '"H NMR signals (500 MHz, Deuterium Oxide) of AEAA are: § 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)-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-HCI buffer, pH 8.0, were incubated at room temperature in a 96-well plate (final volume
of 150 puL). 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-HCI, 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-HCI, 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
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filtered (0.42 um 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-HCI 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
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 pm’ 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
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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 XDS'" and
merged using the program AIMLESS'® from the CCP4 software suite."” 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 A and 1.9 A. 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 PHASER?® from the CCP4 package was used to
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obtain initial phases by molecular replacement. With the help of the Fold and Function
Assignment Server (FFAS),?' an ensemble of three homologous protein structures was used
as a molecular replacement search model: duck & crystallin II (28% identity, PDB entry
1TJU,)*, argininosuccinate lyase from Thermus thermophilus HB8 (30% identity, not
published, PDB entry 2E9F) and duck & crystallin I (29% identity, PDB entry 1U15).”
Automatic model building was performed using ARP/WARP.** The programs REFMAC5%
and COOT? were used for subsequent rounds of refinement and model building, including
the placement and validation of water molecules. The final rounds of refinement were
performed using phenix.refine from the Phenix software suite.”” 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

SGI’VGI’.28

Crystal structure analysis

Molprobity®’ was used for validating the stereochemical quality of the models. Structure-
based sequence alignments were carried out using T-coffee®® and visualized using ESPript
3.0 server.”' Superpositions and calculation of Ca-backbone rmsd values were performed
using the protein structure comparison service Fold at the European Bioinformatics
Institute.”> PyMOL (Schrédinger)’® 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, 6G31L.
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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.”> This Chelativorans protein, which shows 79% sequence
identity to EDDS lyase from Brevundimonas sp. TN3 (Figure S1),'' 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 pPBADN
(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.

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 '"H NMR spectroscopy (Figure 1). The results showed that the

enzyme indeed catalyzes the addition of ethylenediamine to fumarate to give AEAA and
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1

2

3 (S,5)-EDDS. The enzyme also catalyzes the reverse reaction, that is, the deamination of (S,S)-
4

5 EDDS to yield AEAA, fumarate and ethylenediamine as determined by UV and 'H NMR
6

; spectroscopy (data not shown). Having established that the Chelativorans enzyme exhibits
?O EDDS lyase activity, kinetic parameters (at 25°C) and the optimum pH and temperature were
1; determined. The enzyme catalyzes the deamination of (S,S)-EDDS with a kg, of 6.5 = 0.2 s
13

14 and a K, of 16 £ 3 uM, and shows maximum activity at pH 8.0 and at 60°C (Figure S2).
15

16 Notably, incubation of the enzyme with fumarate and arginine showed that the enzyme
17

18 displays no argininosuccinate lyase activity.

19

20

21

22

23

24 o o

25

26 ~_NH, _EDDShase EDDS Iyase H2 Epps Iyase HO a = o OH
27 ka Ho ., J o\ _oH
28 HONOH ol o M o

29 4
30 ethylenediamine (S)- AEAA (S,S)-EDDS

. . . . . . . .0 5.? )z.s
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Figure 1. EDDS lyase-catalyzed addition of ethylenediamine (4) to fumaric acid (2) yielding
AEAA (3) and EDDS (1). (A) 'H NMR spectrum of AEAA (3) in D,0. (B) '"H 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 NaH,PO4-NaOH buffer, pH 8.5. (C) '"H NMR spectrum of (S,5)-EDDS (1) in D,0.
The assignments of key signals are highlighted in red color.

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).'* 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.
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1
2
3 Table 1. Relative activities of EDDS lyase towards ammonia and various amines.
4
5 Entry Substrate Substrate Structure Relatlve; Activity
6 [%]
7 1 4a HN N, 100°
8
9 2 4b NH; 2
10 3 4c NH, <1
11
12 4 4d ~"“NH, <1
13
1: 5 4e A NH <1
16
17 6 4f “ONH, <1
18
19 7 4g o~ NH 6
20 NH
21 2

8 4h 3
22 uj
23 9 4 NH; 9
24 ! >—
25
26 10 4j PN~ g 6
27
28 11 4k HoN-~~on 34
29
g? 12 4 HoN_~_OH 14
32
33 13 4m HoN. A~ _NH, 59
34
35 14 4n HN e, <1
36
37 15 40 HNT """ NH, <1
38
39 HoN
40 P 2
41 NH;
42 17 4q PR 112
43
44 18 ar RN N 74
45 OH
46 0
47 19 4s HoN %OH 23
48 NH;
49 NH;
50 20 4t O 2
51 “NH,
52 s .. . .
53 The initial rate of the enzyme-catalyzed addition of ethylenediamine to fumarate was assigned as
54 100% activity.
55
56
57
58
59
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Overall structure of EDDS lyase

The crystal structure of EDDS lyase was determined at 2.2 A resolution by molecular
replacement and refined to a crystallographic R-factor of 18.2% (Rfee 15 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)s-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).'* The dumbbell-shaped, mainly a-
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 a-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).
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
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contains a final C-terminal a-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.

oNOYTULT D WN =

Secondly, within a subunit the first ~30 residues at the N-terminus form a loop (residues 5-
15) and a short a-helix (residues 20-31), which fold away from the N-terminal domain to
12 pack against the central domain and SS-loop. Two arginine residues (Argl0 and Argl3) in
14 the N-terminal loop form hydrogen bonds with the main chain carbonyls of Ala274, Ala277
16 and GIn285, effectively locking the SS-loop in place. In the tetramer, each SS-loop is further
18 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
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C-terminal
domain

-
\ ()
SS-loop //){¢?

AVYR, -1

N-terminal
domain

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.

members the SS-loop is intrinsically flexible, and can undergo an open-closed transition upon
binding of substrate.'>***” 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
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observed in the structures of other aspartase/fumarase superfamily members, even when no

substrate 1s bound.

O o
oght o
g >
& ?? \ s'y;zp c“ ; \2,{(

% = &7 §; P~ w)&g b ;.;;'-’ ¢
SBE ¢ 358
:ﬁg‘:’?rf ) & R g”};) o %55

> \qg Wy S4 N

&\ o X&
5 }l’“ & - e 4 E,,,J
EDDS lyase 52C FumC

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 (62C, 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.

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 A 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 A). 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 Serl11, Argl12 (C1 region) from subunit A
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and Ser281 (SS-loop) from subunit C, while another formate ion (FMT2) makes hydrogen
bonds to Asnl13 (Cl1 region) from subunit A, Thr158 (C2 region) from subunit B and

Lys286, Asn288 (SS-loop)

b c

rg112 Ser111 §Asn113
4

Ser1115 Aen113 \& A
Ser281 | (N Ser281 ¢
g
FuT1 &
» e

Ser111 S Asn113 Arg112
SerZBOL@' SerZSO& 4

Ser281 1
X
L% / f Fumarate
. MAY‘/‘:‘L s 452
SOV FMT2 FMT3 Y

Ser280 L

e X
f’ \ 7' A f A}
[ (4
Lys286 Asn288 / Lys286 Asn288 | Lys286 Asn288 /

d e

Ser111 Asn113
(5 %)

Ser281

b p
- 52 7/ Succinate

Ser11 Asni13 Arg1127 -

By

/] Fumarate

Ser281 |

"

‘,,: s 'Jvi
Ser280 L) ) i - & P ) SerZBOh) 7

o

Il ‘:\\ "},‘(‘ <y 3
° SS-EDDS ™ q ‘é:%AEAAr/‘

3
&\ 4
Tyr26
I penzss \ Al J nones )|
Lys286 SH Asp290 Lys286 -

J

Figure 4. Figure depicting formate (a), fumarate (b), succinate (c¢), (S,5)-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 3, shows the simulated annealing mFo-DFc omit map.

from subunit C. The third formate ion (FMT3) is bound further away from the SS-loop
making an interaction with Argl12. 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 appeared overnight
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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 A and 2.6 A
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 A) and proper
orientation from the CB-atom in fumarate/succinate, in accordance with its presumed role as

catalytic base in the a,f3-elimination reaction.

EDDS- and AEAA-bound structures

Using a similar approach as described above, crystals diffracting to 2.2 A resolution were
obtained of EDDS lyase grown in the presence of 0.3 M (§,S)-EDDS. Since the enzyme is
able to convert (S,5)-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
the determination of the substrate-bound structure (Table S2, Figures 4d and 5). Apparently,
the conditions for cleavage of (S,5)-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)
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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

a
Tyr26 > Tyr26
Arg294 Arg294
Asn288
LysZSGf:;./
2 . Arg112
1nrio Ir'1oc¢
Ser111 Asn113 Ser111
b Lys286 (C)

Asn113 (A) Thr158 (B)

Asn288 (C) )\

>\Nt'2 o | serzs1(©)
Asp290 (C) Y N PN A

X e % RV

0-. Yo REVAN i [ 525 s

-, g N - HO
™ b \ bF ! - ’
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H0 < o N
o} > 0% 9.0 s
.Y oL
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N= "% &) : He W S
-7 = 'y S

© _Aa. SS-EDDS 1 >NH
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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 A. b)
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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 CB atom of (S,S)-EDDS, is shown with an arrow.

the carboxylate groups forming hydrogen bonds with residues Arg294 and Tyr26 from chain
C of the functional tetramer. The other largely solvent exposed carboxylate group makes a
water-mediated hydrogen bond with Asnl13. 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,5)-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 Asnl13, 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 A from the hydroxyl group of
Ser280 to the CP atom of the (S,S)-EDDS substrate is shown as dashed line.
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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,5)-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
(5,8)-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 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 Ca
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 A
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.
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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 CP 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 CP atom of the substrate to initiate the a,B-elimination

reaction.'” **37 In EDDS lyase, the equivalent SS-loop serine residue, Ser280, most likely
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functions as the catalytic base. Indeed, in both the (S,S)-EDDS- and AEAA-bound structures
Ser280 is positioned near (~3 A) the CB proton of the substrate (Figures 5, 6 and S4d) and in
a suitable orientation to allow proton abstraction in the first step of the reaction (Figure 7). As

expected, mutation of Ser280
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Figure 7. Proposed catalytic mechanism for the deamination of (S,S)-EDDS to yield AEAA

and fumarate.
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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. 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, [1e282 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.

The extensive number of hydrogen-bonding interactions observed for the binding of
(S,5)-EDDS and AEAA (Figures 5 and S4d) forces the substrates to adopt an energetically
unfavourable rotamer conformation in which the Ca, CB and PB-carboxylic atoms are
coplanar. This is consistent with a conformation resembling a putative enediolate (aci-
carboxylate) intermediate during catalysis (Figure 7).">*° The oxygens of the B-carboxylate
group of (S,5)-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 Argl12
(subunit A) and main chain amides of Argl12 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 B-carboxylate oxygens as a result
of CB-proton abstraction by Ser280. The presence of a positively charged residue, Argl12,
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

12,34-37

studies on other superfamily members, support a mechanism that involves general base-
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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 groups'* 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.'> **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
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the uncomplexed 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-f-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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