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Production of (§,S5)-Ethylenediamine-/NV,/N’-disuccinic Acid
from Ethylenediamine and Fumaric Acid by Bacteria.
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We tried to produce (5,5 )-ethylenediamine-/V,/N’-disuc-
cinic acid [(S,5)-EDDS] with the aid of microorganisms
that can degrade the compound. A reaction mixture consist-
ing of ethylenediamine and fumaric acid was incubated
with the bacteria isolated from soil and sludge, and we
found that several kinds of bacteria such as Sphingomo-
nas, Brevundimonas, Pseudomonas, and Acidovorax pro-
duced (S,5)-EDDS. The optimum pH and the temperature
for the production was pH 7.5 and 35°C for Acidovorax
sp. TNT149 and the bacterial cells produced 90 mmoles of
(S,5)-EDDS from 200 mmoles of ethylenediamine and
350 mmoles of fumaric acid under these reaction condi-
tion.

ethylenediamine-N,N’-disuccinic acid; (S,S)-
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Chelating agents are used in a variety of industrial
fields, such as for producing pulp, textiles, cosmetics,
photographic supplies, and detergents. Ethylene-
diaminetetraacetic acid (EDTA) is a chelating agent that
is most extensively used. But because of its resistance to
biodegradation, EDTA might remain in the environ-
ment for a long time.!"® Recently, Ginkel ef al. showed
that EDTA was biodegraded by activated sludge at a
high rate when the treatment facility was operated under
alkaline conditions.” But the operation of a water treat-
ment facility at high pH might be restricted. Therefore
the development of a biodegradable chelating agent al-
ternative to EDTA is still expected.

We found and showed in a previous paper that the
(S,S)-isomer of EDDS was biodegradable but its (R,R)-
isomer was not.¥ A mixture of (R,R)-, (S,5)-, (R,S)-
EDDS isomers (mixture EDDS) with the ratio of 1:1:2
could be synthesized chemically from ethylenediamine
and maleic acid,” while the single enantiomer (S,S)-
EDDS could be prepared from 1,2-dibromoethane and
L-aspartic acid.'®

Nishikiori et al. reported previously that 1.7 g of
(S,S)-EDDS was obtained from 10 liters of culture
broth of Actinomycetes, showing the possibility of
microbial production of the compound.!*'? Zwicker et
al. demonstrated that Amycolatopsis orientalis pro-
duced 20 g/10of (S,S)-EDDS after 1,000 hours of cultiva-
tion.!?

In this study, we will demonstrate a novel procedure
to produce (S,S)-EDDS from ethylenediamine and fu-
maric acid with the aid of microorganisms.

Materials and Methods

Chemicals. A mixture of EDDS were prepared by the
method of Kezenrian et al.” Tetra-n-butylammonium
hydroxide was obtained from Aldrich Chemical Co.
(Milwaukee, WI, U.S.A.). Yeast extracts were pur-
chased from Difco laboratories (Detroit MI USA), Poly-
pepton was purchased from Wako Pure Chemicals In-
dustries, Ltd. (Osaka, Japan) and all other chemicals
were of analytical grade and purchased from Kanto
Chemicals Co., Inc. (Tokyo, Japan).

Isolation of microorganism. EDDS-degrading bacter-
ia were isolated from soil and sludge on a agar medium
with 0.2% mixture EDDS as a sole carbon source. The
composition of the medium was as follows: 21.8 mg
K,HPO,, 8.5 mg KH,PO,, 44.6 mg Na,HPO,-12H,0,
1.7 mg NH,Cl, 22.5 mg MgSQO,, 116.3 mg CaCl,, 0.3 mg
FeCl;-6H,0, 2 g mixture EDDS, and 20g agar, in
1,000 ml distilled water at pH 7.0. Small amounts of
water and soil samples and activated sludges were collect-
ed from various areas and their suspensions in 50 mm
sterilized phosphate buffer pH 7.5, were prepared and
equal amounts of them were spread out on the agar
medium. Colonies that appeared on the agar plates were
picked up at random after 10 days of cultivation at
30°C. The isolated bacteria were purified on GYP agar
medium” with 0.2% mixture EDDS and 2% agar. The
GYP medium consisted of 2.72g KH,PO,, 4.26¢g
Na,HPO,, 2 g glucose, 1 g yeast extracts, 0.5 g polypep-
ton, 1.7 g MgSO,-7H,0, 2 g mixture EDDS in 1,000 ml
distilled water supplemented with 5 ml of metal solu-
tion. The metal solution contained MgCl,-6H,0O (81.32
g/, CaCl, (7.77g/1), MnSO,-4H,O (0.755¢g/1),
FeCl;-6H,0 (0.127 g/1), and ZnSO, (0.052 g/1).

Cultivation of the isolated bacteria. The isolated bac-
teria were cultivated on the GYP agar medium with
0.2% mixture EDDS. A loop of the isolates on the GYP
agar media were inoculated into 10 ml of the GYP liquid
medium in a Monod’s tube and shaken at 30°C for 3
days. The bacterial cells were collected by centrifugation
at 3,500 rpm, for 30 min and washed twice with 50 mm
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phosphate buffer (pH 7.5). Cells were suspended in 1 ml
of the same buffer solution, and provided for the follow-
ing experiments.

Production of (S,S)-EDDS. One milliliter of the cell
suspension was added to 1 ml of reaction mixture con-
sisting of 400 mM ethylenediamine and 400 mM fumaric
acid in 50 mMm phosphate buffer, pH 7.5, and incubated
with gentle shaking at 30°C for 24 hours. Cell density of
the reaction mixtures ranged from 0.5 to 0.6 g dry cell/
1, and 100 ul of 1 N HCI was added to stop the reaction.
The supernatants of the reaction mixtures were pre-
pared by centrifugation at 14,000 rpm, for 10 min, and
were used for HPLC analysis.

HPLC analysis. After an addition of 0.1 ml of 50 mm
CuSO, solution (pH 1.5) to 1 ml of the supernatant,
EDDS concentration in the mixtures were measured by
HPLC, using a Gulliver high pressure liquid chromato-
graph PU-980 (Japan Spectroscopic Co., Ltd., Tokyo,
Japan). The running conditions were: column, Shodex
ODSpak F-511 (Showa Denko Co., Ltd., Tokyo,
Japan); column temperature, 40°C; eluent, 10 mMm tetra-
n-butylammonium hydroxide including 0.4 mMm CuSO,
in 50 mM phosphoric acid (pH 2.0-2.3); flow rate, 1.0
ml/min; detector wavelength, 254 nm.%

Results

Production of (S,S )-EDDS by the isolated bacteria

Three hundred and forty-one colonies grew on the
agar medium containing the mixture of EDDS as a sole
carbon source. They were cultured for 3 days in the
GYP liquid medium with 0.2% mixture EDDS and the
cells were used to examine (S,S)-EDDS production (See
Materials and Methods). One hundred and thirty colo-
nies produced a material showing the same retention
time as that of (S,S)-EDDS [(R,R)-EDDS was also elut-
ed at the same retention time]. Fig. 1-A shows a chro-
matogram of a standard solution composed of 1 mm
mixture EDDS and 25 mM fumaric acid. The peak I,
peak II, and peak III correspond to (R,S)-EDDS, a mix-
ture of (S,S)- and (R,R)-EDDS, and fumaric acid, re-
spectively.

Figure 1-B shows the results of the 24-h incubation in
200 mM of ethylenediamine and 200 mm of fumaric acid
with the strain No.TNT149. Peak II and peak III
showed the retention time that of (S,S)-EDDS [or
(R,R)-EDDS] and fumaric acid, respectively. It was
confirmed clearly by NMR analysis (data not shown)
and HPLC analysis using an optical resolution column®
that the material eluted as peak II is (S,S)-EDDS.

Identification of isolated strains that produce (S,S )-
EDDS

Isolated bacteria that produce (S,S)-EDDS from
ethylenediamine and fumaric acid were identified accord-
ing to Bergey’s manual of determinative bacteriology 9
edition'® and Bergey’s manual of systematic bacteriolo-
gy.!” Characteristics of the isolated strains of TN28,
TN30, TN131, and TNT149 are summarized in Table 1
and were identified taxonomically as the genera Sphingo-
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Fig. 1. HPLC Chromatograms of Mixture EDDS, Fumaric Acid,
and the Reaction Mixture.

A: Elution profile of standard 1 mm mixture EDDS and 25 mm fu-
maric acid. (R,S)-EDDS, (S,S)-and (R,R)-EDDS and fumaric acid
were detected as peak I, peak II, peak III, respectively.

B: Production of (S,S)-EDDS or (R,R)-EDDS in the reaction
mixture. The reaction mixture was incubated with the strain TNT
149 for 24 hours. (See Materials and Methods)

monas, Brevundimonas, Pseudomonas, and Acidovo-
rax, respectively. (S,S)-EDDS productivities of these
bacteria are presented in Table 2.

(S,S)-EDDS production by Acidovorax sp TNTI49

The consumption of fumaric acid, and (S,S)-EDDS
production is shown in Fig. 2. After 24 h of incubation
159 mMm of fumaric acid was consumed and 71 mm of
EDDS appeared. The ratio of ethylenediamine to fumar-
ic acid that used for EDDS synthesis was 1:2.2. The con-
version ratio of fumaric acid to (S,S)-EDDS was calcu-
lated as 89% and no (R,S)-isomer was produced under
these reaction conditions. The bacterial cell density was
not changed during the incubation. The bacterial cells
produced (S,S)-EDDS at 20.7 g/1 and the value approxi-
mately corresponded to 76 g of (S,S)-EDDS per 1 g of
the bacterial dry cells.

A higher concentration of the product was obtained
when a higher initial concentration of fumaric acid was
present in the reaction mixture (data not shown). For ex-
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Table 1.

Characteristics of Strains TN28, TN30, TN131, and TNT149
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Isolated bacterial strain

TN28

TN30

TN131

TNT149

Morphology bacilliform
Gram staining -
Spore -
Morbility +
Flagella single polar
Require for free oxygen aerobic
Oxidase +
Catalase +
OF test -
Color of colony
Formation of fluorescent pigment -
Carotenoid pigment
Accumulation of PHB
Growth at 40°C
Cleavage of protocatenuate
Quinone system
Reduction of nitrate
Indole formation -
Fermentation of glucose -
Arginine dehydrolase -
Urea decomposition -
Esculin decomposition +
Gelatin liquefaction -
Starch decomposition
PNPG -
Utilization
Glucose +
Fructose
Maltose
L-Arabinose
Sucrose
Fucose
D-Mannose
D-Mannitol
N-Acetyl-D-glucosamine
Potassium gluconate
Sodium malonate
Sodium glycolate
p-Hydroxybenzoic acid
2-ketogluconic acid
n-Capric acid -
Adipic acid -
dl-Malic acid +
Sodium citrate -
Phenyl acetate -
Ethanol
Testosterone
GC content (mol%)

+

I+ 1 +

bacilliform

bacilliform

bacilliform

+ + -
single polar single polar
aerobic aerobic aerobic
+ + +
+ + +
o (slow)
NP yellow NPV

meta form

Q-9 Q-8
+

I+ + |

L+ 1+
I+ + 1+

65

Sphingomonas

Brevundimonas Pseudomonas Acidovorax

D NP: no characteristic color.

Table 2. §,S-EDDS Productivities of Isolated Strains TN28, TN30,
TN131, and TNT149

Bacterial cells were incubated in a reaction mixture composed of
200 mM ethylenediamine and 200 mm fumaric acid in 50 mM phos-
phate buffer (pH 7.5) at 30°C for 24 hours (Materials and Methods).

Concentration of S,S-EDDS

Bacterial strain produced (mm)

Sphingomonas sp. TN28 1.7
Brevundimonas sp. TN30 1.1
Pseudomonas sp. TN131 0.3
Acidovorax sp. TNT149 71.3

ample, 90 mM (26.3 g/1) of (S,S)-EDDS was produced
from 350 mMm of fumaric acid with a fixed ethylenedia-
mine concentration at 200 mm during the 24 h of incuba-
tion. The conversion ratio of fumaric acid to EDDS was
75%. This observation shows that the equilibrium of the
reaction shifted in the direction of EDDS synthesis, if
higher concentration of substrates were used. Further
productivity of (S,S)-EDDS at higher concentrations of
the substrate was not tested, because of the low solubili-
ty of fumaric acid. (S,S)-EDDS was not produced when
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Fig. 2. Course of EDDS Production and Fumaric Acid Consump-
tion.

Strain TNT149 was incubated with the reaction mixture contain-
ing 200 mM ethylenediamine and 200 mm fumaric acid at 30°C, pH
7.0. The concentrations of EDDS (@) and fumaric acid (A) were fol-
lowed by HPLC.

maleic acid was used as the substrate instead of fumaric
acid.

Optimum temperature and pH for the production of
(S,S)-EDDS

The optimum conditions for (S,S)-EDDS production
by Acidovorax sp TNT149 were then investigated. The
strain was cultivated in GYP liquid medium and the
cells were harvested and washed as was shown in Materi-
als and Methods. The cells were incubated under vari-
ous reaction conditions with the pH at 6.5-8.0 and the
temperatures at 25, 30, 35, and 40°C. Only a small differ-
ence of the productivity was observed in the pH range
tested (Fig. 3). The maximum production of (S,S)-
EDDS was obtained at 35°C (Fig. 4).

Discussion

Resting cells of EDDS-degrading bacteria catalyzed
the synthesis of (S,S)-EDDS from ethylenediamine and
fumaric acid (Fig. 5) in a reversible and stereo-specific
manner.

We expected to obtain the (S,S)-isomer as a major
product because the EDDS-degrading bacteria decom-
posed the (S,S)-isomer preferably to other isomers. We
also found that the isolates belonging to several genera
produced (S,S)-isomer with high optical purity.

One hundred and thirty strains among 341 bacteria
that grew on EDDS as a sole carbon source, produced
(S,S)-EDDS, having high optical purity. The absence of
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Fig. 3. Effects of pH on the EDDS Production.

Strain TNT149 was incubated in the reaction mixture for 24
hours with various pH at 30°C.
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Fig. 4. Effects of Temperature on the EDDS Production.
Strain TNT149 was incubated in the reaction mixture at pH 7.5,
for 24 hours.
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(IDOOH COOH
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Fig. 5. Assumed Route of (S,S)-EDDS Formation by EDDS Degrad-
ing Bacteria.

(S,S)-EDDS productivity of the strains which also have
ability to grow on EDDS might be attributed to the
presence of an irreversible enzyme, lack of a lyase
catalyzing cleavage of N-(2-aminoethyl) aspartic acid to
ethylenediamine and fumaric acid, or lack of cell sur-
face permeability to EDDS.

One of these assumptions is supported by the facts
reported by M. Witschel et al., that a purified (S,S)-
EDDS lyase catalyzed (S,S)-EDDS synthesis from N-(2-
aminoethyl)aspartic acid and fumaric acid, but did not
catalyze the formation of EDDS from ethylenediamine
and fumaric acid.'®
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