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Abstract

We studied the biodegradation of Eu(lll)-malic acid complexe®dayidomonas fluorescens. The bacterium degraded 10 mM acid in the
presence of 0.05, 0.1, and 0.2 mM Eu(lll), and also in its absence. The rate of degradation increased with decreasing ratios of Eu(lll) to malic
acid. These results suggest that the toxicity of Eu(lll) can be masked through its complexation with malic acid. Unidentified metabolites
associated with Eu(lll) were produced as malic acid was broken down. Analyses by electrospray ionization mass spectrometry (ESI-MS)
showed that one of them was pyruvic acid. Our findings suggest that the metabolites can influence the environmental behavior of Eu(lll) by
forming complexes with it.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction of actinideq5]. To estimate such behavior, we need to eluci-
date the mechanisms of degradation of complexes of organic
Transuranic (TRU) elements, such as Am(lll)and Cm(lll), acids with radionuclides by microorganisms.
are highly toxic because they emit high-enesgarticles and The U(IV)—citrate complex is recalcitrant to degradation
have long half-lives. Plans to dispose of TRU wastes in geo- by the soil bacterium®seudomonas fluorescens [6]. Similarly,
logical repositories have raised a number of concerns aboutthis bacterium could not break down a Eu(lll)—citrate com-
polluting the environment through dissolution and subse- plex with a molar ratio of 1:17]. However, scarcely anything
quent mobilization of TRU1,2]; thus, long-term assessments is known about the degradability of complexes with trivalent
of safety are required. TRU wastes contain cellulosic materi- f-elements by microorganisms.
als, scintillation fluids, waste oils, decontamination reagents, = We studied the biodegradation of Eu(lll)—-malic acid com-
and chemical reagents. Among them, organic acids, such aplexes byP. fluorescens. Malic acid has two carboxyl groups
citricacid, EDTA, and NTA form stable complexes withtriva- and one hydroxyl group. By comparison with the structure
lent radionuclides, enhancing their mobility by increasing of citric acid, malic acid lacks one acetic acid moiety. Malic
their solubility [3]. The number of microorganisms in deep acid has two optical isomenrs; andp-malic acid. Unlike the
geological environments is almost equivalent to that found latter that is not a natural isomermalic acid occurs in the
in surface soil$4]. This suggests that microbial metabolites, environment as one of the microbial metabolites formed in
especially organic acids, may affect the long-term behavior the TCA cycle; hence, we used it in our study.
Europium(lll) is a good analogue for Am(lll) and Cm(lll).
* Corresponding author. Thus, by using Eu(lll)-malic acid complexes for the degra-
E-mail address: nankawa@popsvr.tokai.jaeri.go.jp (T. Nankawa). dation experiments, we can simulate the degradability of
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complexes of Am(lll)— and Cm(lIl)—malic acid. Knowledge incubated at 30C in the dark, while being shaken at 180 rpm.
of the environmental behavior of trivalent f-elements is very The blank test media were not inoculated with the bacteria.
important because they can substitute for Ca(ll) in a wide Aliquots were withdrawn from all the flasks every 24 h up
range of physiological processes in organi$9]. to 264 h for measuring pH and the concentrations of organic
acids and Eu(lll). The concentration of malic acid was mea-
sured after filtering the culture media through a Op2@pore

2. Experimental size Millipore HA filter (ADVANTEC MFS Inc., DISMIC-
25). The Eu(lll) concentration was measured after acidifying
2.1. Culture 0.5 cn? of the filtered solution with 2 cfof 0.2 M HNOs.

P. fluorescens (ATCC 55241) was isolated from the 2.3. Analytical methods
low-level radioactive waste disposal site at West Valley, ) o _
N.Y. [6]. The mineral-salts solution contained the following ~ The concentration of malic acid was measured by intro-
components: NaCl, 5.6 mg drd; (NH4)2SO0s, 88 mg dnt3; ducing the filtered solutions into a high-pressure liquid chro-
KCI, 75 mgdnt3; B-glycerophosphoric acid disodium salt, matography system (Waters, Alliance 2695) equipped with
22mgdnt3; 2-[4-(2-hydrixyethyl)-1-piperazinyl] ethane- @n organic acid column (Waters, P/N 023694) with the
sulfonic acid (HEPES), 4.76 mgdr; and trace elements mobile phase of 0.2 (v/v%) formic acid. The flow rate was
(MgSQy-7H,0, 7.0mgdm3; CaCh-2H,0, 2.8 mgdnt3; 0.7cn?min~t. The column’s temperature was 8D. The
MnSQOy-5H,0, 1.2 mg dnr3; CuSQ;-5H,0, 0.15 mg dm3: elutions were subjected to ESI-mass spectroscopy (Waters,
CoCh-2H,0, 0.15mgdm?3; FeSQ-7H,0, 1.5mgdnr3; ZQ 2000) operated in the negative ion modekdtr=50-500
NapMoO4-2H,0, 0.090mgdm3; and ZnSQ-7H,0, under the following conditions: capillary voltage3.07V;
0.10 mgdnt3). The pH of the mineral-salts solution was cone voltage;-23 V; desolvation temperature, 150; sheath

adjusted to 7.6:0.1 with NaOH. It was sterilized by ~9as. N; flow rate, 360 dmih~*. The concentration of malic
autoclaving at 126C for 20 min. Malic acid, glucose, and  acid was estimated from the ESI-mass spectra detected at

Eu(llCl3 solutions were sterilized separately by passing 7/z=133.1. The elutions also were introduced into photo-
them through a 0.2Q:m pore size Millipore HA filter diode array detector (Waters, Alliance 2996) to detect UV
(ADVANTEC MFS Inc., DISMIC-25). absorption by the organic acids coexisting with malic acids.
Three different mineral-salt media, the malic acid The Eu(lll) concentration was determined by inductively
medium, the glucose medium, and the blank test medium, coupled plasma-atomic emission spectroscopy (ICP-AES)

were used for the biodegradation experiments. Each medium(Shimadzu, ICP-7000). To characterize organic acids pro-
was prepared as follows: duced byP. fluorescens during inoculation period, the elution

time and ESI-mass spectra of standard acid solutions were

(i) The malic acid medium, at pH 6.5, contained 10 MM measured by the same methods. The standards used were
malic acid and 0, 0.05, 0.1, or 0.2mM Eu(lII){CIThe fumaric acid, maleic acid, succinic acid, oxaloacetic acid,
molar ratios of malic acid to Eu(lll) were 200:1, 100:1, citric acid, isocitric acid, glyceric acid, glyoxilic acid, and
and 50:1 in the media containing 0.05, 0.1, and 0.2 mM pyruvic acid.
Eu(lll), respectively.

(i) The glucose medium contained 1 mM glucose and 0
or 0.05mM Eu(Il)Ck. The pH of the medium was 3. Results and discussion
adjusted to 6.0 by HCI.

(iii) The blank test medium whose pH was adjusted to 6.0, 3-/- Blank test

6.7,and 6.9, contained 0.05 mM Eu(lll) without any car- Fia. 1sh the ch th i ¢ Eulll ;
bon source and bacteria. The concentrations of Eu(lll) ig. 1 shows the changes with time of Eu(lll) concentra-

in solution at 0, 12, 24. 72, and 264 h. were measured tions .in the blank test medium. At pH 6.0,_the concentration
by ICP-AES. remained constant throughout the experiment. It decreased
rapidly at pH 6.7 and 6.9 through precipitation or adsorption

on the flask.
2.2. Biodegradation experiments

3.2. Cell growth in the glucose medium
Small numbers of?. fluorescens cells were cultured in

8cn? of the mineral-salts medium containing 1 mM malic Cell growth occurred in the glucose medium without
acid or 1 mM glucose. Cell growth was estimated by measur- Eu(lll). In contrast, it was not observed in glucose medium
ing the media’s optical density at 600 nm (OD). Cell suspen- containing 0.05 mM Eu(lll) upto 200 h after inoculation (data
sions of 0.5 cri were withdrawn from both the malic acid  not shown), suggesting that the cell did not grow and Eu(lll)
and the glucose media at the late exponential growth phasewas toxic toP. fluorescens. The toxicity of Gd(lIl), used as an
(OD of 0.02) and added to 49.5 érof their respective media ~ MRI contrast reagent, tBscherichia coli has been reported
contained in 100 chErlenmeyer flasks. The samples were [10,11]
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Fig. 1. Eu(lll) concentration vs. contact time in the blank test medium at
(M) pH 6.0; (o) pH 6.7; and ) pH 6.9.

3.3. Cell growth in the malic acid medium
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the medium with no Eu(lll). The rate of the degradation of
malic acid decreased with increasing ratios of Eu(l1l) to malic
acid. The pH also gradually rose with contact time; at 264 h
after inoculation, it was between 6.7 and 6.9, indicating the
metabolism of malic acicHig. 2b). The Eu(lll) concentration
in the medium did not change despite the complete degra-
dation of malic acid in media with 0.05 and with 0.1 mM
Eu(lll) (Fig. Z). The blank test suggests that, in the absence
of malic acid, Eu(lll) becomes insoluble and precipitates at
pH 6.7-6.9.

Appanna et al. studied the associationPofluorescens
with Y(Il) that has similar chemical properties to Eu(lll)
[14]. Biodegradation of citric acid proceeded in the presence
of 1.0 mM Y (I11) with 20.7 mM citric acid. On the other hand,
its breakdown was inhibited in the presence of 5.0 mM Y(lIl)
and 20.7 mM citric acid due to the adsorption of Y(lll) on the

The concentrations of malic acid decreased with time after cells. With higher concentrations of Y(lll), the amounts of

inoculating the cells into malic acid media without Eu(lll)

it accumulating on the cells increased, while cellular activity

(Fig. 2a); it was not detected at 72 h after inoculation. Over deteriorated due to its toxicity. These facts signify that higher
the same time, the pH of the medium increased to about 6.85.concentrations of organic acids can more effectively mask

The amount of malic acid also declined with time in
media containing 0.05, 0.1, or 0.2mM Eu(lll). The acid-
ity (pK) of malic acid and malic acid mono-anion are 3.24
and 4.67, respectivelil 2]. The stability constant (Iog) of
the 1:1 molar ratio Eu(lll)-malic acid complex is 4.85 and
that of the 1:2 molar ratio complex is 8.[13]. Accordingly,
more than 98% of Eu(lll) formed complexes with malic acid
in the medium. In the medium containing 0.05 mM Eu(lll),

the metal's toxicity thereby lowering the bioavailability of
the toxic metal-organic acid complexes.

Fig. 3a—c show the time course of UV absorption intensity
from 200-400 nm, detected by a photodiode array, showing
the presence of organic acids eluted through the LC at 8.85,
9.90, and 12.03 min. Absorption intensity was normalized
by the maximum intensity of each profile. The peak detected
at 9.90 min was assigned to malic acid by comparison with

the degradation of malic acid occurred as fast as that in a standard malic acid solution. The intensity of the peak for
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Fig. 2. Biodegradation of malic acid ¥ fluorescens in the presence of{) 0 mM; (H) 0.05mM; (©O) 0.1 mM; and &) 0.2 mM of Eu(lll)Ck. (a) Malic acid
concentration vs. contact time; (b) pH vs. contact time; and (c) Eu(lll) concentration vs. contact time.
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Fig. 3. Time course of the absorption intensity of the malic acid medium detected by a photodiode array at 200-400 nm after eRpthsuradens for (e)
malic acid and unidentified organic acids eluted at retention timelp8(85 min and &) 12.03 by LC; (a) in the absence of Eu(lll), and in the presence of
Eu(lll) with a malic acid to Eu(lll) molar ratio of (b) 200:1 and (c) 100:1. The intensity is normalized by the highest intensity in each profile.

malic acid declined with time. In the medium lacking Eu(lll), unknown organic acid is pyruvic acid. Th#z of the uniden-
the peak intensities at 8.85 and 12.03 min rose with time tified organic acid detected at 12.03 min was 115 and 161.
after inoculation, reached a maximum at 48 h after inocu- Although we tried to relate these values to various organic
lation, but then disappeared at 72Hig. 3a). In the absence acids in the TCA cycle, we could not assign them to any
of Eu(lll), these unidentified organic acids were degraded asplausible organic acid. Identification of the organic acid is
fast as malic acid, indicating that their degradability is almost currently investigated.
equivalent when they are not complexed with Eu(lll). By Pyruvic acid is an intracellular metabolite efmalic
contrast, the peak intensities at 8.85 and 12.03 min increasedacid that reacts with the cellular enzyme malate dehydro-
with time, with the former peak remaining after the disap- genase; the pyruvic acid so generatefiLis] excreted into
pearance of malic acid-{gs. 3 and c). The peak intensity the medium. Appanna et al. studied the biodegradation of
at 8.85min reached a maximum at approximately 144 h for trivalent metal—citrate complexes W8y fluorescens [16,17]
0.05mM Eu(lll), and 192 h for 0.1 mM Eu(lll). The peak They showed that Al(lll)—citrate was metabolized intracellu-
intensity at 12.03 min reached a maximum at approximately larly and that organic acids, such as oxalic acid and glyoxlic
72 h for the medium with 0.05 mM Eu(lll) and at 144 h for acid, then appeared in the medium. Their results suggest that
0.1 mM Eu(lll). the Al(lll)—citrate complex entered the cell, releasing Al(l11)
Fig. 4a shows then/z of the unidentified organic acid after its breakdown into solution with these organic acids.
detected at 8.85min, analyzed by ESI-mass, whernd With a Ga(lll)—citrate, it3-hydroxyaspartate derivative was
z are the molecular weight and the negative charge of sam-released into the solution, while Ga(lll) predominated in the
ple fragments, respectively. Three strong peaks at 87, 91, andsolution after the degradation of citric acid. In the case of
105, and six weak peaks at 133, 175, 177, 193, 211, andY(lll)—citrate, however, Y(lll) was thought to be precipi-
237 were found. Assuming that the ionic valence state of the tated in the bacterium’s outer membrane by elaborating a
unidentified organic acid wasl, them/z of 91 and 237 isthe  novel protein there. In media containing Eu(lll)-malic acid, a
same mass as the monodeprotonated formic acid dimer angyruvic-like acid was produced and released into the medium;
the HEPES (buffer) anion, while the/z of 87, the strongest  Eu(lll) did not accumulate on the outer membrane, even
peak, is the same mass as the pyruvic acid anion. Becaus¢hough Y(IIl) has similar chemical properties to Eu(lll).
the elution time of pyruvic acid was 8.85min and its ESI- With an increasing ratio of Eu(lll) to malic acid, degra-
mass spectrum is similar to that of the organic acid eluted dation of the acid as well as the unidentified organic acid
at 8.85min Fig. 4), the most probable designation of this detected at 12.03 min and the pyruvic-like acid was retarded;
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Fig. 4. ESIl-mass spectra of (a) organic acid eluted at 8.85 min and (b) pyruvic acid. The intensity is normalized by the strongest intensiy &He The
mlz of 91 and 237 have the same mass as the formic acid dimer and HEPES, respectively.

their degradation rates were malic acid > unidentified organic [3] M.B. Witschiel, T. Egli, FEMS Microbiol. Rev. 23 (2001) 69.

acid > pyruvic-like acid. The stability constant of the 1:1
Eu—pyruvic acid complex is 1.88, that of the 1:2 complex is
3.3, and that of the 1:3 complex is 318]. Although the sta-

bility constants of the Eu(lll)-malic acid complex are larger
than those of pyruvic acid, its degradability is higher in the
presence of Eu(lll). Francis et al. studying metal—citric acid

[4] K. Pedersen, Interactions of microorganisms with radionuclides,
in: M.J. Keith-Roach, F.R. Livens (Eds.), Microbial Processes in
the Disposal of High Level Radioactive Waste 500 m Underground
in Fennoscandian Shield Rocks, Elsevier, Amsterdam, 2002, pp.
279-311.

[5] A.J. Francis, Experientia 48 (1990) 849.

[6] A.J. Francis, C.J. Dodge, J.B. Gillow, Nature 356 (1992) 140.

complexes found that biodegradability depends on the struc- [] Y- Suzuki, T. Nankawa, T. Yoshida, T. Ozaki, T. Ohnuki, A.J. Fran-

ture of the compleX6] (independent of the stability constant
of the complexes). The Eu(lll)-malic acid complex can read-
ily be degraded, whereas the Eu(lll)—pyruvic acid complex
might be recalcitrant, independent of stability constants.
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