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Abstract Many polluted sites contain a mixture of or-
ganics and heavy metals. Nitrilotriacetic acid has been
chosen as a model organic compound to study the effect
of metal binding on organic bioavailability and degrada-
tion of organics. The effect of varying the ratio of metal to
nitrilotriacetic acid on its utilisation has been examined
using the gram-negative bacterium Chelatobacter heintzi
ATCC 29600. The following parameters of substrate util-
isation were examined: growth, degradation, respiration,
mineralisation and nitrilotriacetic acid uptake. Complexa-
tion of nitrilotriacetic acid by Cu(ll), Ni(ll), Co(ll) and
Zn(l1) prevented utilisation of nitrilotriacetic acid by
C. heintzi; complexation to Fe(l11) or Mn(l1) did not. The
pattern of inhibition was consistent with a 1:1 stoichiom-
etry of metal binding to nitrilotriacetic acid. Inhibition
was not due to metal ion toxicity, but was a result of
metal—nitrilotriacetic acid complexes being recalcitrant to
degradation. In addition, the effect of complexing (phos-
phate) and non-complexing (PIPES) buffers on bioavail-
ability was examined; Co and Zn prevented degradation
of nitrilotriacetic acid in PIPES buffer, but not in phos-
phate buffer. This was due to the removal of Co and Zn
from solution by phosphate precipitation, leaving nitrilo-
triacetic acid uncomplexed. The results demonstrated that
metal—organic complexation can alter the bioavailability
of organic pollutants and may also modulate the toxicity
of heavy metals.
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Introduction

There has been a great deal of research over the last two
decades aimed at exploiting microorganisms for the reme-
diation of contaminated sites and the purification of in-
dustrial effluents. This research has largely focused on the
treatment of organic pollution. In more recent years, at-
tention has turned also to the remediation of metal-pol-
luted sites. However, many sites contain more than one
type of pollutant; they are co-contaminated with both or-
ganics and metals. It has been estimated that approxi-
mately 37% of sites in the US which are contaminated
with organic pollutants are also contaminated with metals
(Roane et al. 1996).

The remediation of mixed wastes is much more com-
plex than dealing with single pollutants. A microorganism
which is able to degrade one component of the waste may
be totally inhibited by another, more toxic component.
Furthermore, organic compounds and inorganic elements
may react with each other to varying degrees. The reac-
tions can include organic-inorganic complex formation
and precipitation reactions (Francis 1990). It has long been
acknowledged that the bioavailability of pollutants to mi-
croorganisms is a critical factor in bioremediation. How-
ever, this has generally been taken to refer to the physical
access of a microorganism to the pollutant molecule, and
the importance of chemical speciation has not been
widely recognised. The issue of metal speciation, in other
words the particular chemical form in which a metal is
present, and its effect on bioavailability has rarely been
addressed (Roane et al. 1996), although awareness of the
subject is growing. In addition, the question of organic
speciation in mixed wastes, and the effect this has on the
bioavailability, and hence the biodegradability of the or-
ganic component, has received scant attention.

There is a need to overcome the unpredictability of
bioremediation and a desire to develop methods to enable
the success of a remediation strategy to be predicted be-
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fore a costly treatment process is initiated (Head 1998).
A greater understanding of the factors involved is vital to
achieving this goal. In addition, an understanding of the
mechanisms involved in the transformation of highly
complex mixed wastes will enable more accurate model -
ling of the long-term fate and transport of pollutants in
waste sites (Francis 1990).

A number of studies have been carried out on the
biodegradability of metal complexing agents. These in-
clude EDTA (Lauff et al. 1990; Henneken et al. 1995;
Kluner et a. 1998; Thomas et al. 1998), nitrilotriacetic
acid (NTA) (Firestone and Tiedje 1975; Uetz et al. 1992;
Bolton et a. 1996; Xun et al. 1996; Witschel 1999), eth-
ylenediaminedisuccinate (EDDS) (Witschel and Egli
1998) and citrate (Madsen and Alexander 1985; Francis et
al. 1992; Francis and Dodge 1993). In each case it was
found that metal complexation had a significant effect on
bi odegradation of the complex, and that complexes of cer-
tain metals were degraded, while others were not.

NTA is a xenobiotic-chelating agent whose metal-
binding properties are exploited in a number of applica-
tions including detergent formulation, nuclear decontami-
nation, and agriculture (Bolton et al. 1996; Egli 1994;
Firestone and Tiedje 1975; Tiedje 1975). It is readily
biodegradable in avariety of environmentsincluding river
water, sewage sludge and soils (Bally et al. 1994; Fire-
stone and Tiedje 1975; Tiedje 1975; Swisher et a. 1973;
Tiedje et al. 1973). However, concern has been expressed
that NTA may mobilise toxic metals in the environment
through the formation of soluble metal chelates (Banat et
a. 1974; Samanidou and Fytianos 1990). Thus, any de-
crease in the biodegradability of NTA resulting from
metal chelation could have a significant negative effect on
the environment. For these reasons, NTA was chosen as a
model compound to study the effects of metal complexa-
tion on organic degradation.

The bacterial strain used in this study was Chelatobac-
ter heintzii ATCC 29600. This was isolated as a NTA-de-
grading strain (Tiedje et a. 1973) and the mechanisms of
NTA degradation have been well characterised for this or-
ganism (Firestone and Tiedje 1978; Uetz et al. 1992; Egli
1994 ). Previous studies have examined its ability to de-
grade metal NTA chelates (Firestone and Tiedje 1975;
Uetz et a. 1992; Bolton et a. 1996; Xun et a. 1996), but
have only considered the effect of mixing the chelator and
metal in equimolar amounts. In this study, the effect of
speciation on NTA degradation was investigated in more
detail. In parallel experiments, varying concentrations of
metals were added with a fixed concentration of NTA.
The effect of differing proportions of free and complexed
NTA in the experimental medium was observed on bacte-
rial growth and NTA degradation, respiration and miner-
alisation. In this way, the effects of complexation were ex-
amined, as well as the influence of the chemical environ-
ment. In addition the effects of speciation on NTA uptake
were investigated.

Materials and methods
Growth of bacteria

The mineral salts medium used was based on that of Miller (1972)
and consisted of phosphate buffer (Na,HPO,, 6 g I1; KH,PO,,
3 gl NaCl, 0.5 g I7%), mineral sdts solution (CaCl,2H,0, 14.7
mg |-, MgSO,7H,0, 246 mg |I1) and trace elements solution
(MgO, 10.75 mg It; CaCOs;, 2 mg I-%; FeSO,7H,0, 4.5 mg |-
CuSO,5H,0, 0.25 mg |1, CoSO,7H,0, 0.28 mg |1, H;BO;,
0.06 mg I-%; ZnSO,4H,0, 1.44 mg |-%; HCI (conc.) 51.3 ml I1) in
deionised water. Concentrations quoted are the final concentra-
tions in the prepared medium. The medium was prepared as fol-
lows: phosphate buffer, mineral salts solution and carbon and ni-
trogen sources (see below) were mixed and sterilised by autoclav-
ing at 121°C for 15 min. Trace element solution was autoclaved
separately and added to sterile medium. This method of prepara-
tion avoided the formation of metal precipitates. When metals
were included above trace amounts they were added to autoclaved
mediaastheir chloride salt (filter-sterilised) and the pH adjusted to
7.0+£0.1 with HCI or NaOH. In experiments in which PIPES buffer
was used, phosphate buffer was replaced with 50 mM PIPES and
10 pM pL-a-glycerophosphate.

A nutrient agar slope of C. heintzii ATCC 29600 was resus-
pended with 1 ml starter medium (mineral salts medium plus
10 mM NTA) and used as an inoculum into 50 ml starter medium
in a250-ml Erlenmeyer flask, which wasincubated for 3 days. The
resulting stationary phase culture was used as a 2% (v/v) inoculum
into 25 ml mineral salts medium plus2 mM NTA in a 125-ml con-
ical flask. NTA was used as both a sole carbon and a sole nitrogen
source. Where acetate was used as an aternative carbon source,
the starter culture in this case contained 20 mM acetate and 2 mM
(NH,)»,SO, instead of the NTA. This was inoculated into medium
containing 6 mM acetate and 1 mM (NH,),SO,. All cultures were
incubated at 30°C with orbital shaking at 180 rpm.

Estimation of growth

Growth was estimated by recording the optical density at 600 nm
using a Pye Unicam PU 8600 UV/visible spectrophotometer. Sam-
ples were acidified with 50% (w/v) 2 M HCI prior to reading the
optical density, to dissolve any metal precipitates which may have
formed, to prevent interference. Growth typicaly took 2-3 days,
although in cases in which growth was slow or did not occur flasks
were incubated for up to 1 week. Initial optical density was <0.05.
Direct comparisons were only made between flasks inoculated at
the same time to the same cell density. Measurements of optical
density were converted to protein from a calibration curve pre-
pared using the method of Bradford (1976). Cells were lysed prior
to protein determination by freezing then thawing, followed by the
addition of 10% (v/v) 5 M NaOH.

Analysis of NTA

Samples were taken from the culture medium and centrifuged at
24,000xg for 4 min in a MSE Microcentaur microcentrifuge to re-
move the bacteria The supernatant was mixed with 10 mM
Cu(NOy), to chelate any NTA and centrifuged for a further 4 min
to remove particulates. NTA was analysed by high pressure liquid
chromatography using a Techsphere 50DS column (HPLC Tech-
nology) with a mobile phase of 0.4% tetrabutylammonium hy-
droxide, 90% methanol, pH 7.5. The flow rate was 1.5 ml min,
the column temperature was 50°C, and detection was at 254 nm.
This was a modification of the method of Parkes et a. (1981).
When Co or Ni were present, it was necessary to further modify
the method. With Co—NTA the above method was used, but with
the addition of 2 mM CoCl, as well as 10 mM Cu(NO,), in the
standards, as it was found that the presence of Co resulted in
smaller peak areas. In the case of Ni-NTA, chelation with Cu was
ineffective. Instead an excess of Ni was added (10 mM NiCl,).



Ni—NTA does not absorb at 254 nm, instead it was found (using a
PU 8720 UV /visible scanning spectrophotometer) that 220 nm was
the optimal wavelength for its detection.

Oxygen-uptake experiments

Bacterial cell suspensions were prepared by growing C. heintzi
cellsin 200 ml phosphate-buffered media containing 10 mM NTA.
The bacteria were harvested in late exponential phase by centrifu-
gation at 4°C, 15,300xg for 10 min. Cells were washed twice in
50 mM PIPES buffer, pH 7.0, and resuspended in 2 ml PIPES
buffer. To prepare cell-free extracts, washed cells were resus-
pended in 2 ml PIPES buffer containing 0.5 mM PMSF (phenyl-
methylsulfonyl fluoride), 0.5 ug leupeptin mi—2, 1 ug pepstatin A
mi~t and 2 mM dithiothreitol. The bacteria were sonicated for
30 min using a Braun Labsonic U sonicator at 250 W with a cycle
of 0.3 s sonication followed by 0.3 s rest. The sonicate was cen-
trifuged for 4 min at 24,000xg in a MSE Microcentaur microfuge
to remove any cell debris. The protein concentrations of both
whole cells and cell-free extracts were determined using the
method of Bradford (1976). Cell suspension (50 ul) was added to
2.9 ml PIPES buffer, pH 7.0, at 30°C in a Rank Digital Oxygen
System model 10 and allowed to equilibrate. NTA stock solution
(50 pl of 3 mM) was added to give afinal volume of 3 ml and an
NTA concentration of 50 uM. The rate of respiration was calcu-
lated as the difference between the NTA-stimulated and the en-
dogenous rates of O, uptake. Metal chlorides were mixed with
NTA at equimolar concentrations before addition to the reaction
chamber. Cell-free extract (10 pl) was added to 2.84 ml PIPES
buffer containing 0.2 mM NADH and 1 pM FMN, and 50 pl
50 mM NTA was added following equilibration to give a fina
NTA concentration of 0.833 mM and atotal volume of 3 ml.

Mineralisation of NTA

Mineralisation of NTA by whole cell suspensions was followed
using universaly labelled [*“C]-NTA which was a gift from
Unilever plc. C. heintzi cells were grown in 400 ml 10 mM NTA
in PIPES medium at 30°C and harvested in the late exponential
phase by centrifugation at 15,300xg, 4°C for 10 min. Cells were
washed twice in 50 mM PIPES buffer, pH 7.0, and resuspended in
the same buffer to an approximate ODggg,m, Of 1.0. A cell suspen-
sion of 1.25 ml was added to duplicate serum-capped Erlenmeyer
flasks which were fitted with a centre well containing 4 ml 1 M
KOH to trap CO,. The reaction was started by addition of 0.1 mM
[*C]-NTA, 1.79 uCi. Flasks were incubated at 30°C with orbital
shaking at 180 rpm. At timed intervals the KOH was removed and
replaced with fresh KOH. A KOH sample (1 ml) and 1 ml of cul-
ture medium were added to vials containing 3 ml scintillation
cocktail (Beckman ReadyValue) and read for 5 min on a Wallac
1217 RackBeta Liquid Scintillation Counter. Where metals were
included, the metal chloride and NTA were mixed prior to addition
to the cell suspension. Experiments with different metals were car-
ried out on different days.

Modelling of metal speciation

Metal speciation in culture media was predicted for the experi-
mental systems employed using the chemica equilibrium com-
puter program MINEQL™* (Schecher 1994). The thermodynamic
database of MINEQL+ is identical to that of MINTEQAZ2 (Brown
and Allison 1987) and produces results compatible with EPA spec-
ifications. Trace elements were excluded from the calculations for
simplification, as it was found that they had no significant effect
on the overall speciation. Calculations were carried out for 30°C
and pH 7.0.
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Uptake of NTA into bacterial cells

Chelatobacter heintzi cells were grown in 400 ml 20 mM NTA in
PIPES medium at 30°C and harvested in late exponential phase by
centrifugation at 15,300xg, 4°C for 10 min. Cells were washed
twice in 50 mM PIPES buffer, pH 7.0, and resuspended in the
same buffer to an approximate ODgy o Of 5.0. Cell suspension
was kept at 4°C and placed in a 30°C water bath for 10 min im-
mediately prior to use. Cell suspension (10 ml) was aliquoted into
a 50 ml-Erlenmeyer flask which was serum-capped. The reaction
was started by the addition of [**C]-NTA,1.01 umol, 0.894 nCi.
Where meta-NTA complexes were added, metal chloride (1.1 pumol)
was mixed with NTA (1.01 pumol) to ensure that the metal was in
adight molar excess. At intervals, 1 ml of cell suspension was re-
moved and filtered through a 0.2-um cellulose nitrate filter. The
filter and 0.5 ml filtrate were each immediately placed in a vial
containing 5 ml scintillation cocktail. Scintillation counting was
carried out for 5 min. NTA was not adsorbed to the filter, as
demonstrated by a cell-free control.

Metal binding by bacterial cells

Cells were grown in 400 ml PIPES medium with 10 mM NTA in
a 2-1 Erlenmeyer flask, harvested at late exponential phase by cen-
trifugation at 15,300xg, 4°C, for 10 min and washed twice with
50 mM PIPES buffer, pH 7.0. Cells were resuspended with 200 ml
PIPES buffer and 50-ml aliquots placed in 250-ml flasks. Metal
chloride (1 mM) or metal-NTA complex (1 mM, prepared by mix-
ing Na,;NTA and metal chloride) was added to duplicate flasks.
Flasks were serum-capped to prevent evaporation and incubated at
30°C with rotary shaking at 180 rpm. After 1 h or 24 h incubation
the cell suspensions were treated as follows: 5 ml was filtered
through a 0.2-pm cellulose nitrate filter and the filtrate used to de-
termine soluble metal. Two portions of 10 ml were centrifuged at
27,200xg for 10 min; one portion was washed twice with PIPES
buffer, and the other was washed twice with 10 mM EDTA (dis-
solved in 20 mM NaOH). It was noticed that metal precipitates
were centrifuged with the cell pellet, and the EDTA wash was car-
ried out in order to solubilise these precipitates. Cell pellets were
resuspended with 10 ml deionised water. Aliquots (2 ml) of each
of the cell pellets and filtrates, and a so of the untreated suspension
and the original metal-free suspension, were diluted with 10 ml
deionised water and acid-digested with 6 ml conc. HCI and 2 ml
conc. HNOj;. Metal analysis was carried out using a Perkin Elmer
A Analyst 100 atomic absorption spectrophotometer.

Results

The effect of varying the ratio of metal to NTA was stud-
ied for anumber of parameters of bacterial activity. These
were growth and degradation, mineralisation, respiration
and uptake of NTA. The metals studied were the first-row
transition elements Mn, Fe(l1l), Co, Ni, Cu and Zn. Of
these metals, copper was studied in the most depth. The
results for each metal are presented below. For the miner-
alisation and uptake studies metals were selected which
had shown contrasting effects on growth, degradation and
respiration, as it was not possible to conduct these experi-
ments with every metal.

Copper
Studies to determine the effect of copper complexation on

bacterial growth were carried out using shake-flask cul-
tures. Growth and NTA degradation were recorded with a
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Fig.1la,b Effect of Cuon

growth and nitrilotriacetic acid
(NTA) degradation by Chela-
tobacter heintzi in phosphate-
buffered medium (pH 7.0)
with: m 1 mM NTA, e 2mM
NTA, A 4mM NTA, or

0 6 mM acetate plus 4 mM
NH,* as carbon and nitrogen
source. a Maximum final
growth yield, b percentage
NTA degraded after 48 h
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growth. Error bars represent
the standard error of duplicate 0
cultures

100
90 -
80
70 -
60 -
50
40

% NTA degraded

30
20
10

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Copperconcentration (mM)

fixed concentration of NTA and varying copper concen-
tration. Increasing the copper concentration resulted in the
same pattern of growth inhibition with three different
fixed NTA concentrations (1 mM, 2 mM and 4 mM;
Fig. 1a). Asthe concentration of copper in the growth me-
dium was increased, there was a decrease in the growth
yield of C. heintzii. There was aso a corresponding de-
crease in the proportion of NTA that was degraded (Fig.
1b). No growth occurred when copper was present in an
equimolar or greater concentration relative to NTA, and
degradation either did not occur or was minimal.

NTA complexes metal ions stoichiometricaly, i.e. in a
1:1 molar ratio (Swisher et al. 1967), and this was predicted
by MINEQL+ when it was used to model the speciation of
Cu and NTA in phosphate-buffered medium. Figure 2 com-
pares the experimental results for degradation of 2 mM
NTA with the predicted speciation of NTA as the copper
concentration was increased. The proportion of NTA that
was degraded corresponds to the proportion of NTA that
was not bound to copper. This suggests that the copper
complex of NTA is not bicavailable to C. heintzii. The ob-
served decrease in growth yield can be attributed to the de-
crease in available growth substrate, i.e. the bacteria utilised
only the NTA which was not copper-complexed.

The growth inhibition was not due to copper toxicity.
In asimilar experiment with acetate as the carbon source,
copper concentrations up to 5 mM had no effect on the fi-
nal growth of C. heintzii (Fig.1d). Acetate has little ca-
pacity to complex metal ions, and therefore it can be as-
sumed that if a metal caused any inhibition towards
growth on acetate it would be due to copper toxicity and
not to complex formation by the growth substrate.

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Copperconcentration (mM)

The buffer used did not influence the effect of copper
on growth or NTA degradation. With both phosphate and
PIPES (50 mM, pH 7.0) buffers the same pattern of inhi-
bition was seen — only the free NTA (i.e. the NTA in stoi-
chiometric excess relative to copper) was degraded.
Growth was directly related to the concentration of free
(degradable) NTA (data not shown). The choice of buffer
did, however, affect copper toxicity towards C. heintzi. In
PIPES buffer, copper completely inhibited growth on ac-
etate at concentrations as low as 0.1 mM. PIPES buffer
does not complex metal ions (Good et a. 1966), and
therefore copper remainsin solution. Phosphate, however,
readily precipitates cations out of solution (Good et al.

2 +
80 -
70 +
60 +
50 +
40 1
30
20
10 +

% of total NTA

0 05 075 1 125 15 2 2.5
Copper concentration (mM)

Fig.2 Comparison of experimental degradation data with pre-
dicted NTA speciation, for 2 mM NTA and increasing Cu concen-
tration. Filled bars show the portion of NTA predicted to be un-
bound, empty bars show the portion of NTA predicted to be cop-
per complexed. The line shows the percentage of 2 mM NTA de-
graded experimentally



Table 1 Initia rate of nitrilotriacetic acid (NTA)-stimulated oxy-
gen uptake [nmol min-t (mg protein)1] with varying Cu:NTA ra
tios. NTA concentration was 0.33 mM in each case. Data shown
are the mean values of five replicateststandard error. A negative
value indicates a decrease in the respiration rate following the ad-
dition of NTA

Cu concentration  Cu:NTA ratio O, uptake rate
(mM) [nmol min-t (mg protein)]
0 0 0.120+0.043
0.165 0.5 0.102+0.036
0.231 0.7 0.105+0.025
0.33 1.0 0.001+0.021
0.66 2.0 —0.023+0.011

pmol CO,

0 5 10 15 20 25
Time (h)

pmol CO,

0 5 10 15 20 25
Time (h)

Fig.3a,b Mineralisation of 0.1 mM NTA by non-growing C.
heintzi cell suspensions in PIPES buffer (pH 7.0) with a copper,
b manganese added at: = 0 mM, e 0.05 mM, A 0.1 mM. Total
carbon=15 pmol

1966; Hughes and Poole 1991) and hence the copper is
not available to exert any toxic effect. The effect of cop-
per on NTA utilisation in both buffers can be attributed to
the formation of a Cu-NTA complex, which is not bio-
available, and not to copper toxicity, as complexed copper
did not exert toxic effects.

Copper had the same effect on the respiration of NTA
as on degradation. When the concentration of NTA was
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kept constant (50 M) and the concentration of copper
was varied, it was found that NTA-stimulated oxygen up-
take only occurred when the Cu:NTA ratio was less than
1, i.e. when NTA wasin amolar excess, and there was un-
complexed NTA available (Table 1). When the Cu:NTA
ratio was 1 or greater, al the NTA was copper complexed
and respiration was not stimulated. This was not due to
copper toxicity, as the subsequent addition of additional
NTA (so that NTA was again in a molar excess) stimu-
lated oxygen uptake. Theinhibition was instead due to the
NTA—copper complex not being available for respiration.

A similar effect was observed on the mineralisation of
NTA (Fig.3a). Copper inhibited mineralisation of NTA in
a ratio-dependent manner. When no copper was present,
35.7% of the NTA was mineralised. When the Cu:NTA
ratio was 1:2 (0.05 mM Cu, 0.1 mM NTA), only 18.0% of
the NTA was mineralised, representing a 49.6% decrease
in mineralisation relative to the copper-free control. When
the ratio of Cu to NTA was 1:1, minimal mineralisation
occurred.

Nickel

Nickel, like copper, prevented growth of C. heintzii on NTA
in both PIPES and phosphate, showing a 1:1 inhibition.
MINEQL+ predicted that, in phosphate buffer, all the
NTA was complexed in the presence of equimolar nickel,
and the formation of this complex prevented NTA utilisa-
tion. Nickel was more toxic to C. heintzi than the other
metals tested. A concentration of 0.4 mM nickel did not
affect final growth yield on acetate in phosphate buffer,
but did result in a greatly increased lag phase of 45 h
compared to no lag phase in the absence of Ni. In PIPES
buffer a similar effect was observed. Respiration of NTA
was prevented by the addition of equimolar Ni. This agrees
with the formation of a 1:1 Ni-NTA complex, which, like
Cu—NTA is unable to be degraded by C. heintzi.

Iron (111) and manganese (11)

Iron and manganese, in contrast to copper and nickel, did
not affect bacterial growth or NTA degradation in either
phosphate or PIPES buffer (Table 2), and neither metal in-
hibited growth on acetate. However, MINEQL+ predicts
that, in phosphate buffer, these metals do not fully com-
plex to NTA (Table 3), with 81.9% of the Fe forming in-
soluble FePO, and all the Mn precipitating as MNHPO,.
Therefore the observed growth and degradation may have
been due to NTA being in an unbound, and hence bio-
available, form, rather than because the Fe(lll)- and
Mn(I1)-NTA complexes can be degraded. In PIPES
buffer, MINEQL+ predicts that 4.9% of the total NTA
complexes with Fe, while 91.5% of NTA complexes with
Mn when NTA and metal ions are both added at 2 mM. It
appears that, in the presence of Fe(lll), it was free NTA
that was degraded. It is possible that C. heintzii is able to
degrade the MN—NTA complex; aternatively the free
NTA was degraded, and the changing equilibrium caused
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Table2 Summary of the ef-
fects of metals on the growth

Phosphate buffer (complexing)

PIPES buffer (non-complexing)

of Chelatobacter heintzii on Growth on 2 mM

Percentage of 2 mM Growthon2 mM  Percentage of 2 mM

NTA and on NTA degrada- NTA+2 mM NTA degraded NTA+2 mM NTA degraded
tion in phosphate and PIPES metal in the presence of metal in the presence of
buffers. + Indicates that 2 mM metal ion 2 mM metal ion
growth occurred (as measured
by anincreasein optical den-  \in(|) + 100 + 99.6
grt())/\zvta indicates inhibition of Fe(lll) + 100 + 21
Co(lly  + 90.4 0
zn()  + 100 - 0
NI — 9.3 - 0
culy - 0 - 0
cdiy - 0 - 0
Tables Hﬂ?ﬁ‘gﬁggﬂg Metd  H-NTA CaNTA Mg-NTA Na-NTA Metd-OH-NTA Meta-NTA Meta—(NTA),
buffered growth mediain the
preaence%f 2 mM metal chlo- Phosphate buffer
ride, calculated by MINEQL+. None 847 44 8.8 16
Figures quoted are percentage Mz 84.9 4.5 8.9 17
of total NTA Fe3t 59.1 4.3 14.9 1.2 14.7 51
Co** 99.9
Ni2* 100
Cu?z* 1.1 59 93.2
n# 3.4 96
PIPES buffer
Mnz2* 2.6 51 91.5
Fe3* 50.5 43.6 1.0 4.9
Co? 99.7
Ni2* 99.9
Cu?* 59 93.3
zZn?* 99.7

Table4 Respiration of metal-NTA complexes by whole cells and
cell-free extract. Data shown as mean O, uptake rate [nmol min-t
(mg protein)1]tstandard error of 3 replicates

Whole cells Cell-free extract
No metal 0.108+0.029 0+0
Mn(I1) 0.106+0.007 0.179+0.034
Fe(Ill) 0.109+0.022 0.046+0.019
Co(Il) 0+0 0.128+0.008
Ni(IT) 0+0 0+0
Cu(ll) 0+0 0+0
Zn(l1) 00 00

by NTA consumption ensured that there was always a small
amount of uncomplexed NTA available to the bacteria.

Neither iron nor manganese had any effect on the res-
piration of NTA (Table 4), and manganese was addition-
ally shown to have no effect on NTA mineralisation (Fig.
3b). Thiswasin contrast to copper, which caused an inhi-
bition related to the metal to NTA ratio.

Cobalt and zinc

Up to 2 mM Zn(I1) did not significantly inhibit growth on
acetate in either phosphate or PIPES buffers, showing that

Growth yield
[mg protein mI™ (mM carbon)™]

0 ‘ . "
0 1 2 3

Metal concentration (mM)

Fig.4 Effect of cobalt m and zinc e on the maximum final growth
yield of C. heintzi on 2 mM NTA. Solid lines show results in
phosphate-buffered medium, dotted lines results in PIPES-
buffered medium

it was not toxic at the concentrations used nor did it cause
phosphate limitation by complexing the low amount of
phosphate present in the PIPES medium. Cobalt caused a
decrease in yield on acetate at concentrations above 1 mM
but there was not a strong correl ation between decrease in
yield and cobalt concentration (data not shown).



In phosphate buffer, NTA was degraded and utilised
for growth in the presence of either equimolar Co or Zn
(Fig.4). Cobalt caused a decrease in growth yield, result-
ing in a pattern of inhibition similar to that seen for
growth on acetate, suggesting that metal toxicity, and not
complex formation, was the cause. In PIPES buffer, how-
ever, growth and degradation of 2 mM NTA showed inhi-
bition by both Co(ll) and Zn(Il) and was directly related
to the metal to NTA molar ratio (Fig.4). NTA degradation
mirrored the growth of C. heintzi in all cases. In addition,
neither complex was respired by C. heintzi cellsin PIPES
buffer, and this was not due to metal toxicity as the subse-
quent addition of an excess of free NTA stimulated oxy-
gen uptake. Thisis similar to the findings with Cu—NTA.

Speciation modelling predicts that, in phosphate-
buffered medium, NTA is completely complexed to Co
and 96% complexed to Zn, and that in PIPES buffer NTA
is completely complexed by both metals. The results in
phosphate buffer suggest that C. heintzi is able to degrade
Co—NTA and Zn—NTA, but the resultsin PIPES buffer are
consistent with a 1:1 complex forming between Co or Zn
and NTA, which is not able to be degraded. This apparent
contradiction can be explained by the metal-complexing
capacity of the two different buffers. In phosphate buffer,
there is an equilibrium between the NTA complex of the
metal and the insoluble metal phosphate. It could be ex-
pected that a proportion of the metal will form insoluble
metal precipitates, and, as these are removed from solu-
tion, the equilibria will favour further formation of phos-
phate salts. The availability of NTA in the presence of
cobalt or zinc will be determined not only by the overall
speciation, but also by the rate of exchange of metal ions
between species and is significantly affected by the inor-
ganic ions present. In PIPES buffer, no such equilibrium
exists, and the NTA remains in a stable, soluble complex
which is not available for degradation.

Respiration of metal-NTA complexes by cell-free extract

To investigate whether the lack of respiration was dueto a
lack of transport of the meta-NTA complex into the cell,
rather than the inability of intracellular enzymes to de-
grade the complex, the respiration of metal-NTA com-
plexes by cell-free extracts was examined (Table 4). Ex-
periments were carried out using PIPES buffer. NTA was
not respired by cell-free extract in the absence of metal
ions, suggesting that the free form of NTA is not the nor-
mal substrate for metabolism. This agrees with the find-
ings of Uetz et al. (1992) who found that oxidation of
NTA by NTA monooxygenase was strictly dependent on
the presence of metal ions. The Mn(Il) and Fe(ll1) com-
plexes were, however, respired by cell-free extract as well
as by whole cells, although the rate of O, uptake by cell-
free extract was significantly less for Fe-NTA than for
Mn—NTA. The complexes with Cu(ll), Ni(Il) and Zn(11)
were not respired, which is in agreement with the results
obtained with whole cells. In contrast to the whole cell
studies, the NTA complex of Co(ll) was respired by cell-
free extract but not by whole cells, suggesting that com-
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Fig.5a—c Uptake of NTA by C. heintzi cells. Solid symbols de-
pict free NTA; open symbols depict a CuU—NTA, b Mn-NTA,
c Co-NTA

plexation in this case could have prevented NTA utilisa-
tion by inhibiting its transport into the cell.

Uptake of NTA into bacterial cells

The uptake of [*C]-NTA was studied in the presence of
Cu, Mn and Co. These three metals were chosen because
Cu-NTA was respired by neither whole cells nor cell-free
extract, MNn—NTA was respired by both, while Co-NTA
was respired by cell-free extract but not whole cells. Stud-
ies of the uptake of “C-labelled NTA into cells of C.
heintzii revealed that NTA was taken up from the man-
ganese complex, but not from the copper or cobalt com-
plexes (Fig.5). This agrees with data on NTA utilisation;
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the MN—NTA complex was utilised by whole cells, whilst
the Cu and Co complexes were not. It also gives weight to
the hypothesis that Co-NTA is not bioavailable because
the NTA is not transported into the cell.

Fate of metals

Metal-binding studies were carried out with manganese
and copper. It is not known whether NTA enters the bac-
terial cell as the free acid or the metal complex. In order
to deduce this, it is necessary to establish the fate of the
metal ion. There was no evidence that either metal was as-
sociated with the bacterial cells after 24 h incubation ei-
ther in the presence or absence of NTA. Less than 0.3% of
the metal was found to be associated with either PIPES-
washed or EDTA-washed cells when NTA was present.
When the metals were added as the chloride salts alone,
Mn was not associated with the cells. Cu was largely in-
soluble (lessthan 10% in the filterable fraction) and ablue
layer of copper precipitate was deposited with the cell pel-
let during centrifugation. Washing with EDTA removed
this, and again, little Cu was associated with the cells.

Discussion

The results of this study, which are summarised in Table 5,
indicate that certain metals prevent the biodegradation of
NTA by C. heintzii by forming a metal chelate which is
not bioavailable. Previous studies have only examined the
effect of adding equimolar amounts of metal and NTA
(Bolton et al. 1996; Firestone and Tiedje 1975). However,
this study examines the effect of varying the ratio of metal
to NTA and thus alters the proportions of NTA species
present. The results indicate that where a metal (for ex-
ample copper) formsa 1:1 chelate with NTA, only the un-
complexed portion of the NTA is utilised by the bacteria.

The results are in agreement with those of Firestone
and Tiedje (1975), who found that Cu completely inhib-
ited NTA respiration, while Ni and Zn caused inhibition to
alesser extent. Bolton et al. (1996) found that the rate and
extent of NTA degradation was much lower with Ni and
Cu than Co or Fe. They found no significant differencein
the extent of degradation of free NTA or its complexes
with Co, Fe, Zn or Al. However, they only considered the
effect of adding equimolar metal and NTA, and did not
vary the ratio of free to complexed NTA. The maximum
NTA degradation they recorded was 65% and it is not clear

why degradation was incomplete. Also in their study, the
agueous speciation calculations predict a maximum 95%
of NTA complexed by Cu, Ni, Zn or Fe, with only 84% of
NTA forming a Co complex, compared to 99.9% calcu-
lated in this study. This increased amount of free NTA
may explain why there was apparent degradation of these
complexes; it is possible that the only NTA degraded was
the free acid present in equilibrium with the complex.

The results showed that different metals have different
effects on the bioavailability of NTA to C. heintzii. Those
complexes which were degraded were aso respired by
whole cells and utilised as a source of carbon, nitrogen
and energy for growth.

Theinhibition of NTA utilisation was not due to the tox-
icity of the metal, and it was found that the ability of met-
als to inhibit growth on a non-chelating substrate (acetate)
depended on the buffer used. In PIPES buffer, the metals
remained in solution, whereas in phosphate buffer they
formed insoluble phosphates. This demonstrates that, not
only do metals affect the degradation of organics such as
NTA by forming complexes that are not bioavailable, but
also that metals themselves may be complexed by other
species (inorganic or organic), making them non-bioavail-
able. The abatement of metal toxicity, either by precipita-
tion by inorganic anions or complexation with an organic
molecule, has been well documented in the literature (Gadd
and Griffiths 1978; Hughes and Poole 1991; Shuttleworth
and Unz 1991) and is in fact one mechanism of microbial
resistance towards heavy metals (Gadd and Griffiths 1978;
Morrison et a. 1989). Hughes and Poole (1991) cite in-
stances in which high metal tolerance has been falsely re-
ported for some organisms when in fact the concentration
of toxic cation in solution had been negligible. This illus-
trates the point that metal speciation is both complicated
and an important factor in determining the fate of both or-
ganic and metal pollutants in the environment. It is there-
fore important when considering the treatment (biological
or otherwise) of a polluted site or effluent to have an un-
derstanding of the chemical species present and the effects
of complexation and chelation within the system.

Various suggestions have been made about the factors
that determine whether or not a particular organic—metal
complex will be degraded. Madsen and Alexander (1985)
found that the only NTA species mineralised by sewage
populations was the calcium complex. Firestone and
Tiedje (1975) suggested that the particular type of com-
plex formed, i.e. whether it is tridentate or tetradentate,
will determine whether the NTA is degraded. Joshi-Tope

Table5 Summary of results.

All results refer to 2 mM Phosphate buffer PIPES buffer Respiration  Respiration Minerali- Uptake

NTA+2 mM metal. + Indicates - _ whole cells  cell-free sation

apositive result, — indicates a Growth Degradation Growth Degradation extracts

negative result, ND denotes not

determined. Respiration, min- Fe(lil) -+ * + + + + ND ND

eralisation and uptake experi- Mn(il) -+ + + + + + . +

ments used PIPES buffer Co(ll) + + - + ND _
Ni(ll) - - - - - - ND ND
Cu(ll) - - - - - - - _
zn(ily  + + - - - - ND ND




and Francis (1995) also claimed that the nature of the
complex formed will determine whether metal citrate
complexes are degraded. They reported that bidentate
metal citrate complexes were degraded by Pseudomonas
fluorescens whereas tridentate complexes were not. Wit-
schel et al. (1997) reported that there was no clear rela-
tionship between the stability constant and degradability
of EDTA complexes by a bacterium and speculated that
the structure of the complex somehow determines degrad-
ability. Such models do not necessarily take into account
the dynamic equilibria in solution, and the rate of ex-
change of metal ions between different species may deter-
mine whether there is a small, transient, anount of free
NTA available for biodegradation.

Fe(l11) or Mn(Il) did not prevent the degradation of
NTA; however, speciation modelling showed that in phos-
phate buffer the majority of the NTA was present as the
free acid, and therefore the species degraded was free
NTA. In PIPES buffer, Mn was predicted as complexing
to NTA, and the results suggest that MN—NTA isableto be
degraded by C. heintzi. Cu(ll) and Ni(ll) both inhibited
the degradation of NTA by forming a stoichiometric com-
plex with NTA, i.e. one molecule of NTA bound one
metal ion. The proportion of NTA that was degraded cor-
responded to the portion of NTA which was predicted to
be available and not complexed to Cu or Ni. The effect of
either Co(ll) or Zn(Il) was dependent on the complexing
capacity of the buffer; in a complexing buffer (phosphate)
NTA degradation occurred, whereas in a non-complexing
buffer (PIPES), degradation was inhibited by Co and Zn
in a ratio-dependent manner. Speciation modelling pre-
dicted that in each case a stoichiometric metal-NTA com-
plex was formed.

The results can be explained as follows. Where NTA
does not form a metal complex, or where it forms a weak
complex with a relatively low stability constant (e.g.
Mn—NTA, Mg—NTA, Ca-NTA), it isdegraded. Those com-
plexes with high stability constants (Cu-NTA, Ni—NTA)
are not degraded. Co and Zn form complexes with NTA
which are stronger than Mn—NTA, but not as strong as
Cu—NTA and Ni-NTA. These complexes could be de-
graded in a complexing buffer, where there was competi-
tion between NTA and phosphate for metal binding, but
they were not degraded in PIPES buffer. It seems that the
bioavailability of NTA in these complexes of intermediate
strength is modulated by the inorganic ions present and
the dynamic equilibria between the species present. This
interpretation of the results is similar to that of Kluner et
al. (1998) who found that metal-EDTA complexes with a
log stability constant below 12 were degraded by a bacte-
rial isolate, but stronger complexes were not. Similarly,
Witschel and Egli (1998) found that the biodegradability
of metal complexes of [SY-EDDS was related to their
stability constants; only the weaker complexes were de-
graded. Bolton et a. (1996) proposed that the lability of
the complex (i.e. therate of dissociation of the complex to
a degradable species of NTA) determines the rate of
degradation and stated that it is not related to the stability
constant of the complex, but is dependent on the kinetics
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of the equilibrium between free and bound NTA. Thereis
as yet no genera rule to alow prediction of the bio-
degradabilty of metal—organic complexes (Witschel and
Egli 1998). Despite this, similarities are emerging be-
tween different compounds, and further studies in this
area with more chelators may well alow more general
conclusions to be reached.

One factor which may prevent the biodegradation of a
metal-NTA complex isits transport into the bacterial cell.
Experiments with cell-free extract were carried out to in-
vestigate this possibility. It was found that the cell-free ex-
tract was unable to respire free NTA. Thisis in agreement
with the findings of Cripps and Noble (1973), Uetz et al.
(1992) and Xun et a. (1996), who found that the metabo-
lism of NTA by cell-free extract or purified NTA mono-
oxygenase required the addition of metal cations. Simi-
larly, Witschel et al. (1997) found that cell-free extract
from an EDTA-degrading bacterium only transformed
EDTA in the presence of metal cations, although the range
of activating metals was different. The results agree in part
with the findings of Uetz et al. (1992), who found that
NTA monooxygenase activity was strictly dependent on
the addition of Mg?" or Co?* ions, while there was no ac-
tivity with Ca?*, Fe?*, Fe¥*, Zn?*, Cu?* or Ni?*. Co was of
especial interest in that it prevented respiration of NTA by
whole cells, but not cell-free extract, suggesting that in
this case NTA was prevented from entering the bacterial
cell.

The transport of NTA into C. heintzii was studied for
free NTA, Mn-NTA, Cu—NTA and Co-NTA. This s, to
our knowledge, the first report of NTA uptake by C.
heintzii, and the first investigation of the uptake of
metal-NTA complexes; previous work by Wong et al.
(1973) studied transport of free NTA into an unnamed
bacterial mutant. NTA complexed to Mn was utilised by
C. heintzi, and the NTA was taken into the cells, although
whether this was as free NTA or the Mn complex is un-
known. In contrast, the NTA complexes of Cu and Co,
which were not utilised, were not taken up into the cells.
This agrees with the findings of the respiratory studies
with Co-NTA, namely that cell-free extract but not whole
cells was able to respire Co-NTA, suggesting that com-
plexation by Co inhibits bacterial transport. Further inves-
tigations with a wider selection of metals than was possi-
ble here would be of value in determining the effect of
metal complexation on the uptake of NTA. In addition,
more thorough examination of the fate of the metal would
help to determine the form in which NTA enters the bac-
terial cell. Metal-binding studies showed that the Mn and
Cu were not associated with C. heintzii cells either in the
presence or absence of NTA. This agrees with the findings
of Bolton et a. (1996) who found that almost al the Co or
Ni incubated with cells was found in the aqueous phase and
not associated with the cells. It is possible that the small
amount of metal associated with the cellsin both this study
and that of Bolton et a. (1996) was due to metal efflux
mechanisms, athough the inclusion of NTA had no effect
on the amount of metal associated with the cells, compared
to metal chloride aone. The results do not support the up-
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take of a metal-NTA complex by the cells; however, more
work is needed to draw definite conclusions.

A full understanding of the mechanisms involved in
the degradation of metal—organic complexes is still to be
attained. There is no general rule to describe the effect of
complexation on the degradation of organic chelators, al-
though similarities have been noted between different
compounds. Further studies in this areas with a wider
range of chelators may allow more general conclusions to
be reached, which would enable the biodegradability of
metal—organic complexes to be more accurately predicted.
In addition, an increased knowledge of the effects of spe-
ciation on biodegradation is essential to the development
of effective solutions to the problem of co-contaminated
sites and effluents.
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