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The ability of S. putrefaciens to reduce Fe(III) complexed by a variety of ligands has been investigated. All of 
the ligands tested caused the cation to be more susceptible to reduction by harvested whole cells than when 
uncomplexed, although some complexes were more readily reduced than others. Monitoring rates of reduction 
by a ferrozine assay for Fe(II) formation proved inadequate using Fe(III) ligands giving Fe(II) complexes of low 
kinetic lability (e.g. EDTA). A more suitable assay for Fe(III) reduction in the presence of such ligands proved 
to be the observation of associated cytochrome oxidation and re-reduction. Where possible, an assay for Fe(III) 
reduction based upon the disappearance of Fe(III) complex was also employed. Reduction of all Fe(III) 
complexes tested was totally inhibited by the presence of 02,  partially inhibited by HQNO and slower in the 
absence of a physiological electron donor. Upon cell fractionation, Fe(III) reductase activity was detected 
exclusively in the membranes. Using different physiological electron donors in assays on membranes, relative 
reduction rates of Fe(III) complexes complemented the data from whole cells. The differences in susceptibility 
to reduction of the various complexes are discussed, as is evidence for the respiratory nature of the reduction. 
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Introduction 

It is now firmly established that dissimilatory reduction of 
Fe(IIl) to Fe(II) by microorganisms is of major importance 
in biogeochemical cycling (Lovley 1991, 1993). The 
facultative anaerobe Shewanella putrefaciens (formerly 
Alteromonas putrefaciens) has the ability to grow with 
Fe(III) as the sole terminal electron acceptor present, 
either in the form of insoluble amorphic Fe(III) oxide or 
soluble Fe(III) citrate (Lovley et al. 1989). Anaerobic 
growth of S. putrefuciens using Fe(III) or other electron 
acceptors (Myers & Nealson 1988, 1990, Morris et al. 
1990) is not essential for expression of Fe(III) reductase 
activity. Cells grown under highly aerobic conditions are 
capable of Fe(III) reduction, but activity increases when 
growth is at low oxygen tension (Arnold et al. 1986a,b, 
1988, 1990, DiChristina 1992). Recent work indicates that 
the ability of S. putrefaciens to grow on Fe(III) is governed 
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by the gene etrA, the amino acid sequence of which has a 
high level of identity to the Fnr of Escherichia coli 
(Saffarini & Nealson 1993). However, etrA mutants retain 
the ability to reduce Fe(III) at rates comparable to the 
wild-type, reinforcing the hypothesis that more than one 
Fe(III) reductase may exist (Arnold et al. 1986a, 1990). 
S. putrefaciens mutants deficient in menaquinone and 
methylmenaquinone have been demonstrated to com- 
pletely lose the ability to reduce Fe(III) (Myers & Myers 
1993b). The enzyme or enzymes responsible for Fe(III) 
reduction in S. putrefaciens are yet to be characterized, but 
activity has been located in the cell membranes (Myers & 
Myers 1993a). 

Literature concerning the importance of Fe(III) specia- 
tion in aqueous solution with respect to the reduction of 
the cation by S. putrefaciens is limited. In assays of Fe(III) 
reductase activity, the presence of the tetradentate amino- 
carboxylate ligand nitrilotriacetic acid (NTA) has been 
shown to accelerate the formation of Fe(II) ions using 
either Fe(III) chloride (Arnold et al. 1986b) or Fe(III) 
oxides (Arnold et al. 1988), whilst the reduction of Fe(III) 
citrate has been demonstrated to be faster than that of 
Fe(III) chloride (DiChristina 1992). These results indicate 
that soluble complexed forms of Fe(III) are more prone to 
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reduction by the microorganism than solid or un- 
complexed aqueous forms. However, based on a mathe- 
matical treatment of Fe(III):NTA speciation, it has been 
suggested that complexed forms of Fe(III) differ in their 
susceptibility to reduction by S. putrefaciens (Arnold et al. 
1986b). In this paper we report the influence of a range of 
ligands upon the reduction of Fe(III) by S. putrefaciens. 
The ligands vary in both the number and nature of donor 
atoms (Figure 1), as well as affinities for Fe(III) (Table 1). 
Rates of Fe(III) reduction were followed by three distinct 
assays on harvested whole cells and isolated cell mem- 
branes. 

Mater ia l s  and  m e t h o d s  

Bacterial growth and cell fractionation 

The type strain of S. putrefaciens (NCIMB10471; 
ATCC8071) was purchased from The National Collections 
of Industrial and Marine Bacteria (Aberdeen, UK). 
Aerobic growth was achieved at 28-30 ~ using minimal 
media previously described (Myers & Nealson 1990) with 
50mr" DL-lactate as the carbon and energy source. 
Cultures (100 ml) in 250 ml foam-plugged conical flasks 
were shaken at 160 r.p.m, until the optical density at 
650 nm was at least 1.0. Cells were harvested by centri- 
fugation at 4~ and washed twice with 100mr" 
NaHEPES, pH 7.0, the resulting pellet being homogen- 
ized with 5 ml of the same buffer prior to assays for Fe(III) 
reduction. 

For cell fractionation, 400 ml cultures were grown 
aerobically in an identical manner to 100 ml cultures. 
After harvesting and washing with 100 mr" Tris-HC1, pH 
7.6, cells were suspended in 40 ml 0.5 r" sucrose/5 mr, 
EDTA/100 mr" Tris-HC1, pH 7.6 containing 40 mg lyso- 
zyme and incubated at 30 ~ for 1 h. Following centrifuga- 

Table 1. Thermodynamic stability constants of ligands used in 
this study for Fe(III) and Fe(II) 

Ligand log KI l o g  [3 3 log K 1 
Fe(Ill) Fe(III) a Fe(II) 

NTA 15.9 -- 8.8 
Citrate 11.6 -- 4.4 
EDTA 25.1 -- 14.3 
DTPA 27.5 -- 16.0 
TTHA 26.8 -- NA 
EGTA 20.5 -- 11.8 

b DFO 30.6 -- 
Acetohydroxamic acid 11.4 28.3 4.8 
Benzohydroxamic acid 11.1 27.8 NA 
Maltol 11.1 28.5 NA 
DMHP 14.9 35.1 NA 
Kojic acid 9.2 24.4 NA 
Salicylic acid 15.8 35.3 6.6 
Catechol 20.0 43.8 8.0 

Data from Martell & Smith (1974, 1977), Perrin (1979), Hider 
(1991). NA, data unavailable. 
alog f13 = log K l + log K 2 + log K 3. 
blog K(Fe 2+ + HDFO ~ FeHDFO § = 7.2. 

& Hall 

tion at 20000 r.p.m, for 1 h the periplasmic fraction was 
decanted and the spheroplast thoroughly homogenized in 
10ml 100mr" NaHEPES, pH 7.0, containing 10mg 
deoxyribonuclease. The resulting suspension was added to 
50ml of water and stirred at 4~ for l h  prior to 
centrifugation at 20000 r.p.m, for 1 h. After decanting the 
cytoplasmic fraction, the cell membranes were homogen- 
ized in 15 ml 100 mr" NaHEPES, pH 7.0, prior to assays 
for Fe(III) reduction. 

Preparation of  Fe(II1) complexes 

All Fe(III) ligands used in this study are commercially 
available with the exception of 1,2-dimethyl-3-hydroxy-4- 
pyridinone (DMHP), N,N,N',N'-tetrakis(2-pyridyl- 
methyl)-l,2-diaminoethane (TPEN) and N , N , N ' , N ' -  
tetrakis(2-pyridylmethyl)- 1,4-diaminobutane (TPBN), 
which were synthesized by literature procedures (Toftlund 
& Yde-Andersen 1981, Kontoghiorghes & Sheppard 
1987). Stock solutions of complexes were prepared using a 
3:1 molar ratio of bidentate ligand to Fe(III) or a 1:1 molar 
ratio of tri-, tetra- or hexadentate ligand to Fe(III). 

Respiratory inhibitors and protonophores 

Stock solutions of the respiratory inhibitors 2-heptyl-4- 
hydroxyquinoline-N-oxide (HQNO) (3.85 mM) and myxo- 
thiazol (410/~r"), and the protonophores carbonyl cyanide 
p-trifluoromethoxyphenylhydrazone (FCCP) and carbo- 
nyl cyanide m-chlorophenylhydrazone (CCCP) (both 
100 #r"), were prepared in methanol. Each was added 
5 rain before Fe(III) complex to an assay mixture and the 
cuvette thoroughly shaken. 

Assay for Fe(ll) formation using ferrozine 

Ferrozine (3-(2-pyridyl)-5,6-bis(4-phenylsulfonic acid)- 
1,2,4-triazine) is a bidentate ligand commonly used as a 
spectrophotometric reagent for Fe(II) (Stookey 1970). 
The high stability (thermodynamic and kinetic) and 
extinction coefficient ()~max 562 nm; resulting from low- 
energy metal-to-ligand charge transfer) of the 3:1 ferro- 
zine:Fe(II) complex combine to give extreme sensitivity. 
As with all chelators based on the ferroin moiety, the 
affinity of ferrozine for Fe(III) is negligible. Dailey & 
Lascelles (1977) first used ferrozine in an in situ assay for 
bacterial Fe(III) reduction and the following is a modifica- 
tion of their method. A 300/~1 aliquot of whole cell or 
membrane suspension was initially added to 2.535 ml of N2 
purged 45 mr" NaHEPES, pH 7.0, and 105/~1 10 mM 
ferrozine in a 3 ml glass cuvette containing a magnetic 
stirrer bar. The cuvette was subsequently sealed with a 
rubber septum and purged with N2 for 5 min. An Aminco 
DW2000 spectrophotometer set in split beam mode at a 
constant wavelength of 562 nm was used to monitor the 
formation of 3:1 ferrozine:Fe(II) complex with respect to 
time after anaerobic addition of 30/A 50 mr" electron 
donor (DL-lactate for whole cells, formate for membranes) 
followed by 30 ~tl 10 mM Fe(III) complex. The reference 
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cuvette contained a 300 gl aliquot of cell suspension and 
2.7 ml of 45 mM NaHEPES, pH 7.0. Control assays in the 
absence of cells showed no formation of Fe(II)(ferrozine)3 
over a period of 30 rain with any of the Fe(III)  chelates, 
indicating that ferrozine does not act as a reductant of 
Fe(IfI) under the conditions imposed. 

Assays for disappearance of Fe(lll) complexes 

Complexes of oxidizing cations with reducing ligands often 
possess ligand-to-metal charge transfer bands low enough 
in energy to be apparent in the visible region, and by virtue 
of this Fe(III)  species with phenolic-like ligands such as 
maltol and acetohydroxamic acid are highly colored. Since 
the corresponding Fe(II) chelates are essentially colorless 
and moreover of low stability, the rate of disappearance of 
such Fe(III)  complexes in the presence of S. putrefaciens 
should correlate strongly with the rate of Fe(III)  reduction 
provided that facile oxidation of the Fe(II)  formed does 
not occur. In assays for Fe(III)  complex disappearance the 
same general protocol was followed as for assays of Fe(II)  
formation with the ferrozine being omitted. To initiate the 
reaction, which was monitored at or near the 3~x value of 
the complex, 150/A of 10 mM Fe(III)  complex was added. 

Assays for cytochrome oxidation 

Figure 2(A) shows a spectrum of S. putrefaciens whole 
cells (1 ml suspension in a 1 ml cuvette) under anaerobic 
conditions acquired on an Aminco DW2000 spectrophoto- 
meter set in split-beam mode with l m l  100mM 
NaHEPES, pH 7.0, in the reference cuvette. The peaks at 
552 and 523 nm are indicative of reduced c-type cyto- 
chromes whilst the broad nature of the spectrum suggests 
that b-type cytochromes are also present (Obuekwe & 
Westlake 1982). Addition of 50/A 50 mM Fe(III)  ligated by 
EDTA to the cells resulted in a bleaching of the spectral 
bands that was consistent with the oxidation of cyto- 
chromes by the Fe(III)  (Figure 2B). Since these cyto- 
chrome oxidations were found to be reversible and 
moreover of a duration proportional to the amount of 
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Figure 2. Whole cell cytochrome spectra of S. putrefaciens 
(A) reduced by anaerobicity and (B) oxidized by Fe(III) com- 
plexed with EDTA. 

Fe(III) added, it was decided to use the transition time as a 
measure of Fe(III) reduction rates in the various chelates, 
Hence for whole cells a 1 ml aliquot of suspension was 
placed in a 1 ml glass cuvette, which was subsequently 
sealed with a rubber septum and purged with N2 for 5 min. 
An Aminco DW2000 spectrophotometer set in split-beam 
mode at a constant wavelength of 552 nm was used to 
monitor the oxidation and re-reduction of c-type cyto- 
chromes with respect to time after anaerobic addition of 
50 pl 10-100 mM Fe(III) complex. The reference cuvette 
contained 1 ml 100ram NaHEPES, pH 7.0. Similar 
methodology was employed to monitor cytochrome oxida- 
tions in the membrane fraction (cytochromes initially 
reduced by anaerobic addition of 50 yl 50 mM formate to 
1 ml suspension) and periplasmic fraction (reduced with 
excess dithionite then passed down a Pharmacia PD10 
column). 

Results 

Fe(II1) reduction by whole cells 

Results pertaining to the effects of various Fe(III)  ligands 
upon Fe(II)(ferrozine)3 formation in the whole cell ferro- 
zine assay are presented in Table 2, together with data 
regarding the influence of lactate and HQNO. Plots 
obtained using NTA (+ lactate) are shown in Figure 3. In 
addition, Fe(II)(ferrozine)3 formation was negligible over 
a period of 30 min using Fe(III)  complexed with EDTA,  
DTPA, TTHA and TPEN. Data was found to be 
consistent for different cell batches, e.g. for uncomplexed 
Fe(III)  and for Fe(III)  ligated by maltol steady-state rates 
were 0 .50+0 .09  ( n = 7 )  and 5 5 + 1 0  ( n = 7 )  nmol 
Fe(II)(ferrozine)3 formed (min mg dry weight cells) -1 
respectively. Using maltol (a model ligand for accelerated 
Fe(III)  reduction), the presence of 500 HM formate or 
pyruvate increased the rate of Fe(II) complex formation 
by 190 and 120% respectively relative to the absence of an 
electron donor, whilst acetate caused no increment. Also 
using maltol, the rate of Fe(II)(ferrozine)3 formation was 
slowed by the presence of 1.7 yM FCCP or CCCP to 18 and 
45% respectively of that observed in the absence of 
lactate. Myxothiazol (1 or 10 yM) had insignificant effect 
upon rates of Fe(II) complex formation from either 
uncomplexed Fe(III)  or Fe(III)  complexed with maltol. 
Performing the assay in the absence of lactate without 
sparging the buffer or cuvette with N2 (i.e. in the presence 
of dissolved O2) resulted in a variable time lag before 
Fe(II)(ferrozine)3 formation, which then proceeded at a 
comparable rate to that observed in an equivalent 
anaerobic assay. The presence of nitrate, nitrite or 
fumarate (all 100 #M) had no effect on rates of Fe(lI)  
(ferrozine)3 formation from either uncomplexed Fe(III) or 
Fe(II l )  complexed with maltol. 

Some of the differences in reduction rates of the various 
Fe(III)  complexes indicated by the ferrozine assay were 
not apparent in the cytochrome assay. For example, 
typical traces obtained using 10 mM stock solution Fc(III)  
complexed by DTPA and NTA are shown in Figure 4(A 
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Table 2. The effects of various Fe(IIl) ligands on the rate of Fe(II)(ferrozine)3 formation in the whole cell ferrozine assay 

Ligand Steady-state rate of Fe(II)(ferrozine)3 formation 

Lactate present [nmol (min. Lactate absent (% of when Lactate absent/40 #M HQNO 
mg dry weight cells) l]a lactate present) b present (% of when lactate 

absent) b 

None 0.42 64 22 
NTA 92 21 NP 
Citrate 18 40 NP 
EGTA 66 49 NP 
TPBN 2.1 29 NP 
DFO 0.79 58 NP 
Acetohydroxamic acid 56 25 NP 
Benzohydroxamic acid 80 20 4.1 
Maltol 61 19 13 
DMHP 6.1 42 6.6 
Kojic acid 76 16 NP 
Salicylic acid 2.7 47 NP 

"Data from a single cell batch. 
bData from different cell batches. 
NP, experiment not performed. 
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Figure 3. Whole cell ferrozine assay using NTA with (A) lactate 
present and (B) lactate absent. A562 100/~M Fe(II)(ferro- 
zine)3 = 2.70. 
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Figure 4. Whole cell cytochrome assay using 10 mM stock Fe(III) 
(A) complexed with DTPA, (B) complexed with NTA and 
(C) uncomplexed. The dotted line corresponds to injection of the 
Fe(III) complex. 

and B respectively). Magnitudes of AAs52 and transition 
times were not significantly different to the above for 
addition of 10 mM stock Fe(III) complexed by citrate, 
EDTA, TI 'HA,  EGTA and acetohydroxamic acid. 
Smaller AAss2 values (by > 50%) and longer, less well 
defined transition times were, however, observed using 
equivalent concentrations of Fe(III) complexed by salicylic 
acid, TPEN and TPBN, whilst for Fe(III) in the absence of 
ligand no defined transition time was evident (Figure 4C). 

The absorbances at 552 nm possessed by Fe(III) com- 
plexes with benzohydroxamic acid, maltol, DMHP, kojic 
acid and DFO at the concentrations employed in this assay 
precluded the collection of adequate data. Using 10 mM 
stock Fe(III) ligated by EDTA, the effect of the presence 
of 40 ~M HQNO is shown in Figure 5. Similar though less 
marked transition time lengthening was observed in the 
presence of 1.7 #M CCCP or FCCP, whilst 1 or 10 #M 
myxothiazol had an insignificant effect. Addition of 
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Figure 5. Whole cell cytochrome assay using 10 mM stock Fe(III) 
complexed by EDTA with (A) no inhibitor present and (B) 40 ~M 
HQNO present. The dotted line corresponds to injection of the 
Fe(III) complex. 

lactate, pyruvate or formate (final concentrations 2.5 mM) 
during assays using 50 mM stock Fe(III)  complexed with 
EDTA resulted in an increase in AA552 followed by 
transition time shortening, whilst similar addition of 
acetate exerted a negligible influence. The effects of using 
fumarate and nitrite instead of Fe(III)  in the assay are 
illustrated in Figure 6. Transition times for these electron 
acceptors were also lengthened by the presence of HQNO, 
FCCP and CCCP but unaffected by myxothiazol. Addition 
of 5 mM stock nitrate solution resulted in a transition time 
in excess of 30 min. When nitrite or fumarate (final 
concentrations 500 gM) were added during an assay using 
50 mM stock EDTA complexed with Fe(III) the AA552 
value was unaltered but the transition time increased. 

Results obtained in the whole cell assay for the 
disappearance of Fe(III)  complexes are presented in 
Table 3, together with data on the influence of lactate and 
HQNO. Only the ligands listed formed Fe(III)  complexes 
possessing sufficiently high extinction coefficients for the 
assay to be confidently performed. 
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Figure 6. Whole cell cytochrome assay using (A) 10 mM stock 
fumarate and (B) 5 mM stock nitrite instead of Fe(III). The dotted 
line corresponds to injection of the terminal electron acceptor. 

Fe(lll) reduction by cell membranes 

In the cytochrome assay using isolated cell membranes, 
relative magnitudes of AA552 and transition times using 
Fe(III)  complexed with different ligands complemented 
data from the whole cell assay. Transition times were 
rendered longer by the presence of 40 gM HQNO but 
unaffected by 1 or 10/~M myxothiazol. Fumarate and 
nitrite reductase activities were also located in the cell 
membranes. As well as formate, lactate and N A D H  
served to reduce the cytochromes present whilst acetate 
and pyruvate did not. Slow donation of electrons from 
NADPH was noted, the cytochromes taking some 20 min 
to reach the state of reduction attained in less than 1 min 
using NADH. Dithionite reduced periplasmic cyto- 
chromes were not oxidized by uncomplexed Fe(III)  or 
Fe(III)  complexed with EDTA or NTA. 

Results pertaining to the effects of various Fe(III)  
ligands upon Fe(II)(ferrozine)3 formation in the cell 
membrane ferrozine assay are presented in Table 4. 

Table 3. Data from the whole cell assay for disappearance of Fe(III) complexes 

Ligand Wavelength at 
which complex 
with Fe(III) monitored 
(nm) [absorbance of 
500 ~M complex at that 
wavelength] 

Steady-state rate of Fe(III) complex disappearance a 

Lactate present 
[nmol(min. mg dry 
weight cells) -l] 

Lactate absent (% of 
when lactate present) 

Lactate absent/40 ~M 
HQNO present (% of 
when lactate absent) 

Acetohydroxamic acid 400 [0.98] 60 11 
Benzohydroxamic acid 437 [1.77] 75 14 
Maltol 450 [1.82] 93 18 
DMHP 450 [2.36] 4.3 NP 
Kojic acid 402 [1.65] 130 25 
DFO 430 [1.39] 1.0 NP 

13 
14 
NP 
NP 
NP 
NP 

aTwo cell batches were used in experiments, one for the first two and the other for the last four ligands. 
NP, experiment not performed. 
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Table 4. The effects of various Fe(III) ligands on the rate of 
Fe(II)(ferrozine)3 formation in the membrane ferrozine assay 

Ligand Steady-state rate of 
Fe(II)(ferrozine)3 formation 
[nmol(min. mg dry weight cells)-l] 

NTA 15 
Citrate 3.5 
Acetohydroxamic acid 5.0 
Benzohydroxamic acid 8.7 
Maltol 9.0 

Negligible differences in the rates of Fe(II)  complex 
formation from Fe(III)  complexed by NTA were noted 
using formate, lactate or N A D H  as an electron donor. In 
the presence of 40/~M HQNO, a lag of 10 min preceded 
the formation of Fe(II)(ferrozine)3 from Fe(III) ligated by 
maltol, which then proceeded at a rate 4% of that 
recorded in the absence of the inhibitor. 

In assays with the same batch of cell membranes used 
for the Fe(II) formation experiments reported in Table 4, 
Fe(III)  complexed with maltol was found to disappear at a 
steady-state rate of 11 nmol (minmg dry weight cells) 1 
with formate, lactate or NADH as the electron donor. 

Discussion 

Under the aerobic conditions imposed, cultures of S. 
putrefaciens developed an orange color during the loga- 
rithmic phase of growth. Since it has previously been noted 
that this pigmentation is related to cytochrome content 
and Fe(III)  reductase activity (Obuekwe & Westlake 1982, 
DiChristina et al. 1988), cells were only harvested in the 
late logarithmic or stationary phase. Clearly the cultures 
become microaerobic as their density increases, causing 
not only induction of Fe(III)  reductase activity but also 
nitrate, nitrite and fumarate reductase activities. Our 
attempts to grow S. putrefaciens anaerobically with lactate 
as the electron donor and Fe(III)  citrate as the electron 
acceptor (Lovley et al. 1989) resulted in insufficient 
biomass for subsequent experiments. 

The use of Fe(III)  chloride as a standard for comparing 
rates of reduction with different chelators is questionable if 
it is considered that during the course of the ferrozine 
assay the speciation of the Fe(III)  present will be 
constantly changing. In aqueous solution, the mono- 
nuclear hexa-aquo Fe(III)  complex only exists under 
highly acidic conditions; as pH increases, protons are lost 
from the ligating water molecules, leading to the formation 
of poorly soluble oxo- and hydroxo-bridged polymeric 
Fe(III) structures (Powell 1993, Powell & Heath 1994). 
Fe(III) speciation is also variable if tri- and tetradentate 
ligands such as citrate and NTA are complexed with the 
cation. Apart  from the existence of several monomeric 
species (Hider & Hall 1991), polymeric oxo- and hydroxo- 
bridged structures will also form (Heath et al. 1992, Powell 
& Heath 1994). With bidentate ligands the situation is 
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simplified in that polynuclear Fe(III)  species are much less 
likely to form (a possible exception being if the ligand is 
bulky; Hoveyda et al. 1993), although 3:1, 2:1 and 1:1 
ligand:Fe(III) mononuclear species may exist. However, 
at neutral pH and with a 3-molar ratio of ligand to Fe(III)  
present, the 3:1 species has been found to be vastly 
predominant for all of the bidentates featured in this study 
at the concentrations employed, with the exception of 
salicylic acid and catechol (Hider & Hall 1991). Hexaden- 
rate ligands are in general also unlikely to form polymeric 
oxo- and hydroxo-bridged Fe(III)  structures unless the pH 
is alkaline or an excess of the cation is present (Powell & 
Heath 1994). Furthermore, equimolar ratios of hexaden- 
tate aminocarboxylates have been demonstrated to be 
fully ligated at pH 7 to Fe(III)  at the concentrations used 
in this study (Hider & Hall 1991). An exceptional case is 
EDTA,  a ligand which by virtue of its size is incapable of 
forming an Fe(III)  chelate of octahedral stereochemistry. 
The complex Fe(I I I ) (EDTA) hence possesses a water 
molecule ligated at a seventh coordination site, resulting in 
the tendency for an oxo-bridged dimer to form. The 
significant contribution of this binuclear species to neutral 
solutions containing equimolar quantities of EDTA and 
Fe(III) is indicated by its precipitation when elevated 
concentrations of the components are present (Henderson 
1993). 

Results obtained from the ferrozine assay for reduction 
of Fe(III)  complexed with NTA and citrate by whole cells 
of S. putrefaciens are in agreement with previous findings 
that these ligands cause an increase in Fe(II)  formation 
compared with Fe(III)  chloride (Arnold et al. 1986b, 
DiChristina 1992), although the enhancements are some 
order of magnitude greater in this study. However, making 
a direct comparison between the effects of these ligands on 
Fe(III)  reduction rates based solely on the data from the 
ferrozine assay is complicated by the fact that they both 
interact quite strongly with Fe(II)  (Table 1). If formed in a 
complex with NTA or citrate, Fe(II)  has to be removed 
from that complex by ferrozine and thus the kinetic lability 
of the complex will influence the rate of Fe(II)(ferrozine)3 
formation. Although NTA has a higher thermodynamic 
stability constant for Fe(II) than citrate, the Fe(II) species 
formed with citrate after Fe(III)  reduction may be less 
kinetically labile than those with NTA due to steric effects. 
Indeed, the ability of competing ligands to remove Fe(III)  
from complexes with NTA faster than from complexes 
with citrate has been noted (Hider 1984). The similar 
traces obtained for oxidation and re-reduction of c-type 
cytochromes in whole cell S. putrefaciens on addition of 
10 mM stock Fe(III)  complexed with NTA and citrate 
suggest that the true rates of Fe(II) formation may be 
closer than those given by the ferrozine assay. 

More pronounced evidence for the effects of kinetic 
lability is apparent in data obtained using hexadentate 
aminocarboxylate ligands, with only Fe(I I I ) (EGTA) 
appearing prone to reduction by S. putrefaciens in the 
ferrozine assay. In contrast the cytochrome assays using 
10 mM stock Fe(III)  complexed to EDTA,  DTPA, TTHA 
and EGTA give similar results, and this suggests that the 
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former three ligands do not readily become unbound from 
Fe(II) in the presence of ferrozine. The far greater lability 
of Fe(II)(EGTA) is probably due to the extended distance 
between nitrogen atoms, allowing space for the competing 
ligand to approach the cation. Cytochrome assays for 
TPEN and TPBN also indicate a similar rate of reduction 
by S. putrefaciens of Fe(III) complexed with either of 
these hexadentate aminopyridine ligands. Although no 
information is available in the literature concerning the 
stability, spin-state or speciation of Fe(III) complexes 
likely to be formed, the ferrozine assays using TPEN and 
TPBN imply low kinetic lability of the resultant Fe(II) 
species with TPEN, suggesting that all donor atoms are 
ligated. 

In the case of the hexadentate tris-hydroxamate ligand 
DFO (desferrioxamine-B), data obtained from the ferro- 
zine and Fe(III) complex disappearance assays correlate 
strongly, suggesting that reduction of Fe(III)(DFO) is slow 
in comparison with Fe(III) complexed with NTA. The low 
thermodynamic stability of Fe(II)(DFO) (Table 1) means 
that the cation is readily lost to competing ferrozine or 
indeed water ligands. DFO is a naturally occurring 
bacterial siderophore, i.e. a member of a class of com- 
pounds synthesized by microorganisms to scavenge iron 
needed for growth from the environment (Hider 1984, 
Raymond 1990). Once inside the cell, iron has to be 
released from the siderophore complex to serve as a 
nutrient and the major pathway for this process is currently 
believed to be assimilatory Fe(III) reduction mediated by 
ferrisiderophore reductases (Fontecave et al. 1994). It is 
thus logical that Fe(II)(DFO) should be a very labile 
species, so that Fe(II) may be easily acquired for bio- 
synthetic purposes. The slow dissimilatory reduction of 
Fe(III)(DFO) by S. putrefaciens with respect to Fe(III) 
complexed with NTA and citrate and the 1:1 
Fe(III):hexadentate aminocarboxylate species indicates 
the former chelate to be a less suitable substrate for the 
enzyme or enzymes responsible, and this may simply be 
due to a lower reduction potential for Fe(III) when 
chelated by DFO. However, it must be considered that the 
siderophores produced by S. putrefaciens might be hexa- 
dentate hydroxamates similar to DFO and that Fe(III) 
needed for assimilatory reduction should perhaps not be 
more susceptible to dissimilatory reduction. A parallel 
could indeed be drawn with plant membrane Fe(III) 
reductases which reduce the cation in complexes with 
synthetic ligands but not in complexes with siderophores, 
leading eventually to iron accumulation in the plant root 
(Raymond 1990). 

As with Fe(II)(DFO), the low thermodynamic stability 
of Fe(II)(bidentate hydroxamate)3 complexes (Table 1) 
results in strong agreement between data obtained from 
the ferrozine and Fe(III) complex disappearance assays. 
Faster reduction of Fe(III)(benzohydroxamate)3 com- 
pared with Fe(llI)(acetohydroxamate)3 might be due to a 
difference in reduction potentials, but the relative hydro- 
phobicities of the complexes could also be of importance. 
Both species will be neutral, but the benzohydroxamate 
complex will be more lipophilic and this may be a 

significant factor for access to the membrane-bound 
Fe(III) reductase. 

By evidence from the ferrozine and disappearance 
assays, Fe(IlI)(maltol)3 is reduced considerably faster by 
S. putrefaciens than Fe(III)(DMHP)3. Since these closely 
related species are both uncharged and of comparable 
sizes, the difference noted almost certainly results from 
Fe(III)(DMHP)3 having a lower reduction potential than 
the corresponding complex with maltol. This supports 
clinical data which suggest that the high susceptibility of 
Fe(III)(maltol)3 to reduction is of importance in its use as 
a dietary iron supplement (Barrand et al. 1990), whilst the 
lower reduction potential of Fe(III)(DMHP)3 could be a 
factor in the value of this class of ligand for protecting 
against cellular damage induced by redox cycling chemi- 
cals (van der Waal et al. 1992). 

The primary factor causing the reduction potential of 
Fe(III)(DMHP)3 to be lower than Fe(III)(maltol)3 might 
simply be the higher thermodynamic stability of the 
complex (Table 1). Maltol has a similar affinity for Fe(III) 
to the bidentate hydroxamic acids and the complexes are 
indeed reduced at comparable rates by S. putrefaciens. 
Moreover, the less thermodynamically stable 3:1 complex 
of the more hydrophilic 3-hydroxy-4-pyrone ligand kojic 
acid with Fe(III) is reduced faster than Fe(III)(maltol)3. 
Salicylic acid has an affinity for Fe(III) similar to DMHP, 
but although reduction of the cation in the presence of 
both ligands is slow, a direct comparison cannot confi- 
dently be made if it is considered that (i) Fe(III)(salicyl- 
ate)3 bears a net charge of - 3  and (ii) considerable 
quantities of 1:1 and 2:1 salicylate:Fe(III) species will be 
present in the pH 7 assay mixtures (a consequence of the 
high affinity of the ligand for protons). Equating the 
reduction rates for Fe(III)(DFO) (net charge + 1) and the 
various Fe(III)(hexadentate aminocarboxylate) complexes 
(net charges negative) is also questionable. Nevertheless, 
the thermodynamic stability of an Fe(III) complex appears 
to be a major influence upon its susceptibility to reduction 
by S. putrefaciens. 

The bidentate ligand having the highest affinity for 
Fe(III) is catechol (Table 1). However, this moiety is 
readily oxidized to semiquinone and quinone (which both 
chelate Fe(II) and Fe(III)), and below pH 9 mixtures of 
various Fe(II) and Fe(III) complexes exist in aqueous 
solution (Hider 1986). By virtue of this, the use of catechol 
in the assays described for monitoring Fe(III) reduction by 
S. putrefaciens is inappropriate: in the ferrozine assay all 
Fe(III) was reduced to Fe(II) within seconds in the 
absence of cells, the disappearance assay cannot be based 
on a single species and the cytochrome oxidation/re-reduc- 
tion traces only account for Fe(III) not reduced by the 
ligand. 

Evidence for the reduction of the various Fe(III) species 
used in this study being part of the respiratory process for 
S. putrefaciens was provided by the use of different 
terminal electron acceptors, the presence or absence of 
physiological electron donors and the use of inhibitors of 
respiratory chains. The time lag caused by the presence of 
O2 in the ferrozine assay mixture before formation of 
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Fe(II) is registered is consistent with the microorganism 
respiring 02 in preference to Fe(III).  Furthermore, the 
fact that the presence of the alternative electron acceptors 
nitrate, nitrite and fumarate causes no such lag nor slowing 
of the rate of Fe(II) formation implies that Fe(III)  is being 
respired in preference to these anions. The inhibition of 
Fe(III)  reduction by nitrate and nitrite noted by previous 
workers (Obuekwe et al. 1981, DiChristina 1992) was not 
apparent in our results. 

The similar magnitudes of AA552 obtained in the 
cytochrome assays for Fe(III)  complexed by NTA, citrate, 
acetohydroxamic acid and the hexadentate aminocarboxy- 
lates and nitrate, nitrite and fumarate suggest comparable 
electron flow through the cytochromes to all these species 
via the respective terminal reductases. That the transition 
time is shorter for the Fe(III)  complexes is a reasonable 
finding if it is considered that the reductions of fumarate to 
succinate and nitrate to nitrite are two electron processes, 
whilst nitrite is reduced to nitric oxide which might be 
further reduced to nitrogen gas via nitrous oxide by 
S. putrefaciens. Taking into account the non-inhibition of 
Fe(III)  reduction by nitrate, nitrite and fumarate in the 
ferrozine assay, the fact that the AAs~2 values are not 
increased on addition of these alternative electron accep- 
tors whilst the transition times are lengthened implies 
simultaneous electron flow to more than one terminal 
reductase is unlikely to occur. The small value of AA55_, 
and long transition time observed using uncomplexed 
Fe(III)  in the cytochrome assay suggests slow flow of 
electrons to the poorly soluble cation and supports data 
from the ferrozine assay. 

The finding that the absence of lactate decreases the rate 
of reduction of uncomplexed Fe(III)  by whole cells of 
S. putrefaciens could be due to reduced flow of electrons 
through the respiratory chain, but it is also possible that 
the solubility of the Fe(III)  present is being increased bv 
the lactate acting as a ligand for the cation (the log K~ 
value of lactate for Fe(III)  is 2.9: Hider & Hall 1991). 
However, using Fe(III)(maltol)3, lactate will not compete 
effectively with maltol for the cation and hence thc 
decreased rate of Fe(III)  reduction in the absence of the 
electron donor must be due to diminished electron supply. 
By this method formate and pyruvate were also demon- 
strated to act as electron sources for the respiratory chain, 
whilst acetate proved ineffective. These data support 
anaerobic growth studies of S. putrefaciens on Fe(III)  
oxide and Fe(III)  citrate using different electron donors 
(Lovley et al. 1989, 1992). The increases in AA552 and 
transition time shortening caused by the addition of 
lactate, formate and pyruvate in the whole cell cytochrome 
assay with Fe(I I I ) (EDTA) are also indicative of increased 
electron flow through the respiratory chain. 

Inhibitory effects of HQNO upon reduction of uncom- 
plexed Fe(II l )  by whole cell S. putrefaciens and upon 
reduction of Fe(III) complexed with citrate by isolated 
membranes have previously been noted (Obuekwe et al. 
198l, Myers & Myers 1993a). Data from this study 
suggests that the reduction of all Fe(III)  complexes tested 
by whole cells is partially inhibited by HQNO, with 
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apparent reduction rates from the ferrozine and Fe(III)  
complex disappearance assays being slower and cyto- 
chrome transition times being longer in the presence of the 
compound. Transfer of electrons from the quinone pool to 
cytochromes thus appears to be of importance for the 
reduction of Fe(III)  complexes by the microorganism, as 
well as for the reduction of nitrite and fumarate. That 
myxothiazol has no significant effect upon reduction rates 
of Fe(III) complexes, nitrite and fumarate suggests that 
should S. putrefaciens possess a cytochrome bc~ complex, 
it is not involved in electron transport to any of these 
terminal electron acceptors. However, 16S rRNA 
sequencing has demonstrated S. putrefaciens to share a 
close phylogenetic relationship with Escherichia coli (Kita- 
Tsukamoto et al. 1993), a bacterium known to lack a 
cytochrome bcl complex. 

The location of formate-dependent HQNO-sensitive 
Fe(III) reductase activity to the membranes of S. putre- 
faciens is in agreement with the work of Myers & Myers 
(1993a). These authors also found N A D H  to be a suitable 
electron donor for the enzyme in purified outer mem- 
branes, but noted lactate and NADPH to be ineffective. 
That the relative reduction rates of the various Fe(III)  
complexes using whole cells are consistent with those using 
cell membranes by evidence from ferrozine, disappearance 
and cytochrome assays suggests that chemical properties 
associated with the whole cell exert no influence. 

If reduction of an Fe(III)  complex by S. putrefaciens is 
truly respiratory then consequent extrusion of protons 
across the cytoplasmic membrane will be achieved, serving 
to create a pH gradient and associated electronic potential. 
Such proton translocation by S. putrefaciens has been 
noted to occur in response to the addition of Fe(III)  oxide 
or Fe(III)  citrate by a pH electrode technique (Myers & 
Nealson 1990). Collapsing the membrane potential with a 
protonophore such as FCCP or CCCP should in theory 
cause an Fe(III)  complex to be reduced at a faster rate by 
S. putrefaciens. However, data from the ferrozine and 
cytochrome assays demonstrate that these compounds act 
as inhibitors of Fe(III)  reduction as well as nitrite and 
fumarate reduction, probably by interaction with a com- 
ponent of the respiratory chain. Inhibition of denitrifica- 
tion reactions mediated by Pseudomonas denitrificans and 
Pseudomonas aeruginosa with FCCP and CCCP has 
previously been noted (Walter et al. 1978). 

The ability of S. putrefaciens to reduce Fe(III)  com- 
plexed by a wide variety of ligands implies that the enzyme 
or enzymes responsible lack substrate specificity. This is a 
property shared with ferrisiderophore reductases (Fonte- 
cave et al. 1994), and suggests that similar enzymes may be 
involved in dissimilatory and assimilatory Fe(III)  reduc- 
tion, although ferrisiderophore reductases tend to be 
soluble proteins. The fact that the outer membrane of 
S. putrefaciens possesses Fe(III)  reductase activity (Myers 
& Myers 1993a) together with a large complement of 
cytochromes (Myers & Myers 1992) is clearly of impor- 
tance for the reduction of insoluble forms of Fe(III)  
(reductive dissolution). The faster reduction of soluble 
Fe(III)  complexes could in part result from the ability of 
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these species to access a dissimilatory Fe(III)  reductase 
associated with the cytoplasmic membrane.  Membrane-  
bound Fe(II I )  reductase activity has also been found in 
Geobacter metallireducens (formerly GS-15) (Gorby & 
Lovley 1991), Spirillum intesonii (Dailey & Lascelles 1977) 
and Staphylococcus aureus (Lascelles & Burke 1978). 
Since G. metallireducens can grow anaerobically with 
Fe(III)  as the sole terminal electron acceptor present 
(Lovley & Phillips 1988) and S. itersonii translocates 
protons in response to Fe(III)  (Short & Blakemore  1986), 
then these Fe(III)  reductase activities are most likely to be 
dissimilatory. Monitor ing reduction rates of Fe(II I )  com- 
plexed with various ligands will aid elucidation as to 
whether  the Fe(III)  reductases present in these micro- 
organisms are similar to that in S. putrefaciens. 

The use of  bi- and hexadentate  ligands as opposed to tri- 
or  tetradentate ligands or  no ligand is clearly preferable in 
assays of Fe(III)  reduction by S. putrefaciens, and hence 
the former  are being employed in more detailed kinetic 
studies. An  investigation of the susceptibility to reduction 
of small polynuclear Fe(III)  clusters which model  the oxo- 
and hydroxo-bridged forms of the cation present in 
the environment  (Powell & Heath  1994) is also being 
performed.  

Acknowledgment 

This work was supported by the Natural Environment 
Research Council.  We are grateful to A n n  Reilly for 
technical assistance. 

References 

Arnold RG, DiChristina TJ, Hoffman MR. 1986a Inhibitor 
studies of dissimilative Fe(III) reduction by Pseudomonas sp. 
strain 200 ('Pseudomonas ferrireductans'). Appl Environ 
Microbiol 52,281-289. 

Arnold RG, DiChristina TJ, Hoffman MR. 1988 Reductive 
dissolution of Fe(llI) oxides by Pseudomonas sp. 200. Biotech- 
nol Bioeng 32, 1081-1096. 

Arnold RG, Hoffman MR, DiChristina TJ, Picardal FW. 1990 
Regulation of dissimilatory Fe(III) reduction activity in She- 
wanella putrefaciens. Appl Environ Microbiol 56, 2811-2817. 

Arnold RG, Olson TM, Hoffman MR. 1986b Kinetics and 
mechanism of dissimilative Fe(III) reduction by Pseudomonas 
sp. 200. Biotechnol Bioeng 28, 1657-1671. 

Barrand MA, Hider RC, Callingham BA. 1990 The importance of 
reductive mechanisms for intestinal uptake of iron from ferric 
maltol and ferric nitrilotriacetic acid (NTA). J Pharm Pharma- 
col 42,279-282. 

Dailey HA, Lascelles J. 1977 Reduction of iron and synthesis of 
protoheme by Spirillum itersonii and other organisms. 
J Bacteriol 129,815-820. 

DiChristina TJ. 1992 Effects of nitrate and nitrite on dissimilatory 
iron reduction by Shewanella putrefaciens 200. J Bacteriol 174, 
1891-1896. 

DiChristina TJ, Arnold RG, Lidstrom ME, Hoffman MR. 1988 
Dissimilative iron reduction by the marine eubacterium AItero- 
monas putrefaciens strain 200. Water Sci Techno120, 69-79. 

Fontecave M, Coves J, Pierre, J-L. 1994 Ferric reductases or 
fiavin reductases? BioMetals 7, 3-8. 

Gorby YA, Lovley DR. 1991 Electron transport in the dissimila- 
tory iron reducer, GS-15. Appl Environ Microbiol 57, 
867-870. 

Heath SL, Powell AK, Utting HL, Helliwell M. 1992 Crystal and 
molecular structure of a new ~-oxo-bridged iron(Ill) dimer 
formed with the nitrilotriacetate ligand. J Chem Soc, Dalton 
Trans, 305-307. 

Henderson RK. 1993 The Formation and Structures of Iron(Ill) 
Polycarboxylato Species Formed in Aqueous Solution. PhD 
Thesis, University of East Anglia. 

Hider RC. 1984 Siderophore mediated absorption of iron. Struct 
Bonding (Berlin) 58, 25-87. 

Hider RC. 1986 The facilitation of iron uptake in bacteria and 
plants by substituted catechols. In: Swinburne TR, ed. Iron, 
Siderophores and Plant Diseases (NA TO ASI Series, Series A: 
Life Sciences, Vol. 117). New York: Plenum; 49-60. 

Hider RC, Hall AD. 1991 Clinically useful chelators of tripositive 
elements. In: Ellis GP, West GB, eds. Progress in Medicinal 
Chemistry, Vol28. Amsterdam: Elsevier; 40-173. 

Hoveyda HR, Rettig S J, Orvig C. 1993 Coordination chemistry of 
2-(2'-hydroxyphenyl)-2-benzoxazole with gallium(III) and alu- 
minium(III): two uncommon group 13 metal environments 
stabilized by a biologically relevant binding group. Inorg Chem 
32, 4909-4913. 

Kita-Tsukamoto K, Oyaizu H, Nanba K, Simidu U. 1993 
Phylogenetic relationships of marine bacteria, mainly members 
of the family Vibrionaceae, determined on the basis of 16S 
rRNA sequences, lnt J Syst Bacteriol 43, 8-19. 

Kontoghiorghes G J, Sheppard L. 1987 Simple synthesis of the 
potent iron chelators 1-alkyl-3-hydroxy-2-methylpyrid-4-ones. 
lnorg Chim Acta 136, L1 l-L12. 

Lascelles J, Burke KA. 1978 Reduction of ferric iron by L-lactate 
and DL-glycerol-3-phosphate in membrane preparations from 
Staphylococcus aureus and interactions with the nitrate reduc- 
tase system. J Bacteriol 134,585-589. 

Lovley DR. 1991 Dissimilatory Fe(III) and Mn(IV) reduction. 
Microbiol Rev 55,259-287. 

Lovley DR. 1993 Dissimilatory metal reduction. Annu Rev 
Microbiol 47,263-290. 

Lovley DR, Phillips EJP. 1988 Novel mode of microbial energy 
metabolism: organic carbon oxidation coupled to dissimilatory 
reduction of iron or manganese. Appl Environ Microbiol 54, 
1472-1480. 

Lovley DR, Phillips EJP, Caccavo F. 1992 Acetate oxidation by 
dissimilatory Fe(III) reducers. Appl Environ Microbiol 58, 
3205 -3206. 

Lovley DR, Phillips EJP, Lonergan DJ. 1989 Hydrogen and 
formate oxidation coupled to dissimilatory reduction of iron or 
manganese by Alteromonas putrefaciens. Appl Environ Micro- 
biol 55,700-706. 

Martell AE, Smith RM. 1974 Critical Stability Constants, Vol 1, 
Amino Acids. New York: Plenum. 

Martell AE, Smith RM. 1977 Critical Stability Constants, Vol 3, 
Other Organic Ligands. New York: Plenum. 

Morris CJ, Gibson DM, Ward FB. 1990 Influence of respiratory 
substrate on the cytochrome content of Shewanella putre- 
faciens. FEMS Microbiol Lett 69,259-262. 

Myers CR, Myers JM. 1992 Localization of cytochromes to the 
outer membrane of anaerobically grown Shewanella putre- 
faciens MR-1. J Bacteriol 174, 3429-3438. 

Myers CR, Myers JM. 1993a Ferric reductase is associated with 
the membranes of anaerobically grown Shewanella putrefaciens 
MR-1. FEMS Microbiol Lett 108, 15-22. 

Myers CR, Myers JM. 1993b Role of menaquinone in the 

172 BioMetals Vol 8 1995 



Reduction o f  Fe(lll) by S. putrefaciens 

reduction of fumarate, nitrate, iron(III) and manganese(IV) by 
Shewanella putrefaciens MR-I. FEMS Microbiol Lett 114, 
215-222. 

Myers CR, Nealson KH. 1988 Bacterial manganese reduction and 
growth with manganese oxide as the sole electron acceptor. 
Science 240, 1319-1321. 

Myers CR, Nealson KH. 1990 Respiration-linked proton trans- 
location coupled to anaerobic reduction of manganese(IV) and 
iron(III) in Shewanella putrefaciens MR-1. J Bacteriol 172, 
6232-6238. 

Obeukwe CO, Westlake DWS. 1982 Effects of medium composi- 
tion on cell pigmentation, cytochrome content, and ferric iron 
reduction in a Pseudomonas sp. isolated from crude oil. Can J 
Microbio128, 989-992. 

Obeukwe CO, Westlake DWS, Cook FD. 1981 Effect of nitrate 
on reduction of ferric iron by a bacterium isolated from crude 
oil. Can J Microbio127, 692-697. 

Perrin DD. 1979 Stability Constants of  Metal-Ion Complexes, Part 
B, Organic Ligands (1UPAC Chemical Data Series, no. 22). 
Oxford: Pergamon. 

Powell AK. 1993 Models for iron biomolecules. In: Silver J, ed. 
Chemistry o f  Iron. Glasgow: Blackie; 244-274. 

Powell AK, Heath SL. 1994 Polyiron(III) oxyhydroxide clusters: 

the role of iron(III) hydrolysis and mineralization in nature. 
Comments lnorg Chem 15,255-296. 

Raymond KN. 1990 Biomimetic metal encapsulation. Coord 
Chem Rev 105,135-153. 

Saffarini DA, Nealson KH. 1993 Sequence and genetic character- 
ization of etrA, an fnr analog that regulates anaerobic 
respiration in Shewanella putrefaciens MR-1. J Bacteriol 175, 
7938-7944. 

Short KA, Blakemore RP. 1986 Iron respiration-driven proton 
translocation in aerobic bacteria. J Bacteriol 167,729-731. 

Stookey LL. 1970 Ferrozine-a new spectrophotometric reagent 
for iron. Anal Chern 42,779-781. 

Toftlund H, Yale-Andersen S. 1981 Spin equilibria in octahedral 
iron(II) complexes with some hexadentate ligands of the 
tetrakis(2-pyridylmethyl)ethylenediamine type and a spectral 
correlation with their cobalt(lI) and nickel(II) analogs. 
Acta Chem Scand A 35,575-585. 

van der Waal NAA, Smith LL, van Oirschot JFLM, van Asbeck 
BS. 1992 Effect of iron chelators on paraquot toxicity in rats 
and alveolar type II cells. Am Rev Respir Dis 145,180-186. 

Walter B, Sidransky E, Kristjansson JK, Hollocher TC. 1978 
Inhibition of denitrification by uncouplers of oxidative phos- 
phorylation. Biochemistry 17, 3039-3045. 

BioMetals Vol 8 1905 173 


