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Ferric ions bind to citrate and undergo an autoreduc- 
tion to form a ferrous-citrate complex, greatly increas- 
ing the redox activity of the iron complex. Ferrous ions 
and citrate are also essential for the enzymic activity of 
aconitase. Aconitase, with its iron-sulphur cluster has 
a versatile structure which allows it to act as an iron 
regulatory protein (IW-1). The purpose of this study 
was to see whether iron binding, and its autoreduction 
by citrate, could play a physiological signalling role in 
iron regulation. Significant amounts of ferrous ions 
were associated with citrate, when measured using 
ferrozine, however, these did not appear to activate 
iron-requiring aconitase. 

Keywords: Iron regulatory protein, iron autoreduction, 
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Abbreviations: IRP-1, iron regulatory protein-1; TfR, transferrin 
receptor; PIPES, 1,4-piperazinediethanesulphonic acid; LMrFe, 
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Citrate is a biological ligand in mammals for the 
binding and solubilization of ferric ions.“] Iron 
bound to citrate remains redox active and can 
participate in electron transfer reactions leading 
to the formation of damaging free radicals, such 

as the hydroxyl radical.[*] It is also a form of iron 
that can promote microbial virulence. Recently, it 
was shownl3] that when ferric ions are complexed 
to citrate they undergo an autoreduction to yield 
a ferrous-citrate complex which is considerably 
more active in decomposing hydrogen peroxide 
in the Fenton reaction. 

Citrate and ferrous ions are also essential for 
the enzymatic activity of aconitase; an enzyme 
that catalyses the reversible isomerization of 
citrate and isocitrate in the citric acid cycle. 
Aconitase has a versatile structure which allows it 
to act as an iron regulator of mRNA translation, 
and is therefore also known as iron regulatory 
protein-1 (IRP-1) (reviewed in 4). This monomeric 
protein contains a single iron-sulphur cluster 
[4Fe-4S] which can reversibly dissociate to the 
inactive [3Fe-4S] form.[’] When cellular iron levels 
are low IRP-1 modulates transferrin recep- 
tor (TfR) mRNA expression, and when iron is 
replete ferritin mRNA is expressed. In this way 
iron uptake and storage can be regulated in a 
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co-ordinated manner (reviewed in 6) .  The pur- 
pose of this study was to see whether autoreduc- 
tion of iron bound to citrate might play a 
physiological role in iron regulation through acti- 
vation of iron regulatory protein-1. 

MATERIALS AND METHODS 

Ferric chloride, ammonium ferrous sulphate, cit- 
ric acid, ferric citrate, ferrozine, tricarballylic 
acid, NADP', and ascorbic acid were obtained in 
the highest grades from the Sigma Chemical 
Company, Poole, Dorset, UK. Aconitase was 
purified from porcine heart, and in the assay one 
unit (U) of activity was that which catalysed the 
conversion of 1.0 pmol of citrate to isocitrate per 
min, pH 7.4,25"C. Isocitrate dehydrogenase was 
purified from yeast, and one unit of activity 
catalysed conversion of 1.0 pmol of isocitrate to 
oxoglutarate per min, pH 7.4, 37°C. The iron- 
requiring form of aconitase was prepared as 
described previously.[71 

Autoreduction of Ferric Citrate 

1 mM solutions of ferric chloride and citric acid 
were prepared in double distilled water. A 1 mM 
solution of ferric citrate was also prepared. 
Solutions of iron citrate were incubated at 37°C 
for up to 3 hours, and longer where indicated. 
The formation of a ferrous species was detected, 
and measured against a standard of ammonium 
ferrous sulphate, using the iron chelator fer- 
rozine, and an absorbance of 562 run. 

Activation of Iron-requiring Aconitase 

The following reagents were placed into new, 
clean, plastic UV microcuvettes:-50 p1 of sample 
or standard; 0.37ml of PIPES buffer 600mM, pH 
7.4; O.lml sodium citrate, 50mM; lop1 sodium 
azide, 50 mM; 20 p1 tricarballylic acid, 100 mM; 
20 pl magnesium sulphate, 300 mM; 20 p1 
NADP', 20 mM; 10 pl isocitrate dehydrogenase, 

50U/ml; 5 pl aconitase, 126U/ml. Final vol- 
umes were made to 0.8 ml with Chelexed water. 
The reaction mixture was placed in a recording 
spectrophotometer and incubated at 37°C. The 
rate of change at A340nm was recorded for 
approximately 45 mins. A dose response calibra- 
tion using a pure ferrous salt standard was con- 
structed under the same conditions. 

RESULTS 

As previously observed, solutions of ferric citrate 
and of ferric salt plus citric acid undergo auto- 
reduction to produce a ferrous citrate complex. 
After 3 hours, around 25pmoles/l of ferrous 
species were formed, whereas after 3 days some 
150 pmoles were formed (Figure 1). 

At each time point, 50 p1 of iron-citrate complex 
was removed for addition to the iron-requiring 
aconitase assay to assess its ability to activate 
the enzyme. As a control, a ferrous salt standard 

Formation of a Ferrous Species 
200 

0 1 2 3 

Time (hours) 

- Ferric citrate (commercial) 1 mM 

--+- Days - Citric acid 1mM + 
ferric chloride 1 
mM 

_--.- Days 

FIGURE 1 Formation of a ferrous citrate complex from ferric 
citrate as a function of time. Ferrous ions were measured and 
quantitated using the ferrozine assay. 
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was included and treated in the same way as the 
iron-citrate complex (see Fig. 3). By the inclusion 

quantitate iron with the aconitase assay.f81 
Although some 25 pmoles/l of ferrous species 
could be detected in ferric citrate incubated for 
3 hours, using the ferrozine assay, the same sam- 
ples showed no reactive iron in the aconitase 
assay. 

Iron-citrate salts incubated for up to 3 days, 
however, did weakly activate aconitase show- 
ing values for ferrous species of between 
0.25-1.25 pmolesll. These values are some 120 0 10 20 30 40 
to 600 times lower than those detected by the 
ferrozine assay, depending upon the iron-citrate 
complex used (Figure 2). When a mixture of fer- 
rous ammonium sulphate and citric acid (1:1), at 
a concentration of lOpM, was added to the 
aconitiase assay it did not stimulate activity 
whereas the ferrous salt alone (10pM) did 
(see Fig. 3). 

Activation of aconitase by a ferrous 
salt and a ferrous salt plus citric acid. 

of a ferrous salt standard it is also possible to 1.2 1 L 
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(1) Blank 

(2) Fez' I Citric acid 1OpM (1:l) 

(3) Fez' 10pM 

FIGURE 3 Activation of iron-requiring aconitase by a ferrous 
salt (10 vM) and a mixture of ferrous salt plus citric acid (1 : 1) 
10 pM. 
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FIGURE 2 Ferrous citrate formed by autoreduction of ferric 
citrate was tested for its ability to activate iron-requiring 
aconitase. Reactive iron was quantitated using the aconitase 
assay. 

DISCUSSION 

The iron-requiring form of aconitase [3Fe-4S] 
is activated by ferrous irons to form [4Fe-4S] 
(equation 1). 

[3Fe - 4S]'+ + Fe2+ = [4Fe - 4S]2+ (l) 

This reaction has been exploited to measure 
total non-haem iron in as well as low 
molecular mass forms of iron (LMrFe) in 

likely to participate in redox reactions 
leading to the formation of oxygen free radicals 
and other reactive oxygen species. Using the lat- 
ter reaction, we have sought to establish whether 
the binding and autoreduction of iron on citrate 
plays an important role in iron signalling 
through iron regulatory protein-1. Although sig- 
nificant amounts of ferrous species could be 
detected bound to citrate, using the ferrozine 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
7/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



322 J. M. C. GUTTERIDGE et al. 

assay, most of these were ineffective at activating 
iron-requiring aconitase. Two possible explana- 
tions for this anomaly are that the aconitase bind- 
ing site for its substrate citrate, may keep 
citrate-bound ferrous ions away from the iron- 
sulphur cluster. Alternatively, ferrous ions 
formed during autoreduction of ferric citrate are 
too tightly bound to the citrate to be released to 
activate the iron-sulphur centre [3Fe-4S]. This 
latter possibility is suggested by the finding that 
the Fez+ chelator ferrozine, could remove up to 
600 times more ferrous iron from citrate, and by 
the fact that a ferrous salt did activate aconitase 
whereas a mixture of ferrous salt with citric acid 
did not. 

It, therefore, seems unlikely that citrate iron- 
binding and subsequent autoreduction are phys- 
iological mechanisms for iron signalling unless 
there are mechanisms operating in vim to direct 
the iron to the iron-sulphur centre. The data also 
suggest that the use of ferroin-type chelators, 
such as ferrozine, to measure biologically reac- 
tive LMrFe in biological fluids may substantially 
over estimate such forms of iron. 

Acknowledgements 

The authors thank the British Lung Foundation, 
The British Oxygen Group plc, The British Heart 
Foundation, and The Dunhill Medical Trust for 

their generous research support. We also thank 
Mr T. Fujita and the Oriental Yeast Company for 
their generous gift of aconitase and isocitrate 
dehy drogenase. 

References 

Neilands, J. 8. (1972). Evolution of biological iron binding 
centers. Structure and Bonding, 11,14.5170. 
Baker, M. S. and Gebicki, J. M. (1986). The effect of pH on 
yields of hydroxyl radicals produced from superoxide by 
potential biological iron chelators. Archives ofBiochemisf y 
and Biophysics, 246,581-588. 
Gutteridge, J. M. C. (1991). Hydroxyl radical formation 
from the auto-reduction of a ferric citrate complex. Free 
Radical Biology and Medicine, 11,401-406. 
Paraskeva, E. and Hentze, M. W. (1996). Iron-sulphur clus- 
ters as genetic regulatory switches: the bifunctional iron 
regulatory protein-]. Federation of European Biochemical 
Societies Letters, 389,44343. 
Kennedy, M. C., Emptage, M. H., Dreyer, J. L. and 
Beinert, H. (1983). The role of iron in the activation- 
inactivation of aconitase. The Journal of Biological 
Chemistry, 258,11098-11105. 
Thiel, E. C. (1994). Iron regulatory elements (IRES): a fam- 
ily of mRNA non-coding sequences. Biochemical Journal, 

Fujita, T., Hamasak, H., Fwukata, C. and Nonobe, M. 
(1994). New enzymatic assay of iron in serum. Clinical 
Chemistry, 40,763-767. 
Mumby, S., Koizumi, M., Taniguchi, N. and Gutteridge, 
J. M. C. (1997). Reactive iron species in biological fluids 
activate the iron-sulphur cluster of aconitase. Biochimica et 
Biophysica Acta, In press. 
Gutteridge, J. M. C., Mumby, S., Koizumi, M. and 
Taniguchi, N. (1996). "Free" iron in neonatal plasma acti- 
vates aconitase: Evidence for biologically reactive iron. 
Biochemical and Biophysical Research Communications, 229, 
806-809. 

304,l-11. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
7/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.


