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The mechanism by which iron-storage proteins take up and oxidise iron(II) is not understood. We show by rapid-kinetic and EPR measurements

that iron uptake, in vitro, by a bacterial iron-storage protein, bacterioferritin, involves at least three kinetically distinguishable phases: phase 1,

the binding of Fe(Il) ions, probably at a dimeric iron ferroxidase centre; phase 2, oxidation of the Fe(Il) dimer and production of mononuclear
Fe(III); and phase 3, iron core formation.
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1. INTRODUCTION

The formation of non-haem iron cores by the iron-
storage proteins ferritin [1-8] and bacterioferritin [9-
11}, of magnetite particles by magnetotactic organisms
[12--14], and of goethite- and lepidocrocite-containing
teeth by marine organisms [15], is a subject of consider-
able biological and chemical interest. Investigations of
these biominerals focus on their relationship with the
iron metabolism of their respective organisms, on the
use of their organic components for the synthesis of
novel inorganic materials [16], and on the development
of inorganic syntheses which mimic physical aspects of
the metal-containing component of the biomineral
{17,18]. Such studies are handicapped by a lack of infor-
mation about the biochemical mechanisms of biomin-
eral formation.

The bacterioferritin (BFR) of E. coli, is an iron-stor-
age protein consisting of 24 identical polypeptide chains
(M, 18,500) which pack to form a highly symmetrical,
approximately spherical, protein shell surrounding a
central 8 nm cavity, in which large amounts of iron can
be stored. The bfr gene of E. coli has been cloned,
sequenced and overexpressed to produce BFR at 15%
of cell protein [19,20}. Secondary structure prediction
and molecular modelling point to a close structural sim-
ilarity between BFR and mammalian ferritin [10,21]. A
major difference between the two is that the bacteriofer-
ritins contain up to 12 haem b groups, each coordinated
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by 2 methionine residues [22], whilst the ferritins, as
isolated, do not contain haem.

Iron-uptake studies with iron-free (apo) ferritin, em-
ploying a ferrous salt and an appropriate oxidant (usu-
ally molecular oxygen), show that ferritin is able to
catalyse the oxidation of iron(II) to iron(III) [1,2].
Mammalian ferritin is composed of two subunit types,
known as H and L. Core reconstitution studies of re-
combinant H- and L-chain proteins have shown that
this catalytic function, the ferroxidase activity, is associ-
ated solely with the H-subunit [23]. The ferroxidase cen-
tre of H-chain ferritin is thought to be located at a metal
binding site, occupied by Tb(III) or Ca(ll) in the crystal
structure, which is assumed to be capable of binding
iron [6]. The effects of site-directed mutagenesis give
support to this proposal [3,7,24]. A model in which a
u-oxo bridged Fe(III) dimer is formed at the ferroxidase
centre has been proposed [25]. Mssbauer spectra of
ferritin under conditions of low iron loading support the
existence of such a dimer, whereas site-directed vari-
ants, in which oxidation is slow, give no evidence for
dimer formation [7]. However, the kinetic characteris-
tics of iron uptake by ferritin have yet to be fully ex-
plored. Studies of iron uptake by apo-BFR are more
limited than those with apo-ferritin and detailed mecha-
nistic proposals have not been made for BFR. The stud-
ies with BFR reported here give clear experimental sup-
port for the formation of iron(II) dimers at centres in
the protein at which oxidation occurs. Since the data
show that ~ 50 Fe(II) can bind in this way, it is proposed
that each of the 24 subunits of BFR contain a ferroxi-
dase centre binding two Fe(lI) atoms. Evidence is also
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provided for three kinetically distinguishable phases in
the iron uptake process, termed in order of occurrence,
phases 1, 2 and 3. The most rapid of these, phase 1, is
monitored through a perturbation of the ferric haem &
spectrum, while phases 2 and 3 are monitored by the
absorption associated with non-haem Fe(III).

2. MATERIALS AND METHODS

2.1. Preparation of apo-E. coli BFR

BFR was isolated from the over-producing strain, E. coli JM101
(pGS281), as described previously [26]. Apo-BFR was prepared by
dialysing BFR against 0.12 M thioglycolic acid in 0.1 M sodium
acetate, pH 5.0. The dialysate was exchanged twice over 72 h. Thiogly-
colic acid was removed by dialysing the protein against 25 mM sodium
phosphate, pH 7.0, for 48 h, during which the dialysate was exchanged
three times. Apo-BFR was subsequently exchanged into 100 or 200
mM MES buffer, pH 6.5, using an ultrafiltration unit (Amicon) fitted
with a PM 30 membrane operating at a pressure of 55 psi. Each stage
of the preparation was carried out at 4°C. The iron content of apo-
BFR determined by atomic emission spectroscopy was approximately
1 iron per 24 subunits, in addition to the 10 haem iron atoms present
per 24 subunits.

2.2. Addition of iron(1l) to apo-BFR

Solutions of ferrous ammonium sulphate were freshly prepared
prior to each experiment by dissolving weighed amounts of the salt in
Analar grade water, previously deoxygenated by bubbling with argon
or nitrogen gas for at least 1 h. Kinetic measurements of changes in
absorption on addition of iron(II) to apo-BFR were measured either
by a conventional UV-visible spectrophotometer (Aminco DW-2000),
for which additions to the continuously stirred sample were made
using a micro-syringe (Hamilton); or by a stopped-flow apparatus
(Applied Photophysics DX17MV).

2.3. Reduction of iron(III) to iron(Il) and addition of gaseous nitric
oxide
Selective reduction of non-haem, non-core iron(III) was achieved
by the addition of excess sodium ascorbate as previously described
[11]. Nitric oxide gas was added to solutions of BFR under anaerobic
conditions to avoid side reactions of NO and O,, as previously de-
scribed [11].

2.4. EPR measurements

EPR spectra were measured with an X-band spectrometer (Bruker
ER200D with an ESP 1600 computer system) fitted with a liquid
helium flow cryostat (Oxford Instruments plc, ESR9). Concentrations
of the iron(II)-iron(IN[NO] complex were estimated by double inte-
gration of the EPR spectrum and comparison with the doubly inte-
grated spectrum of a known concentration of an aqueous copper(II)
EDTA complex [27].

3. RESULTS AND DISCUSSION

3.1. Kinetics

Iron uptake by E. coli BFR was investigated by add-
ing ferrous ammonium sulphate to aerobic solutions of
apo-BFR and monitoring changes in absorption over
the range 380-450 nm, associated with the haem groups,
and changes in absorption at 340 nm, associated with
the oxidation of Fe(Il) to Fe(III), as a function of time.

The fastest phase of the iron uptake process (phase
1) with £, ~ 50 ms (1 mg apo-BFR/ml, 112 uM Fe(Il) at
30°C) was detected in the 380-450 nm region, after the
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aerobic addition of 50 Fe(Il) ions per BFR molecule.
This region is dominated by the haem Soret band tran-
sitions. The absorbance changes showed a perturbation
of the haem Soret band consistent with a blue shift of
less than 1 nm (Fig. 1A). This was not due to a change
in the redox state of the haem group since haem reduc-
tion would lead to a 8 nm red shift of the Soret band
and large absorption changes (44 > 0.1). Hence it was
concluded that BFR haem does not cycle its redox state
during the oxidation of iron(IT). The maximum absorb-
ance change of phase 1 was observed after 50 or more
Fe(II) ions per BFR molecule had been added, indicat-
ing that the Fe(II) binding sites of BFR were saturated.
The shift in the haem Soret peak most probably arises
from a minor perturbation of the haem binding pocket
consequent upon the uptake of 1 or 2 Fe(Il) ions per
protein subunit.

Phase 1 absorbance changes gave a pseudo-first order
rate constant of 13 s™' (0.5 mg apo-BFR/ml, 55 uM
Fe(II) at 30°C). The linear relationship given in Fig. 1B
showed a first-order dependence of the pseudo-first-
order rate constant on iron concentration, and gave an
apparent second-order rate constant of 2.5x 10°
M-l

Oxidation of the non-haem Fe(II) was monitored at
340 nm. The addition of up to 400 Fe(II) ions per BFR
molecule caused a time dependent increase of absorp-
tion at 340 nm with two distinct phases (Fig. 2): the first
(phase 2) lasting only a few seconds was followed by a
slower phase (phase 3) lasting up to 30 min. Additions
of varying amounts of Fe(II) ions to apo-BFR showed
that iron oxidation during phase 2 became saturated at
approximately 50 Fe(II) ions per BFR. Iron added in
excess of 50 Fe(II) ions per BFR contributed to phase
3. In the absence of oxygen no increase in absorbance
at 340 nm occurred upon the addition of Fe(II) to apo-
BFR.

Phase 2 was further investigated by a series of
stopped-flow experiments. The addition of Fe(II) to
apo-BFR in aerobic solutions resulted in an exponential
increase in absorption at 340 nm over the first 20 s (Fig.
3A). The maximum amplitude of the change increased
linearly until approximately 50 Fe(II) ions per BFR
molecule had been added (Fig. 3B). These observations
imply that two Fe(Il) ions per subunit are required to
saturate phase 2. It is therefore proposed that the initial
fast increase in absorption at 340 nm (phase 2) is due
to the relatively rapid oxidation of iron at dimer sites
situated within the ferroxidase centres, and that a max-
imum of 24 such iron dimers can be formed.

The slow increase in absorption at 340 nm identified
as phase 3, is observed after the addition of 100, 200,
and 400 Fe(Il) ions per BFR molecule (Fig. 2). This
corresponds to the build up of an iron core. Higher
ratios of iron to protein gave rise to increasingly sig-
moidal curves of absorbance against time. This is con-
sistent with oxidation occurring at a growing core sur-
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Fig. 1. (A) The amplitudes of absorbance changes measured by the stopped-flow method at 0.2 s after the addition of 50 Fe(1I) ions per apo-BFR

molecule, are plotted against the wavelength at which data was acquired. The protein concentration after mixing was 2.25 #M in 100 mM MES

(2-[N-morpholinojethanesulfonic acid) buffer pH 6.5, 30°C. The inset shows one representative measurement of absorbance (425 nm) after the

addition of 50 Fe(II) ions per apo-BFR as a function of time. (B) A plot of phase 1 pseudo-first-order rate constants (30°C) measured at 425 nm
as a function of Fe(II). Protein concentration after mixing was 1 uM; iron(II) concentrations are those after mixing.

face, because the rate of oxidation should increase in
proportion to the core surface area, but become limited
either by the remaining iron concentration (as in this
case}), or by the finite size of the iron-storage cavity. The
simultaneous participation of a mechanism involving a
protein catalytic centre in this slow phase is not pre-
cluded by the data.

Phase 2 was only observed with completely non-
haem-iron-free BFR. Further additions of Fe(II) ions to
aerobic solutions of apo-BFR containing 50 or more
Fe(Il) ions per BFR 3 h and 24 h after the initial addi-
tion of Fe(II) only exhibited a phase 3 change. This is
illustrated in Fig. 4 for the addition of a further 100,
200, 300 and 400 Fe(II) ions per BFR 3 h after an initial
treatment with 100 Fe(II) ions. These observations indi-
cate that ferroxidase centres are not rapidly regener-
ated.

In summary, the kinetic data reported here indicate
that iron uptake by apo-BFR proceeds by three distinct
phases: the rapid binding of ~ 50 ferrous ions at specific
protein sites (phase 1); the subsequent oxidation of ~ 50
ferrous ions by molecular oxygen (phase 2); and, even-
tually, growth of the iron core (phase 3).

A tyrosinate-Fe(III) complex giving rise to a charge
transfer band at 550 nm was recently reported as a
transient species observed after the addition of Fe(II) to
recombinant bullfrog red cell H-chain ferritin [28], and
subsequently observed to form under similar conditions
in recombinant human H-chain ferritin [24]. Measure-
ments of absorption in the 550 nm region after the
addition of 50 Fe(II) ions per apo-BFR molecule, under
conditions of protein and iron concentration which al-
lowed the detection of the tyrosinate-Fe(III) complex
in bullfrog red cell and human H-chain ferritins, showed
that this complex is not formed in E. coli BFR.

3.2. EPR spectroscopy

EPR spectroscopy has been used previously [10,11] to
identify four different chemical forms of non-haem iron
in E. coli BFR, namely, mononuclear high-spin Fe(III),
mononuclear Fe(Il), dimeric Fe,(II), and a ferric form
of nucleated core. The mononuclear iron species are
thought to arise from the partial occupancy of dimeric
iron sites situated in each protein subunit [10,11]. The
detection of Fe(Il) ions requires the addition of the spin
label NO, which forms nitrosyl complexes with Fe(II)
ions to generate either [Fe(INO] with spin S = 3/2, and
g-values in the region of g ~ 4; or [Fe,(I[)NO] with spin
S = 1/2, and g-values close to 2.0.

The EPR spectrum of an aerobic sample of apo-BFR
frozen approximately 2 min after the addition of 50
Fe(1l) ions per BFR molecule contains, in addition to
the haem group resonances at g = 2.88, 2.31, and 1.46
[22], a high intensity signal at g = 4.28 (Fig. 5a). This
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Fig. 2. Absorption change measured at 340 nm after the addition of

25, 100, 200 and 400 Fe(II) ions per apo-BFR molecule. Iron(II) was

added as a 50 mM solution of ferrous ammonium sulphate to 0.5 uM

(approx. 0.23 mg/m}) solutions of apo-BFR in 100 mM MES, pH 6.5,
30°C.
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Fig. 3. (A) Stopped flow experiments monitoring absorption at 340 nm after the addition of 0, 10, 20, 30, 37, 45, 54, 65, 75, 95, 105 and 120 Fe(II)
ions per apo-BFR. Iron was added as a solution of ammonium ferrous sulphate. The apo-BFR concentration in 100 mM MES buffer, pH 6.5,
30°C after mixing was 0.4 uM. (B) A plot of absorption increase at 340 nm measured after 20 s against the number of iron atoms added per apo-BFR.

indicates that a significant proportion of the added
iron(IT) is present as mononuclear high spin S = 5/2
iron(III). Virtually complete reduction of the non-haem
iron(III) species to EPR inactive iron(II), and the corre-
sponding loss of signal intensity at g =4.28, was
achieved by the addition of excess sodium ascorbate to
a similar sample prior to freezing. The subsequent addi-
tion of nitric oxide gas to the ascorbate-reduced sample
yielded the EPR spectrum of Fig. 5b. The spectrum
contains traces of two S = 3/2 mononuclear iron(II)
complexes of nitric oxide (Fe(II)[NOJ) at g =4.36 and
3.69; and g = 3.98 respectively [11], together with the
haem group resonances of unaffected intensity. The
high intensity signal at g = ~ 2 is shown in greater detail
in Fig. 5¢c. The g-values of 2.05, 2.02 and 2.01 are similar
to those previously assigned to an [Fe(II)Fe(I[)NO] spe-
cies [11]. These signals arise either from the antiferro-
magnetic coupling of two .S = 2 high spin ferrous ions,
to give a S =0 ground state coupled with a §=1/2
nitric oxide; or from antiferromagnetic coupling of
S =2 Fe(II) and S = 3/2 Fe(II)NO, both possibilities
leading to systems having S = 1/2 ground states. Esti-
mation of the concentration of the S = 1/2 species indi-
cated that there are 8 [Fe(II)Fe(I)NO] dimers per BFR
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Fig. 4. Absorption change at 340 nm measured after the addition of
100, 200, 300 and 400 Fe(II) ions per BFR molecule, 3 h after an initial
addition of 100 Fe(II} ions per apo-BFR molecule.

200

molecule. The anaerobic addition of 50 Fe(II) ions per
apo-BFR molecule in the presence of excess ascorbate,
followed by treatment with NO, gave the EPR iron
dimer signal with an integrated intensity of approxi-
mately 22 dimers per BFR molecule.

3.3. Mechanism of core formation

Ferritin core formation, in vitro under aerobic condi-
tions, proceeds via a complex process, characterised by
at least two distinct phases [1,2]. In one of the phases
the ferroxidase centre is thought to promote nucleation
of the core at specific sites on the inner protein surface;
and in the other, the site of oxidation switches to the
surface of the growing crystallite. Both phases involve
the transfer of electrons to oxygen, but with significant
differences in stoichiometry: the initial stage involves
two electron reduction of oxygen to hydrogen peroxide
whereas the subsequent oxidation of iron at the core
surface involves a four electron reduction of oxygen
[29]. There must be an Fe(II) binding phase prior to
oxidation but this has not previously been detected be-
cause Fe(Il) ions have only weak or non-existent ab-
sorption bands in the visible region. The present work
provides the first evidence for three distinct kinetic
phases in the ferroxidase process in E. coli BFR using
optical methods, including detection of the Fe(II) bind-
ing phase.

The presence of the haem groups, approaching one
per two subunits, provides an internal optical reporter
for Fe(II) binding at ferroxidase centres. The high inten-
sity of the haem Soret band coupled with its sensitivity
to Fe(II) binding allowed the rate of this process, phase
1, to be monitored (Fig. 1). This was much faster than
the oxidation of Fe(Il) at the ferroxidase centres, phase
2 (Figs. 2 and 3). The Fe(II)-dependence of phase 2 is
linearly related to Fe(II) concentration, up to a maxi-
mum loading of ~ 50 Fe(Il) ions per protein molecule
(Fig. 3B). This suggests either that single Fe(II) oxida-
tion at ferroxidase centres occurs at low iron concentra-
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Fig. 5. X-band EPR spectra of 9 uM E. coli BFR in 200 mM MES
buffer, pH 6.5. (a) Sample was frozen approximately 2 min after the
addition of 50 iron atoms per BFR. Conditions: modulation amplitude
10 GHz, frequency 100 kHz; microwave frequency 9.38 GHz; power
2.01 mW,; Temperature 10 K. (b) Sample similar to that in Fig. 5a after
reduction of non-haem iron by the addition of sodium ascorbate
solution, and treatment with nitric oxide gas. The feature at approxi-
mately g = 1.9 is due to excess nitric oxide in solution. Measurement
conditions were the same as in Fig. 5a except that the gain was a factor
of 0.125. (c) Sample and conditions as in Fig. 5b, except for tempera-
ture 40 K.

tions, or that the initial Fe(II) binding step is both rapid
and weak. In the latter case the on and off rates of Fe(II)
are fast, such that oxidation only occurs when the
dimeric centre is filled. Thus, even at low concentrations
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of Fe(II) there is a significant probability that a ferrox-
idase centre is occupied by 2 Fe(II) ions and that oxida-
tion can proceed.

The binding of NO to Fe(Il) sites in proteins often
mimics the binding of O, [30]. Hence, the use of NO as
a spin probe not only allows the detection of an Fe(II)
dimer in BFR (Fig. 5), but also indicates that a single
O, molecule binds to the two Fe(Il) ions at the ferroxi-
dase centre. Hence, the oxidation of Fe(II) by dioxygen
in phase 2 probably proceeds by a 2-electron process
generating hydrogen peroxide, and, although there are
other possibilities, a simple mechanism in which 2 Fe(II)
ions bind at the ferroxidase centre prior to oxygen bind-
ing and electron transfer is preferred.

The EPR data indicate that a significant fraction of
the iron is present as monomeric Fe(IIl) after Fe(Il)
oxidation. This suggests that there is a significant oxida-
tion of single Fe(II) ions, or that the dimers formed by
oxidation at the ferroxidase centres break down. The
latter interpretation is preferred, because approximately
50 Fe(Il) ions are required to saturate phase 2, and
because the addition of 50 Fe(II) ions per BFR yields
almost complete dimer occupation of the ferroxidase
centres in the absence of dioxygen.

The observation that phase 2 is only detected when
BFR is completely non-haem-iron-free (Fig. 4), coupled
with the demonstration by EPR that oxidation at the
ferroxidase centres yields monomeric Fe(III) ions, is an
important guide to the overall process of iron uptake
and core formation. A plausible model, in which at least
one of the monomeric Fe(III) ions formed by oxidation
partially blocks and prevents regeneration of the ferrox-
idase centre, can be proposed. The second Fe(I1I) could
then form part of the nucleating centre for core forma-
tion. There are many variants of this scheme, but an
essential feature of all would be that the ferroxidase
centres need only to be turned over once, because there-
after the nucleated core surface would form the site of
oxidation.
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