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Biomineralization of the ferritin iron core involves a complex

series of events in which H
#
O

#
is produced during iron oxidation

by O
#
at a dinuclear centre, the ‘ ferroxidase site ’, located on the

H-subunit of mammalian proteins. Rapid-freeze quench Mo$ ss-
bauer spectroscopy was used to probe the early events of iron

oxidation and mineralization in recombinant human ferritin

containing 24 H-subunits. The spectra reveal that a µ-1,2-

peroxodiFe(III) intermediate (species P) with Mo$ ssbauer para-

meters δ (isomer shift)¯ 0.58 mm}s and ∆E
Q

(quadrupole

splitting)¯ 1.07 mm}s at 4.2 K is formed within 50 ms of mixing

Fe(II) with the apoprotein. This intermediate accounts for almost

all of the iron in the sample at 160 ms. It subsequently decays

INTRODUCTION

The mechanism of oxidative deposition of iron within the iron

storage protein ferritin has been the subject of intense investi-

gation for many years [1–3]. The 24 subunits constituting the

protein shell of mammalian ferritins are of two types, H and L,

having molecular masses of approx. 21000 and 20000 Da re-

spectively. Iron(II) is oxidized at a dinuclear ferroxidase centre

located on the H-subunit of the protein [3,4]. The L-subunit lacks

such a centre, and appears to be largely involved in mineralization

of the hydrous ferric oxide core within the interior of the protein

shell [5]. The mineral core is the ultimate thermodynamic sink for

the iron acquired by the protein.

It is well established that hydrogen peroxide is a product of

dioxygen reduction in H-chain ferritins [6–9]. The dinuclear iron

centre located on this subunit seems structurally well suited to

carry out the required two electron reduction of O
#

to produce

H
#
O

#
, possibly via formation of a peroxodiFe(III) intermediate

at this centre. A number of previous studies have been directed

at identifying such an intermediate. In early stopped-flow studies

of iron oxidation in H-chain bullfrog ferritin (BfHF), a purple

intermediate (λ
max

E 550 nm) was observed; however, on the

basis of resonance Raman spectroscopy, it was assigned to

a transient Fe(III)-tyrosinate complex [7,10] rather than to a

peroxodiFe(III) intermediate. Subsequent Mo$ ssbauer spectro-

scopic studies of rapid-freeze quenched samples of BfHF similarly

failed to detect a peroxo complex [11], although oximetry

measurements have shown that H
#
O

#
is produced during iron(II)

oxidation in this protein [7].

In contrast with BfHF, stopped-flow kinetics studies of human

H-chain ferritin (HuHF) have revealed a different intermediate

having a blue colour (λ
max

E 650 nm) that is formed within 0.14 s

of mixing Fe(II) and the apoprotein in the presence of O
#

[12].

This intermediate subsequently decayed over a period of about

10 s [12]. No coloured intermediate was observed in stopped-flow

Abbreviations used: BfHF, H-subunit bullfrog ferritin ; BfMF, bullfrog M-subunit ferritin ; EcBFR, Escherichia coli bacterioferritin ; EcFtnA, E. coli
bacterial ferritin type A; HuHF, human H-subunit ferritin ; MMO, methane mono-oxygenase; RNR, ribonucleotide reductase.
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within 10 s to form a µ-oxodiFe(III)–protein complex (species

D), which partially vacates the ferroxidase sites of the protein to

generate Fe(III) clusters (species C) at a reaction time of 10 min.

The intermediate peroxodiFe(III) complex does not decay under

O
#
-limiting conditions, an observation suggesting inhibition of

decay by unreacted Fe(II), or a possible role for O
#

in ferritin

biomineralization in addition to that of direct oxidation of

iron(II).

Key words: iron biomineralization, Mo$ ssbauer spectroscopy,

peroxo iron(III) complex, rapid-freeze quench.

measurements with Escherichia coli bacterioferritin (EcBFR)

[13], whereas an intermediate (λ
max

E 600 nm) was seen with E.

coli ferritin type A (EcFtnA), but of lower absorption intensity

than for HuHF [12,14]. Measurements with various site-directed

mutants of EcFtnA have excluded the intermediate species from

being an Fe$+-tyrosinate complex or a tryptophan radical.

Instead, the 600 nm, and 650 nm, absorption bands of EcFtnA

and HuHF respectively, have been attributed to peroxodiFe(III)

intermediates in these proteins [14]. Their absorption spectra

have some similarities to those of the known peroxo bridged di-

iron(III) centres of the R2 subunit of ribonucleotide reductase

(RNR) [15], methane mono-oxygenase (MMO) [16], stearoyl-

ACP∆*-desaturase [17] and model complexes [18].

Recent work with bullfrog M-subunit ferritin (BfMF) has

likewise revealed a transient absorption at 650 nm, similar to

that of the blue intermediate of HuHF [19]. The kinetics of

formation and decay of this intermediate have been studied in

detail by a combination of stopped-flow spectrophotometry,

rapid-freeze quench Mo$ ssbauer spectroscopy and EXAFS [19–

22]. This carefully executed work has firmly established that the

transient blue complex in BfMF is a µ-1,2-peroxodiferric species

located at the ferroxidase centre of this protein. The Mo$ ssbauer

and resonance Raman spectroscopic signatures of the inter-

mediate [20,21] in conjunction with the EXAFS data [22] have

provided insight into its detailed structure.

To date BfMF is the only ferritin where a peroxo intermediate

has been unequivocally demonstrated. Since the ferroxidase site

ligands of BfMF, HuHF and BfHF are conserved among the

three proteins (Figure 1), one would anticipate the same be-

haviour in their iron oxidation mechanisms, but that is not

observed. While both of the H-chain proteins, HuHF and BfHF,

produce H
#
O

#
, only HuHF exhibits an absorption at 650 nm,

postulated as that of a peroxo Fe(III) complex [14]. Obviously

other protein structural features beside the immediate ligands to

the iron play some role in governing the kinetics observed. The
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Figure 1 Schematic representation of the dinuclear centres of HuHF, EcFtnA, EcBFR, BfMF/BfHF, RNR and MMO

The structure of BfMF/BfHF is by analogy to that of HuHF [20], with the corresponding amino acids of the amphibian proteins indicated [2]. The structures were constructed using the ChemDraw

chemical structure drawing program (CambridgeSoft Corp., Cambridge, MA, U.S.A.).

dissimilar kinetics and coloured intermediates seen in bullfrog H

and M proteins, despite the conservation of the ferroxidase

ligands, emphasize this point [19]. In the case of bacterioferritin

(EcBFR), where some of the protein ligands of the ferroxidase

centre differ from those of the other ferritins (Figure 1), water is

the final product of dioxygen reduction [23] and no coloured

intermediate has been detected [13].

Given the rather large variation seen in the absorption

wavelength maximum (λ
max

E 470–700 nm) and intensity (ε E
190–3500 cm−" [M−") of peroxodiferric model complexes, di-

nuclear iron proteins and ferritins (reviewed in [20]), optical

spectral data alone are insufficient to establish unequivocally the

presence of peroxo species. We have, therefore, undertaken

Mo$ ssbauer measurements to look for corroborative evidence for

peroxo intermediate formation in the mammalian ferritins, as

found for the amphibian M-chain protein [19–22].

In the present study, we have employed rapid-freeze quench

Mo$ ssbauer spectroscopy to examine the blue intermediate

(λ
max

¯ 650 nm) previously seen in mammalian H-chain ferritin

(HuHF) by stopped-flow spectrophotometry [12]. Following

rapid mixing of the apoHuHF with &(Fe(II), samples were

quickly frozen at ®130 °C in an 2-methylbutane bath. The blue,

crystalline frozen samples of HuHF exhibited a Mo$ ssbauer

spectrum characteristic of a diFe(III) peroxo complex, confirming

the assignment by Harrison and coworkers [14] on the basis of its

optical spectrum. Thus peroxobridged complex formation has

now been established for a mammalian ferritin and may, indeed,

be a common intermediate of all ferritins which exhibit an Fe:O
#

oxidation stoichiometry of 2:1 and which produce H
#
O

#
as a

product of dioxygen reduction. In addition, evidence for ferrous

binding to HuHF before peroxo complex formation is presented.

A µ-oxobridged Fe(III) dimer is formed following decay of the

peroxo intermediate, ultimately leading to Fe(III) clusters.

EXPERIMENTAL

Recombinant human H-chain ferritin was prepared as described

previously [24]. The protein concentration was determined by the

absorbance at 280 nm (ε¯ 23000 M−" [ cm−"}subunit) [9].
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59Peroxobridged di-iron(III) dimer

The protein was rendered iron free by continuous flow

anaerobic ultrafiltration using dithionite and 1,2-bipyridyl [25].

The &(FeSO
%

solution was typically prepared by dissolving

0.71 mg of iron-57 metal (95.1 atom% ; U.S. Service, Inc.,

Summit, NJ, U.S.A.) in 100 µl of 0.146 M H
#
SO

%
(10%, v}v)

over a period of 4 days, followed by dilution with 850 µl of water

to produce a final solution of 0.0131 M FeSO
%

at pH 2. An

Update Instrument System 1000 freeze-quench apparatus was

used to prepare the samples for Mo$ ssbauer spectroscopy. The

protein concentrations before mixing were 81.9 or 136 µM in an

aqueous solution of 0.10 or 0.15 M Mes buffer, pH 6.7, for the

40 Fe}shell or 24 Fe}shell samples respectively.

The protein and iron solutions were loaded in 2 ml and 0.5 ml

syringes respectively, pushed in a 4:1 ratio through the mixer

and reactor (ageing) hose and sprayed into a funnel containing

2-methylbutane immersed in the quench bath maintained at

®130 °C. The reactor hose was flushed with argon gas before use

to minimize uptake of additional O
#

by the Fe(II)–apoferritin

solution following mixing. The stated concentrations of all

components described in the Figure legends are those following

mixing, and the pH was 6.5. The ‘dead time’ of our instrument

was 15 ms [26]. The temperature of the 2-methylbutane was

monitored with a copper constantan thermocouple, and main-

tained by adding liquid nitrogen to the outer jacket of the quench

bath. The device used to collect the 1 ml Mo$ ssbauer sample was

a modified design of one described previously [27]. (Engineering

drawings of the device are available from our laboratory upon

request.) After spraying the sample into the funnel containing

cold 2-methylbutane, the sample was allowed to stand for

20–30 min, allowing the crystals to settle. The sample was then

carefully but firmly packed in the Mo$ ssbauer cup. The funnel

was removed from the packing shaft and the liquid 2-methylbu-

tane was decanted. The packing shaft with the cup attached was

then quickly placed in a 254-mm-tall ground glass holder pre-

chilled in dry ice (®78 °C), and was subsequently evacuated to

remove all liquid 2-methylbutane entrained within the sample.

The cup was finally detached from the packing shaft using chilled

pliers, and the top was put in place using tweezers and a small

screwdriver. The lid of the Mo$ ssbauer cup had a 0.5-mm-

diameter hole to vent gases during the cryogenic experiments.

During sample handling, the Mo$ ssbauer cup was kept in contact

with powdered dry ice. Samples were shipped overnight on dry

ice, and stored in liquid nitrogen before the Mo$ ssbauer experi-

ments.

Mo$ ssbauer measurements were performed using a constant

acceleration Ranger Electronics Mo$ ssbauer spectrometer. Data

were stored in an MCS-32 EG&G Ortec multiscaler card installed

in a Hewlett–Packard Pentium II computer. The spectrometer

was calibrated with a thin iron foil enriched in &(Fe. The source

was 25 mCi of &(Co in rhodium maintained at room temperature.

Low sample temperatures were achieved with a Janis Research

Co. Supervaritemp cryogenic dewar. Temperatures above that of

liquid helium were maintained to within ³0.2 K using a Lake-

shore Cryotronics (Westerville, OH, U.S.A.) temperature con-

troller. Mo$ ssbauer spectra were fitted using the least-squares

method to theoretical models, assuming Lorentzian line shapes

using theWMOSS fitting software ofWebResearchCorporation.

RESULTS AND DISCUSSION

Freeze-quench Mo$ ssbauer spectra were measured from samples

where the protein solutions before rapid mixing were pre-

equilibrated under an atmosphere of either 100% O
#
(Figure 2)

or 21% O
#

(Figure 3), and the Fe(II) solution under an

Figure 2 Mo$ ssbauer spectra of HuHF samples frozen at various times
under a 100% O2 atmosphere

Conditions : 2.62 mM 57Fe in 0.12 M Mes buffer, pH 6.5, and at 120 K. Traces : (A), buffer

only ; (B), 24 Fe/protein and 109 µM protein ; (C–F), 40 Fe/protein and 65.5 µM protein.

atmosphere of 21% O
#
. Since the reaction stoichiometry is 2

Fe(II)}O
#
, the 100% O

#
samples contained sufficient dissolved

O
#
(1.12 mM) to essentially oxidize all of the 2.62 mM Fe(II) in

the mixed solution, whereas the 21% O
#

samples were oxygen-

deficient. The Mo$ ssbauer parameters obtained from curve-fitting

the families of spectra in Figures 2 and 3, measured at 120 K and

4.2 K respectively, as well as spectra for other samples not

shown, are summarized in Table 1. Since little difference was

observed between spectra obtained at 4.2 and 120 K (Table 1),

spectra obtained in the latter stages of this work were measured

at 120 K to conserve liquid helium. Identification of the various

species generated during the time course of the reaction is on the

basis of the published assignments from previous work on a

number of ferritins [11,20,25,28–31]. The percentages of species
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Figure 3 Mo$ ssbauer spectra of HuHF samples frozen at various times
under a 21% O2 atmosphere

Conditions : 40 Fe/protein, 65.5 µM protein, 2.62 mM 57Fe in 0.08–0.12 M Mes buffer, pH 6.5,

at 4.2 K.

observed as a function of time are summarized in Tables 2 and

3 for the 100% and 21% O
#

atmosphere samples respectively.

Figure 2(A) shows the spectrum obtained when Fe(II) is shot

into buffer and frozen at 160 ms. The characteristic quadrupole

doublet of a high-spin Fe(II) buffer species designated F is

evident [isomer shift (δ)¯ 1.39 mm}s and quadrupole splitting

(∆E
Q
)¯ 3.29 mm}s ; Table 1]. In contrast with the buffer, the

100% O
#

samples of HuHF at 50 and 160 ms (Figures 2B and

2C) show pronounced oxidation, with the appearance of a

quadrupole doublet of an Fe(III) species designated ‘P’ having

parameters δ¯ 0.55³0.01 mm}s and ∆E
Q
¯ 1.11³0.01 mm}s

at 120 K. Similar parameters are obtained at 4.2 K (Table 1).

The 50 and 160 ms frozen protein samples of Figure 2 were

intensely blue in colour, whereas the buffer sample was white.

Table 1 Mo$ ssbauer parameters of HuHF

Errors in the last digits (as S.D. of the mean values shown) of the isomer shift (δ), quadrupole
splitting (∆EQ) and line width (LW) parameters are given in parentheses.

Species

Parameter

δ (mm/s) ∆EQ (mm/s) LW (mm/s) T (K)

Fe (II) in buffer (F) 1.39 (1) 3.29 (1) 0.37 (1) 4.2

1.39 (1) 3.30 (1) 0.36 (1) 120

Fe(II) complex g1 (F1) 1.17 (3) 2.99 (6) 0.32 (6) 4.2

Fe(II) complex g2 (F2) 1.41 (3) 3.08 (6) 0.34 (6) 4.2

Fe(III) peroxodimer (P) 0.58 (1) 1.07 (1) 0.37 (1) 4.2

0.55 (1) 1.11 (1) 0.37 (1) 120

Fe(III) oxodimer (D) 0.50 (3) 1.30 (6) 0.45 (6) 4.2

0.48 (1) 1.26 (1) 0.48 (1) 120

Fe(III) cluster (C) 0.51 (3) 0.70 (6) 0.39 (6) 4.2

0.48 (3) 0.74 (6) 0.39 (6) 120

Table 2 Percentages of species as a function of quench time for 100% O2
samples

Measurements were made at a temperature of 120 K. Errors in the last digit (as S.D. of the

mean values shown) are given in parentheses. The t ¯ 10 min samples were thawed and

stirred in air.

Time

Fe(II) complexes

(F1 plus F2)

Fe(III) peroxo dimer

(P)

Fe(III) oxo dimer

(D) Cluster (C)

50 ms 38 (2) 62 (2) – –

160 ms 13 (5) 87 (2) – –

2 s – 37 (5) 63 (5) –

10 s – – 100 (2) –

10 min – – 60 (5) 40 (5)

Table 3 Percentages of species as a function of quench time for 21% O2
samples

Measurements were performed at 4.2 K. Errors in last digit (as S.D. of the mean values shown)

are given in parentheses. The t ¯ 10 min samples were thawed and stirred in air.

Time

Fe(II) complex

g1 (F1)

Fe(II) complex

g2 (F2)

Fe(III) peroxo

dimer (P)

Fe(III) oxo

dimer (D) Cluster (C)

160 ms 27 (5) 42 (5) 31 (2) – –

2 s 31 (5) 37 (5) 32 (2) – –

10 s 36 (5) 25 (5) 39 (2) – –

60 s 40 (5) 15 (5) 45 (2) – –

10 min – – – 70 (5) 30 (5)

The isomer shift (δ¯ 0.58³0.01 mm}s) and quadrupole split-

ting (∆E
Q
¯ 1.07³0.01 mm}s) parameters of the Fe(III) species

P of HuHF at 4.2 K are strikingly similar to those of the well-

characterized µ-1,2-peroxodiferric centre of the amphibian M-

chain protein at this temperature (δ¯ 0.62³0.02 mm}s ; ∆E
Q
¯

1.08³0.03 mm}s) [19–22]. The parameters are also similar to

those of the dinuclear iron centre of MMO (δ¯ 0.66 mm}s ;

∆E
Q
¯ 1.51 mm}s)[32] and those of the Asp)%!Glu variant of

the R2 subunit of RNR (δ¯ 0.63 mm}s ; ∆E
Q
¯ 1.58 mm}s) [15].

These latter proteins exhibit larger quadrupole splittings, which

presumably reflect the differences among the protein ligands of

these enzymes and those of the ferritins. Most notably, RNR and

MMO contain an additional histidine residue in co-ordination

# 2002 Biochemical Society
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positions that are occupied by glutamate ligands in HuHF and

have different bridging structures (Figure 1) [3,33,34].

At 50 and 160 ms under a 100% atmosphere, only the µ-1,2-

peroxodiFe(III) complex (species P) and unoxidizedFe(II) species

(F1 and F2) are observed (Figure 2 and Table 2). The differences

in the Fe(II) Mo$ ssbauer parameters between the buffer and

protein samples (Figures 2A, 2B and 2C, and Table 1) imply that

the ferrous ion binds to the protein within the reaction time of

50 ms. This finding is consistent with multi-mixing, stopped-flow

kinetic data, suggesting that Fe(II) binding to HuHF is complete

within 50 ms [35]. Fe(II) appears to be present in two forms in the

protein, Fe(II) complexes g1 and g2 (Table 1), designated ‘F1’

and ‘F2’ in Figure 2. Their signals are more pronounced in the

spectra of the 21% O
#

sample shown in Figure 3 (see below).

To look for possible formation of early mononuclear Fe(III)

species at the ferroxidase sites, the sample at 50 ms was prepared

with 24 Fe}protein to half-saturate the ferroxidase sites. Only the

peroxo complex and unoxidized Fe(II) was observed (Figure

2B), implying that, if present, mononuclear Fe(III) or other early

species must be formed in low amounts (! 10% of the total).

Thus the present Mo$ ssbauer data provide no evidence for the

stepwise oxidation of the two Fe(II) ions of the ferroxidase site.

At 160 ms and 100% O
#
, the peroxo species accounted for

nearly all of the iron present (Table 2), a time corresponding to

that for maximum colour development observed in the stopped-

flow experiment [12]. At a quench time of 2 s, a second iron(III)

species appeared, designated ‘D’ in Figure 2(D). This species

is assigned to a µ-oxobridged diFe(III) complex at the ferroxi-

dase site (Tables 1 and 2), with parameters similar to those

of a µ-oxodiFe(III) dimer (δ¯ 0.50³0.01 mm}s ; ∆E
Q
¯ 1.23³

0.01 mm}s) reported previously for HuHF for reaction times

& 30 s [28]. The sample was completely bleached by 10 s, as also

observed by stopped-flow spectrophotometry [12], and only the

oxobridged diFe(III) dimer remained (Figure 2E; Table 2). By

this time, H
#
O

#
is presumably released into solution.

The 10 s sample was thawed, stirred and refrozen at 10 min

(Figure 2F). In addition to the µ-oxo dimer D, a new species

appeared and was assigned to an Fe(III) cluster, C, representing

40% of the total iron. The cluster is presumably derived from

dimer D (Table 2). The value of 40% cluster formation correlates

well with the expected percentage of ferroxidase sites vacated

after 10 min at pH 6.5, as observed by oximetry studies [8]. Thus

the Mo$ ssbauer spectra report on the clearance reaction of the

ferroxidase site.

Previous studies of recombinant human H-chain ferritins have

shown the formation of large superparamagnetic clusters, as well

as of a slowly relaxing monomeric iron species at longer reaction

times of 20 or 30 min [28]. These species are not readily observed

in our samples prepared at the shorter time of 10 min. The

absence of a magnetic hyperfine sextet in our 4.2 K spectra at a

10 min reaction time indicates that the majority of clusters

formed within the protein shell are small, possessing blocking

temperatures below 4.2 K. The magnetic signature of a small

percentage of superparamagnetic clusters with blocking tempera-

tures above 4.2 K would be difficult to distinguish above the

noise level of the spectrum. However, the percentage of doublet

C from clusters decreased from 40% at 120 K to 30% at 4.2 K

for the same sample (results not shown), providing indirect

evidence for the presence of a small amount (E 10%) of larger

superparamagnetic clusters. Similarly, hyperfine sextets from

small amounts of reported slowly relaxing monomeric Fe(III)

species [28] would also have been difficult to observe with our

samples.

The 21% O
#

spectra in Figure 3 show, in addition to the

peroxo complex P, the presence of substantial amounts of

unoxidized Fe(II) resulting from insufficient O
#

in the solution.

At 160 ms, the peroxo complex accounted for only 31% of the

iron, slowly increasing to 45% by a reaction time of 60 s (Figure

3 and Table 3). Significantly, the peroxodiFe(III) complex does

not decay under conditions of oxygen limitation, suggesting an

additional function for O
#

as a facilitator of peroxo complex

decay or an inhibition of decay by unoxidized Fe(II) bound to

the protein. It was not until the sample was thawed and stirred

in air for 10 min that the peroxo complex disappeared, and was

replaced by a composite spectrum comprising the oxodimer D

and cluster C (Figure 3E), as also seen for the 100% O
#
sample

(Figure 2F).

It is also noteworthy that the amount of Fe(II) oxidized in the

21% O
#
sample exceeds that expected from the amount of O

#
in

solution by approximately a factor of 2, assuming a 2 Fe(II) :O
#

reaction stoichiometry. Although the ageing hose in the freeze-

quench apparatus was flushed with argon, some further uptake

of O
#

by the solution following mixing might have occurred.

Alternatively, oxidizing equivalents might be associated with the

protein itself in the form of bound O
#
, which contribute to the

total amount of Fe(II) undergoing oxidation. These unexplained

O
#

phenomena are beyond the scope of the present study,

however, and will be the subject of future research.

It is also apparent from the data in Table 3, that the distribution

of iron between Fe(II) species g1 and g2 changes in time. The

percentages of Fe(II) species g1 and the peroxo complex increase,

while Fe(II) species g2 decreases, with time. Fe(II) species g2

might represent iron at an initial Fe(II) binding site on ferritin

which then migrates to the ferroxidase site to produce species g1.

It seems unlikely that these two species represent the two sites of

the ferroxidase centre, since in this case they would be expected

to be consumed at the same rate during formation of the peroxo

complex, but they are not. Alternatively, the two Fe(II) species

g1 and g2, might be associated with two slightly different,

transient protein conformational states, that may arise due to O
#

proximity at the ferroxidase site, but before peroxo complex

formation at the dinuclear centre.

The Fe(II) species g1 and g2 seen in the present work have

somewhat different Mo$ ssbauer parameters than those of the two

ferrous species previously reported at a quench time of 1 min

for the ferroxidase-centre variant Glu#(!Ala of HuHF (δ¯
1.21³0.01 mm}s and ∆E

Q
¯ 2.78³0.01 mm}s, and δ¯ 1.31³

0.01 mm}s and ∆E
Q
¯ 3.26³0.01 mm}s, at 4.1 and 90 K re-

spectively in a 21% O
#

atmosphere) [28], implying that there

might be other iron(II) binding sites on the protein that become

observable when the ferroxidase centre is disabled and longer

quench times are employed. Alternatively, mutagenesis might

alter the structure of the Fe(II) binding sites on the protein. The

identity and functionality of the ferrous-binding sites are major

unanswered questions in ferritin chemistry.

The present work establishes that the 650 nm absorption in

HuHF results from a µ-1,2-peroxodiFe(III) complex, as postulat-

ed previously [14] and as established for BfMF [19–22]. The other

ferritin with a coloured intermediate, EcFtnA (λ
max

E 600 nm),

has not been examined by freeze-quench Mo$ ssbauer spectro-

scopy. However, the mechanism of iron oxidation in EcFTnA

might also proceed via a peroxo intermediate, as proposed by

Zhao et al. [14]. In contrast, the lack of a transient absorption

close to 650 nm, for EcBFR [13] might be due to its different

binuclear centre. Both irons are co-ordinated by a histidine

residue in EcBFR, and there is an additional bridging carboxylate

group (Figure 1). In connection with this, the novel 12-subunit

ferritin from Listeria innocua also reduces O
#

to H
#
O [36], and

its ferroxidase site is richer in histidine ligands than vertebrate

ferritins [37]. Whether peroxodiFe(III) complexes are formed in

# 2002 Biochemical Society
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these bacterial proteins is at present unknown. As reported by

others [20], the failure to observe a peroxo complex in the

amphibian H-chain ferritin, whereas one is seen in the M-chain

protein, might be because its concentration is too low to be

observed spectroscopically. The key protein ligands of the

ferroxidase site are conserved between BfHF and BfMF (Figure

1), so peroxo complex formation is anticipated in both proteins

[2]. Detection of the peroxo intermediate in RNR initially proved

difficult ([15], and references therein).

In conclusion, the present work has confirmed and extended

previous Mo$ ssbauer and stopped-flow studies of the oxidative

deposition of iron in human H-chain ferritin. Specifically, forma-

tion of a peroxodiFe(III) complex has been confirmed indepen-

dently, and an apparent O
#
requirement for its decay observed for

the first time. The overall sequence for iron oxidation and miner-

alization follows the general pattern: free Fe(II)!Fe(II)–protein

complexes!peroxodiFe(III)–protein complex!oxodiFe(III)–

protein complex! small Fe(III) cluster! large Fe(III) cluster.

Formation of other intermediate species, such as mononuclear

Fe(III) and radical species as suggested by other research groups

previously [26,28], is not precluded by the present data.
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