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ABSTRACT: Overexpression of human H-chain ferritin (HuHF) is known to impart a degree of protection
to cells against oxidative stress and the associated damage to DNA and other cellular components. However,
whether this protective activity resides in the protein’s ability to inhibit Fenton chemistry as found for
Dps proteins has never been established. Such inhibition does not occur with the related mitochondrial
ferritin which displays much of the same iron chemistry as HuHF, including an Fe(II)/H2O2 oxidation
stoichiometry of∼2:1. In the present study, the ability of HuHF to attenuate hydroxyl radical production
by the Fenton reaction (Fe2+ + H2O2 f Fe3+ + OH- + ‚OH) was examined by electron paramagnetic
resonance (EPR) spin-trapping methods. The data demonstrate that the presence of wild-type HuHF during
Fe2+ oxidation by H2O2 greatly decreases the amount of‚OH radical produced from Fenton chemistry
whereas the ferroxidase site mutant 222 (H62K+ H65G) and human L-chain ferritin (HuLF) lack this
activity. HuHF catalyzes the pairwise oxidation of Fe2+ by the detoxification reaction [2Fe2+ + H2O2 +
2H2O f 2Fe(O)OHcore + 4H+] that occurs at the ferroxidase site of the protein, thereby preventing the
production of hydroxyl radical. The small amount of‚OH radical that is produced in the presence of
ferritin (e1% of the iron oxidized) appears to arise from the reaction of H2O2 with Fe(III) in the protein
rather than from simple Fenton chemistry. The results are discussed in terms of recent experiments reporting
both protective and degradative effects of ferritin iron on the integrity of nuclear DNA.

Iron is an essential element (1, 2). Its ability to form
complexes such as heme and iron-sulfur clusters in proteins
as well as diiron enzymes endows the cell with a variety of
functions (1-3). However, free iron is toxic because it
facilitates the generation of highly reactive oxy radical
species that can damage cellular constituents. Balancing the
deleterious and beneficial effects of iron is an essential aspect
of cell survival.

Ferritin plays a central role in the cellular metabolism of
iron for almost all organisms. Mammalian ferritins are
commonly heteropolymers of 24 subunits of H and L types
(∼21000 and∼19500 Da, respectively) with 55% amino acid
sequence identity. The subunits assemble into nearly spheri-
cal molecules of 125 Å outer diameter with a hollow interior
of about 80 Å (1, 2). Functionally, the H-chain contains a
dinuclear ferroxidase center of A and B binding sites
consisting of coordinating residues His65 and Glu27 for site
A and Glu61, Glu107, and Tyr34 for site B; the two sites
are bridged by Glu62 through a coordination bond and by
Gln141 through a hydrogen bond. This center facilitates the
rapid oxidation of Fe(II) by O2 or H2O2 followed by Fe(III)

hydrolysis and mineralization to form the iron core within
the protein interior (4). In contrast to the H-chain, the more
acidic L-subunit lacks a ferroxidase center. However, the
L-chain contains a putative nucleation site consisting of a
cluster of negative Glu53, Glu56, and Glu57, which appears
to be important for slower iron oxidation and mineralization
(5).

The incorporation of iron into H-chain- or similar subunit-
containing ferritins has been studied extensively in vitro (1,
2, 4-18). At low flux of Fe(II) into ferritin (e2Fe(II)/H-
chain), Fe(II) oxidation by O2 is processed completely by
the ferroxidase site with an Fe(II)/O2 stoichiometry of 2:1,
resulting in the quantitative production of H2O2 as in eq 1

(10-13). In human H-chain ferritin (HuHF),1 Fe(II) oxidation
by O2 produces aµ-1,2-peroxo diferric intermediate at the
ferroxidase site that decays to a related intermediate and then
to aµ-oxo diferric complex(es) and ultimately to the mineral
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2Fe2+ + O2 + 4H2O f 2Fe(O)OH(core)+ H2O2 + 4H+

(1)
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core (6, 7, 14, 15). Beyond 48 Fe(II)/HuHF [2 Fe(II)/
ferroxidase site] added, some of the H2O2 produced at the
ferroxidase site rapidly reacts with further Fe(II) via the
detoxification reaction given by eq 2 (4) and possibly with
other components in the reaction mixture (11, 17, 18).

At 48 Fe(II)/protein, reactions 1 and 2 have very similar
rates in HuHF when the same concentrations of the two
oxidants are employed (18), a situation unlike that of
Escherichia colibacterioferritin where reaction 2 is much
faster than reaction 1 (16). Thus, the observed Fe(II)/O2
oxidation stoichiometry of∼2:1 for HuHF (4) compared to
∼4:1 for EcBFR (16) is accounted for by the fact that the
small amount of H2O2 produced in reaction 1 in HuHF cannot
compete with the larger amount of dissolved O2 in solution
for oxidation of Fe(II). Consequently, reaction 2 does not
occur to any significant extent in HuHF at a ratio of 48 Fe-
(II)/protein whereas in EcBFR virtually all of the H2O2

produced in reaction 1 is consumed in reaction 2.
There is a growing body of evidence indicating that

ferritins play an important role in protecting cells from
oxidative stress. Overexpression of HuHF in HeLa and
erythroid cells renders the cells resistive to the toxicity of
H2O2 added to cultures (19, 20). HuHF binds to nuclear DNA
of human astrocytoma tumor cells and in short-term assays
protects the DNA from oxidative cleavage (21). Longer term
in vitro assays under a variety of conditions indicate that
HuHF may promote damage to DNA due to the mobilization
of iron from the protein (22). Previous studies have shown
that a limited amount of‚OH radical is produced during the
oxidative deposition of iron in HuHF and HoSF using DMPO
and PBN as spin traps (23, 24).

In the present study, hydroxyl radical spin-trapping experi-
ments were undertaken to better understand the chemistry
of HuHF detoxification of activated oxygen species. Here,
we show that HuHF greatly attenuates the production of
hydroxyl radical from the Fenton reaction when H2O2 is the
oxidant for Fe(II), consistent with the 2:1 Fe(II)/H2O2 oxida-
tion stoichiometry for the detoxification reaction 2 (4). How-
ever, a 2:1 oxidation stoichiometry by itself does not ensure
that Fenton chemistry will not occur (see Discussion). It is
demonstrated that functional H-chain ferroxidase sites are
required for this activity. A small amount of hydroxyl radical
is detected in our experiments using EMPO and DEPMPO
spin traps when either H2O2 or O2 is employed as the oxidant.
The observed‚OH radical appears to come from the reaction
of H2O2 with either theµ-oxo diFe(III) complex at the
ferroxidase site or the newly formed Fe(III) core.

MATERIALS AND METHODS

All chemicals were of reagent grade or purer. Ferrous
sulfate was obtained from Baker Scientific Inc. (Phillipsburg,
NJ). Mops and Mes buffers were from Research Organics
(Cleveland, OH). EMPO and DEPMPO were purchased from
Oxis Research (Portland, OR). Superoxide dismutase (SOD)
from bovine erythrocytes (EC 1.15.1.1) of specific activity
3730 units/mg of solid was purchased from Sigma-Aldrich
(St. Louis, MO) and beef liver catalase (EC 1.11.1.6) of 6500
units/mg activity from Boehringer-Mannheim GmbH (Ger-
many). 1,10-Phenanthroline was purchased from Aldrich

(Milwaukee, WI). Recombinant human H-chain and L-chain
ferritins (HuHF and HuLF) and mutant 222 (E62K+ H65G)
were prepared as previously described (25, 26). The HuHF
concentration was determined by the absorbance at 280 nm
(ε ) 23000 M-1 cm-1 per subunit) (11). The mutant 222
and HuLF concentrations were determined by advanced
protein assay (http://cytoskeleton.com) using BSA as a
standard. The protein was rendered iron free by continuous
flow anaerobic dialysis using sodium dithionite and 2,2′-
bipyridyl (27, 28).

EPR spectra for Figures 1, 4, 5, and 6 were recorded on
a laboratory-assembled EPR spectrometer based on a Bruker
ER 041 XK-H X-band microwave bridge operating at 9.24
GHz with 100 kHz field modulation. Samples in 1 mm i.d.
quartz capillaries were placed in a Varian TE102 cavity for
measurement at room temperature. Unless otherwise stated,
all spectrometer parameters were as follows: microwave
power, 5.0 mW; modulation amplitude, 0.8 G; time constant,
0.3 or 1 s; scan time, 500 s. In the EMPO spin-trapping
experiments for hydroxyl radical, all spectra were recorded
approximately 1 min after addition of the last reagent. The
concentrations of reactants are indicated in the figure
captions. The freshly prepared Fe(O)OHs used in the spin-
trapping experiments in the absence of the protein was
synthesized by the addition of 400µM FeCl3 in H2O (pH
∼2) to 25 mM EMPO in 0.1 M Mops buffer, pH 7.0, or to
water at pH 7 controlled by a pH stat apparatus described
elsewhere (15). To determine whether hydroxyl radical is
produced from the reaction between Fe(III) and H2O2, 1000
µM H2O2 was added with stirring to the Fe(O)OHs suspen-
sion in 0.1 M Mops buffer, pH 7.0, or in water at pH 7. The
concentration of the hydroxyl radical spin-trap adduct,
EMPO-OH, in all experiments was determined by com-
parison of the double integral of its EPR spectrum with that
of a standard solution of 1.0 mM TEMPO in the same buffer.

To determine whether HuHF attenuates the production of
hydroxyl radical from the Fenton reaction, 48µM Fe(II) were
added anaerobically to 2.0µM apoHuHF, apo-mutant 222
of HuHF, apoHuLF, or bovine serum albumin (BSA) plus
25 mM EMPO or DEPMPO in 0.1 M Mops pH 7.0, which
had been deoxygenated for 8 h bymoist argon, followed by
the addition of 150µM H2O2. After 1 min, X-band EPR
spectra were recorded on a Bruker EleXsys E500 spectrom-
eter fitted with a high-sensitivity SHQ cavity (Figures 2, 3,
and 7). A 2.0 mm i.d. quartz tube holding a 1.0 mm i.d.
capillary containing∼40 µL of sample solution was em-
ployed. The instrumental conditions were as follows: micro-
wave power, 5.14 mW (16 dB attenuation); microwave fre-
quency, 9.86 GHz; modulation frequency, 100 kHz; modula-
tion amplitude, 0.5 G; receiver gain, 70 dB; time constant,
163.84 ms; sweep time, 83.89 s; sweep width, 70 G for
EMPO and 120 G for DEPMPO; center field, 3507 G.

RESULTS

Detection of Hydroxyl Radical during Fe(II) Oxidation by
O2 in HuHF. To examine the production of‚OH radical
during the oxidative deposition of iron in ferritin using O2

as the oxidant, various amounts of iron [50-1000 Fe(II)/
HuHF] were added to a 100% O2-saturated solution of 1.0
µM apoHuHF with 25-35 mM of the spin-trapping reagent
EMPO. An EPR signal of the EMPO-OH adduct was

2Fe2+ + H2O2 + 2H2O f 2Fe(O)OH(core)+ 4H+ (2)
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observed. A plot of the signal amplitude of the adduct versus
the Fe(II)/HuHF ratio is shown in Figure 1. The EPR signal
reaches a maximum at 200 Fe(II)/HuHF and then decreases
with further Fe(II) loading of the protein. At 200 Fe(II)
added, the EPR signal corresponds to a trapped hydroxyl
radical concentration of 1.7µM, or only ∼1% of thetotal
Fe(II) oxidized, decreasing to∼0.09% at 1000 Fe(II) added
when accounting for the 5-fold increase in Fe(II) present, a
result indicating minimal‚OH radical production in the
protein.

The inset in Figure 1 shows a plot of EPR amplitude of
the EMPO-OH adduct versus the concentration of EMPO
used when 200 Fe(II)/protein were added to 1.6µM
apoHuHF. The curve levels off above 10 mM EMPO,
indicating that the 25-50 mM concentration of EMPO used
in the experiments reported here is adequate for the efficient
trapping of hydroxyl radical, out-competing other reactions.
This result was confirmed by experiments showing that 50
mM buffer does not effectively compete with 25 mM spin
trap for reaction with‚OH radical. The same strength EPR
signal of the EMPO-OH adduct was obtained for the
addition sequence 48µM FeSO4 + 25 mM EMPO+ 150
µM H2O2 when the pH 7 of the solution was controlled by
either 50 mM Mops or the pH stat apparatus (data not
shown). In any case, good pH control is important for
quantitative results. The amount of EMPO-OH adduct
formed depends strongly on pH, increasing markedly as the
pH is lowered (Figure 2). The spectra at pH 7 and 8 are
33% and 15% as intense, respectively, compared to the pH
6 spectrum.

Attenuation of Hydroxyl Radical Production during Fe-
(II) Oxidation by H2O2 in HuHF. The ability of HuHF to
attenuate hydroxyl radical production during direct oxidation
of Fe(II) by H2O2 was examined by spin-trapping experi-
ments employing the reagents EMPO and DEPMPO (16, 29,
30). All solutions were thoroughly deoxygenated with argon
before each experiment. Since HuHF binds only 24 Fe(II)/
protein under anaerobic conditions (31), this amount of Fe-
(II) was added anaerobically to the solution of apoHuHF
containing the spin-trapping reagent followed by H2O2. The

results are shown in Figure 3. Spectrum a in Figure 3A is
that of the EMPO-OH adduct for the control experiment in
the absence of protein and corresponding to the addition
sequence EMPO+ Fe(II) + H2O2 in Mops, pH 7.0. As
expected, a strong EPR signal was observed, indicating the
efficient one-electron oxidation of Fe(II) by H2O2 through
Fenton chemistry. Spectrum b in Figure 3A is another control
experiment in the presence of bovine serum albumin with
the addition sequence BSA+ EMPO + Fe(II) + H2O2.
Again, an intense EPR signal was seen, indicating that BSA
does not appreciably affect the amount of EMPO-OH adduct
formed in accord with previous observation (30). In contrast,
only a weak EPR signal was observed in the presence of
ferritin for the addition sequence apoHuHF+ EMPO+ Fe-
(II) + H2O2 (spectrum e), a result indicating that apoHuHF
minimizes the one-electron oxidation reaction of Fenton
chemistry. This finding is consistent with the 2 Fe(II)/H2O2

oxidation stoichiometry of eq 2 for HuHF reported recently
(4). When apoHuHF was replaced by either the HuHF
ferroxidase site mutant 222 (E62K+ H65G) or HuLF, a
strong EPR signal was observed (curves c and d, respec-
tively), demonstrating that an intact ferroxidase site is
required for detoxification of Fe(II) and H2O2. Similar results
were obtained with DEPMPO (Figure 3B), demonstrating
that the findings are independent of the choice of spin trap.

Production of‚OH from the Reaction of H2O2 with the
µ-Oxo Diferric Complex.Previous studies have demonstrated
that ‚OH can be produced from the reaction of H2O2 with
Fe(III) complexes (33-36) so the possibility that this
chemistry also occurs in HuHF was explored. The reaction
of H2O2 with the µ-oxo diferric complex of the ferroxidase
site was first examined. A series of 12-96 Fe(II)/protein
was added aerobically to 4.0µM apoHuHF in 0.1 M Mops,
pH 7.0, and allowed to oxidize for 2 min followed by the
addition of 25 mM EMPO and 800µM H2O2. For thee48
Fe(II)/HuHF sample, 2 min is sufficient time for the complete
formation of theµ-oxo diferric complex but not too long
that it clears from the ferroxidase site (15). The hydroxyl
radical adduct of EMPO was detected. A plot of the EPR
amplitude of the EMPO-OH adduct as a function of the
Fe(III)/apoHuHF ratio is shown in Figure 4. As the ratio of
Fe(III) to apoHuHF increases, the EPR amplitude also
increases, reaching a maximum at∼48 Fe(III)/protein
addition, suggesting that‚OH is produced from the reaction
of H2O2 with iron at the 24 ferroxidase sites of the protein.

FIGURE 1: EPR signal amplitude of EMPO-OH as a function of
Fe(II)/apoHuHF ratio upon Fe(II) oxidation by O2. Each point
represents a separate sample. Conditions: 1.0µM apoHuHF, 35
mM EMPO, 50-1000µM FeSO4, 100 mM Mops, pH 7.0, 25°C,
100% O2 atmosphere. Inset: EPR signal intensity versus EMPO
concentration. Conditions: 1.6µM apoHuHF, 5-25 mM EMPO,
320 µM FeSO4, in 100 mM Mops, pH 7.0, room temperature,
100% O2.

FIGURE 2: Dependence of the EMPO-OH EPR spectrum on pH.
Hydroxyl radical was generated by the Fenton reaction. Condi-
tions: 48µM FeSO4, 25 mM EMPO, 150µM H2O2 in 50 mM
MES, pH 6.0, or 50 mM Mops, pH 7.0 or 8.0.
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At 48 Fe/HuHF, the maximum EPR signal corresponds to
only ∼0.5% of the added iron. At higher Fe(II) loading of
the protein, the EPR amplitude decreases presumably because
at 2 min no Fe(III) remains at the ferroxidase site and is
virtually all present in the core, as previously demonstrated
by kinetic studies (14). This result suggests that H2O2 has a
stronger reactivity with theµ-oxo diferric complex than with
the Fe(III) core which is more thermodynamically stable.

Production of‚OH from the Reaction of the “Young” Fe-
(III) Core with H2O2. To determine whether‚OH is also
formed from the reaction of H2O2 with the Fe(III) core, 1000
µM H2O2 was added directly to 1.6µM holoHuHF samples
freshly prepared from Fe(II) and apoHuHF by air oxidation
overnight and containing an Fe(III)/protein ratio ranging from
50 to 1000. Significantly, an EPR signal from EMPO-OH
was again observed. The EPR signal of the adduct as a

function of the iron content of the protein is shown in Figure
5 where a maximum is again observed at 200 Fe(III)/HuHF
as in Figure 1. This unexpected result prompted us to
examine the reactivity of H2O2 with hydrous ferric oxide in
the absence of protein. In this experiment H2O2 was added
to a fine precipitate of freshly prepared Fe(O)OH(s) (see
Materials and Methods). An EPR signal from the EMPO-
OH adduct was once more obtained (Figure 6, spectrum e).
However, hydroxyl radical was not detected with EMPO
upon the addition of H2O2 to holoferritins containing cores
of 250-350 Fe(III) which were over 1 month old (data not
shown).

Figure 7 shows the effect of catalase and superoxide
dismutase on hydroxyl radical formation upon addition of
H2O2 to freshly prepared ferritin containing 200 Fe(III)/
HuHF. Spectrum a is the result of the control experiment in
the absence of either enzyme for the addition sequence
ferritin + EMPO+ H2O2. No attenuation of the EPR signal
was observed when SOD is included in the reaction mixture
with the addition sequence ferritin+ EMPO+ SOD+ H2O2

(curve b), suggesting either that superoxide is not produced
[and hence not present to reduce the Fe(III) of the core] or
that the SOD does not gain access to O2‚- generated inside
the protein cavity. The latter interpretation is the more likely

FIGURE 3: X-band EPR signal of the EMPO-OH adduct in the
presence and absence of HuHF or HuLF. Panel A: spectrum a,
anaerobic addition sequence EMPO+ Fe(II) + H2O2; spectrum b,
anaerobic addition sequence BSA+ EMPO + Fe(II) + H2O2;
spectrum c, anaerobic addition sequence apo-mutant 222+ EMPO
+ Fe(II) + H2O2; spectrum d, anaerobic addition sequence
apoHuLF + EMPO + Fe(II) + H2O2; spectrum e, anaerobic
addition sequence apoHuHF+ EMPO + Fe(II) + H2O2. Condi-
tions: 2.0 µM apoHuHF or BSA or apo-mutant 222 (E62K+
H65G) or apoHuLF, 25 mM EMPO, 48µM FeSO4, 150µM H2O2,
20 mM Mops, pH 7.0, room temperature. Panel B:, spectrum a,
anaerobic addition sequence DEPMPO+ Fe(II) + H2O2; spectrum
b, anaerobic addition sequence BSA+ DEPMPO+ Fe(II) + H2O2;
spectrum c, anaerobic addition sequence apo-mutant 222+
DEPMPO + Fe(II) + H2O2; spectrum d, anaerobic addition
sequence apoHuLF+ DEPMPO + Fe(II) + H2O2; spectrum e,
anaerobic addition sequence apoHuHF+ DEPMPO+ Fe(II) +
H2O2. Conditions: 2.0µM apoHuHF or BSA or apo-mutant 222
or apoHuLF, 25 mM DEPMPO, 48µM FeSO4, 150µM H2O2, 20
mM Mops, pH 7.0, room temperature.

FIGURE 4: EPR signal amplitude of EMPO-OH as a function of
the Fe(III)/apoHuHF ratio. Each point represents a separate sample
where the Fe(II) was first oxidized aerobically followed by the
addition of H2O2 2 min later. Conditions: 4.0µM apoHuHF, 25
mM EMPO, 48-384µM FeSO4, 800µM H2O2, 0.1 M Mops, pH
7.0, room temperature.

FIGURE 5: EPR signal amplitude of EMPO-OH as a function of
the Fe(III)/apoHuHF ratio for freshly prepared cores. Each point
represents a separate sample. Conditions: 1.6µM apoHuHF, 80-
1600 µM FeSO4, 25 mM EMPO, 1000µM H2O2, 0.1 M Mops,
pH 7.0, room temperature.
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one since the presence of SOD consistently caused a 25%
reduction in the amount of EMPO-OH formed when H2O2

was added to freshly precipitated Fe(O)OH(s) in 50 mM MES,
pH 6.5, employing the addition sequence 400µM or 1 mM
Fe(III) + 25 mM EMPO+ 125 or 312 units/mL SOD+ 1
mM H2O2 (data not shown). As anticipated, no EMPO-OH
spin-trap adduct was observed when catalase, which dispro-
portionates H2O2, was present for the addition sequence
ferritin + EMPO + catalase+ H2O2 (Figure 7, curve c).

Experiments were also conducted to look for measurable
reduction of Fe(III) by H2O2. A sample of 20µM HuHF
freshly loaded with 80057Fe(III)/HuHF was treated anaero-
bically with 16.4 mM H2O2 for 1.5 min and then frozen for
Mössbauer measurement. The Mo¨ssbauer spectrum showed
only spectral lines from the Fe(III) core and no features from
Fe(II). The colorimetric ferrous ion chelator 1,10-phenan-
throline was then used to detect the formation of Fe(II). A
slow rate of Fe(III) reduction over a period of 30 min,
corresponding to∼1% of the iron, was observed when 3
mM 1,10-phenanthroline is added anaerobically to 2µM

HuHF [500 Fe(III)/HuHF] in 0.1 M Mops, pH 7, in the
absence of H2O2. In the presence of 1 mM H2O2, the rate
was retarded by 8%, not enhanced. Since in this experiment
the protein itself is the likely source of reducing equivalents,
e.g., cysteine residues, and since 1,10-phenanthroline is a
preferential Fe(II) chelator that will favor Fe(III) reduction,
an anaerobic experiment was carried out using freshly
precipitated Fe(O)OHs without protein. In this instance, no
Fe(II) reduction was observed in either the presence or
absence of H2O2. Thus none of the above experiments
provided evidence for significant Fe(III) reduction by H2O2,
a result consistent with the low levels of‚OH radical
observed.

Detection of Hydroxyl Radical during Fe(II) Oxidation in
Human L-Chain Ferritin.Since H2O2 is also formed during
Fe(II) oxidation and deposition in HuLF (4), a series of spin-
trapping experiments were carried out to look for the
production of‚OH in this protein. Different amounts of Fe-
(II) were added to 2.7µM apoHuLF containing EMPO in
0.1 M Mops, pH 7.0. The results are shown in Figure 6
(spectra a-d). The EMPO-OH adduct was formed upon
addition of 50 Fe(II)/HuLF (spectrum a), corresponding to
only ∼0.13% of the Fe(II) oxidized but declining to∼0.04%
at 100 Fe(II)/HuLF (spectrum b). No EMPO-OH adduct
was observed at 350 or 500 Fe(II)/HuLF (spectra c and d).
Thus the production of‚OH depends markedly on the Fe-
(II)/protein ratio, decreasing with formation of larger cores
as the Fe(II)/O2 stoichiometry approaches 4:1 (4).

DISCUSSION

The present work shows that H-chain ferritin greatly
attenuates‚OH radical generation from the Fenton reaction
and that the ferroxidase site is responsible for this activity
(Figure 3). Such a finding could not be predicted a priori on
the basis of an observed Fe(II)/H2O2 oxidation stoichiometry
of 2:1 alone (4). An ∼2:1 Fe(II)/H2O2 stoichiometry has also
been observed with mitochondrial ferritin (37) and egg
albumin (38), but neither of these proteins is capable of
affecting the amount of‚OH radical generated relative to
controls. This is presumably because two one-electron Fe-
(II) oxidation steps are involved in these proteins (37, 38)
whereas a concerted (or nearly so) two-electron oxidation
seems to occur in HuHF. Since mitochondrial ferritin and
HuHF have similar ferroxidase sites, the reason for this
difference is unclear. These findings emphasize the impor-
tance of carrying out quantitative spin-trapping experiments
to measure hydroxyl radical produced via Fenton chemistry
in order to establish whether a particular protein affords
protection against oxidative stress.

The marked attenuation of‚OH radical production in the
presence of HuHF shown in Figure 3 (curves e) is in accord
with in vivo assays of H2O2 toxicity (19, 20) and DNA
damage (21) whereby the wild-type HuHF clones of HeLa,
astrocytoma tumor, and erythroid cells are resistive to H2O2-
induced stress whereas the ferroxidase site mutant 222 and
HuLF clones are not. Thus the in vitro measurements of
hydroxyl radical production reported here correlate very well
with the results of in vivo studies and indicate that the
presence of a functional H-chain ferroxidase site is required
for detoxification of Fe(II) and H2O2. In this respect, HuHF
exhibits properties similar to those of bacterial Dps proteins

FIGURE 6: X-band EPR signal as an EMPO adduct in the presence
of HuLF plus a different amount of Fe(II): (a) apoHuLF+ 50
Fe(II)/HuHF; (b) apoHuLF+ 100 Fe(II)/HuHF; (c) apoHuLF+
350 Fe(II)/HuHF; (d) apoHuLF+ 500 Fe(II)/HuHF. Conditions:
2.7 µM apoHuLF, 25 mM EMPO, 135-1350µM FeSO4, in 100
mM Mops, pH 7.0, room temperature. (e) FeCl3 + EMPO+ H2O2.
Conditions: 400µM FeSO4, 25 mM EMPO, 1000µM H2O2, in
100 mM Mops, pH 7.0 or pH 7.0 controlled by pH stat, 25°C.

FIGURE 7: X-band EPR spectra of the EMPO-OH adduct formed
from the reaction of the iron core of HuHF with H2O2 in the absence
and presence of SOD and catalase. Spectrum: (a) 200 Fe(III)/protein
core+ EMPO + H2O2; (b) 200 Fe(III)/protein core+ EMPO +
SOD+ H2O2; (c) 200 Fe(III)/protein core+ EMPO+ catalase+
H2O2. Conditions: 2.0µM apoHuHF, 200 Fe(III)/protein [which
were prepared by adding 200 Fe(II) aerobically to apoHuHF
followed by standing overnight], 25 mM EMPO, 120 units mL-1

superoxide dismutase, 325 units mL-1 catalase, 1000µM H2O2,
50 mM Mops, pH 7.0, room temperature.
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that protect DNA from oxidative damage (29, 30, 32) and
of bacterioferritin EcBFR (16). Presumably, the dinuclear
ferroxidase sites of all of these proteins facilitate the pairwise
oxidation of Fe2+ by H2O2, thus avoiding the odd electron
oxidation associated with Fenton chemistry.

The concentration of‚OH produced in HuHF from the
reaction of H2O2 with the Fe(III) core reaches a maximum
at 200 Fe(II)/HuHF addition (Figure 5), corresponding to
only ∼1% of the total Fe(II) oxidized and much less at other
iron loadings of the protein. Similar results are seen with
O2 as the oxidant (Figure 1). A plot of Fe(II)/O2 oxidation
stoichiometry versus Fe(II)/HuHF has been previously shown
to have a discontinuity at∼200 Fe added and Fe(II)/O2
stoichiometries of 2.5-2.8, consistent with the presence of
some partially reduced oxygen species as observed here. Thus
an∼200 Fe/HuHF stoichiometry is observed in a variety of
experiments. It appears to be related to the minimum core
size for the mineral surface reaction to occur where O2 is
reduced completely to H2O (4).

The production of the small amount of hydroxyl radical
during Fe(II) oxidation by O2 or H2O2 shown in Figures 1,
4, and 5 could be due to a small fraction of the iron not
oxidized at the ferroxidase site that undergoes the Fenton
reaction. However, examination of the data suggests another
possibility. Recent studies have shown that the ferroxidase
sites of HuHF catalyze reaction 1 at all stages of iron loading
of the protein (4, 14). Although the percentage of iron
oxidized by this reaction decreases with increasing incre-
ments of Fe(II) added to the protein, thetotal amount of
H2O2 produced by reaction 1 increases (4). Thus a 500 or
700 Fe(II)/HuHF sample would be expected to produce more
hydroxyl radical than the 200 Fe(II)/HuHF sample if Fenton
chemistry alone were the primary source of hydroxyl radical,
contrary to what is observed here (Figure 1).

What then is the source of‚OH radical? Figure 4 shows
that ‚OH is produced from the reaction of H2O2 with the
µ-oxo diferric complex of the ferroxidase site. The concen-
tration of hydroxyl radical reaches a maximum at 48 Fe-
(III)/protein, representing∼0.5% of the total Fe(III) loading
of protein. However, the plot in Figure 4 exhibits a profile
distinct from the curve for Fe(II) oxidation by O2 (Figure
1), suggesting that the reaction of H2O2 with the µ-oxo
complex of the ferroxidase site is not theprimary pathway
for ‚OH formation during Fe(II) oxidation by O2.

In contrast, the curve in Figure 5 where H2O2 was added
directly to the core containing holoHuHF shows a strikingly
similar profile to the curve in Figure 1, a result suggesting
that the small amount of hydroxyl radical observed primarily
stems from the reaction of H2O2 with Fe(III) of the newly
formed core. A freshly prepared small core of∼200 Fe(III)/
HuHF appears to be optimal for this reaction. Support for
this conclusion comes from the spin concentration measure-
ment showing that the maximum amount of‚OH radical
trapped corresponds to only∼1% of total Fe(III) of the core,
the same as the amount of Fe(II) involved in‚OH formation
during Fe(II) oxidative deposition in HuHF with O2 as the
oxidant (Figure 1). A direct reaction between H2O2 and the
core is further supported by the observation that the EMPO-
OH adduct is also produced by the simple addition of H2O2

to a freshly prepared suspension of Fe(O)OH(s) in the absence
of protein (Figure 6, spectrum e). The lack of‚OH produc-
tion upon addition of H2O2 to aged ferritins (1 month old)

containing 250-350 Fe(III)/protein (Results) may be ascribed
to increased inertness of their mineral phases, perhaps due
to increased size and crystallinity of their cores as they
age.

Hydroxyl radical has been previously reported to form
from the reaction of H2O2 with a variety of Fe(III) complexes
(33, 35, 36, 39) or with free Fe(III) (34). Reaction between
FeCl3 and H2O2 in the absence of ferritin has been shown to
lead to DNA strand breaks (22) and is probably caused by
the same chemistry observed in the present experiments with
ferritin where H2O2 reacts with Fe(III) to produce‚OH
radical. There are two schools of thought on how formation
of ‚OH radical might occur from a reaction between Fe(III)
and H2O2. One proposal is that the iron catalyzes the
disproportionation of H2O2 to form superoxide (O2‚-) and
H2O and in the process goes through a ferryl (FeO2+)
intermediate (36). The O2‚- produced then reduces Fe(III)
to Fe(II) which reacts with H2O2 by the Fenton reaction. In
such instances, SOD inhibits‚OH formation (36). SOD has
no effect on the EMPO-OH adduct formation in ferritin
(Figure 7), possibly because the enzyme is precluded from
the interior of the protein shell where the superoxide is
generated. However, SOD does have an effect on EMPO-
OH formation when H2O2 is added to freshly precipitated
Fe(O)OHs so a reduction mechanism involving O2‚- is a
possibility in ferritin. Superoxide is known to reduce Fe-
(III) of the core of ferritin although the amount of reduction
is limited (40), a result consistent with the limited amount
of ‚OH radical seen with HuHF. In ferritin, one possibility
is that Fe3+ of the core might undergo a series of reactions
as follows, where the iron cycles between oxidation states
+2, +3, and+4 analogous to the mechanism postulated for
the reaction between Fe3+-EDTA and H2O2 (36):

An alternate proposal is that H2O2 directly reduces Fe-
(III) to produce Fe(II) and O2‚-; the Fe(II) then reacts with
H2O2 by the Fenton reaction (34). However, this mechanism
seems to be favored in acidic media where free Fe(III) is
present. Both mechanisms ultimately result in production of
some Fe(II). However, neither Mo¨ssbauer spectroscopy nor
1,10-phenanthroline have provided any direct evidence for
Fe(III) reduction by H2O2 in ferritin at physiological pH (see
Results). If such reduction does occur, it does so at a level
that it is undetectable in our experiments, a result that is
also consistent with the limited amount of‚OH radical
observed with HuHF. A third possibility is that a small
amount of Fe(II) exists in all recently prepared ferritin
samples and is responsible for the observed‚OH radical.
Since the amount of hydroxyl radical generated in H-chain
ferritin is very limited, we did not pursue the mechanism of
its formation any further.

Hydroxyl radical was also detected in HuLF (Figure 6,
spectrum a) in accord with the reported production of H2O2

Fe(core)
3+ + 2H2O2 f FeO(core)

2+ + O2‚
- + H2O + 2H+

FeO(core)
2+ + H2O2 f Fe(core)

3+ + O2‚
- + H2O

Fe(core)
3+ + O2‚

- f Fe(aq)
2+ + O2

Fe(aq)
2+ + H2O2 f Fe(core)

3+ + OH- + ‚OH
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in this protein (4) and its inability to attenuate Fenton
chemistry at low iron loading (Figure 3, curves d). The failure
to show‚OH production in HuLF in a recent paper (24) is
perhaps due to the lower protein concentration (0.22µM)
employed and to the use of a different spin-trapping reagent
(DMPO). Interestingly, no hydroxyl radical is detected upon
high Fe(II) loadings [>350 Fe(II)/HuLF] (Figure 6, spectra
c and d), implying a gradual changeover to a mineral surface
mechanism where O2 is completely reduced to H2O. HuLF
is different from HuHF in that a “young Fe(III) core” in
HuLF does not react with H2O2 at 350 Fe(III)/HuLF or higher
to produce hydroxyl radical (Figure 6, spectra c and d),
consistent with the cores of HuLF having greater crystallinity
and stability than those of HuHF (41).

The reported cleavage of DNA from the longer term
exposure to HuHF observed in in vitro experiments (22)
could arise from‚OH produced from the putative reaction
of H2O2 with the Fe(III) of the core as elaborated here.
Alternatively, it has been noted that the presence of dithio-
threitol (DTT) in ferritin solutions enhances DNA nicking
(22). This reagent will reduce Fe(III) in the core of ferritin
to Fe(II) and thus facilitate Fenton chemistry. The observed
lag time required for the onset of DNA damage is probably
due to the reduction and mobilization of iron from the protein
(22), a process that would be promoted by DTT.

In closing, the spin-trapping data have established that
HuHF attenuates hydroxyl radical formation from the Fenton
reaction and that this property of the protein is likely the
molecular basis for its protective effect on cells under
oxidative stress. An intact ferroxidase site is required for
this detoxification function. The small amount of hydroxyl
radical formed during the oxidative deposition of iron in
ferritin with either O2 or H2O2 as oxidants appears to stem
from the reaction of H2O2 with the Fe(III) core by an
unspecified mechanism rather than from the Fenton reaction
directly.
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