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Abstract

The reaction of horse spleen ferritin (HoSF) with Fe® * at pH 6.5 and 7.5 using O, H,O, and 1:1 a mixture of both showed that the iron
deposition reaction using H,O, is ~ 20- to 50-fold faster than the reaction with O, alone. When H,O, was added during the iron deposition
reaction initiated with O, as oxidant, Fe* * was preferentially oxidized by H,O,, consistent with the above kinetic measurements. Both the O,
and H,0, reactions were well defined from 15 to 40 °C from which activation parameters were determined. The iron deposition reaction was
also studied using O, as oxidant in the presence and absence of catalase using both stopped-flow and pumped-flow measurements. The
presence of catalase decreased the rate of iron deposition by ~ 1.5-fold, and gave slightly smaller absorbance changes than in its absence.
From the rate constants for the O, (0.044 s~ ') and H,0, (0.67 s~ ") iron-deposition reactions at pH 7.5, simulations of steady-state H,O,
concentrations were computed to be 0.45 pM. This low value and reported Fe? /0, values of 2.0—2.5 are consistent with H,0, rapidly
reacting by an alternate but unidentified pathway involving a system component such as the protein shell or the mineral core as previously

postulated [Biochemistry 22 (1983) 876; Biochemistry 40 (2001) 10832].
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Ferritins are a class of biomolecules widely distributed in
nature with spherical, protein structures 12 nm in overall
diameter and interior cavities ~ 8.0 nm in diameter that
control the concentration of the essential iron nutrient by
selectively oxidizing Fe? " and depositing it within their
hollow interiors as a Fe(OH); ferrihydrite mineral core [1—
4]. Arranging 24 identical subunits with 432 symmetry in
bacterial ferritin or 24 similar subunits of two types called H
and L in animal ferritin produces this hollow, near spherical
architecture. Considerable research has focused on elucidat-
ing the mechanism of Fe* " oxidation as catalyzed by apo
ferritins [5—8] and the proposal made that the H subunit has
a ferroxidase center [9,10] that catalytically oxidizes Fe* " to
Fe’ ", which then migrates into the ferritin interior where
hydrolysis and mineral core formation occur. The role of the
L subunit in animal ferritins is less clear but some studies
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suggest [5] its amino acid side chains act as Fe(OH);
nucleation sites on the internal walls of the hollow ferritin
interior.

The reaction between Fe’ " and apo ferritin in the
presence of O, rapidly and specifically forms reconstituted
holo ferritin and has been useful for investigating ferritin
function in vitro. An important question that arises from
such studies is what product forms from O, reduction? This
question has received extensive study and a reported Fe” "/
O, stoichiometry of 4.0 [11] for bacterial ferritins indicates
O, reduction to H,O. The variable stoichiometry of <2.0—
4.0 for the more extensively studied animal ferritins is
proposed to arise from two distinct types of reactivity: (1)
two-electron ferroxidase activity within the H subunit at low
iron loadings (10— 150 Fe? */ferritin) where O, is reduced to
H,0, and (2) four-electron mineral surface catalysis, where
0O, is reduced to H,O under conditions of high iron loading
[6—8,12]. Extensive stoichiometric measurements and the
detection and characterization of a short-lived p-oxo-diferric
peroxo intermediate support [13—16] the view that the
ferroxidase center is the site of H,O, formation. While this
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protein-based Fe? " oxidation mechanism (ferroxidase cen-
ter) and the mineral core surface reaction have provided a
unifying view of iron deposition in animal ferritins, recent
studies have reported some deviations from this predicted
reactivity [17—-19].

The inability to detect free H,O, in solution at low iron
loading [17] prompted a reinvestigation [19] of the ferrox-
idase reaction and a subsequent clarification of ferritin
reactivity. Measured Fe® */O, stoichiometries near 2.0 for
horse spleen ferritin (HoSF) and rHF strongly supported the
formation of H,O,, but direct measurements demonstrated
less than predicted amounts for HoSF (10%) and rHF (30—
50%). To explain these results, an earlier proposal [20] was
invoked, suggesting that H,O, reacts after formation with
the protein shell or the mineral core [19]. That H,O,
quantitatively forms within 25—70 ms in frog M ferritin
was confirmed by rapid freeze-quench measurements [21]
and leaves little doubt of its initial formation during iron
deposition. This study also established that H,O, is rapidly
consumed by a secondary reaction and its concentration
approaches zero when all Fe? " has reacted. These results
add a complication to the proposed functioning of the
ferroxidase center because H,O, does not accumulate [17]
or accumulates to low levels [19] in solution but reacts by an
undefined pathway to form an unidentified protein or
mineral core product [19,20]. Such behavior requires further
examination to better define the reactivity of O, and H,0,
occurring at the ferroxidase center and to gain insights into
the secondary reaction proposed to react with the newly
formed H,0,.

The mechanism attributed to mineral surface catalysis
was recently investigated at iron loadings of 10—400 Fe**/
HoSF and the results suggested that the ferroxidase center
was sufficient to catalyze this amount of iron oxidation
without invoking mineral core catalysis [18]. However, a
related study [22], in addition to previous reports [7,22],
reaffirmed that catalysis occurs on the mineral core surface
of recombinant human liver heavy and light homopolymer
when large aliquots (100—800 Fe/ferritin) of iron are added.
At these higher loadings, ferroxidase, mineral surface catal-
ysis and, importantly, Fe? * oxidation by H,O, formed from
O, reduction all seem to be functional during iron deposi-
tion into ferritins, but the ferroxidase center catalyzes larger
amounts of Fe? " oxidation than previously expected
[18,23].

The results and hypotheses summarized above pose
some important questions about the iron deposition reac-
tion and suggest that further studies of both ferroxidase
and mineral core reactions be extended. The proposed
secondary reaction of H,O, [19,20] is important to eluci-
date to gain a better understanding of the reactivity of the
ferroxidase center itself. The reaction of H,O, in the
secondary reaction must be sufficiently rapid so that little
reaction of H,O, with Fe>" occurs to consistently produce
Fe?*/0, values of 2.0-2.5 and not 4.0. We report here
ongoing stopped-flow kinetic studies of iron deposition

with O, at low iron loadings of 10—30 Fe? */HoSF, where
exclusive ferroxidase reactivity is occurring, and compare
the results with the reaction of iron deposition using H,O,.
HoSF was utilized for initial studies because it is a native
H-L heteropolymer that gives Fe? /O, values near 2.0,
consistent with H,O, reacting quantitatively in a secondary
reaction. The results show that H,O, reacts ~ 20-fold
faster than O, and this reactivity has important kinetic and
stoichiometric implications regarding the production and
subsequent reactivity of H,O, toward the protein and its
mineral core.

1. Materials and methods

Apo and holo horse spleen ferritin (HoSF) were
obtained from Sigma. Apo HoSF was also prepared from
holo HoSF by the thioglycolic acid procedure [24] and its
characteristics and stability described [17,18]. Protein con-
centrations were determined by the Lowry method and
confirmed by the absorbance at 280 nm (£=472,000 M '
cm ") for the 24-mer [19]. The H subunit composition was
estimated at 2—4 H by PAGE gel electrophoresis and 3.7
by the microcoulometric method [25,26]. Iron content of
the apo and reconstituted HoSF ferritins was determined
by reaction with dithionite in the presence of 2,2 -bipyr-
idine (bipy) at 520 nm (¢=8400 M~' cm™ ') or ophen at
511 nm (6=9640 M~" cm™"). Stock solutions of 0.01 M
H,0, were prepared by diluting a concentrated 30%
solution with cold Milli Q water and storing 1.0 ml
portions at —25 °C until needed. The 1.0 ml aliquots
were thawed, diluted and standardized by microcoulometry
just before use. Bovine catalase was obtained from Sigma
at 30 mg/ml with 47,000 units/mg. H,O, was determined
in iron deposition reactions by the Amplex Red method
using a kit supplied by Molecular Probes, Eugene, OR
[17]. Microcoulometry was used to determine H,O, con-
centration as well as determine the total reducibility of
reconstituted HoSF. A Clark O, electrode was used to
measure O, concentrations and determine the Fe? /0O,
ratio during iron deposition into HoSF.

Previous studies reported [19] that thioglycolate was
present (identified by its odor) in commercial apo HoSF,
which could not be removed by extensive dialysis. Both
Sigma apo and apo prepared from Sigma holo by the
thioglycolic acid were dialyzed against or passed through
desalting columns equilibrated with 0.10 M NaCl to remove
sulfur containing buffer components. No odor of thioglyco-
late was present. These samples were analyzed for total sulfur
content by inductively coupled plasma spectrophotometry
and the results were identical to the sulfur content of the horse
light subunit [27], indicating the absence of extraneous sulfur
compounds. To determine if newly formed H,O, reacts with
the protein component, amino acid analysis was conducted
on HoSF before and after 24 consecutive additions of 10
Fe? */addition (10 min between additions).
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Table 1

Rate constants for the reaction of HoSF with O, and H,O, in 0.025 M
Mops, 0.05 M NaCl at the indicated pH values measured by stopped-flow
spectrophotometry

pH 7.5 ki s™h k(s
0, 0.044 + 0.002* 0.0075 + 0.0005
H,0, 0.67 +0.03 0.074 £+ 0.004
pH 6.5
0, 0.017 £ 0.001 0.0022 + 0.0004
H,0, 0.34 + 0.02 NA®

? The uncertainty was estimated from duplicate or triplicate measure-
ments under the same conditions.
® This reaction fits well to a single exponential.

1.1. Kinetic measurements

Iron deposition was conducted at pH 6.5 and 7.5 using
0.05 M Mops, 0.05 M NaCl at ~ 5.0 uM HoSF (Fe/HoSF
10—30) under constant air saturation in the pumped flow
cell previously described [18]. Stopped-flow measurements
of iron deposition with O, in air were conducted at 1.0-5.0
M HoSF at a Fe? “/HoSF ratio of 8—30—using an Applied
Photophysics Sequential SX-18MV Stopped-Flow Reaction
Analyzer. The stopped-flow was contained in a nitrogen-
filled Vacuum Atmospheres glove box with O, levels below
0.1 ppm (Nyad O,-Monitor). A Neslab RTE-111 Refriger-
ated Bath/Circulator controlled the temperature ( + 0.05 C)
of the stopped-flow syringes and optical cell at temperatures
between 10—40 °C. Kinetic measurements of Fe(OH); core
formation at 375 and 305 nm were conducted by mixing
anaerobic HoSF solutions at a selected Fe* "/HoSF ratio
with buffer solutions containing 210 pM O, as measured by
microcoulometry [18]. Identical stopped-flow measure-
ments were also made under the same conditions using
H,0, in place of O,.

Differential equations derived from Schemes 1 and 2 (see
Discussion) and measured rate constants in Table 1 were
integrated forward in time using a fixed interval fourth-order
Runge Kutta scheme with Math Cad. The simulated product
concentrations as a function of time were then transferred to
Micro Soft Excel and the results plotted for visualization.

2. Results
2.1. HoSF kinetic reactions

The reaction of 5.4 pM HoSF with 45.2 pM Fe* * (8.4
Fe? "/HoSF) at pH 7.5 with 105 puM O, (concentration after
mixing)' is shown as the lower curve in Fig. 1. Similar
reactions were observed at 15 Fe”?/HoSF but are not
shown. The rate of Fe(OH); core formation with O, is
complete in <300 s, as previously reported under identical
conditions but obtained by the pumped-flow method [18].

' At the elevation where these experiments were conducted (1631 m)
the O, concentration in saturating air is 210 pM, see footnote 2 in Ref. [18].

The upper two curves show the reaction with 105 pM H,O,,
or 105 pM H,0, and 105 pM O, as oxidants. The rate for
both is nearly identical but is increased ~ 20-fold relative
to the reaction with O,. The presence of O, does not
enhance the rate of the O,—H,0, mixture because H,O,
reacts preferentially. The absorbance change for the slower
reaction with O, reaches the same absorbance as the upper
curves, suggesting that the same mineral core is formed in
all cases.

The reaction was conducted as a function of H,O,
concentration from 100 to 300 uM and the rate increased
linearly from 100 to 220 pM, indicating a first-order
reaction in H,O,. At 250 and 300 uM the rate was no
longer linear indicating the onset of saturation with this
substrate. From these data, a K, for H,O, of ~ 100 uM
was determined, which is comparable to a value for O, of
140 puM previously reported [22].

The selectivity for H,O, reacting with Fe? " was further
investigated at pH 7.5 in Fig. 2 by initially starting the
reaction at 210 pM O, and then midway through the
reaction adding 210 pM H,O,. Consistent with Fig. 1, the
rate of Fe?* deposition is increased by H,O,, which
demonstrates a clear preference for Fe? ™ oxidation by
H,0O, when it is free in solution. The reaction with H,O,
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Fig. 1. The lower curve is a stopped-flow trace for the reaction of Fe> " and
4.5 uM HoSF (Fe® '/HoSF=8.4) in 0.05 M Mops, 0.050 M NaCl pH 7.5
with 210 M O, in the same buffer at 25.0 C. The Fe? ™ and HoSF were
present in one syringe of the stopped-flow and the other syringe contained
210 uM O;, in buffer. The upper curve is for an identical reaction except one
syringe contained 210 uM O, and 210 pM H,0O,. The middle curve is for an
identical reaction except one syringe contained only 210 uM H,0O,.
Identical progress curves were obtained if HoSF and O, were in one syringe
and mixed with Fe? " in anaerobic buffer contained in the other.
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Fig. 2. The lower curve is the reaction of 8.0 pM HoSF in 0.05 M Mops,
0.050 M NaCl pH 7.5 with 80 uM Fe? *. The upper curve is a duplicate of
the lower curve until 210 pM H,O, was added 25 s after the reaction was
initiated. Similar results were obtained at pH 6.5 except the initial reaction
with O, and H,0, is ~ twofold slower.

in Fig. 1 is complete within ~ 10 s, whereas in Fig. 2 the
reaction appears to be slower ( ~ 25 s) with a slow final
drift. A slow final drift is also present in Fig. 1 but is not
apparent because of the narrow time window of presenta-
tion. This slow drift is in part due to a secondary reaction
occurring with both O, and H,0, as oxidants (see below).
Similar reactions were conducted at pH 6.5 (not shown) and
show that the reaction rate with both H,O, and O,
decreases ~ twofold.

After iron deposition was complete with H,O,, HoSF
was centrifuged to remove any precipitated protein or
Fe(OH); (none was found), separated by Sephadex G-25
chromatography and the iron content of HoSF was mea-

sured. In all cases, >95% of the added iron was found in
the HoSF fraction, indicating that H,O, specifically oxi-
dized all added iron to form the Fe(OH); mineral core.
Both apo and reconstituted holo HoSF (30 and 100 Fe/
HoSF) at 5.0 pM were reacted for 1 h with 100 uM H,0,
and a 15% and a 23% decrease in H,O, concentration was
measured, respectively, relative to a buffer control. These
results are similar to previous measurements [17,23] indi-
cating that little reaction of H,O, occurs with either
protein.

Attempts were made to fit the lower curve in Fig. 1 to a
first-order reaction but, it was best fit to two exponentials,
with k; (0.044 s™') about ~ six times faster than k,
(0.0075 s~ ). These results are in agreement with indepen-
dent measurements conducted under identical conditions
using an optical flow cell [18]. Analysis of the H,O,
reactions, showed that two exponentials also were required
with k; (0.67 s™') ~ nine times faster than k, (0.074 s ).
Two reactions describe both the O, and the H,O, oxida-
tion reactions with each set of rate constants differing by a
factor of 6—9. However, the reactions with H,O, increased
each rate constant ~ 20-fold depending on pH relative to
the corresponding reactions with O,. Table 1 gives the rate
constants determined for HoSF iron deposition reaction.

2.2. Temperature

Fig. 3 shows a series of progress curves at different
temperatures for the iron deposition reaction with O,. A
similar set of reactions was observed using H,O, and as
shown in the inset is ~ 20-fold faster than with O,. Two
reactions were required to fit the progress curves for each
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Fig. 3. The reaction of 5.4 uM HoSF with 210 uM O, at a Fe? "/HoSF ratio of 15 in 0.050 M Mops, 0.050 M NaCl pH 7.5 at 15, 20, 25 and 35 °C (bottom to
top). The inset shows the same reaction except with H,O, under the same conditions.
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Fig. 4. The Arrhenius plot of the data in Fig. 3 for O,. The upper line
corresponds to the faster reaction (ki) and the lower line to the slower
reaction (k).

oxidant at each temperature. Fig. 4 shows the Arrhenius
plot for the iron deposition reaction conducted with O, and
Table 2 summarizes the activation parameters for both the
0O, and H,0, reactions. Uniform activation energies were
obtained over the 10-40 °C interval, indicating that the
two-reaction fit for each oxidant represents the reactivity
well.

2.3. pH effects

The iron deposition reaction with O, at pH values of 6.5,
6.75, and 7.5 are shown in Fig. 5. The rate increases with
increasing pH for both O, and H,O, and the final absor-
bance is similar in all cases, indicating that a common
mineral core is formed. Two first-order rate constants are
required to fit the progress curves at each pH but the
contribution of each reaction to the total changes with pH.
The reaction at pH 6.5 is slowest because the reaction with
the smaller rate constant (k) makes a larger contribution to
the total rate. The reaction is faster at pH 7.5 because the
faster rate constant (k;) is more dominant.

2.4. Catalase reaction

Catalase [5—8] changes the Fe? /O, stoichiometry at low
iron loading from values of ~ 2.0 to ~ 4.0. The explana-
tion is that H,O, initially formed was decomposed by
catalase (H,O,=1/2 O,+H,0) and the resulting O,
recycles to oxidize more Fe? " yielding Fe® /O, values of
~ 4.0.

Table 2
Activation parameters for the iron deposition reaction at pH 7.5 using O,
and H,0, as oxidants

E, (kJ/mol)

AH* (kJ/mol) AS* (kJ/K mol)

O, reaction

ky 50.6 £2.5 48.1+2.5 —104+9.6

k> 733+43 70.8+4.3 —512+63
H,0, reaction

ki 16.8 £ 1.8 143+25 — 194+ 12.6

k> 122 +3.5 9.7+13 —223+16.3

0.06+

Absorbance at 375 nm

T 1
0 500 1000
time/s

Fig. 5. The variation in rate of Fe? * oxidation with pH is shown using O, as
oxidant at pH 6.5, 6.75 and 7.5, bottom to top. The buffers were 0.05 M
Mops, 0.050 M NaCl at the indicated pH values and all reactions were
conducted by stopped-flow spectrophotometry. The HoSF concentration
was 5.0 pM at a Fe? "/HoSF ratio of 15 for all experiments.

Stopped-flow measurements at pH 7.5 for oxidation of
10 Fe? */HoSF with O, were conducted in the presence and
absence of catalase (see inset in Fig. 6). The rate is slightly
slower in the presence of catalase producing a slightly lower
absorbance ( ~ 5—10). Fig. 1 (and the inset to Fig. 6) only
shows the kinetic effects of a single addition of 8—15 Fe/
HoSF because sequential additions to the same sample are
not readily conducted. Fig. 6 compares five sequential
additions of 15 Fe? "/HoSF in the presence and absence of
catalase using the pumped-flow method. Consistent with the
stopped-flow results, catalase causes a minor decrease in the
rate of iron deposition for the first reaction but decreases
subsequent reactions by a factor of 1.5. The absorbance
change for the first step in the presence and absence of
catalase is similar but becomes smaller in the presence of
catalase than in its absence for additions 2—5. Fe®'/0O,
values of ~ 3.5 and ~ 2.5 were measured for all reaction
steps in Fig. 6 in the presence and absence of catalase,
respectively. The slowing of the reaction, a Fe? */O, value
near 3.5 in the presence and a value of 2.5 in its absence
suggest that catalase prevents a competing, but undefined,
reaction from occurring. This occurs presumably by rapid
destruction of H,O, by catalase before the competing
reaction can utilize H,O, or by catalase inhibiting the
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Fig. 6. The sequential addition of 10 Fe* /HoSF was conducted in the presence (lower light line) and absence of catalase (upper dark line) at pH 7.5 in the
pumped-flow cell. The HoSF and Fe? * concentrations were 5.0 and 50 pM, respectively in 0.05 M Mops, 0.050 M NaCl pH 7.5 and the temperature was 25
°C. The inset shows stopped-flow traces for the reaction of 81 uM Fe? " and 5.4 pM HoSF with 210 uM O, in 0.05 M Mops, 0.050 M NaCl pH 7.5 in the

presence (upper curve) and absence (lower curve) of 2.1 uM catalase.

secondary reaction in some other way. The smaller rate
decrease by catalase for the first step agrees with previous
results [18] showing that the first 10—30 Fe/HoSF has
distinct optical, kinetic, pH and HoSF mobility properties
and represents formation of a distinct species than that
formed by later Fe>* oxidation steps.

3. Discussion

Iron deposition with either O, or H,O, as oxidant
consists of two apparent first order reactions whose rates
differs by a factor of 6—9 [18]. However, for H,O,, the iron
deposition reaction is >20 times faster (depending on pH)
than the reaction with O,. Rapid Fe? " oxidation by H,0,
was predicted thermodynamically and previously observed
[17,29]. When the reaction is conducted at different temper-
atures, Fig. 4 shows that the two-reaction behavior persists,
is well defined and allows the determination of the activa-
tion energy for both reactions for each oxidant (Table 2). E,,
AH™T and AS® values of 36.3, 34.2 kJ/mol and — 108 J/mol
K were recently measured for iron deposition in HoSF
assuming a single reaction [6] and are similar to the results
in Table 1 except the reaction reported here was resolved
into two separate reactions.

This two-reaction behavior is also apparent with pH
variation. The rate constants remain invariant but the rela-
tive contributions they make to the overall reaction rate
varies with pH (Fig. 5). At low pH the slower (k,) reaction is
most significant while at high pH the faster (k;) reaction
becomes dominant. This two-reaction behavior was previ-
ously described [18] and the suggestion made that the faster

reaction is H-subunit catalyzed iron deposition and the
second and slower reaction corresponded to iron oxidation
catalyzed by the L-subunit [18]. The reaction with O, is
characterized by large enthalpies of activation and negative
entropies of activation, whereas, the reaction with H,O,
occurs with much smaller activation enthalpies and negative
entropies twice the magnitude of the O, reaction.

With either O, or H,O, as oxidant, all added iron is
deposited into the HoSF interior but with H,O, the overall
rate of the iron deposition reaction is increased by a factor
of ~ 20 at pH 7.5 compared to the O, reaction. This
observation has important consequences in understanding
the Fe? /O, stoichiometry of ~ 2.0 measured by various
groups [5—8] between pH 6.5 and 7.5 and at low iron
loadings of 10—150. These extensive stoichiometric results
suggest that H,O, is a reaction product of O, reduction but
only trace [17] to low levels have been actually observed
[19,20]. To explain the absence of H,O, formation, it was
proposed [19,20] that H,O, initially forms but rapidly reacts
with a system component (the protein shell or the mineral
core) in some unspecified manner, although a number of
specific reactions were previously considered and viewed
unlikely [17]. This proposed reactivity of H,O, is important
to elucidate because if the protein shell is the locus of H,O,
reactivity, the cumulative effect of multiple Fe* * additions
at low Fe/HoSF levels could lead to extensive and irrepa-
rable damage to the protein structure and alter catalytic
function. However, this was not observed in the present
study for 24 consecutive additions because the amino acid
analysis on this protein did not show significant variation
relative to unreacted HoSF, making the protein shell an
unlikely site for reaction. If the mineral core is the locus of
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Fig. 7. Simulated H,0O, production as a function of time, assuming Scheme
1 and the rate constants of 0.044 and 0.67 s~ ' for iron deposition using O,
and H,O, as oxidants, respectively. Initial conditions were the O,
concentration held constant at 210 uM, HoSF concentration 5.0 uM, and
Fe? ™ concentration is 50 pM.

the H,O, reactivity, then reconstituted mineral core might
have properties different than the native core.

The present study was undertaken to compare the kinetic
behavior of iron deposition using both O, and H,O, as
oxidants to better characterize the iron deposition reaction
with H,O,. From these results, simulations were run to test
possible reaction schemes that may illuminate how H,0, is
formed and is consumed.

Scheme 1 is a useful starting point to evaluate the fate of
H,0,. For reactions (1) and (2), we assume that H,O, is
formed and immediately reacts with excess Fe* " to form
mineral core as shown by reaction (2).

While Scheme 1 is consistent with the kinetic results in
Figs. 1 and 2, it cannot be correct because reaction (3)
predicts a Fe? */0, stoichiometry of 4.0 and not 2.0—2.5, as
measured.

Scheme 1 was, nevertheless, further evaluated as shown
in Fig. 7, which is a simulation of H,O, formation as a
function of time using the measured rate constants at pH 7.5
obtained from Fig. 1 at 210 uM O,. This figure shows that
H,0, initially begins at zero concentration when Fe® " is
added, builds to a maximum level near 0.90 uM and remains
constant with time after all Fe* " is finally oxidized at ~ 5.0s.
Fig. 7 makes three predictions that are inconsistent with
experimental observation. The first is that H,O, reaches a
maximum concentration of 0.90 uM at 1.0 s and remains
constant. The second is that Fe* " is depleted [or Fe(OH); is
formed] faster than experimentally observed in Fig. 1. The
third is the Fe® /O, stoichiometry is 4.0 and not the
measured value of 2.0—2.5. That H,0, is predicted to be

2Fe*" + 03+ 6 H)0 > 2 Fe(OH)3+ Hy0, + 4H" 1)
2Fe* + Hy0y + 4 HyO > 2 Fe(OH); +4 H' @)
4Fe*"+ 02+ 10 HoO > 4Fe(OH); + 8 H' 3)

Scheme 1.

2Fe?*+ 02+ 6 H)O > 2 Fe(OH); + Ho0, +4HY  (4)

2X + Hy0, > 2XOH )

2Fe* + 05+ 2X + 6H20 — 2 Fe(OH)3 + 2XOH + 4H" (6)

Scheme 2.

present at the end of the reaction, although Fe® * reacts much
faster with H,O, than with O, is a consequence of a
concentration differential. O, remains constant at 210 pM
whereas H,O, is produced only at <1.0 uM concentrations
and this low H,O, concentration keeps the rate for this
reaction lower than that with competing O, which is 20-fold
slower but ~ 200 times higher in concentration. Scheme 1
does not represent the observed reactivity but the conclu-
sions arrived at are useful because they support the proposal
[19,20] of a secondary reaction, which rapidly consumes all
H,0, and not the results shown in Fig. 7. This secondary
reaction must occur more rapidly (>10 times) than reaction
(2), diverts all H,O, into the secondary reaction, causes the
Fe? “/0, stoichiometry to be 2.0-2.5 and decreases H,O,
production below its detection level.

Scheme 2 is a modified version of Scheme 1, formed by
replacing reaction (2) with reaction (5) in which X is the
unidentified system component previously postulated
[19,20]. Reaction (5) is used only as an illustration to
discuss the kinetic and stoichiometric consequences of X
reacting with newly formed H,O, because the actual reac-
tant is not known [19,20].

The predicted Fe? /0, and H'/Fe** stoichiometries for
reaction (6) are both 2.0 in agreement with previous
measurements” [7]. Stoichiometries near 2.0 require that
reaction (5) must be >10-fold faster than reaction (2), so that
it out competes reaction (2). Reaction (2) is already ~ 20
times faster than reaction (1), so reaction (5) is a rapid
reaction with a rate constant of ~ 6.7 s~ .

Fig. 8 describes simulated reactivity for Fe* * oxidation at
constant O, concentration of 210 uM at pH 7.5, assuming
that H,O, immediately reacts with solution component X in
preference to Fe’*. What is apparent is that the Fe®"*
concentration reaches zero [or Fe(OH); reaches a maxi-
mum] at ~ 180 s (see inset), in close agreement with the
results in Figs. 1 and 2. The concentration of X decreases (or
XOH increases to a maximum) also within ~ 180 s and is
correlated with the corresponding iron species (this result is
not shown). The H,O, concentration starts at zero, builds
rapidly to a maximum of ~ 045 uM at ~ 1.0 s, and
remains relatively constant for ~ 5—10 s before it declines
to zero at 100 s. The maximum predicted steady-state
concentration of H,O, is just above the detection limit for

2 All oxo transfer reactions leading to aldehydes, ketones, alcohols,
acids, N-oxides and peroxo compounds are consistent with reaction (5).
Reactions such as X+H,0,+H =XOH+H,0 give H/O, of 3.0 and
H'/Fe? *of 1.5, not the measured values of 4.0 and 2.0.
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Fig. 8. Simulated H,O, production assuming Scheme 2 as a function of time using the rate constants in Fig. 7 and assuming the rate constant for reaction (5) is

6.7 s~ The initial conditions were as in Fig. 7.

Amplex Red (0.18—0.25 uM) [17,19] at 1-10 s and falls to
zero. This behavior explains why Lindsay et al. [17] were
not able to measure H,O, during the iron deposition
reaction with HoSF when the reaction was sampled 10—
30 s after Fe® " addition.

By including Amplex Red into the iron deposition
mixture, H,O, was measured with HoSF at ~ 10% of the
expected amount and could represent H,O, formation [19]
as predicted in Fig. 8. However, care must be exercised in
interpreting H,O, formation by this procedure because
Amplex Red reacts with Fe? " giving a false positive
H,0, response as previously reported [17].

Direct oximetric measurements [8,19] report Fe* /0,
values near 2.0 and a slow release of O, after iron
deposition is concluded, which was attributed to decom-
position of H,O, by inherent catalase activity. If catalase is
added immediately following iron deposition, measurable
O, is released from HoSF and up to 50% of the O,
initially consumed is released in recombinant H ferritins
[8,23]. These oximetry measurements are curious and
appear inconsistent with the results in Fig. 8 based on
the postulate that H,O, is totally consumed by reaction
(5). Complete reaction of H,O, by reaction (5) to give a
Fe? “/O, ratio of ~ 2.0 and the release of O, upon addition
of catalase seem mutually exclusive unless peroxo species
other than H,O, may be responsible for O, release. The
presence of such a species was deemed unlikely from
previous results [17].

Details of reaction (5) remain elusive even after extensive
study. Fe? */0, stoichiometries near 2.0 have been observed
using native ferritins, and recombinant H ferritins from
human liver and bullfrog [5—8]. A value near 2.0 was also

reported using recombinant human L ferritin [23]. The
ferroxidase center in animal ferritins is the presumed site
of H,O, formation, which should then be consumed by
reaction (5). However, stoichiometric studies using animal
ferritins composed solely of H subunits containing the
ferroxidase center, native ferritins composed of both H
and L subunits, recombinant L ferritin devoid of the
ferroxidase center and H ferritins with the ferroxidase
centers removed have not clarified the identity of X asso-
ciated with reaction (5). Surprisingly, values of 4.0 have
been reported for Escherichia coli ferritin [11], a 12-subunit
ferritin from Listeria innocua [28] and with Azotobacter
vinelandii bacterial ferritin (unpublished observations). The
nature of the reaction represented by reaction (5) becomes
all the more important in understanding the HoSF iron
deposition reaction and is being examined using recombi-
nant H and L ferritins.

In other experiments, reported both here and previously
[17], it was found that H>O, does not react with apo or holo
HoSF (containing 20—100 Fe) at a rate comparable to
reaction (2) or (5). This same result was reported indepen-
dently [19,20,23]. When H,0, is added to either apo or holo
HoSF, its concentration only slowly declines over a period
of minutes or hours, apparently due to weak inherent
catalase activity, and not milliseconds required by reaction
(5). This result makes unlikely the view [19] that reaction
(5) represents released H,O, reacting with the protein shell
or the mineral core. However, these experiments do not
preclude the possibility that H,O, is produced and reacts
locally in a manner not possible by externally added H,O,
but the following discussion makes this possibility seem
unlikely.
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For 24 additions of 10 Fe® */HoSF reported previously
[17] and here, where the ferroxidase center is catalyzing all
Fe? " oxidation, all additions gave identical rates and stoi-
chiometric values of ~ 2.5 Fe?1/0,, indicating that reac-
tion (5) was the dominant H,O,-consuming reaction. These
results demonstrate that 240 Fe* were incrementally oxi-
dized, 120 H,O, were formed and reacted according to
reaction (5), yet the protein reactivity was not diminished. If
120 H,0, react locally with the protein shell, considerable
protein inactivation would be expected but protein activity
remained constant. This suggests that the protein shell is not
the site of H,O, reactivity, a conclusion supported by amino
acid analysis, which showed no change in the amino acid
composition.

The use of catalase has been important in establishing
that H,O, is formed free in solution [5—8,11] by showing
that the Fe? /O, stoichiometry changes from ~ 2.0 in its
absence to 4.0 in its presence. When H,0, is initially
produced it is presumably decomposed by catalase to O,,
preventing reaction (5) from occurring, and allowing the
released O, to recycle. This sequence of reactions predicts
that the rate of Fe? " oxidation will be independent of the
presence or absence of catalase because reaction (5) is much
faster than rate-limiting reaction (1) and reaction (5) is
responsible for Fe? /O, stoichiometries <4.0. Fig. 6 shows
this is the case except for the first addition, which is slowed
by catalase. The reason is not known but is consistent with
other behavior showing that the first addition of Fe?* to apo
HoSF is distinct from behavior for later additions [18].
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