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ABSTRACT: A detailed study of the kinetics of iron(II) oxidation by molecular oxygen in natural and
recombinant human apoferritins has been carried out using electrode oximetry to better understand the
ferroxidase activity of the protein shell. A comparative study of recombinant L-chain ferritin (rLF),
recombinant H-chain ferritin (rHF), and variants has shown that (1) rLF lacks a ferroxidase activity,
confirming the results of previous studies; (2) the ferroxidase site of rHF involves Glu-62 and His-635,
presumably as Fe?* ligands, since mutation of these residues abolishes most of the oxidase activity, in
agreement with previous studies; and (3) mutation of both the putative ferroxidase and nucleation site
ligands in rHF renders the protein totally incapable of catalyzing the oxidation of Fe?* whereas mutation
of nucleation site ligands alone (Glu-61, Glu-64, and Glu-67) decreases the activity only slightly. Analysis
of the kinetics of rHF and natural human liver ferritin (HLF) (4% H-chain, 96% L-chain) gave the following
apparent parameters at pH 7: Kp o0, = 6 £ 2 uM, Knr. = 80 £ 10 uM, and k¢ = 201 * 14 min~! for rHF
and Ko, = 60 £ 12 uM, Knr. = 50 & 10 uM, and kc,e = 31.2 £ 0.6 min~! for HLF. Furthermore, Zn?*
was shown to be a noncompetitive inhibitor of Fe?* oxidation in rHF but a mixed inhibitor in HLF. These
different forms of Zn?* inhibition in the two proteins and the higher activity of HLF than expected, based
on its H-chain composition as well as differences in their enzyme kinetic parameters, suggest that H- and
L-chains cooperate in modulating the ferroxidase activity of the apoferritin even though the L-subunit lacks

a ferroxidase site itself.

Ferritin, the iron storage protein, is present in all eukaryotic
cells. Ferritins serve to detoxify and store cellular iron in a
biologically available form for use by the cell (Harrison et al.,
1991; Theil, 1987, 1989). The protein shell is composed of
24 subunits of two major types, H (heavy) and L (light),
designated according to small differences in their relative
mobilities on SDS-PAGE! (Arosioet al., 1978). The subunits
assemble to form a central cavity in which variable amounts
of iron are deposited in a crystalline form similar to the hydrous
ferric oxide mineral ferrihydrite (Harrison et al., 1991).

Ferritin can be reconstituted in vitro by mixing apoferritin
with Fe2* in the presence of molecular oxygen. Studies of
horse spleen ferritin (HoSF) have shown that the protein not
only functions as a reservoir for iron but also facilitates iron(IT)
oxidation during iron uptake by the protein (Macara et al.,
1972; Bakker & Boyer, 1986; Bryce & Crichton, 1973;
Baumingeretal., 1991). Recent kineticstudies have revealed
that horse spleen ferritin is a true enzyme, exhibiting
ferroxidase activity which is characterized by saturation
kinetics with respect to the substrates Fe2* and O, and first-
order kinetics with respect to the protein (Sun & Chasteen,
1992). The protein catalyzes reaction 1, in which hydrogen
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peroxide is the principal product of dioxygen reduction (Xu
& Chasteen, 1991).

2Fe’* + 0, + 4H,0 — 2FeO0H, . + H,0, + 4H* (1)

The role of the two different subunits in iron oxidation and
core formation has been the subject of considerable study.
Ferritin molecules containing a large percentage of H-subunits
show faster rates of iron uptake (Worwood, 1990; Wagstaff
& Jacobs, 1978), while those with a large percentages of
L-subunit tend to sequester more iron in their inner cavity
(Artymiuk et al., 1991; Lawson et al., 1991). Site-directed
mutagenesis and X-ray crystallographic studies of the Tb3*
derivative of recombinant H-chain apoferritin of human liver
(rHF) have located a putative ferroxidase center inside the
protein shell on the H-chain involving two metal binding sites,
A and B, only 3 A apart (Lawson et al., 1989, 1991). Site
A involves residues Glu-27, Glu-62, His-65, and Glu-107 as
ligands to Tb**, and site B involves residues Glu-61, Glu-62,
and Glu-107. Residues Glu-61 and Glu-107 bridge between
the two sites. Glu-27, Glu-62, and His-65 are not conserved
in the L-subunit so it lacks the putative ferroxidase center. A
third Tb3* site (site C) composed of residues Glu-61, Glu-64,
and Glu-67 is present near the ferroxidase center. This site,
which is conserved in both H- and L-subunits, has been
postulated to be a nucleation site for formation of the
ferrihydrite mineral core (Lawson et al., 1991; Levi et al.,
1992). L-Chain ferritins, while lacking the putative ferrox-
idase center, are capable of forming cores, albeit much slower
than H-chain ferritins (Levi et al., 1989, 1992).

The previous kinetic study of the ferroxidase activity of
horse spleen ferritin was unable to address the question of the
role of H- and L-subunits in enzymaticactivity since the protein
used was a heteropolymer containing 16% H- and 84%
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L-subunits (Sun & Chasteen, 1992). Inthe present work, we
examine iron(II) oxidation in recombinant H-chain apoferritin
and in recombinant L-chain apoferritin (rLF), both ho-
mopolymer proteins, and in human liver ferritin (HLF), which
is a heteropolymer of 4% H- and 96% L-subunits. Three
H-chain site-directed mutants were alsostudied: mutant 222,
in which the two ligands Glu-62 and His-65 of the putative
ferroxidase center are changed (E62K, H65G, and also K86Q);
mutant A2, in which the putative nucleation site ligands Glu-
61, Glu-64, and Glu-67 are changed (E61A, E64A, E67A);
and mutant S1, having both the putative ferroxidase center
and nucleation site ligands changed (E61A, E62K, E64A,
H65G, E67A, and also D42A and K86Q) (Levi et al., 1991,
1992; Wade et al., 1991).

The rate of iron(II) oxidation was measured directly using
a rapid response oxygen electrode (Sun & Chasteen, 1992)
as opposed to earlier studies in which iron oxidation was
measured indirectly or the color development associated with
core formation was monitored [e.g., Levi et al. (1988) and
Wade et al. (1991)]. The electrode oximetry measurements
enable us to carry out a detailed kinetic study and analysis
of the iron oxidation reaction in apoferritin and site-directed
mutants which has not been previously possible.

The results further delineate the role of the H- and
L-subunits in the oxidation of Fe?*. The experiments show
that the ferroxidase activity of human liver ferritin originates
from the catalytic active site on the H-subunit and that the
mutation of the putative nucleation site has little effect on the
rate of Fe?* oxidation. Recombinant L-chain ferritinis shown
to have virtually no ferroxidase activity itself; however, the
L-subunit significantly modulates the ferroxidase activity of
the protein in mixed L-chain, H-chain ferritins as evidenced
by changes in the nature of the inhibition of the enzyme by
Zn?* and by alterations in the values of the Michaelis kinetic
parameters, particularly Km0, and kc. Mixed L-chain,
H-chain ferritins are more active than predicted on the basis
of their H-subunit composition alone.

MATERIALS AND METHODS

All chemicals were of reagent grade and were used without
further purification unless otherwiseindicated. Ferroussulfate
heptahydrate was obtained from J. T. Baker Chemical Co.;
Mes and Mops were purchased from Research Organics Inc.;
2,2’-dipyridyl, thioglycolic acid (TGA), and sodium acetate
were from Aldrich Chemical Co., Inc.; and zinc sulfate
heptahydrate was from Mallinckrodt Chemical Works. Re-
combinant L-chain and H-chain ferritins and H-chain variants
were prepared as previously described (Levi et al., 1988) and
rendered iron free by dialysis against 1% thioglycolic acid in
0.1 M sodium acetate, pH 5.5, for 24 h, followed by dialysis
against 0.1 M Mops and 0.1 M NaCl, pH 7 (Levi et al.,
1988). Protein concentrations were determined by Bio-Rad
Coomassie brilliant blue G250 protein assay using bovine
serum albumin as a standard. The H- and L-subunit
composition of human liver ferritin was determined by scanning
of the Coomassie blue stained SDS-PAGE gels with a
densitometer (Arosio et al., 1978).

Kinetic measurements of iron(II) oxidation were performed
with iron/protein ratios generally <50, where hydrogen
peroxide is the main product of dioxygen reduction as given
byeq 1 (Xu & Chasteen, 1991). A specially designed sample
cell containing an oxygen microelectrode was used to con-
veniently measure the kinetics of O, consumption during Fe?*+
oxidation (Sun & Chasteen, 1992). Iron(II) was added to
the protein solution as freshly prepared 0.100 M FeSO47H,0
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FIGURE 1: Oxygen consumption versus time for the oxidation of
Fe?* in (a) buffer, (b) mutant S1(D42A,E61A, E62K, E64A, H65G,
E67A, K86Q), (c) rLF, (d) mutant 222 (E62K, H65G, K86Q), (e)
HLF, (f) mutant A2 (E61A, E64A, E67A), and (g) rHF. Condi-
tions: [apoferritin] = 2.08 uM and [Fe?*], = 67 uM, in 0.1 M NaCl
and 50 mM Mops, pH 7.05, 20°C.

in 0.05 M HCI. Reconstituted ferritin samples containing
1000 Fe/protein were prepared by gradually adding 20.8 uL
of 0.100 M FeSO47H,0 to 1 mL of 20.8 uM apoferritin in
0.1 M NaCl and 100 mM Mops, pH 7.10, in air over a period
of 2 min. Samples were then stirred continuously for 1 h,
followed by being allowed to stand overnight at 4 °C before
an additional amount of Fe2* solution was introduced. Zn2*
inhibition studies were performed by adding microliter
quantities of 0.100 M ZnSO47H,0 to 1 mL of 20.8 uM
apoprotein, followed by incubation of the sample for 1 h at
~20 °C prior to the addition of Fe?*,

RESULTS

Stoichiometry of Iron(II) Oxidation. Figure 1 shows the
consumption of dissolved oxygen following addition of ferrous
sulfate to buffer alone (curve a) and tosix different apoferritins
in buffer (curves b—g) using an Fe2* /protein ratio of 32. From
the total amount of oxygen consumed at completion of the
reaction, the stoichiometry of iron(II) oxidation can be
determined. The apparent stoichiometries obtained were
Fe?* /0, = 2.1+ 0.1 for tHF (curve g) and 2.7 = 0.1 for HLF
(curvee). Thevalueof 2.1 forrHF implies that iron oxidation
occurs according to reaction 1, in agreement with previous
results for horse spleen apoferritin (Xu & Chasteen, 1991),
The higher value of 2.7 observed for HLF is a consequence
of the relatively slow rate of Fe2* oxidation observed with this
protein (¢f. curves e and g) during which time some iron(II)
autoxidation occurs (curve a) which has a stoichiometry of
4.0 also some of the H,O; originally produced in the protein-
catalyzed iron(II) oxidation reaction (eq 1) disproportionates
to Oy and H,O via reaction 2 (Sun & Chasteen, 1992). The

2H,0, — 0, + 2H,0 )

combination of autoxidation and disproportionation reactions
results in an artificially high value for the stoichiometry.
Therefore, the stoichiometry of 2.7 Fe?* oxidized per O,
consumed in HLF is an upper limit to the true value for the
protein alone, which is probably 2.0 as for HoSF and rHF
(Table I).

Ferroxidase Activity. Comparison of the curves in Figure
1 for buffer (curve a) and rHF (curve g) shows that the H-chain
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Table I: Kinetic Parameters for rHF,” HLF,? and HoSF?

tHF HLF HoSF
Km0, (uM) 62 60 & 12 140 & 30
K e (kM) 80 £ 10 504 10 350 & 10
Keat (min~!) 201 % 14 312406 80.0 & 3.3
Kiza (uM) 74+ 10 67+ 11¢
Fe?*/0, 21401 <27£0.1 2.0 & 0.2
E, (kJ/mol) 26.4%0.1 67.3£0.5 36.6%1.3
AH?* (kJ/mol) 2394 0.1 64.8 0.5 342413
AS* [J/(molK)]  -136.0£04 -11.0£1.6 -108%5

¢ Conditions: 0.1 M NaCl, 50 mM Mops, pH 7.05,20 °C. Thekinetic
parameters Kmr. and ke for rHF and HLF were obtained from the
slopes and intercepts of the data plotted in the insets of Figure 3, and the
parameter K0, was from the intercept of the abscissa plotted in the
insets of Figure 4 using the Michaelis—Menton equation. The composition
of HLF was 4% H and 96% L subunits. # HoSF (horse spleen apoferritin)
was composed of 16% H and 84% L subunits. The data listed for HoSF
were from Sun and Chasteen (1992). ¢ K for competitive inhibition at
Zn** /protein ratios 26. ¢ From Xu and Chasteen (1991).

homopolymer greatly facilitates iron(II) oxidation whereas
the L-chain homopolymer (rLF) (curve c) is virtually devoid
of ferroxidase activity. Mutant 222 (E62K, H65G, K86Q)
(curve d), in which the putative ferroxidase site ligands Glu-
62 and His-65 have been mutated, has lost much of its ability
tofacilitate Fe** oxidation, a result confirming the importance
of one or both of these residues in ferroxidase activity. On
the other hand, mutant A2 (E61A, E64A, E67A), which is
depleted of the putative nucleation site ligands Glu-61, Glu-
64,and Glu-67,is nearly as active as the recombinant H-chain
protein (¢f. curves f and g), indicating that these ligands are
not critical to iron(II) oxidation. Mutant S1, in which both
the putative ferroxidase and nucleation sites have been
mutated, is completely inactive (curve b). rLF (curvec) and
mutant 222 (curve d), both lacking the ferroxidase site ligands
Glu-62 and His-65, slightly accelerate the iron(1I) oxidation
compared to buffer and S1, suggesting that the “nucleation
site” may have weak ferroxidase activity. These findings for
Fe?* oxidation are consistent with previous observations of
the relative rates of core formation and Fe?* oxidation in
these proteins (Levi et al., 1988, 1989; Wade et al., 1991;
Lawson et al., 1989).

To test the importance of a preexisting iron core in the
iron(II) oxidation, samples of rHF and rLF were prepared
containing 1000 Fe3* /protein to which additional increments
of Fe?* were added, either 21 or 210 Fe?*/protein. Figure
2 and its inset show the oxygen consumption profiles for both
rHF (curve a) and rLF (curve b). When a large increment
of additional Fe?* is added (AFe?*/protein = 210), iron(II)
oxidation proceeded at similar rates for both rHF and rLF as
shown in Figure 2. In contrast, when a small increment of
Fe?* is introduced (AFe?*/protein = 21), the initial rate of
oxygen consumption was about twice as largein rHF compared
to rLF (0.028 vs 0.015 mM/min) (Figure 2, inset). These
data suggest that when a large increment of iron is introduced
toeither H-chain or L-chain homopolymers already containing
asizableiron core (1000 Fe/protein), the surface of the mineral
core itself becomes important for the oxidation of Fe?*.

Enzyme Kinetics. In order to establish that HLF and rHF
are true ferroxidases, measurements of the kinetics of oxygen
consumption were carried out as a function of the concen-
trations of Fe?*, O, and protein. Figure 3 shows the
dependence of the initial rate of iron oxidation on the
concentration of Fe?*. Saturation kinetics with respect to
Fe?* is observed with both HLF and rHF (Figure 3, curve a,
upper and lower panels, respectively), consistent with an
enzyme catalysis mechanism in which Fe?* is a substrate.
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FIGURE 2: Oxygen consumption versus time for iron(II) oxidation
in ferritins containing cores of 1000 Fe3*. Increment of iron(II):
AFe?* /protein = 210 for Figure 2 and AFe?*/protein = 21 for the
inset. Curves: (a) rHF; (b) rLF. Conditions: [ferritin] = 2.08 uM
in 0.1 M NaCl and 100 mM Mops, pH 7.10, 20 °C.
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FIGURE 3: (Upper panel) Initial rate of O, consumption as a function
of Fe?* concentration in HLF at Zn?**/protein = 0 (2), 6 (b), and
12 (c). (Lower panel) Initial rate of O, consumption as a function
of iron(II) concentration in rHF at Zn?* /protein = 0 (a), 12 (b), and
24(c). Insets: Lineweaver—Burk plots with the least-squares straight
lines shown. Conditions: [apoferritin] = 2.08 uM and [O,]o = 0.28
mM in 0.1 M NaCl and 50 mM Mops, pH 7.05, 20°C.

The insets of Figure 3 illustrate the corresponding Lineweaver—
Burk plots which are linear.

Figure 4 shows that saturation kinetics is also observed
with respect to O; for HLF (upper panel) and rHF (lower
panel). The rate was found to be first order with respect to
protein concentration for both HLF and rHF (data not shown).
The kinetic parameters from least-squares fits of the Lin-
eweaver—Burk plots in Figures 3 and 4 are listed in Table I,
along with those previously determined for horse spleen
apoferritin.
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FiGURE4: Rate of O, consumption as a function of O, concentration
in rHF (upper panel) and in HLF (lower panel). Insets: double-
reciprocal plots. Conditions: [apoferritin] = 10.4 uM and [Fe?*],
= 440 gM in 0.1 M NaCl and 50 mM Mops, pH 7.05, 20 °C.

Zn?* Inhibition. Zinc haslong been known tobe an inhibitor
of core formation in horse spleen ferritin (Treffry et al., 1977)
and has recently been shown to be a noncompetitive inhibitor
of iron(II) oxidation in horse spleen apoferritin at Zn2* /protein
ratios <2 and a competitive inhibitor at ratios =6 (Sun &
Chasteen, 1992). Zinc also inhibits iron uptake by the liver
in animal studies (Matrone et al., 1975). Toreveal how Zn?*
inhibits iron oxidation in HLF and rHF, oxygen uptake
experiments were performed at various Zn?* /protein ratios.
The resultant Fe?* saturation kinetics curves for rHF are
shown in the lower panel of Figure 3, with the corresponding
double-reciprocal plots presented in theinset. Noncompetitive
inhibition by Zn2* is clearly observed in rHF as shown by the
common intercept of the abscissa (Figure 3, lower panel inset).

Two mechanisms have been previously proposed for the
enzyme-catalyzed oxidation of Fe?* in apoferritin; one involves
oxidation of a mononuclear Fe2*—protein complex (mechanism
I) and the other the stepwise one-electron oxidation of a
binuclear iron complex (mechanism II) (Sun & Chasteen,
1992). The two mechanisms modified to take into account
zinc inhibition are given in the Appendix. As outlined there,
either mechanism leads to eq 3 for noncompetitive inhibition
of Fe?* oxidation by Zn?*, viz.

1+ [Zn®**)/K;
a[Fe**]

(1 + [Za2)/K) (1 + Kztozl)Kl) -
[24

1/v= (2/P0K1K2)(

where a = (k3 + k3’[Zn?*] /KD[O02], K1 = ki/k_1, and K, =
kz/k_;. Here Kjis the inhibitor dissociation constant, and the
other k’s correspond to rate constants for the individual steps
in the mechanism (Appendix). Py isthe protein concentration.
Thus from eq 3, plots of 1/¥ versus 1/[Fe?*] at various fixed
Zn?* concentrations are expected to intercept the abscissa at
the same point as is observed (Figure 3, lower panel inset).
Since the rate of Fe?* oxidation is much faster in the absence
of inhibitor, i.e., k3 >> k', Kj can be obtained by plotting 1/V
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FIGURE 5: Arrhenius plot for k; in rHF (a) and HLF (b). Inset:
pH dependence of the initial rate of O, incorporation in rHF (a) and
HLF (b). Conditions: [apoferritin] = 4.2 uM and [Fe?*]q = 110
#M in 0.1 M NaCl and 50 mM Mops, pH 7.05, for the Arrhenius
plot; [apoferritin] = 2.08 uM and [Fe?*]o = 67 uM in 0.1 M NaCl,
25 mM Mes, and 25 mM Mops, 20°C, for the pH profile.

versus [Zn?*] at various fixed Fe?* concentrations (data not
shown). The intercept of the abscissa is equal to -K;. A
value of K1 = 74 £ 10 uM is obtained (Table I).

In contrast to rHF, HLF shows mixed inhibition by Zn2*+
(Figure 3, upper panel inset). Both the slope and intercept
vary with Zn?* concentration, but the lines intercept at a
common point, namely, 1/[Fe?*] ~ -4 mM-!and 1/V =~ 40
minmM-1. Unlike the noncompetitive inhibition mechanism
in which the presence of inhibitor does not affect the binding
of substrate, in the mixed-inhibition mechanism the enzyme
and the enzyme-inhibitor complex bind substrates with
different affinity (Roberts, 1977). The following Lineweaver—
Burk equation is obtained for the mixed-inhibition mechanism
(Appendix):

1+ [Zn**)/K,
(4 + B[Zn™]/K)[Fe™]
C+ D[Zn**] /KI) ©
A+ B[Zn**)/K;

where A = k3K K>, B = ky/Ky'KY/, C = K (1 + K>[0,]), and
D= (1+K[0;])Xi. Theintersection of Lineweaver—Burk
plots at different Zn?* concentrations occurs at a common
point as shown in Figure 3 (upper panel inset) and is given
by 1/[Fe**] = (BC-DA)/(A/Ki-B)and 1/V={(1+1/K1)/
(A+BY{(B-DA)/(A/K1-B)}+ (C+ D)/(A+ B). Because
the slope and intercept depend on several rate and equilibrium
constants, it is not possible to independently determine a value
for the inhibitor constant K for mixed inhibition.

Temperature and pH Dependence. The Arrhenius plot of
the temperature dependence of the rate constant k; for Fe*
binding to the ferroxidase site is shown in Figure 5. The value
of k; was obtained from the equation ¥ = k;[Fe?*][Po] under
conditions of pseudo-second-order kinetics, where the observed
initial rate Vis saturated with respect to O, concentration and
undersaturated with respect to Fe?* concentration. The
activation energies E; and the entropies AS* and enthalpies
AH? of activation for rHF and HLF are summarized in Table
L

The pH dependence of the initial rate of iron oxidation is
illustrated in the inset of Figure S. A bell-shaped pH profile
is observed for the oxidation reaction in rHF with a maximum
rate at pH =~ 7.0. Deprotonation of ferroxidase site ligands

1/v= (2/Po[021)(
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such as His-65 is probably responsible for the observed curve
as previously discussed for HoSF (Sun & Chasteen, 1992).2
Similar curves are commonly encountered in the O, oxidation
of small Fe?* chelates [e.g., Kuramura et al. (1968)]. In
contrast, with HLF the initial rate of O, consumption increases
withincreasing pH (Figure 5), probably due to the low activity
of the protein which is obscured by the high rate of iron(II)
autoxidationat pH >7.0. The apparent stoichiometry of Fe?*
oxidation increases from 2.7 Fe?* /O, at pH 7 to 3.6 at pH
8.9, close to the limiting value of 4.0 for FeZ* autoxidation (eq
5).

4Fe2+ + 02 + 6H20 « 4Fe00Hoore + 8H+ &)
DISCUSSION

Comparison of ferroxidase activity of the six different
apoferritins (Figure 1) confirms that the ferroxidase site in
human apoferritins is located solely on the H-subunit. A major
binding site for Fe?* on the L-subunit of the horse spleen
protein has been identified by VO2* EPR and ENDOR
spectroscopy (Hanna et al., 1991), whichin light of the present
data is unlikely to be a ferroxidase site although it may be the
initial site of Fe?* binding to the protein prior to migration
to the ferroxidase site.

Alteration in the postulated ferroxidase center ligands Glu-
62 and His-65 (Lawson et al., 1989), which are located in the
middle of the H-subunit toward the inner surface of the protein
shell, does not completely eliminate the Fe2* oxidation (Figure
1, curve d). Only when both the putative ferroxidase site
(Glu-62 and His-65) and nucleation site (Glu-61, Glu-64,
and Glu-67) ligands are mutated does the protein fail to
catalyze the oxidation of iron (Figure 1, curve b). These
results are consistent with the previous observation that rLF,
although lacking the putative ferroxidase center, is still capable
of slowly accumulating iron (Levi et al., 1989; Wade et al,,
1991). Mutation of the three inner-surface glutamate residues,
Glu-61,-64, and -67, of the putative nucleation site in variant
A2 causes only a slight decrease in the rate of Fe?* oxidation
(32 Fe?* /apoprotein) (Figure 1, curve f), implying that these
residues, although near the ferroxidase site, have only a minor
role in iron(II) oxidation under conditions of low increments
of iron(II), in agreement with recent Mdssbauer data (Baum-
inger et al., 1991). This result contrasts with that when 1000
Fe2* are added to the apoprotein where the rate of core
formation in mutant A2 was significantly lowered (Wade et
al., 1991), an observation consistent with the postulated role
for residues Glu-61, -64, and -67 in core nucleation or iron(II)
oxidation at high iron loading of the protein.

The kinetic results obtained here with human liver ferritin
are in accord with previous findings on horse spleen ferritin,
confirming that apoferritins generally function as ferroxidases
during iron uptake. The first-order kinetics with respect to
Fe?* concentration below levels of kinetic saturation in both
rHF and HLF provide strong evidence for a mechanism
involving a one-electron-transfer step during iron(IT) oxidation.
The u-oxo-bridged Fe3* dimers found immediately following
Fe?* oxidation in horse spleen ferritin (Bauminger et al., 1989)
and in rHF (Bauminger et al., 1991; Treffry et al., 1992)
probably are the result of iron(II) oxidation taking place in
two one-electron steps by a mechanism similar to mechanism
II givenin the Appendix (Sun & Chasteen, 1992). Theligands

2 The previous suggestion that hydrolysis of Fe?* may be involved in
the pH dependence of oxidation of Fe?*~HoSF cannot be correct since
the correct value of the pK, of Fe?* hydrolysis is 9.7 (Smith & Martell,
1975), not 6.5 as previously stated (Sun & Chasteen, 1992).
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of the iron dimer complex may be the same as those of the
A and B sites of the Tb** dimer located at the ferroxidase
center by X-ray crystallography (seeintroduction). Moreover,
the failure of spin-trapping experiments todetect the formation
of free superoxide, O,*~ (Yu & Chasteen, 1991; Grady et al.,
1989), can be accounted for by mechanism II since the O~
produced upon oxidation of the first Fe?* remains bound,
forming a Fe*—0,*~ protein complex. Thus, mechanism II is
in better accord with all available kinetic and spectroscopic
data than is mechanism I.

The k... values for the various ferritins follow the order
rHF (201 min-') > HoSF (80 min~!) > HLF (31 min™!) as
expected on the basis of their H-subunit content (Table I). On
average, the 24-mers of rHF, HoSF, and HLF contain 24,
3.8, and 1.0 H-subunits, respectively. However when kc,; is
expressed on a per H-subunit basis, the order of activity is
reversed, i.e., tHF (8.4 min~! subunit-!) < HoSF (21 min!
subunit!') < HLF (31 min~! subunit~!). It is evident that the
ferroxidase activity per H-subunit is substantially greater in
the heteropolymer proteins relative to the H-chain homopoly-
mer and appears to increase with increasing L-subunit
composition. Either some of the ferroxidase sites of H-ho-
mopolymer rHF do not catalytically process the Fe?* substrate
and therefore do not contribute to the observed reaction rate
or the presence of L-subunits in HLF and HoSF significantly
enhances the catalytic activity of the ferroxidase sites that are
on the H-subunits. Recent studies have shown that the
L-ferritin is more efficient than H-ferritin in inducing iron
mineralization possibly because it contains a higher density
of negative charges in the cavity (Levi et al., 1992). Thus it
is conceivable that the large ratio of nucleation to ferroxidase
sites and the high nucleation efficiency of L-chains in
heteropolymer proteins could enhance the turnover of Fe3*
produced at the ferroxidase sites, leading to the greater value
of kcae on a per H-subunit basis that we observe here for
L-subunit rich ferritins. This finding suggests that the two
chains cooperate in the mechanism of ferritin iron uptake,
probably acting on different steps of the reaction pathway.

When a relatively large increment of iron(II) (=210) is
added to ferritin already containing 1000 Fe/protein, the rate
of iron(II) oxidation is essentially the same for both rHF and
rLF (Figure 2) even though the latter lacks a ferroxidase site
(Levietal., 1988). Under these conditions, iron(II) oxidation
evidently occurs primarily on the surface of the mineral core
in accord with the crystal-growth model for core formation
(Macaraetal., 1972,1973). However, whena small increment
of iron(II) is introduced to the protein (21 Fe?*/protein)
containing 1000 Fe’*/protein, the initial rate of iron(II)
oxidation is faster in rHF than in rLF (Figure 2, inset),
presumably in this instance because of involvement of the
protein ferroxidase site in Fe?* oxidation in rHF. In light of
the present observations and those obtained previously with
HoSF (Sun & Chasteen, 1992), there are clearly at least two
pathways for iron(II) oxidation in ferritin, the crystal-growth
pathway involving the mineral surface (Macara et al., 1972,
1973) and the enzyme-catalysis pathway originally proposed
by Crichton and Roman (1978). Oxidation of iron(II) occurs
simultaneously by both pathways, but each predominates under
different circumstances depending on the size of the ferritin
mineral core, protein subunit composition, pH, and amount
of iron(II) introduced to the protein. Thus small increments
of iron(II) loading favor the protein-catalysis pathway, but
when this pathway becomes kinetically saturated at higher
increments of iron(II), the observed rate of the reaction then
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largely reflects the crystal-growth pathway (Sun & Chasteen,
1992).

Zinc inhibition of ferroxidase activity of the ferritins is
complex. Itisnoncompetitive for rHF (Figure 3, lower panel)
and for HoSF at low Zn?*/protein ratios <2 but becomes
competitive at ratios =6 (Sun & Chasteen, 1992). Mixed
inhibition is observed in HLF at ratios <12 (Figure 3, upper
panel) and competitive inhibition at ratios >24 (data not
shown). Four kinds of Zn?* binding sites have been located
inside the cavity and in the 3-fold channels of the L-chain of
horse spleen ferritin by X-ray crystallography (Harrison et
al., 1986), but the number and location of Zn?* binding sites
on H-chain ferritin are unknown. The recent proposal that
Zn* inhibition at a high Zn?* /protein ratio of 240:1 in horse
and sheep spleen apoferritin occurs from Zn2?* binding in the
3-fold channels (Yablonski & Theil, 1992) is at variance with
recent site-directed mutagenesis studies of rHF showing that
Zn?* inhibition is retained when the 3-fold channels are
mutated (Treffryetal., 1993). Sincetherate of Fe?* oxidation
in mutant A2, which lacks the putative “C” nucleation site
ligands Glu-61, -64, and -67, is nearly the same as that of the
wild type, our data indicate that this site is unlikely a key
binding site for zinc inhibition. Thus the observed noncom-
petitive inhibition in rHF and HoSF and the mixed compet-
itive/noncompetitive inhibition in HLF appear to involve zinc
binding sites yet to be identified. Since Zn2?* inhibition
gradually becomes competitive at higher ratios in both HLF
and HoSF, it is evident that Zn?* at sufficiently high
concentration ultimately can compete directly with Fe2* for
binding at the H-chain ferroxidase sites in these proteins.

The K7 (=74 uM) for noncompetitive inhibition in rHF is
very similar to the value of 67 uM (Zn?*/protein = 6) for
competitive inhibition in HoSF (Table I). The similarity in
inhibition constants suggests similar ligands for Zn2?* in both
instances. The formation constant (1/K; ~ 10* M-!) for the
Zn*—protein complex is typical of the values commonly
observed for small chelates having two to three coordinating
carboxylate groups (Martell & Smith, 1977), a result
consistent with the makeup of crystallographically identified
Zn?* sites of HoSF which involve aspartate and glutamate
residues (Harrison et al., 1986).

The observed dioxygen saturation kinetics (Figure 4) shows
that kinetic saturation is achieved at lower concentrations of
O, in rHF compared with HLF, indicative of an apparent
tighter oxygen binding to Fe?*-rHF than to Fe?*-HLF. The
K0, for rHF is about 10 times smaller than that of HLF
(TableI) and suggests that the L-subunit modulates the affinity
of the Fe?*—protein complex for O, in the heteropolymer.

The small activation energy (E, = 26 kJ) for ki, the rate
constant for Fe?* binding to the ferroxidase site in rHF, is
consistent with the high ferroxidase activity of the protein
compared to HLF (Table I). The large negative entropy of
activation [AS* = -136 J/(mol-K)] in rHF suggests substantial
changes in the protein ligand conformation upon Fe?* binding,
whereas the small activation entropy [AS* =-11 J/(mol-K})]
in HLF is comparable to that observed upon complexation of
Fe?* by small chelates (Hewkin & Prince, 1970). These
findings provide further evidence for the involvement of the
L-subunit in modulating iron(II) oxidation in the heteropoly-
mer. Moreover, the small negative activation entropy of HLF
may account for the higher than expected reactivity of this
protein based on its H-subunit composition alone.

Insummary, the present data have provided further insight
into the kinetic properties of the ferritins. The data dem-
onstrate that catalytic activity is centered on the H-subunit
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butis clearly modulated by the presence of the L-subunit. The
iron(1I) oxidation kinetics of the mutantsare in general accord
with the rates of core formation determined in previous studies
with these proteins (Levi et al., 1989; Wade et al., 1991). The
kinetics observed here for both rHF and HLF are most
consistent with a mechanism which may involve formation of
a dimeric iron species at the ferroxidase center with iron(II)
oxidation occurring via two one-electron-transfer steps in-
volving a single dioxygen molecule as in mechanism II.
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APPENDIX I

Reaction Mechanisms for Noncompetitive Inhibition and
Mixed Inhibition by Zn’*. The previously proposed mech-
anisms for Fe?* oxidation (Sun & Chasteen, 1992) modified
to include inhibition by Zn2* follow. The rate constants for
the added elementary steps involving Zn2* are designated by
primes.

Mechanism I
Zn®* binding:
Ki
Zn**-P= Zn*™* +P (A1)
Fe?* binding:
ky
Fe** + P = Fe’*-P (A2)
kg
k'
Fe* + Zn**-P = Fe**-P-Zn** (A3)
k_y/

dioxygen binding and Fe* oxidation:

k2 ky
Fe**-P + O, = Fe’*(0,)-P—=Fe**-P + 0,” (A4)
-2

k! ky'
Fe?*-P-Zn** + O, = Fe**(0,)-P-Zn** —
ky

Fe**-P-Zn** + 0,” (AS)

iron(III) core formation:
ky
Fe’*-P + 2H,0 — FeOOH
R 74
Fe**-P-Zn** + 2H,0 —

FeOOH,__ .+ Zn’*-P + 3H* (A7)

core

we T P+3HY  (A6)

fate of superoxide:

ks
20,”+2H"—H,0, + 0, (A8)
Mechanism II
Zn** binding:
K1
Zn*-P = Zn** + P (A9)
Fe?* binding:
ky
Fe** + P = Fe’*-P (A10)
k_y
ky'
Fe** + Zn**-P = Zn**-P-Fe** (A11)

ey
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dioxygen binding and first Fe?* oxidation:

kz k;
0, + Fe**—P = Fe**(0,)P — Fe**(0,)P (Al2)

ko
kz/ k3'
0, + Fe®*-P-Zn** = Fe**(0,)P-Zn** —
ko

Fe’*(0,))P-Zn** (Al3)

second Fe’* binding/oxidation:
ks ks, Hy0
Fe**(0,)P + Fe** — Fe**(0,”)Fe**-P —

Fe**(0)Fe**-P + H,0, (Al4)
1.7
Fe**(0,)P-Zn** + Fe** —
ks’, HyO
Fe**(0,")Fe**-P-Zn** —

Fe**(0M)Fe**-P-Zn** + H,0, (Al5)
The steady-state approximation is used to derive the various
rate equations. For example, the following expressions are
combined to obtain eq 3 of the main text for mechanism I
subject to the assumptions elaborated as follows:
d[Fe?*-P]/dt = k,[P][Fe**] — k_,[Fe**-P] -
k,[0,][Fe**~P] - k_,[Fe**(0,)P] = 0 (A16)

d[Fe?*-P-Zn*]/dt = k,/[Zn**-P][Fe**] -
k_/[Fe?*-P-Zn**] - k' [Fe**-P-Zn**][0,] +
k_/[Fe’*(0,)-P-Zn**] =0 (A17)

d[Fe?*(0,)-P]/dt =
k,[Fe?*-P][0,] - (k_, + k;)[Fe**(0,)-P] = 0 (Al8)

d[Fe**(0,)-P-Zn?*]/dt = k,’[Fe**-P-Zn**][O,] -
(k_y + ky)[Fe**(0,)-P-Zn™*] = 0 (A19)

d[Fe**-P]/dt = k,[Fe**(0,)-P] - k,[Fe**-P] =0 (A20)

d[Fe**-P-Zn**]/dt =
ky/[Fe**(0,)-P-Zn**] — k,/[Fe**-P-Zn**] = 0 (A21)

d[0,7]/dt = k,[Fe**(0,)-P] +
ky/[Fe?*(0,)-P-Zn**] - 2k5[0, 1} [H*})* = 0 (A22)

The rate expression from rate-limiting eqs A4 and AS is
given by

v=-!/,d[Fe**]/dt =
!/ ks [Fe** (0,)-P] + '/ k;/[Fe**(0,)-P-Zn**] (A23)

where V (=d[0;]/dt = 1/,d[Fe?*]/d¢) is the net velocity for
the reaction given by eq 1 of the main text.

In deriving rate eq 3 in the main text for noncompetitive
inhibition, several assumptions have been made in order to
obtain a linear equation consistent with the observed data:
(1) the binding of Zn2* to protein does not affect the affinities
of Fe2* and O, binding to protein; i.e., the equilibrium constants
K = K’ and K, = K)'; (2) the rate constant of the one-
electron-transfer step is reduced by Zn?* binding so that ks’
< k3; (3) a preequilibrium condition exists for O; binding in
steps 4 and S; i.e., k3 «< ky and ki’ « k_y’; and (4) the one-
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electron-transfer reaction for oxidation of the first Fe3* is
rate determining (steps 4 and 5). Under these assumptions,
the same double-reciprocal rate equation (eq 3, main text) is
obtained for both mechanism I and mechanism II. Inderiving
the rate equation for mixed inhibition (eq 4, main text), the
first assumption is changed such that the equilibrium constants
for Fe?* and O, binding to the protein are altered upon Zn?*
binding; i.e., K1 # K’ and K> = K,’. The second through
fourth assumptions are unchanged.

In the absence of Zn?* inhibition and without any assump-
tions, a more general form of the rate equation can be derived
than previously given for mechanism I (eq 8 of Sun &
Chasteen, 1992), viz.

1V-2P( 1 kst kg

/V=2/Fy k,[Fe?*]  kk;[0,]
k_ (ks + k._y) 1)
—2 2 42 ) (A2
kyky[Fe?*1[0,] ¥ ks (A24)

When the third term is omitted, which is equivalent to
assuming k_; << k2[O5] and k3 « k4 in the derivation of eq
A24, the equation becomes identical to the less general form
previously described (Sun & Chasteen, 1992). Equation A24
also applies to mechanism IT in the absence of Zn?* inhibition
provided that the k; step in reaction A12 is assumed to be rate
limiting; i.e., k4, ks, and k¢ are larger than k3. The previously
reported eq 18 for mechanism II was derived with only the
constraint that k2[O;] > k_; (Sun & Chasteen, 1992).

The apparent values of K r. and Ky 0, obtained from the
intercept of the abscissa of the 1/V versus 1/[Fe?*] and 1/V
versus 1/[0;,] plots of eq A24 are given by

_ kok3[O,] + k_yks(ky + k) N ks

mJFe — T (A25)
T kklO) + k(s k) k
at saturating Q; levels, i.e., [O2] — «, and
Km,02 =
(ks + k-z)kl[F°2+] + k_ky(ks + k) - kit+k, (A26)

kok,[Fe?*] + kqk, k,

at saturating Fe* levels, i.e., [Fe3*] — o,
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