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ABSTRACT. UV —visible spectroscopy, electrode oximetry, and pH stat were used to study Fe(ll) oxidation
and hydrolysis in horse spleen ferritin (HoSF) and recombinant human H-chain and L-chain ferritins
(HuHF and HuLF). Appropriate test reactions and electrode responses were measured, establishing the
reliability of oxygen electrode/pH stat for kinetics studies of iron uptake by ferritin. Stoichiometric ratios,
Fe(ll)/O, and H/Fe(ll), and rates of oxygen uptake and proton production were simultaneously measured
as a function of iron loading of the protein. The data show a clear distinction between the diiron ferroxidase
site and mineral surface catalyzed oxidation of Fe(ll). The oxidation/hydrolysis reaction attributed to the
ferroxidase site has been determined for the first time and is given By 2F@, + 3H,0 — [F&O(OH),]%"

+ H,0, + 2H" where [FeO(OH)]?" represents the hydrolyzed dinuclear iron(lll) center postulated to
be au-oxo-bridged species from UV spectrometric titration data and absorption band maxima. The transfer
of iron from the ferroxidase site to the mineral core has been now established to,BEQFE,]2" +

H,O — 2FeOOHcore)+ 2HT. Regeneration of protein ferroxidase activity with time is observed for both
HoSF and HuHF, consistent with their having enzymatic properties, and is facilitated by higher pH (7.0)
and temperature (37C) and by the presence of L-subunit and is complete within 10 min. In accord with
previous studies, the mineral surface reaction is given by4feO, + 6H,O — 4FeOOHRcore) + 8HT.

As the protein progressively acquires iron, oxidation/hydrolysis increasingly shifts from a ferroxidase site
to a mineral surface based mechanism, decreasing the productioi®af H

Ferritins are a class of intracellular iron storage proteins have enzymatic activityl3, 14. The overall iron oxidation
distributed throughout the plant and animal kingdorhs ( and core formation reaction at small iron/HoSF increments
5). Ferritin is composed of 24 subunits assembled into a (Fe/protein< 50) is described by reaction 1, in which the
nearly spherical hollow structure capable of storing up to dioxygen is reduced to hydrogen peroxide, a process thought
4500 iron atoms in the form of a hydrous ferric oxide mineral to take place at the ferroxidase sited( 15.
core. In mammals, two types of subunits, H and L, with
similar sequences and molecular weights are found in varying 2F&™ + O, + 4H,0—
amounts in ferritins from different tissues,(6). The
presence of both H- and L-subunits in the same protein
molecule appears to be biologically favored since, with the i . i
exception of serum ferritin, heteropolymers of H- and However, when the_|ron/prote|n increment increases to
L-subunits are normally found’). The two types of subunits ~ 9réater than 200, evidence suggests that the oxidation
have complementary roles in iron oxidation and deposition reaction Sh'ftsf tow_ard a mineral surface pathV\_/ay in which
in the protein {—9). The H-subunit facilitates the oxidation ~th€ dioxygen is ultimately reduced to® according to the
of Fe(ll) to Fe(lll), a property attributable to a binuclear iron  following reactions 15).
ferroxidase site located on the interior of protein in the center o n N "
of the 4 helix bundle of the H-chainl{ 10, 13. No Oxidation: 4F&" + O, +4H" —4F€" +2H,0 (2)
corresponding site is found on the L-subunit. The L-chain
has a greater inner surface negative charge and appears tblydrolysis: 4F&" + 8H,0 — 4FeOO0H () + 12H" (3)
provide nucleation sites for the formation of the mineral core
(7-9, 12. . + . +

Kinetic studies of iron oxidation and deposition in horse Net: 4F€"+0,+6H0 4FeO00 e+ 8H° (4)
spleen ferritin (HoSF) and recombinant human H-chain
ferritin (HUHF) using electrode oximetry suggest that ferritins

2FeO0H, ¢+ H,0, + 4H" (1)

Reactions 1 and 4 occur on the time scale of tens of
seconds to minutes as measured by electrode oximEsgy (
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14). In the present study, the oxygen electrode response hasesponse followed first-order kinetics with a half-life of 2.3
been reexamined and tested on model reactions, confirmings. Similarly, the half-life response of the pH electrode was
previous findings that electrode oximetry accurately measuresdetermined to be 0.8 s (pH value) by quickly changing buffer
the steady-state oxygen uptake kinetics of ferrifiB,(14. solutions from pH 7.0 to 4.0.

Furthermore, instrumentation has been developed which The accuracy of measured oxygen consumption rates was
combines electrode oximetry and pH stat to simultaneously tested by using the oxidation of 6:D0.4 mM Fe(ll) in a 4
monitor both the kinetics of oxygen uptake and the kinetics mM NTA, 0.15 M NaCl solution at pH 6.30. A rate law of

of Fe(Ill) hydrolysis. A clear distinction between ferroxidase d[O,]/dt = k[FeNTA][O,] was obtained with & value of

site and mineral surface processes is seen in both the kinetic8 M1 s~ at 20°C which is in reasonable agreement with
and stoichiometric data from the oxygen and pH stat the published value of 80 M st at 25°C (21).

electrodes. The oxidation/hydrolysis reaction involving the ~ The accuracy of measured hydrolysis rates was tested
dinuclear ferroxidase site prior to transfer of iron to the core using the pseudo first-order hydrolysis reactionest-butyl

is defined for the first time. Moreover, the hydrolysis chloride in water. A 0.007 M stock solution ¢ért-butyl
reaction associated with the migration of iron from the chloride in acetone was added to a solution containing 0.1
ferroxidase site to the mineral core has now been establishedM Na,SO, at 20°C. As the reaction proceeded, the pH was
Spectroscopic titration data in conjunction with the observed maintained at pH 6.5 by autotitration with 5.00 mM NaOH
hydrolysis chemistry suggest that the dinuclear iron center using the pH stat apparatus. A rate constanf 0.025+

of the ferroxidase site is @-oxo-bridged species. The 0.005 s! was obtained based on the rate law didt =
ferroxidase activity of the H-chain homopolymer, HuHF, ktert-butyl chloride}, which is in good agreement with the
regenerates relatively slowly at pH 6.5 and 20, but published values of 0.020.037 s* (22).

increases significantly at pH 7.0 and 32 and is attributed Most of the iron oxidation reactions were conducted at
to increased turnover of iron at the ferroxidase site. The pH 6.5 or 7.04 and 20C unless otherwise indicated. The
presence of L-chain, as in HoSF, facilitates this process, anoxygen-saturated (21% of atmosphere) and very weakly
effect which is also augmented at pH 7.0. In contrast, iron buffered solution containing 0.5 mM Mes or Mops, 0.15 M
oxidation in holoHoSF containing about 2000 Fe atoms NaCl, was added to the reaction cell without an air headspace
occurs solely by the mineral surface mechanism. Theseor trapped air bubbles. The solution was rapidly stirred with
findings further support the idea that naturally occurring a micro spin bar to ensure complete mixing of the added
heteropolymeric ferritins exhibit enzymatic behavior early iron and NaOH delivered by the pH stat. The reaction was
in the formation of the incipient core after which iron initiated by the addition of freshly prepared anaerobic 20.0
oxidation and hydrolysis occur directly on the growing mM FeSQ stock solution at pH 3.5. A pH stat proportional

mineral surface. band setting of 0.1 was usually employed to prevent
overshooting. The oxygen consumption and the proton
MATERIALS AND METHODS release rates were recorded as the oxygen percentage

decreased and microliters of NaOH delivered, respectively.

Cadmium-free horse spleen ferritin was purchased from i, etics calculations and curve fittings were carried out after
quhlnger—Mannhem GmbH (G.ermany) and fram Sigma. yatq acquisition using the software Origin (Microcal Scien-
(Sigma Chemical Co., St. Louis, MO). The H-subunit tific, Inc.).

content of HOSF was determined from densitometric scans The initial rates of iron oxidation measured as oxygen

of SDS_PA.GE gels 6). Recombinant_ human H- and consumption and hydrolysis were obtained from the linear
L-chain ferritins were prepared as described elsewhHse ( A term of third-order polynomial curve fitted to the

17). Apoferritins were prepared by reduction with dithionite experimental data, namel= A, + Ait + A2 + Agt® and
(12). Apoprotein concentrations were determined by the vy — AL+ 2A0t + 3A2 (att = 0, (dY/dt)o = Ay). Here
BioRad assay 18, 19 and absorbance at 280 nragy. tis the time in seconds, andis either the percent oxygen
Ferrous sulfate was from nger Scientific Inc., and Mes saturation or the delivered NaOH concentration in the sample
butfer from Research Organics. T_he enzyme catalase WaSsolution. The final rate was determined by multiplyiAg
purchased from Boehinger-Mannheim GmbH (Germany). All by the saturated oxygen concentration (0.28 mM at@p

other chemicals were reagent grade or purer. divided by 21%. The stoichiometric ratios, Fe(lly@nd
Kinetics of oxygen uptake and hydrolysis were monitored H+/Fe(ll), were calculated from the concentrations of O
simultaneously in a specially designed 0.48 mL reaction cell consumed and Hproduced at the completion of the reaction
fitted with an oxygen microelectrode (MI 730), a customized and from the initial concentration of ferrous sulfate added
pH microelectrode, and a Ag/AgCl reference electrode (Ml o the solution. An initial sharp increase in NaOH delivery,
402), all from Microelectrodes Inc., NH. The cell also mainly due to Fe(ll) binding to apoprotein, is subtracted from
contained a NaOH delivery lead from a Radiometer pH stat the data prior to the curve fitting procedure since oxidation
apparatus consisting of an ABU80 autoburet, a TTT80 s not involved. The free acid in the stock FeSlution
titrator, and a PHM82 pH meter (Radiometer Copenhagen, (20.0 mM) was determined to be 0.026"/He(ll) as
Denmark). A personal computer with an ADA 2000 board measured from anaerobic addition of FeS®the 0.15 M
(Real Time Devices, Inc.) was used to acquire data from NaCl, 0.5 mM Mes, pH 6.5 solution in the absence of protein.
both the oxygen meter and the pH stat system. Spectroscopic titration experiments were performed using
To test the response of the oxygen electrode, the electrodea Hewlett-Packard (HP 8453) diode array spectrometer. The
was equilibrated in water (21%Pand then quickly plunged  concentrations of the protein were 2 for HuHF and
into a rapidly stirred 100 mM dithionite solution (0%,)Q 10.0uM for HoSF in 0.15 M Mes buffer, pH 6.5. For the
and the electrode output measured vs time. The electrodeanaerobic experiment, 1 mL HuHF solution was first added
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Ficure 1: Oxygen electrode response (A) between 21% O Fgure 2: Oxygen consumption (A, B, C, D) and proton release
saturated water and 0% @ 0.1 N NaS;0, solution, and oxygen  (E, F, G, H) versus time for Fe(ll) oxidation and hydrolysis in the
consumption curves for (B) 17 Fe(ll)/protein, (C) 48 Fe(ll)/protein, apsence of protein (A, H) and in the presence of HULF (B, G),
and (D) 166 Fe(ll)/protein solutions. Conditions: [HUH&]3.0 HoSF (C, F), and HuHF (D, E). Conditions: [HULE} 3 uM,

uM for (B) and (C), 1.0uM for (D), [Oz]o = 0.28 mM, in 0.15 M [HoSF]= 3 uM, [ HUHF] = 2.5uM, [Fe(Il)] = 150uM for buffer,
NaCl and 0.5 mM Mes at pH 6.5 and 2G. The half-lives of the HuLF, and HoSF, [Fe(ll)l= 83 uM for HUHF, in 0.15 M NaCl
response test and the oxygen uptake reactions with 17 Fe, 48 Feand 0.5 mM Mops pH stat titrated with 10.0 mM NaOH at an initial
and 166 Fe/protein are 2.3, 10.2, 13.8, and 30.6 s, respectively. [0,], = 0.28 mM, pH 7.0 and 20C.

to a quartz cuvette fitted with a septum and deoxygenatedindicate that the Fe(ll) oxidation and Fe(lll) hydrolysis
with Ar for 2 h with a micro stir bar placed in the cuvette. reactions are coupled to one another; namely, oxidation is
Pure protein solutions before Fe(ll) addition served as a blankrequired for hydrolysis and the processes are concerted or
for absorbance measurements. The aerobic titrations werenearly so. We see little proton production from Fe(ll)
conducted using 1.00 mL of protein and 10 of Fe(ll) binding to the apoprotein prior to its oxidation, e.g., 0.23
for each injection. After each Fe(ll) addition, several spectra and 0.28 H/Fe(ll) at pH 6.5 and 7.0, respectively, for Fe-
were taken until the absorbance increased no further, and(||) added anaerobically in increments of 4 Fe(ll)/HoSF in
the final absorbance was taken as the total absorbance. accord with previous observationg3j.

Stoichiometries of Oxygen Consumption andRelease
RESULTS in HUHF and HoSF The Fe(l1)/Q and H/Fe(ll) stoichio-

Oxygen Electrode Respons@he oxygen electrode re- metric ratios measured at completion of the reaction depend

sponse curve and oxygen consumption curves for Fe(ll) O" the _Fe(l_l) loading of the _protein. .Tc_> better define the
oxidation in HUHF are plotted in Figure 1 for comparison, [ron oxidation and hydrolysis chemistries of the protein
The half-lives for the oxygen uptake in HUHF samples with ferroxidase and mineral su_rfac_e sites and the transition
17 Fe, 48 Fe, and 166 Felprotein, are 10.2, 13.8, and 30.6 Sbetween the tw_o, a careful titration of th_e apoprqteln Wl_th
respectively, which are long compared to the 2.3 s half-life Fe(ll) was carried out. In these experiments, increasing
for the electrode response. Thus, the response of the@Mounts of Fe(ll) were added to a fresh apoprotein solution
electrode is not the limiting factor in the observed kinetics. €&ch time and allowed to react to completion, and the total
Nevertheless, kinetics simulations were carried out to ©XYgen consumed and‘Hproduced were then measured.
quantify the effect of electrode response on the measured!NUS, €ach data point in Figure 3 represents a different
value of the initial rated. The results showed that, in the Sa@mple to which a single addition of Fe(ll) was made. For
case of the fastest reaction (17 Felprotein), an electrodeHUHF. a transition point in both the Fe(ll))@nd H'/Fe(ll)

response time dfy, = 2.3 s decreases the measured initial
rate by only 9% compared to an electrode with zero response *The O electrode measurement is described by the following
time. We therefore conclude that oxygen uptake kinetics €auation: .

can be reliably measured with the present system. This O,* «k——’lloz—k» products

conclusion is further supported by the data below. where Q* and O, denote oxygen inside and outside the
Kinetics of Fe(Il) Oxidation and Hydrolysis in Ferritins  electrode, respectivelyk; and k-; are the constants for O

Figure 2 shows the oxygen consumption (A, B, C, D) and diffusion across the electrode membrane, igithe first-order

: ) rate constant for oxygen consumption by ferritin. Since the
the corresponding proton release (E, F, G, H) profiles as &amount of oxygen consumed by the electrode can be ignored

function of time for different ferritins. Fe(ll) was added to  relative to the @ concentration outside of the electrode
a slightly buffered NaCl solution in the absence of ferritin membrane, we can write f[P= [O3]¢exp(—kt) and d[G*]/dt

i = k_1[Oz]pexp(—kt) — ki[O*] = k_1[O2*] sexp(—kt) — ki[O2*],
(A, H) orin the presence of HULF (8, G), HoSF (C, F), or Wherle [Q?*]o gs the ir}l[tiazl oxygeln (Ztor?centration ir%lsiée the

HuHF (D, E). It can be seen that the Fe(ll) oxidation and gjectrode and is equal to {3 at the start of the reaction.
hydrolysis reactions are facilitated by all the ferritins with Integration yields [@*] = [0,*] o[(1—K)exp(—kit) + Kexp(~
reaction rates following the order of HuHFHOSF> HuLF kp], whereK = k-1/(k; — K). This equation describes the curves

; ; ; e . in Figure 1. For the electrode used in this wokk,= k-1 =
> buffer, increasing according to the ferritin H chain 30°s (tys = 2.3 5). With rapid oxygen electrode response

composition. The similar shapes of the corresponding kinetic (k'l = k_; > K), the measured oxygen concentration is simply
curves for both oxygen consumption and proton release a first-order decay: [&f] = [O2] = [O2]eexp(—kt).
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4 Fe(ll) and 1.80 Fe(Il)/@ and mineral surface values of 4.0
B Fe(l0, Fe(Il)/O, and 2.0 H/Fe(ll) according to the following
34 equations:

H*/Fe(l)=[4.84+2(n—8)]/n Forn>8
Fe(l)/O,=4n/[16.8+ (n—8)] Forn>8

H'/Fe(ll)

:

Circle: experimental

o
s 0 N S?ua'e‘clalcuv'ateld ' Good agreement between calculated and observed points is
0 20 40 60 80 100 120 140 likewise obtained with HoSF (Figure 3B).
J A stoichiometry of Fe(ll)/Q = 2 for both HUHF and HoSF
3 A implies that HO, is produced by the ferroxidase site reaction.
Fe(l)/0, The addition of catalase to the protein solution prior to the
addition of Fe(ll) caused the measured stoichiometry to
27 change from 2 Fe(ll)/@to 4 Fe(l1)/Q, indicating that HO,
: H'IFe(ll) is quantitatively produced in the ferroxidation reaction in
1 Circle: experimental accord with previous findingslf). If we assume that the
Square: calculated observed proton production arises solely from Fe(lll) hy-
0 o 100 150 200 280 drolysis, we may write the ferroxidase site oxidation/

Fe(ll)/protein hydrolysis reaction for both HUHF and HoSF as

Ficure 3: Dependence of stoichiometries on Fe(ll) loadings in (A) + e
HUHE and (B) HOSF. Conditions: [HUHFS 1.0-3.0uM. [HoSF]  2F€ + O+ 3H,0
= 0.25-10.0uM, in 0.15 M NaCl and 0.5 mM Mops pH stat, pH 2+ +

7.0 and 20°C. [Fe,O(OH),]"" + H,0, + 2H" (5)
where [FeO(OH)]?" represents a postulated hydrolyzed
dinuclear Fe(lll) center of the ferroxidase site.

From the ferroxidase site reaction in which one proton is
produced per iron oxidized (eq 5) and from the previously
determined net reaction for core formation via the ferroxidase
site (eq 1) 15), we can now write the reaction for the transfer
of iron from the ferroxidase site to the core, namely:

curves is revealed near 48 Fe(ll)/protein (Figure 3A), which
we attribute to the oxidation and hydrolysis of 2 Fe(ll) at
each of the 24 H-chain ferroxidase sites on the protein. Such
a transition is not seen with HULF (data not shown). Below
48 Fe(ll)/protein, the stoichiometric ratios are Fe(Ih/S
1.97 £ 0.03 and H/Fe(ll) = 0.98 & 0.04, and correspond

to values for chemistry taking place at the ferroxidase site.
However, at Fe(ll) loadings greater than 48 Fe(ll)/protein,
the observed Fe(ll)/©and H/Fe(ll) ratios are an average
of ferroxidase site and mineral surface stoichiometries. The
calculated points in Figure 3A were obtained assuming that
the ferroxidase site reaction proceeds with stoichiometries
of Fe(ll)/O, = 2.0 and H/Fe(ll) = 1.0 and the mineral
surface reaction with stoichiometries of 4 Fe(ll)/énd 2
H*/Fe(ll) (eq 4), the observed average stoichiometries being
given by the following equations:

[Fe,O(0OH),]*" + H,0 — 2FeO0H,+ 2H"  (6)

After reaction 5 is complete, further hydrolysis then
proceeds according to reaction 6, producing one more proton
per iron as the mineral core is formed and a vacant
ferroxidase site is regenerated (vide infra). This process can
be observed directly. For example, when 4 Fe(ll) is
repeatedly added in 10 min intervals to protein already
containing at least 8 Fe/protein, there is an initial rapid phase
Fe(11)/O, = 4n/[96 + (n — 48)] Forn > 48 of proton release 1 H' per Fé" oxidized) at a rate

paralleling Q consumption as per the ferroxidase site

+ _ _ reaction 5 (data not shown). This first phase is complete
HY/Fe(ll) =[48+2(n—48)ih  Forn > 48 within 1 min and is followed by a slower phase of proton
Excellent agreement between calculated points and theProduction which takes place over a period of about 10 min
observed data is obtained (Figure 3A). or so and accounts f_or one more Her iron as per eq 6. At

Similar transitions are observed for HoSF at 8 Fe(lly the end of this period, full ferroxidase activity is again
protein (Figure 3B), which we attribute to reaction of two achieved (vide infra). _
Fe(ll) at each of the 4 ferroxidase sites of the protein used SPectrophotometric Titrations UV spectral absorption
in this study which has an average subunit compositigigd ~ @round 305-330 nm has been traditionally used to monitor
as determined by SDSPAGE (see Materials and Methods). COre formation in ferritins (e.g., re#4, 25). Absorbances
However, in this instance ferroxidase site stoichiometries of in this spectral region are seen in ribonucleotide reductase,
1.80 Fe(ll)/Q and 0.60 H/Fe(ll) were obtained at Fe(ll) ~hemerythrin, and a number of model compounds, all of which
loadings below 8 Fe(ll)/protein. In other experiments with Containu-oxo-bridged Fe(lll) dimers26, 27, the inference
HoSF, values of Fe(Il)/@= 1.8-1.9 and H/Fe(ll) = 0.6— being that the dinuclear Fe(lll) ferroxidase site of ferritin
0.8 were consistently found which are somewhat lower than llkewise is au-oxo-bridged species3( 28. We therefore
the theoretical values of 2.0 and 1.0, respectivehAt
loadings above 8 Fe(ll)/protein, the stoichiometric ratios Fe-  *Although Fe(Il)/Q ratios less than 2.0 imply the production of

; some Q, the addition of superoxide dismutase had no effect on the
(I)/O2 and H/Fe(ll) both increase and approach 4.0 and oxidation stoichiometry. Fractional values of #fe(ll) can occur when

2.0, respectiv_ely. The Ca|CU|at_ed pOin_tS in Figure 3B above there is a small increase irkp of protein functional group(s) upon
8 Fe(ll)/protein assume ferroxidase site values of 0.60 H iron oxidation/binding.
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Ficure 4: Absorbance at 305 nm versus iron loading of HUHF. FIGURE 6: Initial rates of oxygen consumption and proton release

Conditions: [HuHF]= 2.5u4M in 0.15 M NaCl and 0.15 M Mes versus the Fe(ll) loadings in HUHF. Conditions: [HUH&]3.0

buffer at 20°C, pH 6.5. Inset: Titration spectra for each addition «M except for the 166 Fe(ll)/protein sample for which the [HUuHF]

of 8 Fe(ll)/protein. = 1.0uM, [Oz]o = 0.28 mM, in 0.15 M NaCl and 0.5 mM Mes at
pH 6.5 and 2C°C.

0.8
0s after the ferroxidase site dimer are 4280 and 4570 &in!
5 0s per iron for HuHF and HoSF, respectively.
06 8 03 Janitact Initial Rate of Oxygen Consumption and Proton Release
£ in HUHF. The stoichiometries of iron binding, oxidation,
8 ] 3 and hydrolysis in HUHF are also seen in the kinetics data.
S 04+ Wavelength (nm) Initial rates of oxygen consumption and proton release as a
5 function of Fe(ll)/HuHF ratio at pH 6.5 are plotted in Figure
< 6. Each data point represents a separate apoferritin sample
02 to which a single addition of Fe(Il) was made. We attribute
the marked fall-off in both the oxidation and hydrolysis
curves at about 48 Fe(ll)/protein to a transition from a
i ferroxidase site dominated mechanism to a mineral surface
0 4 8 12 16 20 2 one. Moreover, the initial rates of both oxygen consumption
Fe(ll)/protein and proton release increase linearly with Fe(ll) concentration
FiGUrRe 5: Absorbance at 305 nm versus iron loading of HoSF. for Fe(ll) loadings up to 48 Fe(ll)/protein, indicating that
Conditions: same as in Figure 4 except the [HoSF10.0uM. these processes are first-order in iron. Furthermore, below
Inset: Titration spectra for each addition of 2 Fe(ll)/protein. 48 Fe/HuHF the ratio of the initial rates of proton production

investigated the origin of this absorbance in ferritin more to oxygen consumptionyy+/vo,, is approximately 2:1 in
closely. The anaerobic addition of Fe(ll) to either HUHF or accord with the derived stoichiometry for the ferroxidase
HoSF produced no UV absorbance, but upon introduction reaction (eq 5), further confirming the validity of the use of
of air into the solution, a band with a maximum absorbance electrodes to study the kinetics of oxygen consumption and
at 305 nm immediately emerged, demonstrating that the iron hydrolysis in ferritin.
absorbing species in these samples is oxygen related. Regeneration of Ferroxidation Aetty in HUHF and
Careful aerobic spectrometric titrations of both HuHF and HoSF. The ability of the ferroxidase site to regenerate its
HoSF with Fe(ll) were therefore carried out (Figures 4 and oxidative activity in HUHF and HoSF was determined from
5). Discontinuities in absorbance at 48 Fe(ll)/HuHF (Figure the initial rate of oxygen consumption and from the Fe(ll)/
4) and 8 Fe(ll)/HoSF (Figure 5) are evident, consistent with O, stoichiometry ratio measured at completion of the
the stoichiometries of iron binding at the ferroxidase sites reaction. In these experiments Fe(ll) was repeatedly added
of these proteins. The changes in slope at these stoichiom-+o the same protein sample at different temperatures (20 or
etries suggest that, after saturation of the ferroxidase sites37°C), pH (6.5 or 7.0), and time intervals between additions
with Fe(lll), different oxidation products are formed, namely (3, 5, or 10 min). A single Fe(ll) addition corresponded to
Fe(lll) clusters with smaller molar absorptivity than the half saturation of the ferroxidase site, i.e., 24 Fe(ll)/protein
dimers. The molar absorptivities of the ferroxidase sites of for HuHF and 4 Fe(ll)/protein for HOSF. The initial rates,
HuHF and HoSF are 5980 and 7080 Mcm™* per iron at normalized to the initial rate observed for the first injection,
305 nm, respectively, and fall in the range of those of other versus the number of injections are plotted in Figure 7. For
u-oxo-bridged iron(lll) dimers in proteins and model com- the experiments performed at 2@ and pH 6.5 and with
pounds 26). The band is assigned tquaoxo ligand-to-Fe- time intervals about 3 min between injections, the residual
(11 charge-transfer transition. Thus, we postulate that the activity for the H-chain homopolymer is much lower than
hydrolyzed iron of the ferroxidase site isuaoxo-bridged for the HoSF (Figure 7). Well after saturation of the
binuclear species of formula [8(OH)]?" rather than a  ferroxidase site, i.e., the fifth injection, HoSF still retains
hydrated [Fg(OH)4)>" species. The corresponding molar about 70% of its original oxidation activity compared to only
absorptivities of ther-oxo-bridged iron(lll) clusters formed  30% for HuUHF. Also in the case of HUHF there is a sharp
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FIGURE 7: Regeneration of oxidation activities in HuHF and HoSF / _/-/
expressed as normalized initial rates. Each injection is half saturation //./
of the ferroxidase site, i.e., 4 Fe(ll)/protein for HOSF and 24 Fe(ll) 201 s

for HUHF. (a) HoSF in 0.15 M NacCl, 0.5 mM Mops, pH 7.04, 37 S S L B B
°C, time intervals between injections of 10 miw,)(HuHF in 0.15 o
M NacCl, 0.5 mM Mops, pH 7.04, 37C, time intervals between # Injection

injections of 10 min, M) HoSF in 0.15 M NaCl, 0.5 mM Mes, pH  Figure 8: Fe(ll)/O, ratio changes in sequential injections of Fe-

6.5, 20°C, time intervals between injections of 3 mi@)(HUHF (1) to HUHF (A) and HoSF (B). Conditions: ) pH 7.04, 37°C,
in 0.15 M NaCl, 0.5 mM Mes, pH 6.5, 2, time intervals between  and 10 min time interval, &) pH 7.04, 20°C, and 3 min time

injections 3 min. interval, ) pH 6.5, 20°C, and 3 min time interval.
drop in initial rate on the third injection, i.e., right after an
iron/protein stoichiometry corresponding to ferroxidase site Table 1: Percentage of Ferroxidase Site Reaction on the Sixth
saturation, but not so for HoSF, a further indication that Fe(ll) Injection for HoSF and HuHF

HoSF is superior in regenerating its oxidation activity under experimental conditions HoSF (%)  HuHF (%)
these conditions. However, both proteins regenerate their™ ;1 5 50°C, time interval 3 min 43 20
ferroxidase site activity more completely at the higher pH  pH 6.5, 37°C, time interval 3 min 61 ND
(7.04) and temperature (3C), and at longer time intervals pH 7.04, 20°C, time interval 3 min 73 60
of 10 min between Fe(ll) additions as shown by the top two PH 7.04, 20°C, time interval 5 min 80 N

traces in Figure 7. After a drop in the initial rate of about pH 7.04, 37°C, time interval 10 min 100 9

15% following the second injection, both proteins retained aCalculated from the measured stoichiometry according to the

. S - following relationship (Fe(Il)/@meas= [2.0X + 4.0(100-X)]/100 where
0
about 85% of their activity in all subsequent injections. X is the percentage of the overall reaction taking place via the

That the ObS?rved r_ege_nerati_on of ferroxidase aCtiVit}’ ferroxidase site mechanism. Conditions as in FigureNot determined.
corresponds to iron oxidation being restored at the protein

ferroxidase site is confirmed by the net Fe(ll)/€toichi- . T . i
ometry measured at the completion of the reaction (Figure dase site, Fe(ll) oxidation, Fe(lll) hydrolysis, and finally
8). Under most conditions, the amount of Fe(ll) oxidized Nucleation and growth of the mineral core. In the present
per O consumed increases from 2 Fe(ll)@ith each injec- study,_ iron d_eposmon in HOSF c_';md Hu_HF _has been Careful_ly
tion for both proteins, indicating an increasing involvement €Xamined with respect to both iron oxidation and hydrolysis
of the mineral surface mechanism. Again higher pH and (Figures 2, 3,+6, 7, and+8). The st0|ch|<_)metr|c relatlpnshlps
temperature and a longer time interval between iron injections Petween @ H*, and Fé*, as well as their changes with the
favor oxidation at the ferroxidase site. For example, at pH Fe(ll)/protein ratio, have provided detailed information on
7.04, and 37°C with time interval about 10 min, HoSF the mechanisms of oxidative deposition of iron in the protein.
completely regenerates its ferroxidase activity as seen by the>Pecifically, the ferroxidase site reaction 5 prior to core
constant Fe(ll)/@ratio of 1.8 (Figure 8B, curve c). Under formation has bgen determined from _t_he st0|_ch|o_metry
the same conditions, the Fe(ll)@atio for HUHF increases ~ measurements (F|g}Jre 3) and further verified .by kmeyc data
from 1.97 for the first injection to 2.5 for the seventh (Figure 6). We assign the protons produced in reaction 5 to
injection (Figure 8A, curve f), indicating increasing involve- iron(l11) _hydroly5|s at the ferromdase_ site since little proton
ment of the mineral core mechanism in the overall reaction. Production occurs upon Fe(ll) binding to the protein and
When Fe(ll) is added to holoHoSF containing 2000 Fe, an Pecause Fe(lll) complexes are known to have a propensity
Fe(l)/O, ratio of 4.0 is obtained; indicating that in the (0 undergo partial hydrolysis2@, 30. The X-ray data
presence of a sizable core, oxidation occurs by the mineralindicate that the dinuclear iron(lll) center is not coordina-
surface mechanism alone (data not shown). Table 1 sum-tively saturated Wlt_h protein ligand8,(11) and is therefore
marizes for both proteins the percentage of the iron oxidation €xPected to be partially hydrolyzed. The presenceobao

which proceeds via the ferroxidase site mechanism following bridge in the ferroxidase site structure seems likely from the

the sixth injection of Fe(ll) under various conditions. spectrometric titration data (Figures 4 and 5) and from
previous interpretations of UV and Msbauer spectral
DISCUSSION measurementd @, 24, 31, 32 A possible structure for the

Iron incorporation in ferritin is a multistep process dinuclear iron ferroxidase center in its oxidized and hydro-
involving the binding and migration of Fe(ll) to the ferroxi- lyzed form, taking into account X-ray structural da8 4,
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Scheme 1 the relatively short time intervals of our experiments-(®
GIn-141 i min). As shown in Figure 3, there is a gradual increase in
~ A . the Fe(l1)/Q stoichiometry which corresponds to an increase
o Glu-107 in the amount of iron being oxidized by the mineral surface
H H pathway. Eventually, the changeover to a mineral surface
Q o~ o/ /k mechanism becomes complete since iron oxidation in ho-

ju

/

(0]
0 | O\H \ /
Glu-27 \ —0_
[¢)

o

Glu-62

loHoSF occurs with a stoichiometry of 4 Fe(lly@nd a
rate about 1/5 that of the ferroxidase site reaction. The lack
of a functional ferroxidase site in holoferritin is probably
due to blocking of the site by the presence of a sizable
mineral core. Ferroxidase site activity is restored upon
reductive removal of the iron core (see Materials and

Methods), resulting in an apoprotein which can oxidize iron
G e at least five times faster than holoferritin when iron is added
in small increments (4 Fe/protein). However, as previously
shown, large fluxes of iron into the apoprotein kinetically
saturate the ferroxidase site and the bulk of the iron is then
11), is therefore postulated in Scheme 1. The distribution oxidized by a mineral surface pathwalg}.
of hydroxide on the two iron atoms is not known from the  The ferroxidase site kinetics observed here are consistent
present work, although the postulated structure in Scheme 1with previous findings that the ferritins possess enzymatic
results in a more even distribution of negative charge betweenactivity (13, 14; however, the present study more clearly
the two. A water may be coordinated togF-enaking it six- delineates the transition from the ferroxidase site mechanism
coordinate; however, there is no evidence one way or theto a mineral surface mechanism at iron loading stoichiom-
other for its presence. etries beyond 2 Fe/H-chain (Figures 3, 6, and 7). The results
The transfer of Fe(lll) from the ferroxidase site to the also confirm that the initial rate of oxygen uptake (as opposed
mineral core, as represented by eq 6, involves the furtherto Fe(ll) oxidation) is first-order in Fe(1)4(3) as is also true
hydrolysis of iron. UV spectra of the incipient core is for proton production (Figure 6). This finding contrasts with
obtained which is similar to that of the dimeric ferroxidase the second-order dependence in the rapid -Wigible
site (Figures 4 and 5), as expected since the ferrinydrite corespectral changes seen in stopped-flow studies of H#8F (
also containg-oxo bridges in its structure3g8, 34. An 39) and also contrasts with stopped-flow and the multiple
intermediate step involving binding of Fe(lll) at nucleation first-order kinetics observed in rapid-freeze quenchskio
sites is not accounted for by eq 6. However, preliminary bauer studies of iron oxidation in bullfrog H-chain ferritin
data (not shown) suggest that proton production is not (40, 41). The rapid phase is slow to recover, requiring up
associated with this step. to 24 h before it is observed again upon addition of more
Whether the ferroxidase site plays a role in iron oxidation iron (28, 41). It perhaps involves a redox component of the
throughout formation of the mineral core or is primarily protein which is slowly reoxidized by molecular oxygen.
important in the early stages has been a matter of someRedox centers have been shown to be present on apoHoSF
interest 8, 13. Previous studies with HoSF reconstituted (42). Although the connection between the steady-state
with cores of various sizes (up to 1200 Fe/protein) have kinetics investigated here, which are complete in tens of
shown that, after the protein had stood for 24 h, oxidation seconds, and the rapid transient kinetied () observed by
occurred solely by the ferroxidase site pathway when a singleothers remains to be firmly established, the present work
further increment of iron(ll) €50 Fe/HoSF) was added to nevertheless provides new insights into the processes in-
the protein {3). The present work demonstrates that, upon Vvolved in iron deposition in ferritin and has helped to define
repeated additions of iron to the horse and human apoproteinghe chemistries occurring at both the ferroxidase site and the
under a variety of conditions, a significant amount of iron mineral surface and the transition between the two. The bulk
(=40%) is always oxidized via the ferroxidase site mecha- of the iron accumulated by ferritin is acquired through the
nism (Figures 7 and 8, Table 4)Under optimal conditions ~ kinetic processes investigated in the present study.
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