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Formation of Iron(III)-Tyrosinate Is the Fastest Reaction Observed in Ferritin®
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ABSTRACT: Rapid mineralization of ferritin, characteristic of protein with H-type subunits, coincides with
formation of a specific Fe(I11T)-tyrosinate complex. The pseudo-first-order rate constant for Fe(II) oxidation
by H-subunit-type ferritin has now been shown to be 700-900 times greater than any previously reported
for ferritin; kox = 1000 s! for formation of the specific Fe(I1I)-tyrosinate complex (Assonm) Or formation
of less defined Fe(III)-oxo multinuclear complexes (A4zonm). Formation of multinuclear Fe(III)-oxo
complexes and O, consumption were biphasic. In the first phase, up to 50 Fe atomis/ferritin molecule were
rapidly oxidized, accompanied by formation of the Fe(III)-tyrosinate complex; saturation of the sites which
formed the Fe(III)-tyrosinate complex also required 50 Fe/ferritin molecule. The sigmoidal shape of the
curve obtained by plotting the initial rate of oxidation during the rapid phase of mineralization versus added
[Fe(II)] suggested a more complex reaction pathway of ferroxidation than previously described. During
the second phase of mineralization, Fe(III)-tyrosinate decreased, but multinuclear Fe(III)~oxo complexes
and O, consumption continued to increase at a slower rate. Recovery of the rapid oxidation pathway
paralleled recovery of the site for Fe(1II)-tyrosinate formation; full regeneration of the Fe(I1II)-tyrosinate
sites was gradual over a period of 12 h, as if the movement of Fe(III) along the biomineralization pathway
in the protein was slow and was accompanied by conformational changes which affected the Fe(III)-
tyrosinatesite. The rapid mineralization rates characteristic of ferritin with H-type subunits clearly involves
Fe(IIT)-tyrosinate at a very early, and possibly the first, stop along the route of Fe through the protein coat

to the central core.

Ferritin, the highly conserved, ubiquitous Festorage protein,
maintains Fe in a nontoxic, bioavailable form for use in a
variety of important biological electron transfer reactions
including respiration, photosynthesis, and nitrogen fixation
{reviewed in Ford et al. (1984), Theil (1987, 1990), and
Harrisonand Lilley (1990)]. Upto 4500 Featoms ina mineral
core are stored within the hollow, spherical protein coat of 24
polypeptide subunits (Theil, 1990; Harrison & Lilley, 1990).
The two principal classes of ferritin subunits found in
eukaryotes are classified H or L, which define sets of sequences
rather than size (Theil, 1990). H-subunit-type ferritin is
associated with rapid Fe biomineralization (Levi et al., 1988;
Lawson et al., 1989; Wade et al., 1991; Waldo et al., 1993).
L-subunit ferritin can still form cores, although at far slower
rates (Levi et al., 1988, 1989; Lawson et al., 1991; Waldo et
al., 1993).

Ferritin is perhaps unique among known metalloproteins in
lacking stable metal sites, since a major role of the protein is
guiding Fe(II) in solution outside the protein through the
protein coat to the Fe(III)-oxo mineral core, rather than
merely binding Fe. A number of metalsites have been observed
by X-ray diffraction, using heavier metals to model iron sites
(Harrison & Lilley, 1990). X-ray absorption, Mdssbauer,
and electron paramagnetic resonance (EPR) spectroscopy have
identified a number of Fe(III)-oxo species, some bound to
protein ligands, such as small Fe(III)-oxo clusters and oxo
dimers of Fe(II)/Fe(I1I) or Fe(III)/Fe(IIl) that may be
intermediates, measuring either Fe itself or using other metals
as reporters for Fe binding (Yang et al., 1987; Chasteen et
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al., 1985; Chasteen & Theil, 1982; Bauminger et al ., 1989,
1991). In addition, VO?* bound to horse spleen ferritin,
analyzed by electron nuclear double resonance (ENDOR)
spectroscopy, showed couplings from N nuclei tentatively
ascribed to histidine (Hanna et al., 1991). Oxidation of Fe-
(II) initially occurs on the protein, as evidenced by detection
of Fe(IIT)-tyrosinate (Waldo et al., 1993), and suggested by
the different products of O, reduction for small numbers of
added Fe atoms compared to large numbers (Sun & Chasteen,
1992). Once mineralization of the ferritin core has begun,
oxidation of Fe(II) may occur on small Fe(III)-oxo clusters
and on the mineral surface as well as on the protein (Bauminger
et al., 1989; Jacobs et al., 1989; Xu & Chasteen, 1991; Sun
& Chasteen, 1992; Rohrer et al., 1987, 1989; Wade et al.,
1991). The ferritin core is a hydrated ferric oxide mineral
phase of variable crystallinity and composition (Mann et al.,
1987; Mackle et al., 1991; Theil & Sayers, 1991; Rohrer et
al., 1990). ' -

Ligands proposed as the site of initial ferroxidation, Glu3®
and His6!, related to rapid mineralization of H-subunit-type
ferritin and based on Tb and Ca as models for Fe, were shown
by site-directed mutagenesis to abolish rapid mineralization
in H-subunit-type ferritin (Lawson, 1989, 1991; Bauminger
et al., 1992; Treffry et al., 1992). However, the same ligands
are also found in a bullfrog ferritin (Dickey et al., 1987),
recently shown to have the slow mineralization rates of
L-subunit-type ferritin (Waldo et al., 1993). Clearly, these
residues alone cannot explain the rapid rate of ferroxidation
of H- versus L-subunit type ferritins. However, a specific
Fe(I1I)-tyrosinate complex has recently been associated with
rapid mineralizing H-subunit-type ferritin; a specific tyrosine
conserved in H-type ferritin subunits is absent in L-type ferritin
subunits (Waldo et al., 1993).
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Formation of Fe(III)-Tyrosinate in Ferritin

The purple Fe(III)-tyrosinate complex in H-subunit-type
ferritin provides the first opportunity to follow a specific,
chromophoric, Fe-protein intermediate during the mineral-
ization process (Waldoet al., 1993). Priortotheidentification
of the Fe(IlI)-tyrosinate complex in H-subunit ferritin by
resonance Raman spectroscopy (Waldo et al., 1993), no
specific amino acid in ferritin had been identified bound to
Fe(III). In this study the kinetic properties of formation of
the Fe(III)-tyrosinate complex were studied and compared
to those of the less defined, but frequently measured,
multinuclear Fe(II1I)-oxo complexes, using ultraviolet—visible
stopped-flow spectroscopy; rates of consumption of O; were
also analyzed. The results showed a very rapid burst of
oxidation of a discrete number (n ~ 50) of Fe atoms/ferritin
molecule early in the biomineralization of ferritin composed
of H-type subunits. The burst of oxidation clearly involved
the purple Fe(III)-tyrosinate complex.

MATERIALS AND METHODS

Bullfrog red cell H-subunit-type ferritin (Didsbury et al.,
1986), overexpressed in Escherichia coli, was isolated and
purified as previously described (Waldo et al.,, 1993). The
purity of the H-subunit-type ferritin was confirmed by
electrophoresis in denaturing (SDS) and native gels. The
protein as isolated contained <1 Fe atom/ferritin molecule,
as determined by a reductive o-phenanthroline-Fe(II) assay
after protein denaturation (Rohrer et al., 1989). Removal of
endogenous Fe by reductive chelation with thioglycolic acid
(Chasteen & Theil, 1982) was unnecessary, minimizing the
possibility of modification of key residues. Bovineliver catalase
(EC 1.15.1.1) and horse spleen ferritin were purchased from
Boehringer Mannheim GmbH. Fe was removed from the
horse spleen ferritin as previously described (Chasteen & Theil,
1982). The horse spleen apoferritin thus prepared contained
<1 Fe atom/ferritin molecule as determined by a reductive
o-phenanthroline-Fe(II) assay on denaturated protein (Rohrer
etal., 1989). Ferritin protein concentrations were determined
by the Lowry method (Lowry et al., 1951).

Oximetry experiments (Figure 1A) were performed in a
thermostated lucite cell (25 °C) equipped with an YSI Model
5357 microoxygen electrode (Clark type) interfaced to a
microcomputer through a Keithley 427 current-to-voltage
amplifier and Metrabyte DAS8 analog-to-digital converter
board. Gas bubbles were displaced from above the sample
inthe 150-uL reaction cell with a tight-fitting stopper, through
which a small port was drilled to allow microliter injections
of reagents via a Hamilton syringe. To eliminate the
unacceptably long response time (>6 s for 90% response)
obtained with conventional membranes, the electrode was fitted
with a 6-um polypropylene membrane (90% response time of
1 s, as determined by injection of argon-purged water). Prior
to each experiment, the electrode was calibrated against air-
saturated water and 0.05 M sodium sulfite. In a typical O,
uptake experiment, 2.08 X 105 M apoferritinin 0.1 M MOPS
buffer, pH 7.00, containing 0.2 M NaCl was placed in the
rapidly stirred cell and allowed to equilibrate for 5 min.
Reactions were initiated by microliter additions of Fe(II) (as
FeSO,) in 0.05 M HCI. Fe loadings ranged from 6 to 384
Fe(II) atoms/apoferritin molecule (24 subunits/protein).

Tofacilitate direct comparison of ultraviolet—visible spectral
changes with O, uptake, a thermostated (25 °C) magnetically
stirred 1-cm path length quartz cuvette was fitted with a
polyethylene stopper drilled with ports to accept the oxygen
electrode and to allow the addition of reagents. Ultraviolet—
visible spectra spanning 400—-650 nm were measured at 1-s
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intervals with an HP-8452A diode array spectrophotometer
interfaced with a microcomputer.

Rapid kinetic data, necessary for the calculation of initial
rates of formation of the Fe(III)-tyrosinate complex, were
measured with a KinTek Instruments ultraviolet—visible
stopped-flow spectrophotometer (Johnson, 1986). The in-
strument had a dead time of <2 ms. The two equal-volume
reagent syringes, mixing cell, and 2.5-cm path length cuvette
were contained within a thermostated (25 °C) jacket. One
syringe was filled with all reagents except Fe(I1); the second
syringe contained Fe(II) (as FeSO,4) in 1 mM HCI. The final
working concentrations of all reagents -after mixing were
identical to those used in the O, uptake experiments (vide
supra). The pH change upon mixing was negligible. Time
course absorbance data were measured for multinuclear Fe-
(III)-oxo complexes at 420 nm (Figure 1B) and for Fe(III)-
tyrosinate at 550 nm (Figure 1C). Although the absorbance
of Fe(III)-oxo multinuclear complexes is facilitated at 310
nm, a wavelength often used by other workers (typical values
are 10-fold larger than those at 420 nm), 310 nm is so close
to theintrinsic absorbances of protein tyrosine and tryptophan
residues (280 nm) that results could be confounded by
conformational changes in the protein. Toobtaininitial rates,
absorbances were recorded at 0.75-ms intervals during the
first 0.3 s of the reaction. Data from 15 replicates were
averaged at each Fe(II) concentration, and initial rates were
determined by fitting a cubic polynomial to the initial region
of each progress curve (insets, Figure 2). Two independent
preparations of protein were used. Initial rates were taken as
the slope at ¢t = 0's. Since the initial rates varied nearly 30-
fold over the span of [Fe(II)] examined, optimal fitting regions
ranged from 0.2 s at 2.5 X 103 M Fe(II) t0 0.025 s at 8.0 X
10 M Fe(II).

Vmax, measured as change in absorbance per second, A4
s71, was converted to ko, moles of Fe oxidized per second per
mole of ferritin as follows. Molar extinction coefficients were
calculated at 550 and 420 nm on a per-Fe basis. For example,
using the saturation curve for Fe(III)-tyrosinate formation,
Figure 3A, a molar extinction coefficient was calculated;
€ssonm = 22 300 £ 500 M~! cm™!, or 446 £ 10 M~! Fe-! cm™!
on a per-metal basis (the formation of Fe(III)-tyrosinate
saturated at ca. 50 Fe/ferritin molecule). Molar extinction
coefficients on a per-metal basis, e420nm (M™! Fe~! cm™!) were
determined from the total absorbance change at 200 s (see
Figure 1 B) and plotted against the Fe/ferritinratio. A second-
order polynomial was fitted to the data (r? = 0.999) and
extrapolated back to 0 Fe loading to obtain e4zonm, = 240 %
10 M-1Fe! cm™!, the molar extinction per Fe(III) in the limit
of small core; such an approach is reasonable given the small
amount of core formed during the first 50-100 ms of
ferroxidation. Finally, V.., AA 57!, was converted to moles
of Fe oxidized per second per mole of ferritin using the per-
metal molar extinction coefficients for the appropriate
wavelength, viz. kox (§°1) = Vinax (A4 571) /[ [€420nme (M™! Fe™!
cm1)](2.08 X 106 M ferritin)]. Long-term progress curves
were measured for 200 s at 1-s intervals and data from three
replicates were averaged (Figure 1B,C). To accurately
determine the maximum amount of Fe(III)-tyrosinate formed
during the reaction (Figure 3A) (Assonm maximized at ca.
1-3 s after mixing, Figure 1C), the absorbance at 550 nm was
recorded every 12.5 ms for the first 5 s of the reaction. The
various kinetic parameters (i.e., rate constants, Hill param-
eters) were obtained by linear and nonlinear least-squares
(Levenberg—Marquardt) fits of the kinetic data.
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The stoichiometry of Fe(II) oxidation was compared for
horse spleen ferritin (slow mineralizing) and H-subunit-type
ferritin (fast mineralizing) at several Fe/protein ratios (Figure
3B). Different ratios of Fe/protein were achieved at constant
[Fe(11)] = 1.0 X 10 M, by varying the protein concentration
from 1.66 X 10-5 to 1.04 X 107 M. This ensured that the
observed Fe/O, stoichiometries reflected changes in Fe/
ferritin ratios and not simply changes in [Fe(II)].

Restoration of the site which forms Fe(I1II)-tyrosinate
(Figure 4) was followed by measuring the absorbance at 550
nm during the burst of oxidation when a second addition of
48 Fe(II) atoms (n = 48/protein molecule) was made to
H-subunit-type ferritin which had been incubated for various
times after the addition of an initial samplc of 48 Fe(II) atoms
(n = 48 /protein molecule); the working concentrations of
protein and iron were identical to those used in the oximetry
experiments (vide supra). Samples of ferritin were withdrawn
from the reaction vessel periodically and placed in either the
O, electrode cell or a rapidly stirred quartz cuvette before
addition of the second bolus of Fe(II). The magnitude of the
burst of oxidation was calculated by fitting a straight line to
the first 12 s of the second phase of the O, uptake data and
extrapolating to the time of Fe(II) addition. The amount of
the concomitant Fe(III)-tyrosine generated was obtained from
the maximum increase in absorbance at 550 nm. The burst
of O consumption and the amount of Fe(III)-tyrosinate
formed after the second bolus of Fe(II) was added were
reported as relative percentages of the values obtained when
Fe(IT) was added to apoprotein. The spectrophotometer was
zeroed using the Fe-loaded protein sample.

RESULTS

Progress Curves for O, Consumption, Fe(III)-Oxo Multi-
nuclear Complex Formation, and Fe(III)-Tyrosinate For-
mation. Earlier studies of O, uptake during Fe(II) oxidation
by ferritin used slow mineralizing horse spleen ferritin (Xu
& Chasteen, 1991; Sun & Chasteen, 1992). For Fe loadings
of <50 Fe/ferritin with 8.3 X 10-¢ M ferritin, Fe(II) oxidation
by horse spleen ferritin required ca. 1 min for completion
(Sun & Chasteen, 1992). In contrast, even at a lower protein
concentration (2.08 X 106 M), Fe(1I) oxidation by rapid
mineralizing H-subunit-type ferritin was complete in a single
phase lasting 3-10 s (Figure 1A) when Fe(II) was added at
ratios of Fe/protein <50. At higher ratios of Fe/protein, two
phases were observed, the initial rapid phase and an additional
slower phase (Figure 1A). To facilitate comparison of our
results with previous studies of ferritin mineralization, Fe(II)
oxidation by H-subunit-type ferritin was also measured at
420 nm [Fe(IIl)-oxo multinuclear complex formation].
Stopped-flow spectroscopy was required because of the rapidity
of the early phase of the reaction with H-subunit ferritin; the
same conditions were employed as in the O, uptake experiments
(Figure 1B). Progress curves were obtained with similar
shapes whether O, uptake or 440 was measured (compare
Figure 1, panels A and B). In either case, extrapolation of
a straight line fitted to the first 12 s of the second phase of
each progress curve suggested that the initial rapid burst of
Fe(II) oxidation was saturated at a ratio of Fe/protein of
approximately 50. Additional experiments were performed
with protein concentrations of 5.2 X 107 and 4.16 X 10 M
(data not shown). The absolute magnitude of the burst (total
O, consumed or change in 4430 during the rapid phase) was
directly proportional to protein concentration as long as the
ratio of Fe/protein was >50. Excess O, was present
throughout each experiment (see Figure 1A); however, the
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FIGURE 1: Progress curves for the ferroxidation of Fe(II) by
H-subunit-type ferritin as a function of Fe(II) loading, [Fe(II)/
ferritin molecule], measured by oximetry and ultraviolet-visible
spectrophotometry. Conditions: [ferritin] = 2.08 X 10°M, 0.20 M
NaCl and 0.10 M MOPS, pH 7.00, at 25 °C. (A, top panel)
Consumption of O, measured by oximetry. The initial burst phase
of Fe(II) oxidation is extremely rapid at all Fe(II)/ferritin ratios.
All of the Fe(II) is oxidized in a single phase for ratios of Fe/protein
< 50 Fe(II)/ferritin. Progress curves are biphasic for ratios of Fe/
protein > 50 Fe(II) /ferritin. Extrapolation of the second phase back
to the time of Fe(II) addition suggests that approximately 50 Fe(II)
atoms per ferritin molecule are oxidized in the burst. (B, middle
panel) Fe(II1)-Oxo multinuclear complex formation measured at
420 nm by ultraviolet—visible stopped-flow spectroscopy. Approx-
imately 50 Fe(II) atoms per apoferritin molecule appear to be oxidized
in the burst. (C, bottom panel) Fe(III)-tyrosinate formation (Amax
= 550 nm) measured by ultraviolet—visible stopped-flow spectroscopy.
Reaction conditions are the same as for panel A. Fe(III)-tyrosinate
concentrations rapidly reach a maximum during the initial burst of
oxidation and then gradually decrease during the second slower phase
of oxidation, in contrast to O, consumption and Fe(III)-oxo
multinuclear complexes. Note the apparent decrease in stability of
the Fe(III)-tyrosinate at >50 Fe(II)/ferritin.

possibility existed that the kinetics of the reaction, and thus
the magnitude of the burst, might be limited by ambient O3
([02] = 2.5 X 10* M for air-saturated water at 25.°C).
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Therefore, the effect of varying [O,] was investigated at the
highest [Fe(II)] employed (8.0 X 10~ M); [O,] of 1.25 X
104 and 5.0 X 104 M had no effect on the magnitude of the
burst.

In order to determine the relationships of the formation of
the purple Fe(I1II)-tyrosinate complex to oxygen uptake and
Fe(III)-oxo multinuclear complex formation, Assonm Was
followed by stopped-flow spectroscopy under the same con-
ditions employed in measuring Fe(III)-oxo multinuclear
complex formation (A4onm). Formation of the Fe(III)-
tyrosinate complexes parallels oxygen uptake and formation
of Fe(III)-oxo multinuclear complexes in the early rapid phase
of biomineralization (Figure 1A-C), but the decay! of Fe-
(III)-tyrosinate during the second phase of oxygen uptake
suggests that the Fe(III)-tyrosinate complex is a precursor
of the mature mineral formed in H-type ferritin. The data
further suggest that the initial rapid burst associated with
H-subunit ferritin biomineralization occurs on the protein.

Initial Rate of Oxidation: Formation of Fe(IIl)-Tyrosinate
and Fe(IIN-Oxo Multinuclear Complexes. Initial rates of
Fe(III)-tyrosinate (Assonm) and Fe(III)-oxo multinuclear
cluster formation (A4z0nm) are shown plotted versus [Fe(1I)]
(Figure 2). The initial rates were obtained from cubic fits
(see Materials and Methods) to the progress curves (insets,
Figure 2). The initial rates were directly proportional to
protein concentration. Evidence that the data were collected
undersaturating [O,], is the observation that halving the [O,]
at the highest [Fe(II)] concentration used [8.0 X 104 M Fe-
(IT)] had no discernible effect on the initial rate. The rate
plots are sigmoidal (Figure 2). Lineweaver—Burk plots (1/
rate versus 1/[Fe(II)]) showed pronounced curvature with
decreasing [Fe(II)]; however, plots of 1/rate versus 1/[Fe-
(II)]2 were linear (r2 = 09995 and 0.9996 for Assp and A4z
data, respectively), suggesting cooperative pairwise binding
of Fe(II) (Segel, 1975). Raw initial rates were fit directly to
the Hill equation (Hill, 1910):

v _ [Fe(IT)] e
Viax K, + [Fe(ID)]™

by refining Vmax, Mapp, and Kqpp, where Vis the observed initial
rate, Vmax is the rate at saturating [Fe(II)], ngpp is the Hill
parameter [the apparent number of cooperative Fe(II) binding
sites], and Kapp is the apparent dissociation constant for Fe-
(IT) binding. The fits are shown in Figure 2, and the refined
kinetic parameters are summarized in Table 1.

The pseudo-first-order rate constant of formation of Fe-
(I1I)-tyrosinate during the rapid phase of Fe(II) oxidation by
H-subunit-type ferritin, kox = 920 & 50 s, is ca. 700 times
larger than the rate constant for Fe(II) oxidation measured
by O, consumption for horse spleen ferritin comprised of 15%
H-type subunits, 1.3 £ 0.05 s~! (Sun & Chasteen, 1992).
Even when corrected for the relative percentages of H-subunit
in the two proteins, ko is still 100 times larger. The Fe-
(IIT)-tyrosinate complex formation rate constant for the rapid
ferroxidation path in H-subunit-type ferritin is characteristic

(1)

1 The observed biphasic decrease in Assonm probably reflects differing
rates of dissociation of Fe(III) from the tyrosine (Figure 1C). Dissociation
of a subset of the initial Fe(III)-tyrosinate complexes during the rapid
phase of Assonm decay might partially block a common pathway for Fe
migration or cause stabilizing conformational changes, thus reducing the
rate of decay of the remaining Fe(III)-tyrosinate complexes. Alterna-
tively, the initial rapid decrease in Assonm might reflect a decrease in the
extinction coefficient of the Fe(III)-tyrosinate complex, caused by
conformational changes upon movement of some Fe which is not directly
bound to tyrosine.
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FIGURE 2: Initial rates of Fe(II) oxidation during ferroxidation by
H-subunit-type ferritin, measured by ultraviolet-visible stopped-flow
spectroscopy versus initial [Fe(II)]. Reaction conditions were as
described in Figure 1. (A, top panel) Initial rates of formation of
Fe(III)-tyrosinate, reported in units of Adssp s~!. The sigmoidal
curve is fit to the Hill equation, with Hill parameter n,p, = 1.6 £ 0.1
(see Results). (B, bottom panel) Initial rates of Fe(III)-oxo
multinuclear complex formation, Adsy s7!. Curve is fit to Hill
equation, n,, = 1.8 £ 0.1. Kinetic parameters from fits of the Hill
equation to the data for Fe(III)-tyrosinate and Fe(III)-oxo multi-
nuclear complex formation are summarized in Table I. (Insets)
Representative progress curves, each an average of 15 transients. In
general, progress curves were too complex to be modeled as a single-
exponential process; therefore initial rates (A4 s™!) were determined
by fitting a cubic polynomial to the first part of each progress curve.

of product formation rate constants in “typical” enzymes, i.e.,
103 57! (Fersht, 1975).

Stoichiometry of Fe(III)-Tyrosinate Formation. Progress
curves for O, uptake (Figure 1A) and Fe(III)-oxo multinu-
clear complex formation (Figure 1B) suggest that the initial
rapid burst involves a ratio of 50 Fe/protein. However, since
only Fe(III)-tyrosinate formation measures a specific Fe—
protein complex, determining the stoichiometry of the Fe-
(III)-tyrosinate complex would clarify whether all of the rapid
burst of iron oxidation is occurring on the protein. At low
Fe/protein ratios, the amount of Fe(III)-tyrosinate formed
is proportional to the number of Fe(II) atoms oxidized in the
burst but reaches saturation at higher ratios of Fe/protein
(Figure 3A). From the intersection of straight lines fitted to
and extrapolated from these regions, it is clear that Fe(III)-
tyrosinate formation saturates at ca. 50 Fe/ferritin (Figure
3A); the same value was obtained from the rapid burst of
oxygen uptake and Fe(III)-oxo multinuclear cluster formation.
Thus, essentially all of the iron oxidation associated with the
rapid burst occurs on the protein. An estimate of the number
of tyrosines involved in the Fe(III)-tyrosinate complex can
be obtained by comparison of the extinction coefficient for
Fe(1II)-tyrosinate in ferritin (450 M~! cm-! Fe-!) to that in
other Fe(1II)-tyrosine proteins [emax = 1200-4000 M-! ¢cm™!
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Table I: Kinetic Parameters for Ferroxidase Activity in Ferritin
Composed of Recombinant H-type Subunits Compared to Horse
Spleen Ferritin (H:L ~ 0.15)

H-subunit-type ferritin?

Fe(11I)~ multinuclear
tyrosinate cluster horse spleen ferritin
parameter As50 nm A420 nm (H:L ~ 0.15) oximetry
Napp 1.6 £0.15%¢ 1.8 £0.15¢ not determined
Kox 920 & 5044 1050 + 5044 1.3+ 0.05

@ The sequences cloned were from bullfrog red cell ferritin H subunits,
but recently the appearance of Fe(III)-tyrosinate (4sso) has been observed
in recombinant human liver H-chain ferritin (Bauminger et al., 1993).
b Parameters optimized from nonlinear least-squares fits of the Hill
equation (see Results) to the raw initial data (Figure 2). ko is reported
as moles of Fe(Il) oxidized per second per mole of H-subunit-type
apoferritin protein. Kpp, the apparent dissociation constant of Fe(II)
binding, is (2 ® 0.3) X 10-7 M for Fe(III)-tyrosinate and (6 £ 1) X 107
M for Fe(III)-oxo multinuclear complex formation. ¢ n,pp is the Hill
coefficient, the apparent number of sites acting cooperatively for Fe(II)
binding. Although the values obtained could mean cooperative binding
of at least two Fe(II), in a complex multisubunit protein such as ferritin,
the napp could also mean pairs of highly cooperative intersubunit or
intrasubunit Fe binding sites. 4 Pseudo-first-order rate constants for Fe(1I)
oxidation, reported as moles of Fe(II) oxidized per second per mole ferritin
(24-mer concentration) at saturating [Fe(II)]. Since the number of
ferroxidase sites is unknown, rate constants are reported on a 24-mer
basis, in analogy to the calculations of Sun and Chasteen (1992) for horse
spleen ferritin. Py, in units of absorbance change per second, was refined
from fits to the Hill equation (see Figure 2): Vmax ssonm = 0.85 % 0.06
AAS™Y; Vinax 420mm = 0.55 £ 0.03 A4 5!, Vg Was subsequently converted
to moles of Fe oxidized per mole of ferritin per second viz. for Fe(III)-
oxomultinuclear cluster formation kox 57! = Vinax (A4571) /[ (€420 nmo) (2.08
X 1076 M ferritin)]; €420 nm, is the molar extinction of coefficient at 420
nm on a per-metal basis, 240 £ 10 M-! Fe~! cm™! (see Results). ¢ Pseudo-
first-order rate constant for oxidation of Fe(II) associated with formation
of Fe(III)-tyrosinate. Since the actual number of Tyr residues involved
in the cluster is unknown, the rate constant of Fe(III)-tyrosinate formation,
calculated using esso pm = 446 @ 10 M~! Fe™! cm™!, provides an upper
estimate as it assumes that all 48-50 Fe oxidized in the burst are
coordinated to Tyr. The same rate constant would be obtained where
two Fe were coordinated to each of 24 Tyr or one Fe was bound to each
of 48 Tyr. However, if one Fe(I11)-O-Fe(11I) dimer formed per subunit,
with Tyr bound to only one Fe per Fe(111)-O-Fe(III) dimer, the actual
rate constant for Fe(III)-tyrosinate formation would be half the value
reported. / Data from Sun and Chasteen (1992). Kinetic measurements
based on oximetry for hose spleen ferritin are sufficiently accurate because
of the slow rates of oxidation compared to ferritin composed entirely of
H-type subunits. Rate constant is reported as moles of Fe(II) oxidized
per second per mole of horse spleen ferritin.

Fe! (Que, 1983)]. Given, the facts that Fe(III)-tyrosinate
sites in ferritin are saturated with 50 Fe/molecule and that
H-ferritin contains 24 identical subunits, an apparent ratio of
2 Fe/subunit can be calculated. However, if two Fe atoms
were bridged by a single tyrosine, based on known model
complexes, the extinction coefficients would be 320-900 M-!
cm! Fe! (Murch et al.,, 1985, 1987). Moreover, bridging
phenolatesin Fe complexes give resonance Raman modes (Fe—
OR-Fe) below 500cm™! (Murchetal., 1987), which are absent
in the Fe(III)-tyrosinate complex in H-subunit-type ferritin
(Waldo et al., 1993); the strong mode at 589 cm™! observed
in ferritin is most consistent with monodentate, terminal
phenolate coordinated to Fe (Carrano et al., 1990). Thus,
given the range of known extinction coefficients for Fe(II1)-
tyrosinate in proteins and the spectral properties of Fe(III)-
tyrosinate in ferritin, it is likely that a single Fe atom is
coordinated to a single tyrosine, with anywhere from 1 to 6
Fe atoms/site, involving 8—24 protein subunits.
Stoichiometry of Fe Oxidation. Two limiting cases for
Fe /O3 stoichiometry have been described for slow mineralizing
horse spleen ferritin (Xu & Chasteen, 1991). At low ratios
of Fe/protein, i.e., 24 Fe(II)/ferritin molecule, 2 Fe(II) are

Waldo and Theil

Maximum Absorbance at 550 nm

1 L T

T T 1
0 100 200 300 400

Fe Atoms per Ferritin Molecule

2

0 20 40 60 80 100
Fe(ll) / Ferritin

(o}

=

-

]

e

. 3.0
>

- o
® 2.0 9
£ £ 2.0
o 5
.- w
r

-2 1.
5 1.0 1.
[ 4

(7]

0 200 400 600 800 1000
Initial Fe(ll) / Ferritin Molecule

FIGURE 3: Stoichiometry of Fe(III)-tyrosinate formation and Fe-
(II) oxidation as a function of Fe(II) loading [Fe(II)/ferritin
molecule]. (A, top panel) Fe(II)/ferritin molecule ratio required to
saturate formation of Fe(III)-tyrosinate, determined by ultraviolet—
visible stopped-flow spectroscopy. Reaction conditions were as
described in Figure 1. For each ratio of Fe/protein, the maximum
amount of Fe(IIT)-tyrosinate formed was determined from the
maximum in the progress curve at 550 nm. (Depending on the Fe-
(I1) /ferritin ratio, Assonm reached a maximum ca. 1-3 s after mixing.)
The drop-line at the intersection of lines fitted to the saturation curve
indicates that a ratio of approximately 50 Fe(II)/ferritin molecule
is required for saturation of the sites that form the Fe(I1T)-tyrosinate
complex. (B, bottom panel) Stoichiometry of Fe(II) oxidation, Fe-
(I1)/ O, for horse spleen ferritin (A) and H-subunit-type ferritin
(®). Different Fe/protein ratios were achieved at constant con-
centrations of Fe(I) (1.0 X 10# M) by varying the protein
concentration from 1.66 X 10~5to0 1.04 X 10~ M. This ensured that
the observed Fe/O, stoichiometries reflected changes in Fe(II)/
ferritin ratios and not simply changes in [Fe(II)]. Other reaction
conditions were as described in Figure 1. Stoichiometries of Fe(II)
oxidation are similar for horse spleen and H-subunit-type ferritin at
low Fe(IT)/protein ratios; the Fe(II)/O; was ca. 2, indicating the
production of H,O,. The two proteins display markedly different
Fe(II) oxidation stoichiometries at higher Fe(II)/ferritin ratios. Fe-
(I1)/O2 approaches 4 for horse spleen ferritin at high Fe(II) /ferritin
ratios, indicating that H,O is the final product of O reduction. In
contrast, H-subunit-type ferritin ferroxidation produces substantial
H,0; at all ratios of Fe/protein. (This was confirmed by adding
bovine liver catalase at the completion of oxidation, see Results.)
(Inset) Data from panel B, rescaled to emphasize stoichiometry at
low ratios of Fe/protein.

oxidized /O, consumed, with H,O; being the product of O;
reduction. At high ratios of Fe/protein, >200 Fe(II) /ferritin
molecule, 4 Fe(II) are oxidized /O, consumed, with H,O being
the product of O, reduction (Xu & Chasteen, 1991; Sun &
Chasteen, 1992).

Measurement of O; consumed/Fe atoms oxidized was
repeated for horse spleen ferritin (for comparison with
H-subunit ferritin), and the range from ca. 2 Fe/O; at low
Fe loadings to ca. 4 Fe/O; at high Fe loadings, previously
observed by Xu and Chasteen (1991), was confirmed (Figure
3B). In contrast, for H-subunit-type ferritin the Fe/O; ratio
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was always less than 2.8, indicating the production of some
H;O0; even at high Fe/protein ratios. At ratios of Fe/protein
of ca. 50, the Fe/O; ratio was ca. 2, indicating the predom-
inance of H,O; production when the major Fe(III) species
formed was Fe(III)-tyrosinate (Figure 3B). The production
of H,0; during Fe(II) oxidation by H-subunit-type ferritin
was confirmed at all ratios of Fe/protein by adding bovine
liver catalase at the completion of oxidation; 30—50% of the
O, consumed during ferroxidation was recovered depending
on the Fe/ferritin ratio.?

Recovery of the Initial Burst of Oxidation. H-Subunit
ferroxidation, as measured by O; consumption and Fe(III)—
oxo multinuclear complex(es) formation, is clearly biphasic:
a rapid burst followed by a slower phase (Figure 1A,B). Note
that the H-type-subunit ferritin used here was isolated with
no endogenous Fe, in contrast to previous studies in which Fe
had to be removed before experiments. Since a rapid burst
phase of oxidation had not been previously reported, the
possibility existed that the rapid pathway and the ability to
generate Fe(1II)-tyrosinate, might be associated specifically
with ferritin in which a mineral core had never formed. For
example, ferritin might somehow be modified after the
oxidation of the initial 50 Fe/molecule in such a way that the
rapid pathway might be permanently abolished. To analyze
the possibility that forming the iron mineral might permanently
alter the rapid pathway, the recovery of the magnitude of the
burst of oxidation and the capability of forming Fe(III)-
tyrosinate was investigated. A sample of apoferritin in which
the mineral core had never formed, was mixed with an initial
bolus of Fe(II) (48 Fe/protein). Atvarious times after mixing,
samples were withdrawn, and a second bolus of Fe(II) was
added (see Materials and Methods); progress curves were
measured for oxygen consumption and Fe(III)-tyrosinate
(Assonm) formation. The magnitude of the burst of O,
consumption and the amount of Fe(III)-tyrosinate formed
for the second bolus of Fe(II) are shown as percentages relative
to the values obtained for the addition of the first bolus of
Fe(1I) to apoferritin (Figure 4).

Clearly, therapid pathway for Fe(II) oxidation by H-subunit
ferritin is recoverable, as is the ability to form Fe(III)-
tyrosinate. Although it is possible that formation of the Fe-
(IIT)-tyrosinate is unrelated to the major rapid biomineral-
ization pathway in H-subunit ferritin, four observations make
the possibility unlikely: first, Fe(I1I)-tyrosinate does not form
unless a rapid burst of oxidation also occurs; second, the amount
of Fe(IIl)-tyrosinate formed always corresponds to the
magnitude of the burst, consistent with the recovery of a
discrete number of sites on the protein for rapid Fe(1I)
oxidation; third, several types of H-subunit ferritin are now
known to form an Fe(III)-tyrosinate complex (Waldo et al.,
1993; Bauminger et al., 1993); fourth, it is clear that the
magnitude of the burst and the amount of Fe(IIT)-tyrosinate

formed recover at nearly identical rates (Figure 4). An-

inexplicable feature of the recovery of the sites forming Fe-
(III)-tyrosinate and the burst of oxidation is the lag in the
early stage of recovery between the decay of Fe(III)-tyrosinate
(Assonm) and restoration of the sites for rapid oxidation. For
example, during the first 40 s after the maximum formation
of Fe(I1I)-tyrosinate at an Fe/protein ratio of 48, ca. 20% of
the Fe(III)-tyrosinate (Assonm) decreases (Figure 1C), but

2 The increase of Oy at long times, after the completion of oxidation,
is consistent with some spontaneous H,0; disproportionation (Figure
1A). This could also explain, in part, the deviations from linearity during
the latter part of the second phase of O; uptake (Figure 1A) compared
to A40 formation (Figure 1B).
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FIGURE 4: Recovery of the burst of O, consumption () and Fe-
(IIT)-tyrosinate formation (O) for the rapid ferroxidation pathway
in H-subunit-type ferritin as a function of incubation time between
the addition of two Fe(II) boluses. Values are percentages for the
second Fe(II) bolus relative to the first Fe(II) bolus. Reaction
conditions were as described in Figure 1. A bolus of 48 Fe(II)/
ferritin molecule was added to H-subunit-type ferritin. At various
times after mixing, samples of the ferritin were removed and treated
with a second bolus of 48 Fe(Il)/ferritin molecule, and progress
curves were measured for O, consumption and Fe(III)-tyrosinate
(Assonm) formation. The burst of O, consumption was determined
by fitting a line to the first 12 s of the second phase of each progress
curve and extrapolating to the time of Fe(II) addition. The amount
of Fe(III)-tyrosinate formed was determined as in Figure 3A. Note
that recovery of the rapid oxidation pathway corresponded to the
recovery of the site for Fe(I1I)~tyrosinate formation, consistent with
the recovery of a discrete number of sites on the protein for rapid
oxidation. The standard deviation of each data point was <10% of
the value.

there is no detectable recovery of the burst of oxidation during
this time interval—only the slow phase is observed. Instead,
the sites reponsible for rapid mineralization and formation of
Fe(III)-tyrosinate in H-subunit ferritin require ca. 5 min for
20% recovery and up to 12 h for full recovery. The initial lag
between Fe(11I)-tyrosinate decay and recovery of the burst
suggests that an additional step beyond the decay of Fe(III)-
tyrosinate is the rate-limiting step in the H-type subunit
ferroxidation mechanism and that full restoration of the Fe-
(IIT)-tyrosinate site requires completion of one or more steps
involving Fe beyond formation of the initial Fe(III)-tyrosinate
complex. Given the complexity and directionality of ferritin
biomineralization, it is not surprising that additional relax-
ations in the protein might be involved.

DISCUSSION

Fe(11I)-tyrosinate appears to be the first of a series of Fe—
protein complexes on the path of Fe through the protein coat
from the solution outside ferritin to the solid, hydrous ferric
oxide core inside ferritin. The sites along the path of Fe
through the protein are not yet defined, although potential
intermediates such as mono- and mixed-valence Fe-oxodimers
as well as Fe(III)-oxo clusters have been observed (Yang et
al., 1987; Chasteen et al., 1985; Bauminger etal., 1989, 1991).
One of the intermediate sites on the pathway of Fe through
the protein coat may be the Glu’®/His¢! ligands for Ca(II)/
Tb(III) previously described (Lawson et al., 1991). Fe
migration in ferritin is suggested by the relatively slow recovery
of burst activity and ability to form Fe(IIT)-tyrosinate (Figure
4), as well as by the decrease of Fe(lII)-tyrosinate with
continuation of O, consumption and Fe(I1I)—oxo multinuclear
complex formation. Evidence for Fe migration in ferritin
during mineralization over long periods of time has been
previously observed by measuring the EPR spectrum of vanadyl
as a reporter of unoccupied Fe sites (Chasteen & Theil, 1982)
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and by time-dependent changes in the ultraviolet—visible
spectrum (As31onm) (Treffry et al., 1984).

Differences in the ratio of Fe/O, for ferritin composed
entirely of H-type subunits, compared to horse spieen ferritin
(H:L. = 0.15) displayed in Figure 3B might arise from the
properties of H subunits in the ferritin molecule, which has
been the explanation of differences previously observed (Levi
et al., 1988; Lawson et al., 1988, 1991). One mechanism
relates to possible differences in the type of Fe(11I)—oxo clusters
produced by H and L subunits in ferritin. If, for example, H
subunits generated a large number of small Fe(III)-oxo
clusters, such as that described by Taftet al., (1993) at specific
protein catalytic sites, while L subunits produced a small
number of larger, multinuclear Fe(III)—oxo clusters at less
specific mineralization sites, the differences in stoichiometry
of Fe/O; between H-subunit type ferritin and horse spleen
ferritin (Figure 3B) could be explained.? Alternatively, a
subset of H-subunit-specific ferroxidation sites might remain
active throughout the Fe(II) oxidation process. Thus, oxi-
dation on the core (Fe/O2 ~ 4) and on the protein coat (Fe/
O, ~ 2) might occur simultaneously during the second, slow
phase of Fe(II) oxidation in ferritin comprised of H-type
subunits, leading to the nonintegral Fe/O; stoichiometry at
high Fe/protein ratios (Fe/O; ~ 2.8). Since such H-subunit-
specific sites would be less important in horse spleen ferritin
(H:L = 0.15), mineral-based oxidation (Fe/O; ~ 4) would
determine the overall stoichiometry. Monomeric, 1-¢ oxi-
dation of Fe(II) by O; has been suggested as one mechanism
of ferroxidation in ferritin (Sun & Chasteen, 1992). Our
observation of Fe/O; stoichiometries < 2, at Fe/protein ratios
< 24, is consistent with some 1-e- oxidation of Fe(II) (inset,
Figure 3B). Sucha notion is further supported by the increased
stability of the Fe(III)-tyrosinate complex at very low Fe/
protein ratios (12 Fe/protein; Figure 1C), by the increasing
fraction of monomeric Fe(III) at low Fe/protein ratios as
determined by EPR spin quantitation of the g’ = 4.3 signal
(Waldo et al., 1993), and by detection of a g’ = 2.0 tyrosine-
like radical by EPR spectroscopy (Waldo, Theil, and Huynh,
unpublished observations). Oxidation of monomeric Fe(II)
appears to occur preferentially at a site involving tyrosine,
since the amount of Fe(III)-tyrosinate formed is directly
proportional to added Fe, for Fe/protein ratios below 48 Fe/
protein (Figure 3A). Another possible mechanism to explain
the low Fe/O; stoichiometry might involve electron transfer
from Fe(II) to tyrosine; however, such an explanation is less
likely given the observation that no purple Fe(III)-tyrosinate
is formed when Fe(II) is added anaerobically to H-subunit
ferritin (Waldo et al., 1993).

The biphasic appearance of the O, uptake and 440 progress
curves suggest a rapid preequilibrium phase followed by a
“steady state” during which the rate of Fe(IlI)~oxo multi-
nuclear complex(es) formation is constant. For ferritin, a
simple explanation for the burst of oxidation followed by a
slower, linear phase of oxidation would be the rapid accu-
mulation, along a well-defined pathway for Fe migration, of
anintermediate for which subsequent turnover is rate-limiting.
Chymotrypsin provides a classic example of a burst arising

3 For example, large polycrystalline Fe(III)~oxo clusters could serve
as alternative sites for Fe(II) oxidation (Macara et al., 1973; Crichton
& Roman, 1978) with intermediate, partially reduced forms of O; (i.e.,
H>03) remaining bound to the developing core and reacting with Fe2*
in a surface-diffusive manner, as previously suggested (Xu & Chasteen,
1991). Suchtwo-dimensional diffusion would be less favorable on smaller
crystallites which would have fewer sites for Fe binding.

Waldo and Theil

from accumulation of a single protein-bound intermediate,
during the hydrolysis of p-nitrophenyl ethyl carbonate (Hartley
& Kilby, 1954). The acylenzyme is formed rapidly but
hydrolyzes slowly. Progress curves for such systems resemble
those for ferritin (Figure 1A,B) with an initial rapid pre-
equilibrium phase during which stoichiometric amounts of
enzyme-bound intermediates accumulate to steady-state
concentration, followed by a slower phase during which further
reaction with substrate is controlled by the rate of which
enzyme-bound intermediates turn over to regenerate the active
site. A burst occurs only when the rate of turnover of the
intermediate is slow compared to its formation and is only
detectable when enzyme and substrate are present at com-
parable concentrations. Both of these conditions are met by
the Fe(III)-tyrosinate complex. However, a third condition,
achieving steady-state concentration during the slow linear
phase, does not occur in ferritin since Fe(I1I)—tyrosinate rapidly
decreases during the initial “steady-state” phase of O,
consumption and Fe(III)-oxo multinuclear complex formation
(compare Figure 1, panels A, B,and C). Another, undetected
intermediate might exist between Fe(III)-tyrosinate and the
rate-limiting step in mineralization. Alternatively, the rapid
and slow phases could represent two distinct pathways, where
the rapid, Fe(III)-tyrosinate path may “prime” the slow path.
For example, the protein-catalyzed rapid phase of Fe(II)
oxidation could initiate the second, slower phase involving
Fe(II) oxidation on small crystallites or mixed protein- (Fe/
O; ~ 2) and mineral-catalyzed (Fe/O, ~ 4) Fe(II) oxidation.
Finally, the 50 Fe(II) atom burst could represent the formation
of small catalytic cluster(s), such as those described by Taft
etal. (1993), perhaps bound to amino acid residues including
tyrosine. Once such clusters attained a certain size, steric or
energetic constraints could operate to shut off the rapid
pathway, perhaps by blocking key residues or generating
conformational changes in the protein structure. Subsequent
movement of Fe to the final sites of greatest thermodynamic
stability could act to free up the initial rapid path, perhaps
by allowing the relaxation of the key protein residues to the
initial conformation. Such a notion is consistent with the
observation that the tyrosine residues which have been proposed
as candidates for the Fe(III) complex (positions 25, 28, 30,
and 133; Waldo et al., 1993) and the conserved Glu residues
which have been suggested as Fe(III)-oxo cluster nucleation
sites (Fordetal., 1984; Yanget al., 1987), are in close proximity
to regions of considerable side-chain flexibility in the ferritin
subunit structure (Harrison & Lilley, 1990; Trikha et al.,
1993).

The burst of oxidation reported here represents a previously
unappreciated aspect of ferritin ferroxidation, which must be
incorporated into any mechanism of ferritin mineralization.
It is an Fe(II) oxidation process of unprecedented rapidity in
ferritin biomineralization. A ko = 1000 s~! is comparable to
typical product formation rate constants for enzyme-catalyzed
reactions. The rapid formation of stoichiometric amounts of
H-subunit-specific Fe(III)-tyrosinate during the burst in the
formation of Fe(III)—oxo multinuclear complexes (Figure 1,
Table I) requires a model for ferritin biomineralization which
is more complex than any currently proposed. For example,
the concerted 2-e~ transfer from O, to an Fe dimer proposed
to occur at the Glu® /HisS! site (Treffry et al., 1992) does not
explain the role of Fe(III)-tyrosinate, nor the fact that the
Glu’8 /His®! residues are present in ferritins exhibiting widely
differing rates of mineralization (Waldo et al., 1993). Nor
does a simple single Fe—protein interaction such as that
proposed by Sun and Chasteen (1992) explain the burst of
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oxidation (Figure 1), the sigmoidal rate plots (Figure 2), the
stoichiometry of Fe oxidation (Figure 3B), or the slow rate
of regeneration of both the rapid rate of O, consumption and
formation of Fe(III)-tyrosine complex (Figure 4). A variety
of mutant ferritins will be needed to fully understand the
kinetics of Fe(III)-tyrosinate formation and to completely
define the Fe path through the ferritin coat.
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