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ABSTRACT

CHARACTERIZATION OF RADICAL FORMATION AND IRON OXIDATION/
HYDROLYSIS DURING IRON DEPOSITION IN FERRITIN

by

Yu Chen Barrett
University of New Hampshire, December, 1994

The functional roles of ferritin H and L subunits in
ferrous iron oxidation and ferric iron hydrolytic
polymerization were studied by combination of electrode
oximetry and pH stat utilizing horse spleen and recombinant
human H and L ferritins. Previous work has investigated
ferrous ion oxidation kinetics, but no information on ferric
core formation and its relationship to ferrous ion oxidation
had been obtained. The kinetic pattern of iron
oxidation/hydrolysis in H-chain homopolymer ferritin showed
that the rate of iron hydrolysis is regulated by the rate of
iron oxidation, and that both follow the iron ferroxidation
pathway. In the early stage of the reaction with less than 10
Fe(II)/protein, it was observed that the stoichiometric ratio
of proton release to ferrous iron consumption approaches zero,
the ferrous iron to dioxygen ratio equals two and the kinetic
ratio of proton release to dioxygen consumption approaches
one. These results enable one to write a detailed mechanism
for iron ferroxidation occurring in ferritins containing the

xiii
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H-subunit. The L-chain homopolymer ferritin was also shown to
facilitate iron oxidation, but iron deposition occurs by a
mineral core surface mechanism as evidenced by the kinetic
ratio of eight protons released per dioxygen consumed. These
results suggest that the H-subunit serves as a ferrous iron
oxidation source and the L-subunit acts as a ferric iron sink
during iron incorporation into native heteropolymer ferritins.

Two types of ferritin radicals were observed by epr
spectroscopy. One radical is a tyrosyl radical formed in the
H-subunit only and is possibly generated from a superoxide
intermediate produced during the one electron oxidation of
iron(II). This radical gives a characteristic tyrosyl radical
doublet with a g-factor of 2.0066 and a hyperfine splitting of
18 G. This radical is centered on a Tyr-34 as shown by
measurements with site directed mutants. The other type of
ferritin radical produced is a secondary radical derived from
hydroxyl radical attack on ferritin. This radical is possibly
formed on an iron binding site of the L-subunit. Neither of
these ferritin radicals play an important role in iron
ferroxidation. However, confinement of radical production to
the inside of the ferritin shell could be a protective

mechanism against iron toxicity.

xiv
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CHAPTER I
INTRODUCTION

Iron and Ferritin

Iron, the second most common element in the Earth’s
crust, is involved in many important biological processes
such as transporting, storing and activating molecular
oxygen {(Fontecave & Pierre, 1993; Crichton & Ward, 1992) and
the growth of almost all living organisms (Theil, 1987).
However, the soluble, hence biocavailable, form of iron,
ferrous iron, is very reactive towards atmospheric oxygen.
These reactions produce harmful oxygen radicals such as
superoxide and hydroxyl radicals as well as insoluble and
bioinaccessible ferric iron in the form of oxides and
hydroxides (K, for Fe(OH); = 10%, [Fe(III)] at pH 7 = 107
M) (Spiro & Saltman, 1969; Theil, 1987; Fontecave & Pierre,
1993). Thus, living organisms have developed two mechanisms
against this reactivity. One mechanism is a protective
mechanism against oxygen radical damage, in which enzymes
are produced in life forms to dismutate superoxide and
hydrogen peroxide (Halliwell & Gutteridge, 1985). Another
mechanism is a ferric iron solubilization mechanism which is
achieved by synthesizing high affinity chelators for ferric

iron in living cells (Fontecave & Pierre, 1993). 1In
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mammals, the ferric iron chelators are large proteins such
as ferritin and transferrin (transferrin affinity constant,
K, for Fe’* = 10%® M!, K, for Fe’* = 102 M!) (Fontecave &
Pierre, 1993). In the average human adult male with a total
of 4 grams of iron, 25% of it is stored in ferritin and the
degraded form of ferritin, hemosiderin, 67% of iron is in
hemoglobin, 10% in myoglobin and 0.3% in transferrin
(Crichton, 1973; Halliwell & Gutteridge, 1984). The
synthesis of ferritin is not only influenced by normal
development and hormone levels but also by the iron content

in the body (Weir et al., 1984).

Ferritin Assembly

The ferritin molecule (M.W. 480,000) is a hollow
spherical shell (O0.D. 12.0 nm, I.D. 10.0 nm) composed of 24
sausage-like subunits with 4/3/2 symmetry as shown in Figqure
1.1 (Ford et al., 1984; Clegg et al., 1980; Theil, 1987).
The assembly of the ferritin coat, apoferritin, is thought
to occur first by forming subunit dimers from each
individual subunit with a hydrophobic side (shaded area)
(Figure 1.2a) facing out. Two dimers are then oriented 90°
to each other with one hydrophobic end half buried to form a
groove on the inner surface of the protein shell (Ford et
al., 1984; Rice et al., 1982; Theil, 1987). The hydrophobic
end that joins two dimers is then merged with two other

dimers (Figure 1.2b) to form one of six 4-fold channels
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Figure 1.1: Schematic representation of horse spleen
ferritin molecule viewed down the 4-fold axis. (Ford et al.,
1984)
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Figure 1.2:
coat.
(a)
(b)
(c)
(a)

Schematic diagram of the assembly of ferritin

Formation of a subunit dimer with hydrophobic
patches (shaded area) facing out.

Formation of a 4-fold channel by four dimers
with their hydrophobic ends joined together.
Additional dimers form a 3-fold channel with
majority of the hydrophobic areas buried.
24mer form a apoferritin molecule with all
hydrophobic ends covered. (Ford et al.1984)
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lined with twelve leucine residues showing hydrophobic
characteristics (Ford et al., 1984; Rice et al., 1982;
Theil, 1987) (Figure 1.3a). Additional dimers then bring
the rest of the hydrophobic ends together (Figure 1.2c) to
form one of eight 3-fold hydrophilic channels lined with
three aspartic acid, three glutamic acid, six serine with
three cysteine and six histidine residues nearby (Andrews et
al., 1992; Rice et al., 1982; Theil, 1987) (Figure 1.3b).
All channels have a funnel shape with the larger diameter
end facing the outside of the molecule and the narrow end,
diameter of ~3 - 5 A, towards the cavity (Rice et al., 1982;
Andrews et al., 1992). The 24mer is eventually folded
together with all the hydrophobic residues buried along the

4-fold axes (Figure 1.2d).

Formation of Iron Core

Formation of the iron core, a crystalline hydrous iron
ferric oxide phosphate complex (FeOOH;FeOOPO; for horse
spleen ferritin) of 60 - 70 A diameter, is a self-catalyzing
process which occurs after the assembly of the apoferritin
shell (Ford et al., 1984; Lawson et al., 1989; Theil, 1987;
Harrison et al., 1986). The amount of iron that can be
stored in the core of a ferritin molecule is thought to
approach ~4500 iron atoms with an average iron loading of
2300 atoms (Ford et al., 1984; Watt et al., 1985). The

ferric core structure in ferritin is independent of buffer
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Figure 1.3: Ribbon diagram of (A) the hydrophobic 4-fold
channel, (B) the hydrophilic 3-fold channel. (Feig & Lippard,
1993)
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ions, in contrast to the hydrous ferric oxide core without
ferritin present (Theil et al., 1983). Iron core formation
can be accomplished in vitro by adding ferrous iron directly
to apoferritin in the presence of oxygen or other oxidants.
Addition of ferric ions directly to apoferritin to
reconstitute ferritin has been unsuccessful, suggesting that
iron is stored in the ferric form but transported in the
ferrous form (Theil, 1987; Ford et al., 1984). Release of
the iron from the ferritin core also requires the reduction
of ferric iron to ferrous iron, the latter is then
stabilized by additional ferrous chelators (Theil et al.,
1983).

The ferritin shell, especially the building blocks of
the shell subunits, play essential roles in both iron
deposition within the shell and release of iron from the
core (Andrews et al., 1992; Theil et al., 1983), as
discussed in detail below. The 3 and 4-fold channels of the
ferritin coat, however, do not appear to be as functionally
important as they were originally predicted to be (Felig &
Lippard, 1993), even though the 3-fold channels have been
shown to serve as entry points for iron transport into the

ferritin cavity (Treffry et al., 1993).

The Role of Phosphate

In addition to the predominantly ferric hydrous oxide,

a small amount of phosphate (1 - 1.5%) has also been
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detected in the iron core micelle (Crichton, 1973).

Ferritin cores reconstituted with and without the presence
of phosphate give the same X-ray or electron diffraction
pattern, suggesting that the phosphate is located on the
surface and/or iﬁ the disordered region of the iron core
(Theil et al., 1983). Magnesium citrate can only
precipitate 60% of the phosphorus from the ferritin core,
suggesting that the phosphate is probably also tightly bound
in the core interior where it cannot be reached by magnesium
citrate (Theil et al., 1983). The interaction of phosphate
with the iron of the core has been demonstrated by M&ssbauer
studies showing that the ferric core size is reduced from 60
A to 48 A in the presence of phosphate (Theil et al., 1983;
Crichton, 1973). In addition, the iron/phosphate ratio has
been found to be higher when the iron content in the core is
lower. All these changes in iron core composition from the
presence of phosphate may be the reason for the kinetic
differences observed in the process of iron deposition and
release in ferritin (Cheng & Chasteen, 1991; Heqing et al.,

1993; Watt et al., 1992).

Ferritin Subunits
Recent studies have shown that subunits of two types, L
(light) type subunit with M.W. of 19,000 and H (heavy) type
subunit with M.W. of 21,000, play special roles in iron

deposition in ferritin (Andrews et al., 1992; Levi et al.,
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1992; Arosio et al., 1978; Clegg et al., 1980). These two
types of subunits are genetically and functionally distinct,
although approximately 55% of the 174 amino acid residues in
the L subunit share sequence identity with the 183 amino
acid residues in the H subunit (Andrews et al., 1992; Levi
et al., 1992). It has been suggested that the L-subunit may
be superior to the H-subunit at promoting iron core
formation, while the H-~type is more efficient for the
metabolically active function of iron oxidation than the L
type (Cozzi et al., 1990; Levi et al., 1992; Andrews et al.,
1992; Harrison, 1986). The H and L subunit composition
differs between ferritins in different tissues, which may
refléct functional differences between subunit types. For
example, the metabolically more active horse heart ferritin
has 90% H subunit and 10% L subunit while the higher iron
content, thus the iron storing, horse spleen ferritin has
only 16% of H and 84% L subunit ratio (Cozzi et al., 1990;
Harrison, 1986). Ferritin from the same tissue of different
animals may also contain different H and L subunit
composition. One example is sheep spleen ferritin having
62% H and 38% L subunit compared to 16% H and 84% L in horse
spleen ferritin (Mertz & Theil, 1983).

The difference in H and L subunit ratio also changes
the protein surface charge due to the difference in amino
acid composition of two subunits (Andrews et al., 1992). 1In

general, each subunit has more acidic residues than basic,
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thus the isoelectric focusing point (pI) of a ferritin
molecule is between 4.5 - 5.5 (e.g. horse spleen ferritin
has pI of 4.5) (Theil, 1987; Harrison, 1986).

The detailed structure of each subunit has been studied
by high resolution X-ray crystallography (Ford et al., 1984;
Theil, 1987). Four long a helices, A (horse spleen ferritin
residue numbering, 10 - 39), B (45 - 72), C (92 - 120) and D
(124 - 155), a short a helix, E (160 - 169) and a loop, L
(73 - 91) have been identified as shown in Figure 1.4 (Rice
et al., 1982; Ford et al., 1984). Helix pairs A, B and C, D
are connected by short turns in an anti-parallel fashion
while B and C are connected by the loop, L. The four
helices form a helix bundle with the side chains interacting
with each other to form a hydrophobic core extending the
full length of the bundle, ~3.5 nm (Ford et al., 1984; Rice
et al., 1982). A narrow channel of 1.0 A has been observed
to pass through the inner and outer surfaces of the H-
subunit and connect to the active site for Fe(III)
oxidation. The channel has been postulated to serve as a
possible intra subunit transportation tunnel for iron and
oxygen (Lawson et al., 1991). This channel, however, is
blocked by a salt bridge in the L subunit, which may account
for some of the functional difference between the H and L

subunits.

10
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Figure 1.4: Ribbon diagram of the alpha carbon backbone of an
individual subunit. (Ford et al., 1984)

11
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Active Sites of Ferritin

In addition to the intra-subunit channel, several
important or potentially important functional sites for iron
incorporation in ferritin have been identified within the H-
subunit helix bundle by X-ray crystallography and site
directed mutagenesis (Lawson et al., 1991; Lawson et al.,
1989). An essential iron complexation and oxidation site,
the ferroxidase site, site A (Figure 1.5), consisting of
Glu-27, Glu-62 and His-65, has been located ~7-10 A from the
inner surface (Treffry et al., 1992; Crichton et al., 1980).
This site has been shown to be responsible for initial iron
oxidation and is possibly the Fe(III) source for the
ferrihydrite core formation in H ferritin (Levi et al.,
1992; Andrews et al., 1992). It has also been suggested
that the ferroxidase site in the H subunit may serve as the
Fe(III) source for L ferritin when both ferritins are
present in the same solution (Levi et al., 1992; Andrews et
al., 1992). A nearby iron binding site, the intermediate
site B which involves Glu-61, Glu-62 and Glu-107, has also
been located ~3 A from site A (Lawson et al., 1991; Treffry
et al., 1992) (Figure 1.5), which has been suggested as the
location of Fe(II) - Fe(III) intermediate mixed-valence u-
oxo-dimer (Andrews et al., 1992; Treffry et al., 1992;
Hempstead et al., 1994; Hanna et al., 1991b). Another amino
acid residue, Tyr-34, linked to the Glu-107 of site B

through hydrogen bonds, is thought to be responsible for the
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helix B

Figure 1.5: 1Identification of possible location for iron
binding sites A, B and Y. (Feig & Lippard, 1993)
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recent discovery of an Fe(III)-tyrosine complex (site Y) in
both bull frog and human H-chain ferritin (Figure 1.5)
(Waldo et al., 1993; Waldo & Theil, 1993; Bauminger et al.,
1993; Guiles et al., 1990). Iron oxidation at this site is
claimed to be the fastest step in the iron deposition
process within ferritin (Waldo & Theil, 1993).

Unlike the above sites which are conserved on the H-
subunit only (Treffry et al., 1992; Andrews et al., 1992),
another iron binding site, the nucleation site, site C,
consisting of Glu-61, Glu-64 and Glu-67 residues, is found
in both the H and L subunits. This site has been proposed
to initiate the nucleation of the ferric iron which has
migrated from site A and B (Lawson et al., 1991). 1In
addition, kinetic studies using site directed mutants have
suggested that the nucleation site has some iron oxidation

catalytic ability as well (Sun et al., 1993).

Metal Binding Site in Ferritin

The discovery of a cluster of iron binding sites on the
H-subunit is of great importance for understanding iron
deposition in ferritin as described above. Unfortunately,
the direct observation of iron binding in ferritin has not
been possible until recently (Theil et al., 1983; Hempstead
et al., 1994). Thus, other metal ions, whose binding sites
in ferritin may be detected in electron density maps, have

been frequently used to probe the number and the location of
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the putative iron binding sites through competitive binding
studies with iron (Clegg et al., 1980; Weir et al., 1984;
Harrison, 1986). So far, three Tb’* sites have been located
inside the H-subunit, which led to the discovery of
ferroxidase site A, the intermediate site B and the
nucleation site C (Lawson et al., 1991; Feig & Lippard,
1993) (Figure 1.5). Two other Tb** sites have also been
observed at the outer rim of the 3-fold channel, near the
subunit interface and liganded by three Asp-131 and three
Glu-134 residues. Mutation of these residues has identified
the 3-fold channel as an iron entry point (Chasteen & Theil,
1982; Weir et al., 1984; Treffry et al., 1993). Besides the
terbium binding sites, two types of zinc binding sites have
also been located, with one near the outer rim of the 3-fold
channel and the other one at the ferroxidase site (Treffry
et al., 1993; Crichton & Ward, 1992; Sun & Chasteen, 1992;
Harrison, 1986).

Two types of VO?* binding to ferritin have also been
observed, one site involves a nitrogen ligand as shown by
ENDOR and ESSEM studies'(Gerfen et al., 1991; Hanna et al.,
1991a), which was later established as His-118 (Chasteen et.
al, unpublished results). The other VO?** binding site was
postulated to be in the 3-fold channel based on the
titration of the vVO?* EPR signal (Wardeska et al., 1986;
Chasteen & Theil, 1982), however, measurements with site-

directed mutants have shown this not to be the case
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(Chasteen, et. al., unpublished result). In addition, cd**
and UO,>* have also been observed to bind to ferritin. The
postulated binding sites of the various metals are

summarized in Table 1.1.

Mechanism of Iron Deposition in Ferritin

With the help of the recent discovery of functional
binding sites for iron, some of the steps for iron
deposition in ferritin are now understood. These steps
include: Fe(II) enters the cavity through a 3-fold channel
to the inside of an H subunit where it binds at the
ferroxidase site A and is catalytically oxidized to Fe(III)
by molecular oxygen (Lawson et al., 1989; Andrews et al.,
1992; Levi et al., 1992; Treffry et al., 1993). The rate of
the iron oxidation has been shown to be 1lst order with
respect to the protein concentration and displays saturation
kinetics with regard to Fe(II) and O,, indicating that
ferritin acts as a true ferroxidase enzyme (Sun & Chasteen,
1992; Bakker & Boyer, 1986). The stoichiometry of the iron
oxidation is two iron atoms oxidized per oxygen molecule
consumed (Figure 1.6) (Xu & Chasteen, 1991; Sun & Chasteen,
1992). The reaction is described by equation 1.1 with H)0,

being the final product of dioxygen reduction.

2Fe’* + 0, + 4H,0 - 2FeOOH,, + H,0, + 4H* (1.1)
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Table 1.1: The location and amino acid ligands for metal
binding in horse spleen ferritin (Harrison, 1986)

No Ligands Merals Location
1 Aspl27, Aspl27’ Cd**, Zn** 3-fold channel (inside)
Aspl2T”
2 Glu130, Glu130’ Cd?*, Zn** 3-fold channel (outside)

Glul30”, 3H,0

3 Aspl27, Aspl27’, b 3-fold channel (middle)
Aspl27”, Glul30,
Glul130’, Glul30”

4 Glu57, Glu60 Tb3* Cavity surface, on B helix
5 Glu57 (Glul36) UO2+ Cavity surface, between
H,0 B and D helices
6 Glu63 (Arg39) Uo* Cavity surface, between
B and B’

Brackets denote residues not conserved in ail known sequences. Other ligands are conserved. Prefixes ' and ”
denote residues from neighbouring, symmetry related subunits.

17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(V1]

S 4
=u :
[+ -
2 3]
= ]
g )
g ]
£ 24!
3 ]
n )
1 -~
ﬁ
0 ] T L] Al T AJ ¥ ¥ r Ly 1 L] I k] LI 1 I L T L]
0 200 400 600 800 1000
Initial Fe/Protein

Figure 1.6: Stoichiometry of iron(II) oxidation as a function
of initial iron loading to apo horse spleen ferritin. (Xu &
Chasteen, 1991)
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The Fe(III) produced at site A is then shifted to the
intermediate site B where the p-oxo-bridged Fe(II)-Fe(III)
dimer, the precursor of the Fe(III)-Fe(III) dimer, is formed
between site A an& B or at least partly formed at site A and
B (Treffry et al., 1992; Hanna et al., 1991b; Treffry et
al., 1993; Hempstead et al., 1994). The Fe(III) from the
Fe(III)-Fe(III) dimer then dissociates and migrates to the
center of the protein shell with the help of the Glu-61 from
the nucleation site C, to form an iron ferrihydrite core
with no specific attachment to the protein (Treffry et al.,
1992; Bakker & Boyer, 1986; Lawson et al., 1991; Feig &
Lippard, 1993). The mechanism above follows the protein
catalysis model of Crichton & Roman, 1978. Further Fe(II)
deposition then occurs directly on the mineral surface where
the Fe(II) is oxidized with a stoichiometry of four iron(II)
per dioxygen consumed (Figure 1.6) (Xu & Chasteen, 1991).
This Fe?* oxidation reaction is described by equation 1.2
with H,0 as the final product of the dioxygen reduction
(Crichton & Ward, 1992; Sun & Chasteen, 1992; Xu & Chasteen,

1991).

4Fe’ + 0, + 6H,0 - 4FeOOH

core

+ 8H* (1.2)

This iron oxidation pathway follows the crystal growth model
in which the rate of core formation is controlled by the

availability of the mineral surface (Figure 1.7) (Clegg et
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Figure 1.7: The "crystal growth" model for ferritin
formation. The rate of iron core formation is mineral surface
area dependent. The available mineral surface (thick 1line)
for incoming FeOOH increases from (A) to (C) and decreases
from (C) to (D). (Clegg et al., 1980)
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al., 1980; Macara et al., 1973).

Radical Formation

Superoxide and hydrogen peroxide are continuously
generated under non-pathological conditions in an aerobic
cell (Fontecave & Pierre, 1993). The concentration of these
active species are very low due to the constant conversion
of these species to water by superoxide dismutase, catalase
and other enzymes. Oxygen toxicity, which has been
suspected to cause many biological irregularities such as
inflammatory diseases, Parkinson disease, iron overload
syndrome and aging (Fontecave & Pierre, 1993), are thought
to arise from the conversion of superoxide and hydrogen
peroxide to the highly reactive hydroxyl radical by iron
under aerobic conditions. Hydroxyl radical is so reactive
that it is scavenged by the neighboring amino acid residues
instantly causing protein fragmentation and cross linking
(Davies et al., 1991). Hydroxyl radical is formed in the
iron catalyzed Harbor Weiss process (Reactions 1.3 to 1.5)

(Graf et al., 1984).

Fe’* + 0, = Fe¥* + 0, (1.3)
20,7 + 2HY - H)0, + O, (1.4)
Fe?* + H,0, » Fe** + *OH + OH" (1.5)

It has been suggested, that iron ions which are
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attached to proteins such as ferritin are not involved in
the promotion of hydroxyl radical production outside the
protein (Halliwell & Gutteridge, 1988). However, hydroxyl
radicals may be produced inside the protein, attacking the
protein itself, presumably on or near the iron binding site
(Fontecave & Pierre, 1993). The oxidative stress on the
iron protein can cause liberation of iron ions which promote
hydroxyl radical formation (Davies et al., 1991; Halliwell &
Gutteridge, 1988). Hemoglobin has been shown to degrade in

the presence of H,0,, presumably due to the site specific ‘OH

attack, resulting in iron release (Halliwell & Gutteridge,
1988; Crichton & Ward, 1992).

Recent kinetic studies have shown the production of
hydrogen peroxide inside ferritin, presumably at the
ferroxidase site, during the initial stages of iron
deposition, especially at low iron loading increments
(equation 1.1) (Sun & Chasteen, 1992). Further observations
have shown that the amino acid composition of ferritins is
changed during the iron loading process with the basic amino
acid residues lysine and histidine being depleted, resulting
in a lower protein isoelectric focusing point (De Silva et
al., 1992). Ferritin radicals have also been observed
previously by EPR spectroscopy and one radical has been
identified as a hydroxyl derived radical (Grady et al.,
1989). Therefore, it is important to understand the

consequences of radical formation in ferritin and its damage
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to the protein.

To date, the actual steps of iron deposition
responsible for radical formation in ferritin and the roles
that the protein radical may or may not play during the iron
oxidation process remain unclear. The relationship between
the iron oxidation and the mineralization process has yet to
be studied. The functions of H and L subunits, the pathways
and kinetics of the iron deposition in different ferritins
are the main interest of current ferritin research.

In Chapter II, the kinetics studies of iron loading in
horse spleen and recombinant human H and L ferritins were
conducted in which a combination of oxygen electrode and pH
stat apparatus was utilized to simultaneously monitor the
iron oxidation and hydrolysis reactions. Information on
relationships between Fe(II) oxidation, dioxygen reduction
and proton release are obtained, which enrich the mechanism
that describing initial iron oxidative deposition in the
human H-chain and the horse spleen ferritins. The human L-
ferritin is also shown to have the ability to facilitate
iron oxidation. The iron oxidation pathway in L-chain
ferritin predominantly follows the iron mineral surface
oxidation/hydrolysis pattern while ferroxidation is the
principle iron oxidation passage in the H-chain ferritin.

In Chapter III, two different ferritin radicals have
been observed in native horse spleen, recombinant horse L

and recombinant human H~chain ferritins (Grady et al.,

23

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1989). One radical formed in human H ferritin during

iron(II) oxidation by dioxygen has been shown not to be a
*‘OH-derived radical. Rather, it appears to be a Tyr-34
radical. Another radical, observed in both horse and
recombinant human ferritin, has been shown to be a secondary
radical derived from Fenton chemistry. Both radicals are
produced in very low yields and do not appear to play

important roles in iron ferroxidation.
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CHAPTER II

OXIDATION AND HYDROLYSIS KINETICS OF HORSE SPLEEN AND
RECOMBINANT HUMAN H AND L CHAIN FERRITIN

Introduction

Coexistence of H and L subunits in the same protein
molecule appears to be biologically favored since no native
homopolymer H or L ferritins are found in mammals (Andrews et
al., 1992; Levi et al., 1992) partly because H and L subunits
are functionally distinct even though they share 55% amino
acid sequence identity (Theil et al., 1983). The H subunit is
known to be superior in rapidly oxidizing Fe(II) to Fe(III) on
an iron binding site, the ferroxidase site consisting of Glu-
27, Tyr-34, Glu-62, His-65, Glu-107 and Gln-141 (Lawson et
al., 1989; Lawson et al., 1991; Hempstead et al., 1994). Two
other iron binding sites, the putative intermediate site (Glu-
61, Glu-62, Glu-107) and the nucleation site (Glu-61, Glu-64,
Glu-67) have also been identified on the H subunit and are
thought to be involved in the nucleation of the iron core
(Treffry et al., 1992; Lawson et al., 1991). No ferroxidase
site has been located on the L-subunit, but the nucleation
site important for initiating iron core formation is conserved
there (Levi et al., 1992; Bauminger et al., 1991; Andrews et
al., 1992), which may account for the L subunit being better

at converting Fe(III) species to core nuclei (Levi et al.,
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1992).

The impact of iron active sites on core size, core
species distribution and core crystallinity have been studied
by M&ssbauer spectrometry and X-ray diffraction (Wade et al.,
1991; Bauminger et al., 1991; Bauminger et al., 1993).
Mutation of the H-subunit ferroxidase site has been shown to
increase the size of the ferric core so that it resembles that
of recombinant L-chain ferritin (HuLF) (Wade et al., 1991).
The mutation of both ferroxidase and nucleation sites has been
found to nearly eliminate the crystal core formation
completely, suggesting essential roles for these active sites
in iron core formation (Wade et al., 1991).

A recent study has shown thaé iron is transferred
intermolecularly from the recombinant H-chain ferritin (HuHF)
to the L-chain ferritin (HuLF) with the H homopolymer serving
as a ferric iron source through catalytic oxidation of Fe(III)
(Levi et al., 1992; Andrews et al., 1992; Bauminger et al.,
1992). Thus, the important roles that recombinant homopolymer
H and L proteins as well as native heteropolymers, such as
horse spleen ferritin (HoSF, 16% H and 84% L), play in iron
oxidation and mineralization are of great interest.

The iron oxidation kinetics of HuHF and HoSF have been
studied extensively (Xu & Chasteen, 1991; Sun & Chasteen,
1992; Sun et al., 1993). A one electron iron oxidation has
been identified as the dominant reaction occurring on the

ferroxidase site with the postulated intermediate product
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being superoxide. The initial iron deposition mechanism
(mechanism I) is described in equations 2.1 - 2.3 (Sun &

Chasteen, 1992; Grady et al., 1989).

Fe’* + 0, + P - Fe?*(0,)P (2.1)
Fe?*(0,)P = Fe’*P + O, (2.2)
Fe’*P + 2H,0 - FeOOH,, + P + 3H* (2.3)

The fate of the superoxide is described by reaction 2.4.

20, + 2H* - H,0, + O (2.4)
2 2M2 2 .

In this iron oxidation pathway, ferritin serves as an enzyme
for iron oxidation in accord with the protein catalysis model
(Xu & Chasteen, 1991; Crichton & Roman, 1978). The overall
reaction, which is the sum of reactions 2.1 through 2.4, is
summarized by equation 2.5.
2Fe?* + 0, + 4H,0 -+ 2FeOOH,, + H,0, + 4H* (2.5)
However, the superoxide formation has not been observed
directly either by the effect of superoxide dismutase on the
rate of oxidation or by superoxide radical spin trapping

experiments (Sun & Chasteen, 1992; Grady et al., 1989; Chapter

IIT). Hence a second mechanism (Mechanism II) was proposed as
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