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ABSTRACT: Ferritins are ubiquitous and can be found in
practically all organisms that utilize Fe. They are composed of
24 subunits forming a hollow sphere with an inner cavity of
~80 A in diameter. The main function of ferritin is to oxidize
the cytotoxic Fe’* ions and store the oxidized Fe in the inner
cavity. It has been established that the initial step of rapid
oxidation of Fe** (ferroxidation) by H-type ferritins, found in
vertebrates, occurs at a diiron binding center, termed the ferroxidase center. In bacterial ferritins, however, X-ray crystallographic
evidence and amino acid sequence analysis revealed a trinuclear Fe binding center comprising a binuclear Fe binding center (sites
A and B), homologous to the ferroxidase center of H-type ferritin, and an adjacent mononuclear Fe binding site (site C). In an
effort to obtain further evidence supporting the presence of a trinuclear Fe binding center in bacterial ferritins and to gain
information on the states of the iron bound to the trinuclear center, bacterial ferritin from Desulfovibrio vulgaris (DvFtn) and its
E130A variant was loaded with substoichiometric amounts of Fe", and the products were characterized by Mossbauer and EPR
spectroscopy. Four distinct Fe species were identified: a paramagnetic diferrous species, a diamagnetic diferrous species, a mixed
valence Fe*'Fe®* species, and a mononuclear Fe®* species. The latter three species were detected in the wild-type DvFtn, while
the paramagnetic diferrous species was detected in the E130A variant. These observations can be rationally explained by the
presence of a trinuclear Fe binding center, and the four Fe species can be properly assigned to the three Fe binding sites. Further,
our spectroscopic data suggest that (1) the fully occupied trinuclear center supports an all ferrous state, (2) sites B and C are
bridged by a -OH group forming a diiron subcenter within the trinuclear center, and (3) this subcenter can afford both a mixed
valence Fe**Fe’* state and a diferrous state. Mechanistic insights provided by these new findings are discussed and a minimal
mechanistic scheme involving O—O bond cleavage is proposed.

F erritin is a natural nanoprotein cage that catalyzes the
oxidation of the cytotoxic Fe?* ions and stores the oxidized
Fe in its inner protein cavity as a ferrihydrite phosphate mineral
core.'~® It is ubiquitous and may be found in all organisms that
utilize Fe. Each ferritin molecule comprises 24 subunits of
approximately 20 kDa subunit mass that are arranged into a
hollow spherical protein shell with an outer diameter of ~12
nm and an inner diameter of ~8 nm.®”"* It can store up to
thousands of Fe atoms in its cavity. Despite the lack of
homology in their amino acid sequences, all ferritin subunits
from different organisms share a common tertiary structure of a
four-a-helix bundle. The 24-mer ferritin protein shells generally
exhibit an octahedral 432 symmetry,'>'* with the exception of
the Archaeoglobus fulgidus ferritin, which shows a tetrahedral 23
symmetry.'" Ferritin molecules from higher eukaryotic
organisms, like vertebrates, are heteropolymers comprising
two types of subunits designated as the H and L subunit. The H
subunit catalyzes the initial step of rapid oxidation of Fe*
(ferroxidation)"® and directs the oxidized Fe** into the inner
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cavity.'® The L subunit promotes the formation of the mineral
core. The composition of H and L in a ferritin molecule
depends on its source of origin. Ferritin molecules from brain
and heart are rich in H subunit, whereas molecules from liver
and spleen are low in H. A third type of subunit, designated as
M, found in amphibians, is homologous to H. Prokaryotic
ferritins, such as those from bacteria and archaea, are
homopolymers composed of subunits more homologous to H
than to L.

Extensive biochemical and physical investigations performed
on human H ferritin (HuHF)>*">'” and bull frog M ferritin
(BfMF)'®™?® firmly established that H-type subunits utilize
molecular oxygen to rapidly oxidize Fe’* ions, in a pairwise
fashion, at a binuclear metal binding center, termed the
ferroxidase center. X-ray crystallographic studies of HuHF® and
BfMF® revealed that this substrate diiron binding center in H-
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Figure 1. Amino acid sequence alignment of EcFtnA, PfFtn, DvFtn, HuHF and BfMF. The EcFtnA numbering system is used throughout the paper.
All three prokaryotic Ftn’s (EcFtnA, PfFtn, and DvFtn) share the same sequence numbers up to residue 165 with variation on the C-terminal
extensions. The two eukaryotic H-type ferritins (HuHF and BfMF) have different N- and C-terminal extensions. The conserved residues are boxed
in red. The residues that are conserved only in the bacterial ferritins are boxed in blue. The triangles indicates residues that are ligands to iron sites A
and B. The stars indicates residues that are ligands to iron site C. Labels (A, B, and C) for the three Fe binding sites are in accord with those

designated by Stillman et al.”

type ferritins shares certain structural similarities with the
cofactor site of the carboxylate-bridged diiron enzymes, such as
the R2 subunit of the Escherichia coli ribonucleotide
reductase,” and the soluble methane monooxygenase.”
Reaction of O, with the diiron enzymes yields H,O as the
O, reduction product and generates high-valent diiron
intermediates for organic substrate oxidations.?*%” In contrast,
reaction of O, with H-type ferritins yields H,0,'**® and y-oxo/
p-hydroxo diferric products as precursors to the mineral core.'®
X-ray crystallographic studies and amino acid sequence analysis
indicated that the L subunit lacks such a diiron binding
ferroxidase center.’

In bacteria, two classes of 24-meric ferritins have been
identified: the canonical bacterial ferritin (Ftn) and the heme-
containing bacterioferritin (Bfr).* In E. coli, both classes of
ferritins are found and have been studied extensively. The E.
coli bacterioferritin (EcBfr) does have a diiron binding center”’
that is structurally homologous to the diiron cofactor of the R2
subunit of E. coli ribonucleotide reductase. The Fe storage
function of EcBfr, however, has not been clearly established. On
the other hand, the Fe storage function of E. coli bacterial
ferritin (EcFtnA) has been demonstrated both in vitro®! and in
vivo.”> Amino acid sequence comparisons and X-ray crystallo-
graphic studies”** showed that EcFtnA contains a substrate Fe
binding site that is homologous to the diiron binding
ferroxidase center of H-type ferritins (sites A and B). And,
intriguingly, the X-ray crystallographic studies of EcFtnA”"3?
further revealed the presence of a third Fe binding site (site C)
in the vicinity of the H-type diiron ferroxidase center.
Moreover, EcFtnA was found to oxidize approximately 3.5
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Fe®* ions per O, molecule consumed,** indicating that the O,
reduction product for EcFtnA ferroxidation may not be H,O,
and thus suggesting a ferroxidation mechanism that is distinct
from that of H-type ferritins. Previous Mossbauer investigations
on the initial Fe?* oxidation by EcFtnA and its variants>>>° have
provided data that suggest formation of u-oxo/u-hydroxo
diferric complexes and mononuclear Fe®* species as early
products.

The presence of a trinuclear Fe binding center is not unique
for EcFtnA and, in fact, may be a common feature for the Ftn-
type ferritins of prokaryotes.” Similar trinuclear Fe binding
centers have been reported for the ferritins from Archaeoglobus
fulgidus (AfFtn)'" and Pyrococcus furiosus (PfFtn).'* For the
past decades, extensive investigations have been performed on
eukaryotic H-type ferritins. A wealth of information concerning
the mechanistic and functional aspects of the diiron
ferroxidation center in H-type ferritins is known.*” In contrast,
less is known for the trinuclear ferroxidase center of the
prokaryotic Ftn.*” Despite their structural similarity, two
distinct functions, gated iron pore versus catalytic oxido-
reduction, have been proposed for the ferroxidase centers of
EcFtnA** and PfFtn,*® respectively.

On the basis of its primary sequence, the ferritin from the
sulfate reducer Desulfovibrio vulgaris (DvFtn) belongs to the
prokaryotic Ftn class. Figure 1 compares the amino acid
sequence of DvFtn with those of EcFtnA and PfFtn. All
residues (E17, E49, ES0, HS3, E94, E126, E129, and E130)
(EcFtnA numbering) identified as ligands for the trinuclear Fe-
binding center in EcFtnA>* are conserved in PfFtn and DvFtn.
On the other hand, comparing the sequences of the bacterial
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ferritins with those of the two vertebrate H-type ferritins HuHF
and BfMF (Figure 1), it is clear that residues E129 and E130
(EcFtnA numbering), which are ligands of site C in Ftn, are not
conserved in the vertebrate H-type ferritins. The 3-dimentional
structure of DvFtn is not known. But, for PfFtn, the X-ray
crystallographic structure of the trinuclear Fe-binding center'
is practically superimposable with that of EcFtnA.>* To provide
a visual comparison of the structural differences and similarities
between the ferroxidase centers of H-type feritin and
prokaryotic Ftn, we overlaid the X-ray crystallographic structure
of the binuclear ferroxidase center of HuHF’ with that of the
trinuclear ferroxidase center of PfFtn'? (Figure 2).

Figure 2. X-ray crystallographic structural comparison of the trinuclear
iron binding center of PfFtnA (blue)'* and the binuclear ferroxidase
site of HuHF (yellow).” The residues are labeled according to the
sequence number of EcFtnA (see Figure 1). The orange balls indicate
the three bound Fe atoms, which are labeled as A, B, and C in accord
with Stillman et al.” Fe—Fe distances are as indicated.

In order to obtain further evidence to support the presence
of a trinuclear ferroxidase center in prokaryotic Ftn and to
characterize such a ferroxidase center in detail prior to its
reaction with oxygen, we have loaded apo wild-type DvFtn
anaerobically with substoichiometric amounts of Ee** (16, 31,
and 62 Fe?*/24-mer) and characterized the Fe-loaded DvFtn’s
by using Mossbauer and electron paramagnetic resonance
(EPR) spectroscopy. As shown in Figure 2, the residue E130
bridges Fe sites B and C. A previous study’* showed that
substitution of E130 in EcFtnA to alanine results in the
detection of a transient blue (4,,,, = 600 nm) intermediate and
reduces the Fe/O, oxidation stoichiometry from 3 to 4 to 1.8,*
reminiscent of those properties that are characteristics of
HuHF. Thus, it is important to investigate the effects of the
E130A substitution on the state of the initially bound Fe ions.
To this end, we have loaded the DvFtn E130A variant with 12
Fe’" per 24-mer and characterized the Fe-loaded protein by
using Mossbauer and EPR spectroscopy. The results not only
provide evidence supporting the presence of a trinuclear

ferroxidase center in DvFtn but also reveal intricate
spectroscopic properties of the three Fe sites, information
that has a significant implication on the DvFtn ferroxidation
mechanism.

B MATERIALS AND METHODS

Sample Preparation. Preparation of the overexpression vector
and purification of recombinant DvFtn is described under the
accompanying Supporting Information. All samples were prepared in
anaerobic conditions in an anaerobic chamber. Protein samples were
made free of oxygen by using a vacuum/argon manifold. The acidic
S’FeSO, solution was made from a 'Fe metal foil (95% plus
enrichment) in an anaerobic chamber using the method described
previously.> An oxygen-free solution of purified DvFtn, in 0.2 M Tris-
HCI pH 7.6 and 0.2 M NaCl buffer, was mixed with proper amounts of
the *’Fe-enriched ferrous solution for 30 min before transfer to EPR
quartz tubes (350 uL) and Mdssbauer sample holders (450 uL) for
spectroscopic measurements.

Mossbauer and EPR Spectroscopy. Mossbauer spectra were
recorded in previously described spectrometers.® The zero velocity of
the spectra refers to the centroid of a room temperature spectrum of a
metallic Fe foil. Analyses of the Mdssbauer spectra were performed by
using the WMOSS program (SEE Co., Edina, MN), which was based
on a spin Hamiltonian formalism conventionally used for Mdssbauer
analysis.*® EPR spectra were recorded on an X-band Britker ER 200D-
SRC spectrometer equipped with an Oxford Instrument ESR 910
continuous-flow cryostat.

Protein and Metal Determination. Protein concentration is
expressed in moles of 24-subunit oligomer and was determined by
using an extinction coefficient of (6.7 + 0.05) X 10° M™' cm™ at 280
nm. This value was calculated by using the method developed by Gill
and von Hippel*' and is in accord with the experimental value of (6.5
+ 1.3) X 10° M~ cm™ obtained by the BCA method (Sigma). The
iron content was determined by inductively coupled plasma-atomic
emission spectroscopy (Analytical Services Laboratory, REQUIMTE)
and by 2,4,6-tripyridyl-s-triazine assay as described by Fischer et al.**
The iron contents of the purified DvFtn from all preparations were
found to be less than one Fe per 24-mer. No other metals were
detected.

B RESULTS

EPR Spectroscopy. Low-temperature EPR spectra were
recorded using a dual-mode resonance cavity. Under the
parallel mode condition, no EPR resonances were detected for
wild-type DvFtn loaded with Fe. When recorded under the
perpendicular mode, wild-type DvFtn loaded with 16Fe/24-
mer exhibits an axial-type EPR signal at the g < 2.0 region
(Figure 3), a type of EPR signal that is typically detected for
spin S = '/, p-oxo/p-hydroxo carboxylate-bridged mixed
valence Fe'Fe’* dinuclear centers in proteins, including
hemerythrin,* purple acid phosphatases,*”** rubrerythin,***
R2 subunit of ribonucleotide reductases,”*™*° and the
hydroxylase component of soluble methane mono-oxygenases
(MMOH).>"** Detailed spectral analysis indicates that the
experimental spectrum (shown in Figure 3) can be simulated as
two overlapping S = !/, signals of comparable intensity having g
values of 1.96, 1.84, and 1.82 (signal 1) and 1.92, 1.82, and 1.75
(signal 2) (Supporting Information, Figure S1). The solid line
shown in Figure 3 is the simulated composite spectrum. A
similar EPR signal with two overlapping S = '/, components
has also been observed in PfFtn.** Consistent with the mixed
valence Fe*'Fe®* assignment, a previous redox titration study of
PfFtn>® monitored by the EPR signal showed two midpoint
redox potentials (in reference to the standard hydrogen
electrode), +50 mV and +200 mV at pH 7.5, that can be
assigned, respectively, to the Fe?*Fe?*/Fe*"Fe’* and Fe?'Fe?t/
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Figure 3. EPR spectrum of S7Fe-enriched DvFtn loaded with 16Fe/24-
mer. The data (noisy gray line) were recorded at 12 K in a
perpendicular mode. The smooth black line is a simulation assuming
two sets of principle g values (see the text and Supporting Information,
Figure S1). Other experimental conditions are as follows: microwave
frequency, 9.66 GHz; microwave power, 0.2 mW; modulation field, 0.5
mT.

Fe*'Fe’* redox couples. The origin for the observation of two
sets of principle g values is not known, however.

Double integrations of the DvFtn EPR signal (Figure 3) were
performed on four different samples, which yielded a total spin
count of (0.34 + 0.05) spin/Fe loaded. As the samples were
loaded with an average of 16 Fe atoms per 24-mer, this
translates to (5.4 = 0.8) spin/24-mer. In other words, the
DvFtn loaded with 16Fe/24-mer contains, on average,
approximately five mixed valence Fe*'Fe®* dinuclear centers
per molecule. The intensity of this S = '/, signal depends
strongly on the number of loaded Fe. It is most intense in the
16Fe/24-mer DvFtn and decreases with increasing Fe loading.
In the 62Fe/24-mer DvFtn, the EPR signal disappears and the
sample is EPR silent.

In contrast to the wild-type DvFtn, the 16Fe/24-mer E130A
variant exhibits no EPR resonance when the spectrum is
recorded in the perpendicular mode, indicating that the protein
does not contain half-integer spin systems. On the other hand,
when recorded in the parallel mode, a resonance signal is
detected in the low-field region (Figure 4), demonstrating the
presence of a paramagnetic (i.e, S # 0) integer-spin system.53
Integer-spin EPR si§nals have been reported for several Fe-
containing proteins, 3 including the fully reduced MMOH,>*
which contains a carboxylate-bridged diferrous center. Taking
into consideration the possible structural similarity between the
diiron center in MMOH and in DvFtn-E130A, the observed
integer-spin EPR signal (Figure 4) suggests strongly the
presence of a fully reduced diferrous center in the 16Fe/24-
mer loaded E130A variant, a suggestion that is confirmed by
the Mossbauer data presented below.

Mossbauer Results of E130A Variant. To obtain more
detailed information on the state of the loaded Fe, Mdssbauer
measurements were carried out in both weak (50 mT) and
strong (8 T) applied-field conditions. Figure S shows the
spectra of DvFtn-E130A variant loaded with 16Fe/24-mer
recorded at 4.2 K in a parallel applied field of SO mT (A) or 8 T
(B). The SO-mT spectrum (Figure SA) exhibits an intense
asymmetric quadrupole doublet and some minor absorption
that shows magnetic hyperfine structure. The intense quadru-
pole doublet can be simulated by using parameters [AEq, =

-

0 10 20 | 30 40
Magnetic field (mT)

Figure 4. EPR spectrum of *’Fe-enriched DvFtn-E130A variant loaded
with 16Fe/24-mer. The spectrum was recorded at 12 K in a parallel
mode. Other experimental conditions are as follows: microwave
frequency, 9.39 GHz; microwave power, 20 mW; modulation field, 1.0
mT.

Absorption (%)
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Figure 5. Mossbauer spectra of DvFtn-E130A variant loaded with
16Fe/24-mer. The spectra (vertical bars) were recorded at 4.2 K in a
parallel field of 50 mT (A) or 8 T (B). The solid line in A is a
simulation of a quadrupole doublet with parameters AEq = 2.93 mm/s
and 6 = 1.32 mm/s. For comparison with known carboxylate-bridged
diferrous proteins, the Mdssbauer spectra of reduced Methylococus
MMOH (blue line) and BfMF loaded with 21Fe/24-mer (red line)
recorded under the same experimental conditions are overlaid with the
spectrum of DvFtn in B.

(2.93 + 0.05) mm/s and § = (1.32 + 0.03) mm/s] that are
indicative of high-spin S = 2 Fe** with N/O ligands. Analysis of
the data indicates that at least 90% of the Fe absorption can be
attributed to this quadrupole doublet (solid line in Figure SA),
establishing that most, if not all, of the loaded Fe is in the S =2
ferrous state. Under the influence of a strong applied field of 8
T, the Fe-loaded E130A variant exhibits a paramagnetic (i.e, S
# 0) hyperfine structure (Figure SB, vertical bars) that
compares very well with the spectra of reduced Methylococus
capsulatus MMOH (blue solid line) and BfMF (red solid line)
loaded with 21Fe/24-mer recorded under the same exper-
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Figure 6. Mdssbauer spectra (vertical bars) of wild-type DvFtn loaded with various substoichiometric amounts of Fe. The spectra are recorded at 4.2
Kin a parallel field of SO mT (left panel) or 8 T (right panel). The samples were loaded with 62Fe/24-mer (A and E), 31Fe/24-mer (B and F), and
16Fe/24-mer (C and G). The 16Fe/24-mer sample was reduced by sodium dithionite, and spectra of the reduced sample are shown in parts D (50
mT) and H (8 T). The color lines are simulations of the diamagnetic diferrous center (green), mixed valence Fe**Fe’* center (red), and
mononuclear Fe** species (blue), using parameters listed in Table 1. They are plotted according to the percent absorptions listed in Table 2. The
black solid lines overlaid with the experimental data are composite spectra of the simulated spectra shown.

imental conditions (unpublished data). By visual inspection, the
DvFtn-E130A 8-T spectrum also exhibits features very similar
to those in the published high-field spectrum of reduced
Methylosinus trichosporium MMOH.> 1t is known that reduced
MMOH contains an oxygen-activating carboxylate-bridged
paramagnetic diferrous center”>>”*>%*% and that BEMF loaded
with substoichiometric Fe** also contains an oxygen-reactive
carboxylate-bridged dinuclear ferroxidation center.*'®** The
fact that most of the Fe atoms loaded into E130A variant are in
the high-spin ferrous state and that the high-field spectrum is
similar to those of known diferrous centers in proteins suggest
strongly that the Fe atoms in the 16Fe/24-mer E130A variant
are organized as carboxylate-bridged diferrous centers. As
commented previously by Fox et al,>® that it is impossible to
obtain a unique set of parameters for the paramagnetic
diferrous center by analyzing the high-field Mdssbauer data
alone because of the numerous number of unknown parameters
(at least 15) involved, we did not attempt to analyze the high-
field spectrum in more detail.

Taking into consideration that (1) the Mdssbauer spectra,
presented above, are consistent with a carboxylate-bridged
diferrous center, (2) the observed integer-spin EPR signal
(Figure 4) may be assigned to a paramagnetic diferrous center,
and (3) the Fe binding sites A and B of bacterial ferritins
(which include EcFtnA, PfFtn and DvFtn) exhibit sequence
homology and structural similarity (Figures 1 and 2) with that
of the ferroxidase site of H-type ferritins (which include HuHF
and BfMF), we conclude that the Fe atoms in the 16Fe/24-mer
DvFtn-E130A must be occupying the iron-binding sites A and
B, forming a carboxylate-bridged paramagnetic diferrous center

(termed paramagnetic diferrous) similar to the diferrous
ferroxidase center of H-type ferritins.

Mossbauer Results for Wild-Type DvFtn. Figure 6
displays the spectra of DvFtn loaded with 62Fe (A and E),
31Fe (B and F) and 16Fe (C and G) per 24-mer. The spectra
were recorded at 4.2 K in a parallel applied field of SO mT (A,
B, and C) or 8 T (E, F and G). From the 50-mT spectra, at
least two spectral components corresponding to two distinct
electronic systems can be clearly identified: an intense
quadrupole doublet (absorption peaks at about 0 and 2.7
mm/s) arising from high-spin Fe®* ions in integer spin
electronic states and a magnetically split spectrum with broad
absorptions extending from —4 mm/s to +5 mm/s, indicative
of half-integer spin states. In accord with the EPR spectrum of
the Fe-loaded DvFtn, which shows only two S = !/, mixed
valence dinuclear Fe®'Fe® signals, the magnetic spectral
component is attributed to the mixed valence Fe?*Fe** center.
As the differences in the principle g values of these two
overlapping EPR signals are small, Mdssbauer spectroscopy
does not have the sensitivity to distinguish them. Thus, in our
analysis of the Mossbauer data, the magnetic spectral
component is treated as arising from a single mixed valence
Fe®'Fe" center.

Consistent with the EPR results, which show that the
intensity of the S = '/, EPR signal decreases with increasing Fe
loading and disappears in the 62Fe/24-mer sample, the percent
absorption of the magnetic Mossbauer spectral component
decreases substantially in the 31Fe/24-mer sample (Figure 6B)
and becomes undetectable in the 62Fe/24-mer sample (Figure
6A). Only the high-spin Fe** quadrupole doublet is seen in the
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Table 1. Mossbauer Parameters of the Fe Species Detected in DvFtn and Its E130A Variant”

protein species Fe site 5 (mm/s) AEq, (mm/s) n A/g.p, (T)
wild-type diamagnetic diferrous 1 1.22[3] —2.83[5] -0.82
2 1.18[3] 2.55[5] 0
mixed valence Fe3* 0.52[3] —1.18[5] 0.3 —(43.5, 53.4, 50.0)
Fe** 1.17[3] 2.55[5] 0 +(28.9, 21.9 18.9)
mononuclear Fe** 1.42[4] 2.77(6]
E103A paramagnetic diferrous 1.32[3] 2.94[5]

“Values in the square brackets are uncertainties of the last significant

digits.

Table 2. Percents Mossbauer Absorption of the Fe Species Detected in DvFtn and Its E130A Variant Loaded with Various

Substoichiometric Amounts of Fe

% Mbossbauer absorption of the Fe species”

protein Fe loading (Fe/24-mer) diamagnetic diferrous
wild-type 62° 70
31 45
16 20
16+Na,$,0, 80
E130A 16 0

mixed valence Fe?*Fe3*

mononuclear Fe** paramagnetic diferrous

0 18 0
45 10 0
60 20 0

0 20 0

0 0 100

“A less than 5% uncertainty is estimated for the listed percent absorptions. “For the 62Fe/24-mer loading sample, approximately 12% of the

absorption is attributed to small ferrihydrite clusters.

62Fe/24-mer sample. The 8-T spectrum of this sample (Figure
6E) reveals further that this doublet represents at least two
types of high-spin Fe’* species in two distinct electronic
environments. First, the intense absorption peaks, marked by
arrows in Figure 6E, indicate that the doublet (observed in
weak applied field) is magnetically split by an effective field that
is exactly equal to the applied field, 8 T. In other words, most of
the Fe* ions are present in a diamagnetic (S = 0) environment,
even though their intrinsic spins are 2. The most reasonable
explanation for this observation is that the S = 2 Fe®" ions are
structured into an antiferromagnetically coupled diferrous
center resulting in a diamagnetic (S = 0) ground state (termed
the diamagnetic diferrous center). The remaining Fe®' ions
display a broad spectrum consistent with paramagnetic integer
spin states but distinguishable from that of the paramagnetic
diferrous center detected in E130A variant. This broad
spectrum observed in high-field is tentatively assigned to a
mononuclear Fe?* center (see below).

In summary, preliminary visual analyses of the Mossbauer
data reveal clearly that Fe-loaded DvFtn contains at least three
Fe species, namely, the mixed valence Fe**Fe®* dinuclear
center, the diamagnetic diferrous center, and the mononuclear
Fe®" species. The concentrations of these species vary with the
Fe loading. On the basis of such an understanding, detailed
analysis of the data was performed. The resulting characteristic
M@ssbauer parameters for each species are listed in Table 1 and
their relative percent absorptions in each sample are listed in
Table 2. The theoretical spectra simulated with these
parameters are plotted in Figure 6 according to their
corresponding percent absorptions. From Table 2, it can be
seen that the decreases in the mixed valence species in the
higher Fe loading samples are roughly compensated by the
increases in the diamagnetic diferrous species. To provide
direct evidence confirming the conversion of the mixed valence
species to the diamagnetic diferrous species, the 16Fe/24-mer
sample was reduced with sodium dithionite, and MGdssbauer
spectra were recorded after the reduction (Figure 6, D and H).
The data show clearly that dithionite converts all the mixed
valence Fe**Fe®* species in the Fe-loaded sample (60%)
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quantitatively into the diamagnetic diferrous species (from an
initial 20% to a final 80%) and the amount of the mononuclear
Fe?* species (20%) remains constant (Table 2). This
observation supports strongly that the mixed valence species
and the diamagnetic diferous species represent two different
oxidation states of a same dinuclear Fe center.

On the basis of the above analysis, the diamagnetic diferrous,
mixed valence Fe’'Fe’, and the mononuclear Fe’* species
contribute, respectively, 20%, 60%, and 20% of the Mdssbauer
absorption of the 16Fe/24-mer sample. In an effort to obtain
more information on the paramagnetic Fe* component, we
used the simulated spectra of the diamagnetic diferrous center
(green line in Figure 6G) and the mixed valence Fe*'Fe** (red
line in Figure 6G) to remove their absorption contributions
from the raw experimental spectrum (vertical bars in Figure
6G) and thus obtained a spectrum (Figure 7) representing
closely the paramagnetic Fe>* component. The pattern of this
spectrum, which displays four sharp central absorption peaks
and two broad outer peaks, resembles those observed for

T T
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Figure 7. Méssbauer spectrum (vertical bars) of the mononuclear Fe**
species derived from the 8 T spectrum of the 16 Fe/24-mer loaded
DvFtn (Figure 6G; see the text for the derivation procedure). The
solid line is a simulated spectrum using the parameters listed in the
text.
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mononuclear Fe** proteins.’®*” Such a pattern is distinct from
that of the paramagnetic diferrous spectrum (Figure S), which
displays absorptions arising from two distinct Fe sites, as
pointed out by Fox et al.”> To illustrate the point that the
paramagnetic Fe* component is consistent with a mononuclear
Fe®" assignment, we have generated a theoretical spectrum by
using a set of parameters [D = 6.0 em ™, E/D = 025, 8 = 1.38
mm/s, AEq = 2.80 mm/s, = 1.0, and A/g,f, = —(24, 24, 5.6)
T] modified from that of reduced protocatechuate 3,4-
dioxygenase®” and plotted the theoretical spectrum (solid line
in Figure 7) against the experimental spectrum (vertical bars in
Figure 7). It can be seen that, in regard to the overall patterns
of the spectra, the theory compares reasonably well with the
experimental data. It is important to comment, however, that
the simulated spectrum is not a fit to the experimental data. It is
presented here for the above-mentioned illustration purpose
only.

B DISCUSSION

X-ray crystallographic studies”'” (see Figure 2) and sequence
analysis (Figure 1) revealed the presence of a trinuclear Fe
binding center in bacterial ferritins (e.g,, EcFtnA, PfFtn, and
DvFtn). M@ssbauer spectroscopic investigations%’58 of the
ferroxidase reaction of EcFtnA showed formation of mono-
nuclear and binuclear ferric products, suggesting involvement of
a trinuclear Fe-binding site in the ferroxidase reaction. Here, to
gain information on the states of the Fe atoms initially bound
to the trinuclear center prior to ferroxidation, the bacterial
territin DvFtn and its variant EI30A were loaded with
substoichiometric amount of Fe?* under anaerobic conditions,
and Méssbauer and EPR spectroscopy were used to character-
ize these Fe loaded proteins. Four distinctive Fe species were
identified (Tables 1 and 2), namely, the paramagnetic diferrous
species detected in the EI130A variant, the diamagnetic
diferrous species, the mixed valence Fe*'Fe®* species, and the
mononuclear Fe** species observed in the wild-type DvFtn. For
the wild-type DvFtn, effects of varying amounts of Fe loading
were also investigated and the percent Mdssbauer absorptions
of the various Fe species as a function of the amount of loaded
Fe were determined (Table 2). To discuss the significance of
our findings, we begin by making a reasonable and least
confounding assignment of the observed Fe species in
association with the Fe binding sites A, B, and C.
Assignment for the Paramagnetic Diferrous Center.
We notice at first that the Mdssbauer and EPR data of DvFtn-
E130A variant loaded with 16Fe/24-mer shows only one Fe
species, namely, the paramagnetic diferrous center. According
to the X-ray crystallographic data of EcFtnA’ and PfFtn,'
residue E130 (EcFtn numbering system) is one of the four
ligands for site C and bridges the Fe-binding sites B and C.
Thus, substitution of E130 with alanine could significantly
diminish the Fe-binding affinity of site C. On the other hand,
even though E130 is also a ligand for site B, it is conserved only
for bacterial Ftn-type ferritins and not for eukaryotic H-type
ferritins. All residues (E17, ES0, H53, E94, and E127) (EcFtnA
numbering system) that are identified as ligands to the diiron
ferroxidation site of eukaryotic H-type ferritins (i.e., sites A and
B)”*® are retained in the E130A variant. It is therefore expected
that the DvFtn-E130A variant would be able to assemble a
diferrous center analogous to the ferroxidase centers of H-type
ferritins.'”** This expectation is consistent with the observation
that DvFtn-E130A loaded with 16Fe/24-mer contains only the
paramagnetic diferrous species, which exhibits Mdssbauer and

EPR spectroscopic properties resembling those of the
carboxylate-bridged diferrous centers found in oxygen-activat-
ing nonheme enzymes***>** and in H-type ferritins'”** (see
also Figure S). Consequently, the paramagnetic diferrous
species is assigned to a diferrous center occupying sites A
and B (Figure 8).

g e . O @
HO\ ) ; HO\ >

@ @

Mix-valence Fe2 Fe3* Diamagnetic diferrous

® G e O
o )

)
Paramagnetic diferrous Mononuclear Fe2™

Figure 8. Schematic representation of the Fe species detected in
DvFtn and its E130A variant. The filled green or orange circles
indicate that the sites are occupied by, respectively, Fe>* or Fe" ions.
The empty circles indicate unoccupied sites. The curves connecting
two circles represent bridging carboxylate ligands.

Assignment for the Diamagnetic Diferrous Center.
The diamagnetic diferrous species is observed only in the wild-
type DvFtn and not in the E130A variant, while the
paramagnetic diferrous species is detected only in the E130A
variant and not in the wild-type protein. For the wild-type
DvFtn, there are three Fe-binding sites A, B, and C, allowing for
three different combinations of two Fe sites for a diferrous
center. They are [A, B], [A, C], and [B, C]. Occupation of sites
A and B would generate the paramagnetic diferrous center,
which is not detected in the wild-type protein. Thus, a
reasonable choice for the diamagnetic diferrous center would be
either one of the latter two combinations, both involving site C.
On the basis of the observations from the X-ray crystallographic
structures of EcFtnA” and PfFtn'” that there exists a bridging
carboxylate ligand (E130) for sites B and C and that there is no
candidate for bridging ligand for sites A and C, we postulate
that the diamagnetic diferrous center occupies sites B and C
(Figure 8). The association of site C with the diamagnetic
diferrous center is consistent with the observation that the
diamagnetic diferrous species is not detected in the E130A
variant, because the E130A substitution presumably has
significantly diminished the Fe-binding affinity of site C and
thus prevented the formation of the diamagnetic diferrous
center.

Presence of a pu-OH Group in the Diamagnetic
Diferrous Center. Diferrous centers that display paramagnetic
ground states are common for carboxylate-bridged nonheme
diiron proteins, which include MMOH,**** ribonucleotide
reductase R2 subunit,59_61 A9—desaturase,61 and H-type ferritins
(see Figure S). Carboxylate-bridged diferrous centers with
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diamagnetic (S = 0) ground states are rare. A well-known
example is the oxygen transfer protein, hemerythrin.®*** This
difference in the magnetic properties of the ground state is the
result of distinct exchange coupling interactions between the
two ferrous sites. A diamagnetic ground state is the outcome of
significantly strong antiferromagnetic coupling between the two
ferrous ions; a —J value of 15—38 cm™' (exchange coupling
Hamiltonian H = —2JS,°S,) was estimated for reduced
hemerythrin.">%* A paramagnetic ground state may result
from weak exchange coupling (J less than 1 cm™" in magnitude)
together with relatively large zero-field splittings (D ~ 10 cm™)
of the ferrous ions.®" Since exchange interactions are mainly
mediated by bridging ligands, this difference is likely to reflect
distinct bridging ligand types and/or orientations. A unique
structural feature of the hemerythrin diferrous center is the
presence of a u-OH group,®* which is absent in all other
diferrous proteins of known structures.”**** It is therefore
likely that antiferromagnetic coupling in carboxylate-bridged
diferrous centers may implicate the presence of a bridging OH
group. Small molecule model—complex studies support such an
assessment. A hydroxo-bridged diferrous complex® with a (u—
OH)bis(u-acetato)diiron(II) core structure exhibits antiferro-
magnetic coupling (—] ~ 13 cm™') resembling that of the
diferrous center in hemerythrin, while a water-bridged diferrous
complex with a (u-H,O)bis(u-benzoate)diiron(II) core struc-
ture exhibits weak ferromagnetic interaction.®® On the basis of
these considerations, we tentatively assign a bridging OH group
for the diamagnetic diferrous species (Figure 8).

Assignment for the Mixed Valence Fe?'Fe3* Center.
Our data show that reduction of the mixed valence Fe**Fe®*
species by dithionite converts it into the diamagnetic diferrous
species quantitatively. We thus conclude that the mixed valence
Fe*'Fe®* species is the one-electron oxidized state of the
diamagnetic diferrous species. As it is not uncommon for mixed
valence Fe?'Fe’* diiron centers to have a bridging OH
group,®”% we expect that the u-OH group in the diamagnetic
diferrous state is retained in the Fe**Fe®" state. Furthermore,
we tentatively assign the Fe®" site to site B and the Fe®' site to
site C (Figure 8), due to the following considerations.

Assignment for the Mononuclear Fe** Species. The
Mbossbauer results of the 62Fe/24-mer sample show that
approximately 70% of the Fe absorptions can be attributed to
the diamagnetic diferrous species, which accounts for 62 X 0.70
= 43.4 Fe’ ions/24-mer. Thus, there are approximately 22
diamagnetic diferrous centers per 24-mer. With this same
reasoning, the 18% Fe absorption arising from the mononuclear
Fe®* species means that there are ~11 mononuclear Fe** ions/
24-mer. Because there are only 24 trinuclear Fe binding sites
per 24-mer and because 22 of these trinuclear sites contain the
diamagnetic diferrous centers, it is inevitable that at least 9 (up
to all) of the 11 mononuclear Fe* ions have to occupy same
trinuclear sites with the diamagnetic diferrous centers. Thus,
with the diamagnetic diferrous center occupying sites B and C,
the mononuclear Fe** ion has to be at site A (Figure 8). The
proximity between the diamagnetic diferrous center and the
mononuclear Fe** ion is not expected to have a significant
effect on their individual Mossbauer spectral properties,
because the diamagnetic diferrous center is diamagnetic and,
thus, would not interact magnetically with the adjacent
mononuclear Fe?™ site. Also, exchange interaction between
sites A and B is expected to be weak because there is no single-
atom bridge between them.

The Fully Reduced Trinuclear Fe?* Ferroxidase Center.
It is important to understand that the Mossbauer data also
reveal that, in contrast to the diamagnetic diferrous species, the
mixed valence Fe®'Fe’" species does not occupy the same
trinuclear site with the mononuclear Fe** ions. This is because
the mixed valence species (S = '/,) and the mononuclear Fe*
species (S = 2) are both paramagnetic. Proximity of these two
species would create spin—dipolar interactions between them,
resulting in a half-integer spin system that would exhibit a
magnetic Mossbauer spectrum comprising three nonequivalent
magnetic spectral components, even in a weak applied field
(e.g, SO mT). The fact that such a spectrum is not detected in
the Fe-loaded DvFtn indicates unambiguously that the mixed
valence diiron centers and the mononuclear Fe** species are
occupying separate trinuclear Fe centers. Thus, the only
allowed oxidation state for the fully occupied trinuclear center
is the fully reduced state (ie., all three sites are occupied by
Fe®"). These observations suggest that binding of Fe>" at site A
must affect the redox properties of the diiron center at sites B
and C so that the diamagnetic diferrous state is favored over the
mixed valence Fe?'Fe’’ state. This suggestion may be
rationalized if we assume that the Fe®* ion of the mixed
valence center is occupying site B; binding of Fe** to site A
shifts the electron density of the bridging carboxylate, ESO,
toward site A and thus stabilizes Fe>* over Fe®" at site B.

Possible Intersubunit Interaction. With the various Fe
species properly assigned to the trinuclear Fe-binding site and
their corresponding percents Fe absorption determined (Table
2), it becomes possible to estimate the Fe occupancy of the
trinuclear centers in a 24-meric molecule as a function of Fe
loading. The results are presented in Table 3. In formulating

Table 3. Trinuclear Ferroxidase Site Occupancy as a
Function of Fe Loading

site occupancy of Fe species/24-mer

Fe loading (Fe/

24-mer) Fe,* Fey’'Fe® Fep*'Fec™™  Fe,’'Fey*'Fec’  vacant
16 1.5 S 0 1.5 16
31 0 7 4 3 10
62 0 0 11 11 2

Table 3, the occupancy of the fully occupied trinuclear centers
is assumed to have its maximum possible value. For example,
for the 16Fe/24-mer DvFtn the M0ssbauer data show that
there are, on average, three mononuclear Fe** species and 1.5
diamagnetic diferrous centers per 24-mer. Therefore, the
possible presence of fully occupied trinuclear centers could
vary from O to 1.5 per 24-mer. The maximum value 1.5 is listed
in Table 3. With this assumption, the results (Table 3) show
that the number of fully occupied trinuclear centers increases
(from 1.5 to 11 per 24-mer) with increasing Fe loading (from
16 Fe to 62 Fe/24-mer, respectively), which is obviously as
expected. But, interestingly, the results also show that
increasing occupancy of the fully occupied trinuclear center
appears to shift the Fey**Fec**/Fey*Fec®t ratio toward the
reduced Fey**Fe.”* state. Because the fully occupied trinuclear
centers and the Fey**Fec® centers have to be located in
different subunits, this observation suggests an intersubunit
cooperative effect that promotes binding of ferrous ions. Thus,
in the absence of oxidizing agents, the trinuclear Fe binding
sites in high Fe loading DvFtn may bind only ferrous ions.
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Mechanistic Considerations. X-ray crystallographic meas-
urements showed that in comparison with H-type ferritins,
bacterial ferritins contain an additional Fe binding site (site C)
adjacent to a diiron binding center (sites A and B) that is
homologous to the binuclear ferroxidase center of H-type
ferritins (Figure 2).”'> Here, we have loaded the bacterial
ferritin DvFtn with substoichiometric amounts of Fe under
anaerobic conditions and employed EPR and MGdssbauer
spectroscopy to investigate the states of the Fe assembled on
DvFtn. The result is consistent with the X-ray crystallographic
findings that bacterial ferritin contains a trinuclear Fe binding
center. Moreover, the spectroscopic data show that (1) the fully
occupied ferroxidase center supports an all ferrous state, (2)
sites B and C are bridged by a y-OH group forming a diiron
subcenter within the trinuclear center, and (3) this diiron
subcenter can afford both the mixed valence Fe**Fe* state and
the diferrous state.

Because sites A and B exhibit sequence and structural
homologies to those of the diiron ferroxidase center of H-type
ferritins, it was natural for previous investigators to consider
that the trinuclear ferroxidase center functions as an H-type
diiron ferroxidase center, at sites A and B, with modulation
coming from a nearby mononuclear Fe** center, at site C.**
However, our current study shows that while DvFtn-E130A
variant, as expected, does assemble a diferrous center at sites A
and B with spectroscopic properties resembling those of the
diferrous ferroxidase center in H-type ferritins, the wild type
DvFtn, in fact, does not form a diiron subcenter at sites A and B
but, rather, assembles a diiron subcenter at sites B and C with
spectroscopic and redox properties that are distinct from those
of the H-type ferroxidase center. In the following section, we
propose a minimal mechanistic scheme (Scheme 1) for the

Scheme 1. Proposed Minimal Mechanism for Bacterial
Ferritin Ferroxidase Reaction

/0\’_\ HZT /‘\
Fel* /Feé+ o Fey' 0 /Fegb - Fei"\(g)//Feg{'
2 . +e
HO ; HO L» o]
\ 2+ \ 2+ \ 3+
Feg Feg Fe,
Triferrous cluster 1 Mineral core precursor

bacterial ferritin ferroxidase reaction that incorporates these
new findings. In formulating this scheme, we have also taken
into consideration the previous finding that bacterial ferritin,
EcFtnA, consumes one O, molecule to oxidize approximately
3.5 Fe?* jons in its ferroxidase reaction,>* indicating that H,O is
a ferroxidase product.

Proposed Minimal Mechanistic Scheme. According to
the X-ray crystallographic structures of EcFtnA” and PfFtn,"* all
three Fe-binding sites of bacterial ferritin receive four
coordinate bonds from protein ligands (Figure 2). With the
bridging OH group, both Fe atoms at sites B and C (Fey and
Feg, respectively) are five-coordinated (not counting possible
water ligands). Thus, the Fe at site A (Fe,) is less saturated and
is assumed to be the O, binding site (Scheme 1). Binding of O,
to Fe,*" results in a ferric superoxide, which after reduction by
Fey”" becomes a ferric Fe,**-peroxide (or a p-peroxo diferric
Fe,’"Fey" center) hydrogen-bonded to the y-OH group of the
mixed valence Fey*"Fec?" subcenter (intermediate I). Shifting
of the proton to the peroxo group promotes breaking of the

O—-0 bond and produces concomitantly a water molecule and
a triferric bis(y-oxo/p-hydroxo) cluster as precursor of the
mineral core (Scheme 1). The ultimate step would require an
additional reducing equivalent that may be provided by a
protein residue. A candidate could be the conserved Y24 at the
vicinity of the ferroxidase site (Figure 2). Other investigators
have previously suggested that the observed Fe*'/O, ratio of
3.5 (instead of 3.0 as suggested by Scheme 1) is consistent with
a portion of the oxidized protein residues being reduced by
Fe?* ions in solution.**

The proposed scheme is verifiable experimentally by using
rapid kinetic methods, such as rapid freeze-quench (RFQ)
Mossbauer and EPR spectroscopy.” As presented above, the
current study has established the trinuclear all ferrous state as
the initial state prior to reaction with O,. The proposed
reaction intermediate I is identifiable by a combined EPR and
Mossbauer characterization. With a u-OH group present, the
exchange interaction between Fey and Fe( is expected to be
much stronger than that between Fe, and Fep.5%%>7® Thus, the
spin state of I can be considered as the result of a spin—spin
coupling between the Fe,*"-peroxide and the antiferromagneti-
cally coupled u-OH Fep**Fe " subcenter, which has a ground
spin state of '/,. The resulting spin state of I would depend on
the nature and strength of the coupling. But, regardless of the
spin state of I, its Mdssbauer spectra would comprise three
spin-coupled equal-intensity subspectra with characteristic
parameters corresponding to two Fe’* and one Fe** ions.
The magnetic-field dependence of the Mdssbauer spectra will
provide further information on the details of the exchange
coupling among the three Fe sites A, B, and C. Currently, we
are performing RFQ EPR and Mossbauer measurements to
investigate the reaction of O, with DvFtn preloaded with Fe?",
in an effort to examine the validity of the above proposed
mechanistic scheme.
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