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ABSTRACT: In this work, we report the X-ray crystal structure of the aerobically isolated (oxidized) and
the anaerobic dithionite-reduced (at pH 8.0) forms of the nativeAzotobacterVinelandii bacterioferritin to
2.7 and 2.0 Å resolution, respectively. Iron K-edge multiple anomalous dispersion (MAD) experiments
unequivocally identified the presence of three independent iron-containing sites within the protein structure.
Specifically, a dinuclear (ferroxidase) site, ab-type heme site, and the binding of a single iron atom at the
four-fold molecular axis of the protein shell were observed. In addition to the novel observation of iron
at the four-fold pore, these data also reveal that the oxidized form of the protein has a symmetrical
ferroxidase site containing two five-coordinate iron atoms. Each iron atom is ligated by four carboxylate
oxygen atoms and a single histidyl nitrogen atom. A single water molecule is found within hydrogen
bonding distance of the ferroxidase site that bridges the two iron atoms on the side opposite the histidine
ligands. Chemical reduction of the protein under anaerobic conditions results in an increase in the average
Fe-Fe distance in the ferroxidase site from∼3.5 to∼4.0 Å and the loss of one of the ligands, H130. In
addition, there is significant movement of the bridging water molecule and several other amino acid side
chains in the vicinity of the ferroxidase site and along the D helix to the three-fold symmetry axis. In
contrast to previous work, the higher-resolution data for the dithionite-reduced structure suggest that the
heme may be bound in multiple conformations. Taken together, these data allow a molecular movie of
the ferroxidase gating mechanism to be developed and provide further insight into the iron uptake and/or
release and mineralization mechanism of bacterioferritins in general.

Ferritins are iron storage proteins that are found in
essentially all forms of life. Not too surprisingly, these
ubiquitous proteins have a conserved structure that is
generally described as a spherical shell composed of 24
individual protein monomers (1, 2). Up to 4500 iron atoms
can be stored in the nanostructure formed by the polypeptide
sphere. In addition to an essential role in iron storage for
key cofactors in respiration, photosynthesis, nitrogen fixation,
and DNA synthesis, smaller ferritin-like proteins have also
been implicated in DNA protection during cell starvation
(also known as Dps proteins). The essential nature of ferritins
is further underscored by the increased sensitivity to oxidative
stress and lethality of gene deletion (3-7). In addition,
ferritin and ferritin-associated proteins have also been
implicated in the efficient host colonization of certain
opportunistic bacteria (8).

All ferritins store the iron atoms within the core of the
peptide sphere that is approximately 8 nm in diameter (for

the 24-mer) and is lined with a phosphate layer in the animal
ferritins. Similarly, the bacterioferritins contain a homoge-
neous phospho-oxy-hydroxide mineral core. A significant
difference between the bacterioferritins and the animal
ferritins is the subunit composition of the shell structure.
While bacterioferritins are composed of a single type of
subunit (Mr ∼ 19 000), the animal ferritins contain two
related subunits termed heavy and light chains. In addition
to this distinction, some bacterioferritins also contain a heme
b cofactor bound at the interface of two monomers. For the
bacterioferritins, two identical monomers are related by a
C2 (180°) rotation axis, and it is the repetition of 12 of these
homodimeric units that make up the protein shell. Both the
heavy chain of the animal ferritin and the bacterioferritin
monomer contain a ferroxidase center that catalyzes the
oxidation of Fe2+ by molecular oxygen (O2). A dinuclear
iron site is at the heart of the ferroxidase reaction and is
built upon a highly conserved ligand environment buried
within the hydrophobic core of a four-helix bundle. Given
the role of ferritins in coupling the energy of iron oxidation
by O2 to the storage of large amounts of iron under
physiological conditions, it is not surprising that this ligand
architecture is also observed in other non-heme diiron-
containing proteins involved in oxygen transfer, as well as
oxidative stress protection and O2 activation (9, 10).

The deposition of iron into the ferritin and bacterioferritin
core has been well studied and appears to proceed by O2-
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dependent oxidation of ferrous iron. For ferritin, this has been
shown to occur via a diferric peroxo (DFP) intermediate to
form diferric oxo complex precursors of the hydrated ferric
oxide mineral (11-14). However, a distinct discrepancy
exists between the bacterioferritins and the ferritins of higher
organisms. Extensive kinetic and stoichiometric studies with
native horse spleen apoferritin and recombinant heavy chain
ferritins have led to the proposal that two limiting Fe2+:O2

stoichiometries occur during ferritin core reconstitution.
These stoichiometries are summarized by reactions 1 and 2
(11-16).

In these reaction schemes, reaction 1 results in the production
of H2O2 that escapes into the solution surrounding the peptide
shell during mineralization of the core. The net result is Fe2+:
O2 ratios close to 2.0 for iron deposition (15). In contrast,
Fe2+:O2 ratios of 4.0 suggest that iron incorporation is
occurring by reaction of Fe2+ and O2 by reaction 2 (11, 14-
16). For higher organisms, it has been proposed that initially
reaction 1 is catalyzed by the native and recombinant heavy
chain ferritins with reaction 2 becoming important once a
sufficiently large mineral core has formed (14, 15). This does
not seem to be the case for the bacterioferritins (either 12 or
24 subunit types) that appear to reduce O2 directly to H2O
during iron incorporation (17, 18). This is perplexing, given
the remarkably similar structural features of the ferroxidase
site in the bacterioferritins and the ferritins from higher
organisms. Of specific interest is the observation that
Escherichia coli, Listeria innocua, and AzotobacterVine-
landii bacterioferritins actually produce H2O from O2 reduc-
tion during iron deposition (15, 17, 18). Although transient
H2O2 formation has been observed forE. coli bacterioferritin
(EcBF), the peroxide has been predicted to rapidly react with
Fe2+ to account for Fe2+:O2 ratios of 4.0 observed for EcBF
(19) during the mineralization process. Further complicating
the bacterioferritin story is the recent report thatA. Vinelandii
bacterioferritin (AvBF)1 also gives Fe2+:O2 ratios of 4.0
during iron deposition, but without significant formation of
H2O2 (15). The latter observation was rationalized by the
observation of similar reaction rates for O2 and H2O2 with
the ferroxidase center of AvBF. In any case, this still implies
a direct reduction of O2 by 4Fe2+ and presents an enigma
given the conserved structure of the ferroxidase center.

While the number of ferritins with a known amino acid
sequence is staggering, relatively few X-ray crystal structures
have been presented, especially for the bacterioferritins. At
present, four bacterioferritin structures have been reported
from E. coli (20, 21), Rhodobacter capsulatus(22), Des-
ulfoVibrio desulfuricans(23), and A. Vinelandii (24). Of
significant interest was the observation that theA. Vinelandii
crystals and subsequent structure were reported to be
“accidentally” obtained while attempting to crystallize a Cr-
substituted varient of nitrogenase component I (24). The
resolution of this structure was 2.6 Å, and further spectro-

scopic characterization of the crystals confirmed that the
heme groups of the bacterioferritin were in a ferrous state.
The presence of a Ba2+ ion at a four-fold channel was
observed, and it was further suggested that this channel might
provide Fe2+ conductivity and selectivity. Liu et al. (24) also
proposed a dynamic gating mechanism based on the iron
occupancy and unique positioning of conserved residues in
the ferroxidase center when compared with other known
bacterioferritin structures.

To further investigate the hypothesis that redox-dependent
structural changes may be part of a gating mechanism, we
have determined the crystal structures of AvBF in the aerobic
as-isolated (oxidized) and anaerobic dithionite-treated states.
Reversible, redox-dependent conformational changes are
observed that provide new insight into the iron incorpora-
tion-release mechanism. Moreover, the higher resolution of
the reduced state also provides more insight into the
orientation of the heme at the interface that is in contrast to
what was previously reported. Finally, a novel result of the
MAD phasing methods employed during structure determi-
nation was the identification of iron atoms at the 4-fold axis
of the bacterioferritin shell, providing further evidence that
these pores might serve a role in ion selectivity by allowing
only ferrous ions (or ions of equivalent size) to pass through
this pore.

EXPERIMENTAL PROCEDURES

Isolation and Crystallization of A.Vinelandii Bacterio-
ferritin. A. Vinelandii strain UW3 was grown at 30°C for
24 h on Burk’s medium supplemented with 2.2 g/L am-
monium acetate. Isolation ofA. Vinelandii bacterioferritin
(AvBF) was performed in a three-step procedure under
aerobic conditions. The cells were broken with a French
pressure cell at∼16000 psi in 50 mM Tris (pH 8.0).
Following centrifugation at 56000g to remove the mem-
branes, the DNA was precipitated by addition of poly-
(ethyleneimine) (PEI) to a concentration of 0.2% (v/v) from
a 5% stock solution. The precipitated DNA was centrifuged
at 10000g for 10 min, and the DNA pellets were saved. The
DNA pellets were resuspended in 50 mM Tris (pH 8.0)
containing 800 mM NaCl using a tissue homogenizer. This
suspension was then centrifuged at 10000g to remove the
precipitated DNA. The solute was then concentrated and
subjected to gel filtration on a calibrated Sephadex S-200
column equilibrated with 25 mM Tris (pH 8.0) containing
250 mM NaCl. Fractions containing AvBF were concentrated
in this buffer and then split into two aliquots. One of the
aliquots was made anaerobic by several rounds of degassing
on an argon manifold prior to crystallization. Crystallization
experiments were performed by the capillary batch method
under both aerobic and anaerobic conditions with the latter
being performed in an atmosphere of 95% nitrogen and 5%
hydrogen where the oxygen levels where maintained below
1 ppm at all times. In either case, diffraction-quality crystals
appeared within 1 or 2 weeks in mother liquor containing
15% ethanol, 100 mM imidazole, and 200 mM MgCl2. Prior
to freezing the crystals for data collection, we increased the
concentration of glycerol in steps of 2.5% until a final
concentration of 30% was obtained. To further prevent any
potential exposure of the anaerobic crystals to oxygen, these
crystals were frozen in liquid nitrogen inside the anaerobic
chamber and sodium dithionite (final concentration of 2 mM)

1 Abbreviations: Tris, tris(hydroxymethyl)aminomethane; PEI, poly-
(ethyleneimine); AvBF,AzotobacterVinelandiibacterioferritin; DdBF,
DesulfoVibrio desulfuricansbacterioferritin.

2Fe2+ + O2 + 6H2O f 2Fe(OH)3 + H2O2 + 4H+ (1)

4Fe2+ + O2 + 10H2O f 4Fe(OH)3 + 8H+ (2)
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was added to the mother liquor 1 h prior to freezing. Given
the reduction potentials of diiron sites with structures similar
to the ferroxidase site reported here (typicallyg0 mV) (25),
under these conditions, the heme iron and the iron at the
ferroxidase site should be in a ferrous state, while reduction
of the mineralized iron in the core will be occurring at a
slow rate (26).

Data Collection, Phase Determination, Model Building,
and Refinement.Data were collected at the Advanced Light
Source on beamline 5.0.2. The initial position of the iron
atom was identified by MAD phasing methods using space
groupR32 (Table 1). The three-wavelength MAD data were
collected at 7.12 (inflection point), 7.13 (peak), and 7.60 keV
(remote). In space groupR32, the asymmetric unit consisted
of four monomers. Two of these monomers form a complete
homodimer with ab-type heme at the interface. However,
this also positioned two additional heme groups on a
crystallographic two-fold axis. Given the nonsymmetrical
nature of theb-type heme, it became immediately clear that
the correct space group assignment wasR3. Further model
building and phase refinement were therefore carried out in
this space group. In this case, the asymmetric unit contains
eight monomers and fourb-type heme groups. The implica-
tions of these observations are discussed in the following
sections. Initial identification of the iron positions and phase
refinement were carried out with SHELXD (27) and SOLVE/
RESOLVE (28, 29) using a script downloaded from the
SSRL webpage (http://smb.stac.stanford.edu/templates/MAD-
_scripts/). Additional iron atoms were identified by iterative
analysis of the anomalous data with ISAS (30) in space group
R3. Model building and further phase refinement were carried
out using O (31) and CNS (32), respectively.

RESULTS AND DISCUSSION

Redox-Dependent Changes in the Ferroxidase Center. At
present, only one other native bacterioferritin structure has
been reported in a number of oxidation states (23), the D.
desulfuricansbacterioferritin (DdBF). Similar to the results
presented here, the data presented by Macedo et al. reported
the structure of the aerobic crystals and the impact of
chemical reduction under strictly anaerobic conditions. The
data for the native (aerobic) AvBF are presented in Figure
1A. For both AvBF and DdBF, a significant amount of
bridging density is observed between the two iron atoms in
this state. However, unlike what was reported for DdBF, no
additional density was observed in the difference (Fo - Fc)
map when the density was modeled as a single water atom
in our data (Figure 1A). This is consistent with the position
of this density relative to the two iron atoms (up to 4 Å in
some monomers). It is important to point out that even low-
dose X-ray data collection can lead to significant reduction
of metal centers (33), and hence, this may be an underlying
factor in the slight differences observed in the bridging
density between DdBF and AvBF. In general, however, the
oxidized state of the AvBF ferroxidase site observed here is
relatively symmetrical with each iron atom ligated by four
oxygen atoms from three glutamate residues and a nitrogen
atom from the side chain of a single histidine residue.
Chemical reduction of the ferroxidase site in AvBF had a
significant impact on the structure (Figure 1B). At the heart
of these redox-dependent conformational changes is the
expansion of the Fe-Fe distance by approximately 0.5 Å.
In addition, the iron atom that is ligated by the side chain of
H130 loses this histidyl ligand. As can be seen in Figure 1,
this side chain moves away from the ferroxidase site upon
reduction, a structural change that is not observed in DdBF.
The B factors for the iron atom associated with this ligand
also increase, suggesting that the site may not be fully
occupied. Further iterativeB factor and occupancy refinement
of this iron atom resulted in an average occupancy of 0.80,
confirming that this may in fact be the case. However, if
the occupancy was set to 0.80 for this iron atom, there were
no significant improvements in the overall map quality orR
factors (<0.1%), and therefore, the occupancy was left at
1.0 in the final models. Although the equivilent histidine
residue in DdBF (H135) was not observed to move upon
reduction, similar changes in the density bridging the iron
atoms upon reduction were observed. Specifically, there is
a shift in the bridging electron density toward the lower-
occpancy iron atom. For DdBF, subsequent exposure of the
reduced, dithionite-free, crystals to oxygen resulted in loss
of one of the iron atoms (23). An interesting observation is
that the departing iron atom in DvBF was ligated by H59
(H54 in AvBF). We have collected data on reduced AvBF
crystals that were subsequently exposed to oxygen and saw
no significant peaks in the difference maps when the oxidized
model was used to fit the data, suggesting that the confor-
mational changes observed in AvBF, in contrast to DdBF,
are also reversible.

A Redox-Dependent Gating Mechanism in A.Vinelandii
Ferritin. The idea that a continuous channel for translocation
of iron to and from the mineral core might be formed by the
concerted movement of two residues on the inner side of
the ferroxidase site has been proposed for the bacterioferritins

Table 1: Data Collection, Phasing, and Refinement Statistics

oxidized
(OX)

reduced
(RED)

anomalous
OX

anomalous
RED

wavelength (Å) 0.98 0.98 1.63 1.739
resolution range

(Å)
50.0-2.7 50.0-2.0 50.0-3.0 50.0-2.82

no. of unique
observations

89043 109019 31537 39191

completeness 98.6 (93.0)a 99.5 (99.3)a 99.9 (99.3)a 99.9 (99.9)a

Rsym (%)b 7.6 (28.9)a 5.9 (28.5)a 6.5 (12.4)a 5.2 (26.9)a

I/σ 30.1 (6.8)a 15.7 (2.8)a 32.8 (20.4)a 8.1 (4.6)a

Rcullis (acen/anom) 0.49/0.49 0.57/0.58
phasing power

(acen/anom)
0.85/0.86 0.94/0.97

no. of sites 22 22

oxidized reduced

unit cell a ) b ) 124.48 Å,
c ) 285.11 Å

a ) b ) 123.67 Å,
c ) 284.27 Å

no. of protein atoms 10084 10084
no. of solvent atoms 387 785
resolution limits (Å) 50.0-2.7 50.0-2.0
Rcryst (%) 20.3 21.6
Rfree (%) 25.6 24.7
rmsd for bonds (Å) 0.007 0.014
rmsd for angles (deg) 1.14 1.97
averageB factor (Å2) 36.46 23.65

a Numbers in parentheses correspond to the data in the outermost
resolution shell.b Rsym ) ∑hkl[∑I(|Ihkl,I - 〈Ihkl〉|)]/∑hkl,I〈Ihkl〉, whereIhkl

is the intensity of an individual measurement of the reflection with
indiceshkl and 〈Ihkl〉 is the mean intensity of that reflection.
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(23, 24). Our results essentially confirm this hypothesis and
demonstrate that the side chains of H130 and E47 can serve
a gating function by exchanging positions in a redox-
dependent manner. The redox-dependent exchange of these
two side chains is shown in Figure 2. Figure 2 also shows
that, in addition to the movement of H130 and E47, reduction
also results in the movement of several side chains between
the ferroxidase site and the three-fold axis. Specifically, it

is clear that oxidation or reduction of the ferroxidase site
results in the movement of polar and negatively charged side
chains located along the D helix between the three-fold pore
and the ferroxidase site. Of particular interest are residues
E118 and E121. These residues are found at a three-fold
symmetry axis, resulting in six (two from each monomer)
negatively charged side chains at this site. These residues
make up the innermost layer of the three-fold pore, and due
to the symmetry of this site, the movement of E121 would
be amplified 3-fold. This observation is of particular interest
given the work presented by Theil and co-workers that
suggests the three-fold axis of human ferritin serves as a
dynamic aperture that could be controlled by cytoplasmic
factors for iron release in vitro (34, 35). Our observations
are also of significant interest given the observation by Zeth
et al. of biomineralization at the three-fold pore of the
Halobacterium salinarumDpsA protein (36). The redox-
dependent movement of these side chains certainly supports
the idea of a potential communication/transport pathway
between the ferroxidase site and the three-fold molecular axis
of the protein shell. A working hypothesis would suggest
that diferric peroxo species are translocated to the three-fold
axis in the early stages of mineralization for the bacterio-
feritins and dps proteins. However, aside from the conserved
acidic groups (E118 and E121 in AvBF and D131 and E134
in human ferritin), the general features of the three-fold pore
are notably different in AvBF, and bacterioferritins in
general, when compared with the ferritins of higher organ-
isms such as humans. In the latter case, these acidic side
chains are the only barrier for ion transport across the three-
fold pore. In AvBF, as is the case with most bacterioferritins,
the three-fold pore has three layers consisting of an inner
and middle layer of acidic residues and an outer layer of
positive charge (2). The middle and outer layer of the three-
fold pore of the bacterioferritins are actually formed by an

FIGURE 1: Redox-dependent structural changes at the ferroxidase site inA. Vinelandiibacterioferritin. Wall-eyed stereoview of the molecular
model and theFo - Fc composite omit map generated with the simulated annealing protocol. The composite omit map is represented by
the green cage and is shown at 3σ for the oxidized (A) and anaerobic dithionite-treated (B) data. For clarity, the amino acid side chains are
labeled for only the oxidized model. Carbon, oxygen, nitrogen, and iron atoms are colored tan, red, blue, and black, respectively.

FIGURE 2: Redox-dependent structural changes between the fer-
roxidase site and the three-fold axis. Structural alignment of the
oxidized and anaerobic dithionite-treated models ofA. Vinelandii
bacterioferritin. Carbon, oxygen, nitrogen, and iron atoms are
colored tan, red, blue, and black, respectively, in the oxidized model.
All atoms are colored purple in the anaerobic dithionite-treated
model. For reference, the helix from residue 114 to 143 is also
colored gold. The side chains of residues E118 and E121 are located
in the three-fold pore.

4424 Biochemistry, Vol. 45, No. 14, 2006 Swartz et al.



intersubunit salt bridge. In AvBF, this involves residues E109
and R117. Therefore, while redox-dependent signaling along
helix D may be important in both bacterial and mammalian
ferritins, ion transport across the three-fold pore in bacte-
rioferritins seems less likely.

Iron Anomalous Signal and the Four-Fold Pore.The
application of MAD phasing in the structure determination
allows unequivocal identification of the positions of iron
atoms in the asymmetric unit. In our case, anomalous data
were collected for both the oxidized and anaerobic dithinoite-
treated protein. The anomalous signal for the iron atoms of
the ferroxidase site in both of the models is shown in Figure
3 (panels OX and RED, respectively) as well as for the iron
atom at the four-fold pore. For the latter, there are a total of
two sites in the asymmetric unit (six sites for the entire 24-
monomer sphere).

In Figure 3, the anomalous signal comes from data
collected at the peak wavelength (1.739 Å). Data collected
at lower energy (i.e.,>1.7392 Å) resulted in a sharp decrease
in the magnitude of the anomalous signal, consistent with
the assignment of this signal to iron. If the anomalous signal
at the four-fold pour was in fact Ba, as modeled by Liu et
al., we would expect to see a larger anomalous signal at the
Fe edge (i.e., 1.7403 Å). Moreover, a Ba atom would also
significantly improve the phasing statistics (Table 1), and
in fact the phasing power of the iron sites used for initially
generating maps is actually somewhat lower than that
observed for other enzymes containing diiron sites within a
four-helix bundle motif (37). The latter observation may in
fact be due to the difficulty in actually measuring the iron

edge in these crystals. This is especially important since iron
is found in four different environments (i.e., heme, ferroxi-
dase site, four-fold pore, and mineral core). Specifically, since
theA. Vinelandii cells were grown for more than 24 h prior
to enzyme isolation, the bacterioferritin should contain a
partially mineralized core of at least 600-1000 Fe atoms
(26). Although these iron atoms will be disordered and not
visible in the electron density, they will dominate the
fluorescence scan when one is determining how to set up
the MAD experiment.

The observation of higherB factors for the second iron
atom of the ferroxidase site (iron bound by H130 in the
oxidized state) is also consistent with the observation that
the corresponding anomalous signal being slightly weaker.
This observation is even more pronounced in the reduced
data where the side chain of H130 has moved away from
the iron atom (Figure 3, panel RED, Fe2). These observations
are consistent with the iron site of the reduced protein being
approximately 80% occupied. In contrast to the thick
hydrophobic properties of the four-fold pore in the ferritins
from higher organisms, the four-fold pore of the bacterio-
ferritins is considerably thinner, typically consisting of only
two layers of polar side chains. Several ions have been
identified in both the three- and four-fold pores (20, 22, 24,
38) of the bacterioferritins, and although it has been proposed
to serve as a selectivity filter, an iron atom has never been
observed at the four-fold pore. In contrast to previous work,
we clearly see an iron anomalous signal at the four-fold pore
in both the oxidized and reduced data. The anomalous signal
for the anaerobic dithionite-treated crystals is shown in Figure

FIGURE 3: Comparison of the anomalous signal observed at the ferroxidase site and the four-fold pore. Model and anomalous density
(purple cage) contoured at 16σ for the oxidized (OX) and anaerobic dithionite-treated (RED) AvBF data. Panel 4-FOLD is a wall-eyed
stereoview of the anaerobic dithionite-treated model, the 2Fo - Fc composite omit map (green cage) contoured at 1σ generated with the
simulated annealing protocol, and anomalous density (purple cage) contoured at 16σ for the four-fold pore of the anaerobic dithionite-
treated data. For clarity, N148 and Q151 are labeled for only one of the monomers.

Structures ofA. Vinelandii Bacterioferritin Biochemistry, Vol. 45, No. 14, 20064425



3 (panel 4-FOLD). No additional density is observed in the
difference maps when iron is modeled in this position.
Moreover, theB factors (20.79 and 21.09) for iron atoms at
each of the two different four-fold positions in the asym-
metric unit are similar to theB factors for their ligating
oxygen atoms (N148 and Q151, averages of 18.37 and 19.68,
respectively). TheseB factors are also similar to those of
the iron atoms in the full-occupancy position of the ferroxi-
dase site (average of 23.15). Notably, theB factors for both
the oxidized and reduced models are the lowest in the region
of the four-fold pore, suggesting that this region of the
structure has the least thermal motion. The iron atom is bound
between two polar layers formed by the side chains of
residues Q151 (inner layer) and N148 (outer layer). In the
data for the reduced form, the iron atom is positioned within
the eight oxygen atoms from the side chains of Q151 and
N148 such that it is slightly close to the inner layer formed
by Q151 (Figure 3). The average iron-ε-oxygen distance
on the inner side is 2.89 Å, with the longest distance being
2.91 Å, while the average iron-ε-oxygen distance for the
outer layer is 2.93 Å, with the longest distance measured at
3.02 Å. Finally, some movement is also observed in other
residues around the four-fold pore that are conserved in the
bacterioferritins, specifically, residues S152 (inner side) and
E147 (outer side). Some movement of E155 and E38 (both
on the inner side of the protein shell) is also observed upon
reduction. The observation of an iron ion at the four-fold
pore in AvBF is consistent with the hypothesis presented
by Liu et al. (24), who suggested that this pore may serve
as a selective filter for iron access. However, several distinct
differences in the method of protein preparation may provide
clues to explain the differences seen at the four-fold pore
(H. L. Liu et al. modeled a Ba atom due to excess electron
density). First, our protein was prepared under aerobic
conditions in less than 24 h by a two-step procedure that
essentially involved the isolation of theA. Vinelandii
chromosomal DNA (with AvBF bound) under low-salt
conditions. Sodium chloride (800 mM) is then used to
liberate the AvBF from precipitated DNA, and the soluble
protein is subjected to gel filtration. Liu et al. reported that
they were isolating and trying to crystallize a Cr-containing
nitrogenase iron protein (Fe protein) when they accidentally
observed the AvBF crystals. While the details of how the
Cr-containing Fe protein was prepared were not clear, it is
clear that significant amounts of AvBF must have copurified
with the Fe protein. The purification of nitrogenase Fe protein
is substantially longer (typically 3 days) and is performed
under anaerobic and reducing conditions. In any case, the

lack of iron at the four-fold pore and the ferroxidase site
observed by Liu et al. (24) is consistent with the idea that
iron release requires reduction.

Heme Binding in AVBF. The heme binding pocket in all
of the bacterioferritins is symmetrical because it is found at
a perfect two-fold rotation axis between two equivalent
monomers. It is therefore not surprising that in the structures
of several bacterioferritins, the heme has been proposed to
adopt several conformations (22, 23). In contrast to what
was previously reported by Liu et al., two pieces of evidence
presented here suggest that this also is the case for AvBF.
First, phases for both the oxidized and anaerobic dithionite-
treated data sets were obtained by MAD phasing using space
groupR32. In this space group, two of the heme molecules
are found on a crystallographic two-fold axis, suggesting that
density surrounding these iron positions is symmetrical.
Given the nonsymmetrical structure of theb-type heme, this
is impossible, and we changed to space groupR3 so that all
(now four) heme groups could be accurately modeled. In
contrast to the very clean density that was observed around
the iron atom at the four-fold pore, the electron density at
the heme binding sites was more difficult to model. In
particular, the heme groups, originally placed on the crystal-
lographic two-fold axis of space groupR32, revealed
significant peaks in the difference maps. The model,
composite omit map, and difference map for one of these
heme sites are shown in Figure 4. Evidence for movement
and/or possible multiple conformations of the heme group
is apparent with the positive peaks observed in the difference
maps. In addition to the positive peaks that can be associated
with the potential vinyl groups of a “flipped” heme, density
near F26 can also be observed and is consistent with the
movement of the heme and this proximal residue.

Mg Ions and the “B” Pore. In the data published by
Macedo et al. on the structure of DdBF, a pore distinct from
the three- and four-fold symmetry pores was noted and
termed the B site (23). This pore is visible in our data for
both the oxidized and anaerobic dithionite-treated AvBF and
clearly contains octahedral Mg ions ligated by water
molecules (Figure 5A). Similar to what was reported for
DdBF, a concentrated negative charge is observed in this
area due to the presence of E135, D132, and D139 from
one monomer, as well as D34 and E66 from adjacent
monomers. While the exact role of this pore is uncertain, it
is clear that this pore is sufficiently large to accommodate
an iron atom. It should be noted that magnesium not only is
found in the growth media but also is a requirement for
crystallization and is present at 200 mM in the mother liquor.

FIGURE 4: Model, composite omit map, and difference map for the heme binding site in the reduced structure. Wall-eyed stereoview of the
model,Fo - Fc difference map (red cage), and 2Fo - Fc composite omit map (green cage) generated with the simulated annealing protocol.
The difference map is contoured at 3σ, while the composite omit map is contoured at 1σ.
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The magnesium requirement for crystallization is clearly due
to the presence of an additional magnesium site involving
the side chain of E85 from the monomer of one sphere and
the same side chain from another monomer in an entirely
different sphere (Figure 5B). A similar phenomenon was also
observed with cadmium in the structure of mouse L-chain
ferritin (39, 40).

Conclusions.The redox biochemistry of ferritins and the
diiron carboxylate protein family is of central importance to
the respective functions of specific enzymes. The observation
of redox-dependent conformational changes in several key
residues clearly supports the hypothesis for a gating mech-
anism of iron entry and/or exit at the ferroxidase site in
AvBF. Whether this is a common theme in other bacterio-
ferritins remains to be further investigated. The observation
of iron atoms at the four-fold pore is novel and further
supports the hypothesis that these pores may serve as
selectivity filters for iron in AvBF.

The combination of the selectivity filter and a carefully
gated iron mineralization mechanism may explain why the
formation of peroxide is not observed during this process in
AvBF. Essentially, since we see evidence for communication
between the ferroxidase site and the three-fold pore in AvBF
(a potential site for mineralization), activation of ferrous iron
for mineralization might only occur when the activated
intermediate can readily be transferred to a growing mineral
core at the three-fold axis. However, certain nonspecific
interactions cannot be ruled out. In particular, the iron ligation
and solvent exposure of the ferroxidase site are significantly
different in mammalian ferritins and do vary to a certain
extent in the bacterioferritins. This variation may allow
reaction intermediates to escape or other molecules in the
solvent to react at the ferroxidase site and account for these
mechanistic differences as suggested by Bunker et al. (15).

In summary, a model for iron mineralization in bacterio-
ferritin that seems to be developing supports a mechanism
by which ferrous iron enters through the four-fold pore and
reacts with O2 at the ferroxidase site to produce an activated
iron-oxo species. This species is then transferred to the three-
fold axis where it is added to a growing mineral core. The

precise atomic details of this process and the exact role of
the B site remain to be established.
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