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Ferritins are ubiquitous iron storage proteins present in most
forms of life that, together with iron-transporting proteins,
enable a tight regulation of the iron concentration in living cells1.
The storage of iron (up to ∼4,500 atoms per holoprotein) allows
the cells to have a continuous supply of this essential metal, com-
pensating for its low solubility in aqueous media at physiological
pH and, at the same time, avoiding the deleterious effects that
result from the reactivity of free iron ions with oxygen and 
oxygen-reactive species.

The structures of the iron-storage ferritin proteins are con-
served and generally constituted by a spherical shell composed of
24 protein subunits with two-, three- and four-fold molecular
symmetry axes; the monomer is a four α-helix bundle2. In 1978,
horse spleen ferritin became the first ferritin for which a three-
dimensional structure was determined3. This protein plays a key
role in the oxidation of external ferrous iron to ferric iron, which
is then stored inside the large internal protein cavity in a mineral
form. Ferritins isolated from bacteria may also contain a heme b
group and are then named bacterioferritins (Bfr). This heme is
located between two subunits that form the dimer, with a
methionine from each monomer providing an axial ligand to the
heme iron. The Bfr from the anaerobic sulfate/nitrate reducer
Desulfovibrio desulfuricans ATCC 27774 (Dd) has a 
di-iron–occupied ferroxidase center in its native form. EPR
studies are consistent with this center being in the diferric state
in the  ‘as-isolated’ form of the protein — that is, when the pro-
tein is anaerobically purified and exposed to air4. Furthermore,
in contrast to all other isolated Bfrs, Dd Bfr has the unique fea-
ture of having Fe-coproporphyrin III as its heme cofactor, the
first example of this type of heme in a biological system5. The
physiological electron donor of this Bfr has been identified as a
type-II rubredoxin; the genes encoding both the Dd Bfr and its
electron donor form a dicistronic transcriptional unit6.

Several ferritin7–11 and bacterioferritin12 crystallographic
structures have been refined to a resolution of 2.0 Å or higher.

However, the only ferritins that show the presence of iron in
their structures are those of the dodecameric ferritin from
Listeria innocua13 and Escherichia coli (Ec) ferritin11. In the first
case, one single iron atom was located at the interface between
monomers, whereas in the second, three iron atoms per
monomer (two forming a di-iron site) were inserted in the crys-
tals by soaking in a ferrous salt solution. In bacterioferritin
structures, the di-metal site is either filled with two Mn2+ ions
from the crystallization mother liquor (Ec Bfr)12,14,15 or has low
iron occupation as in Rhodobacter capsulatus (Rc) Bfr16.

The isolation of Dd Bfr with a di-iron center prompted its
study by X-ray crystallography in several catalytic/redox states.
Crystallization and phase determination of the Dd Bfr structure,
from crystals of an as-isolated protein sample, have been 
reported17. The MAD measurements at and near the iron K-edge
allowed unequivocal identification of the iron atomic positions
forming the ferroxidase site and at the center of the 
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Fig. 1 Overall view of the Dd Bfr in structure A. The different colors rep-
resent the 12 dimers; the di-iron centers and the heme cofactors are rep-
resented in black.
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Fe-coproporphyrin III group. Here we present three different
structures of Dd Bfr: structure A, to 1.95 Å resolution from an
as-isolated protein sample; structure B, at 2.05 Å resolution from
a sample prepared and crystallized as for structure A and then
followed by reduction of the crystal; and structure C, to 2.35 Å
resolution from a ‘cycled’ oxidized sample (see Methods).

Overall structure and topology
Similarly to all the ferritins described structurally so far18, Dd Bfr
is an oligomer of 24 monomer subunits that assembles to form a
sphere with 432 symmetry. In the crystal structure, the 
asymmetric unit comprises one-third of two independent mol-
ecules — that is, a total of 16 monomers, equivalent to 2 × 4
dimers. Each dimer has an Fe-coproporphyrin III heme between
the two monomers in the dimer (eight hemes per asymmetric
unit), and each monomer has a native di-iron center (a total of
16 di-iron centers per asymmetric unit) (Fig. 1). The sphere has
an external diameter of ∼130 Å and an internal cavity for iron
storage with a diameter of ∼85 Å. Each of the monomers is built
up of a four–α-helix bundle containing the di-iron site, with a
final fifth shorter helix at the C terminus arranged transversally
across the bundle axis (Fig. 1). The hydrophilic channels on the
three-fold axes of the molecule are formed by alternating posi-
tively and negatively charged residues. Thus, Lys111 and Glu115
define the outer entrance to the channel, and the inner surface is
lined by Lys114, Glu126 and Arg123. The uncharged channels
on the four-fold axes are lined by four symmetry-related thre-
onines, Thr152.

Heme site
The Fe-coproporphyrin III groups are located on the noncrystal-
lographic two-fold axis of each Bfr homodimer at the interface
between monomers. The hemes were refined with two possible
conformations (I and II, Fig. 2), a situation similar to that
observed in Rc Bfr16. The hemes are axially coordinated by the
Met57 from noncrystallographic symmetry-related monomers
and are further linked to the polypeptide chain through hydro-
gen bonds between propionates A and D to Arg20 and Tyr35,
propionate B to Lys50 and propionate C to Ser168; there are
more interactions with the polypeptide chain than in 
heme b–containing ferritins. Residue Arg20, which stabilizes
one of the two extra propionates of Dd Bfr iron-coproporphyrin,
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is substituted by nonpolar residues in all other known Bfr
sequences, with the exception of two other Desulfovibrio species
(D. vulgaris Hildenborough and D. desulfuricans G 20).

Di-iron site
The residues involved in the coordination of the di-iron sites are
Glu23 and His59 as terminal ligands to Fe1, and Glu99 and
His135 as terminal ligands to Fe2, and Glu56 and Glu132 as
bridging ligands (Fig. 3). The ferroxidase di-iron site is flanked
by two tyrosine residues, Tyr30 and Tyr106, which are hydrogen-
bonded to the terminal glutamate ligands, Glu99 and Glu23,
respectively. The two histidine ligands, His59 and His135, are
hydrogen-bonded to carboxylate oxygen atoms of Glu131 and
Asp55, located at the internal surface of the sphere. The coordi-
nation and spatial arrangement of the ferroxidase center is simi-
lar to that observed in Ec Bfr and resembles that observed in a
variety of di-iron proteins that have functions as diverse as the
oxygenation of methane, reduction of ribonucleotides and oxy-
gen reduction or transport19–22.

A close examination of the electron density maps (Fig. 3b,d,f)
of the three states of Dd Bfr reveals some important features. The
structure of the protein as isolated (A) clearly shows electron
density lying continuously over the di-iron site, on the opposite
side from the histidyl ligands (Fig. 3b). This electron density
cannot be modeled unequivocally because it likely results from a
mixture of different bridging intermediates in the protein sam-
ple. Terminal water oxygens, a peroxo intermediate and/or oxo
(hydroxo) bridging ligands can be modeled into the residual
electron density with acceptable geometry, but refinement of
these models at 1.95 Å resolution was not able to distinguish
between the three possibilities. Indeed, the electron density may
correspond to a mixture of different intermediates as a result of
the reduction of molecular oxygen at the ferroxidase sites in fer-
ritins11 or bacterioferritins23,24. The average value reported in the
present study for the iron…iron distance, 3.71 Å in structure A, is
typical of di-iron centers found in many other di-iron proteins22,
which can have oxo or water bridging ligands. The bridging elec-
tron density is not present in the structure of the reduced crystal
(B; Fig. 3d). One single terminal water ligand lying at a distance
of 2.46 Å from Fe1 is, nevertheless, clearly defined and was there-
fore included in the final refinement. The longer Fe1…Fe2 aver-
age distance of 3.99 Å observed in structure B is compatible with

Fig. 2 Stereo view of the electron density averaged over eight independent dimers of the Fe-coproporphyrin III heme cofactor in structure A. The
electron density is represented in a 2 |Fo| – |Fc| map contoured at 1.0 σ. The electron density for the Met57 axial ligands is visible above and below the
heme group but, for reasons of clarity, these residues were not represented. The geometrical disorder of the heme group in all three structures is
similar, and the occupancies for each conformer are ∼0.5. Different colors (red and green) represent the two modeled conformations (I and II, respec-
tively), which are related by the noncrystallographic two-fold axis of the Bfr homodimer.

©
20

03
 N

at
u

re
 P

u
b

lis
h

in
g

 G
ro

u
p

  
h

tt
p

:/
/w

w
w

.n
at

u
re

.c
o

m
/n

at
u

re
st

ru
ct

u
ra

lb
io

lo
g

y



articles

a reduced diferrous state22. The bridging ligands in structure A,
together with the increase in the iron-to-iron distance in struc-
ture B relative to structure A, strongly support the hypothesis
that this is an intermediate structure in the ferroxidase reaction,
with the iron atoms predominantly in the oxidized state22. When
the protein sample was reduced fully and subsequently allowed
to oxidize in the presence of atmospheric oxygen (structure C),
the ferroxidase center appeared with Fe1 mostly depleted. No
sign of any bridging/terminal oxygen ligand remained in the
electron density maps (Fig. 3f), nor could a peak be assigned to
an ordered iron ion elsewhere in the structure. Glu56 in struc-
ture C approaches Fe2, while the carboxylate group of Glu132
undergoes a rearrangement, rotating by nearly 90° about the Cγ-
Cδ bond.

Ferroxidase pore
The di-iron center is located at the bottom of a pore in the Bfr
monomer. The entrance to this pore is approximately circular in
shape and has a radius of ∼1.4 Å. This pore is wider at the bot-
tom, with an approximate elliptical contour shape and axes of
∼5.3 Å and 4.7 Å, with the major axis roughly aligned with the
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Fe1-Fe2 direction. These distances were calculated excluding the
contributions of the van der Waals radii of the atoms forming
the pocket, but they can be interpreted in terms of the van der
Waals dimensions of species (such as Fe ions and water mole-
cules) that may enter and leave the pore. The Fe atoms are 
located ∼6 Å below the pore entrance. The pore is formed 
mainly by hydrophilic residues arranged in three layers: a top
layer, which defines the entrance and includes Met22, His25,
Gln98 and Thr102; a middle layer that defines the side walls and
is formed by Ala26, Tyr30, Thr102 and Tyr106; and the bottom
layer, which consists of the iron atoms and their glutamate 
ligands (Glu23, 56, 99 and 132). The pore, represented by views
of the external molecular surface near the di-iron center in the
three structures (Fig. 4a–c), is similar to the pores found in the
structures of Ec Bfr14 and Rc Bfr16 and those described for the
structure of Ec ferritin11. Such an observation prompts the
hypothesis that the entry of iron for reaction at the ferroxidase
site can occur through this pore, forming the di-iron site. Upon
reaction with oxygen, the iron atoms were subsequently oxidized
(structure C). However, we observed the Fe1 position to be 
significantly depleted (70–100% for the various subunits).

Fig. 3 The di-iron center of Dd Bfr. Bond lengths (Å) are always average values for the 16 crystallographically independent monomers. The bridging
ligands and their coordination (dashed red lines) and van der Waals distances (dashed black lines) to the iron atoms are shown in the three schemes.
a, A schematic view of structure A. b, Stereo view of electron density in a 2 |Fo| – |Fc| map contoured at 1.5 σ in the vicinity of the di-iron center in
structure A. The electron density bridging the iron atoms can be interpreted as a mixture of oxygen atoms constitutive of a peroxo/oxo intermedi-
ate ligand and terminal waters. c, A schematic view of the structure B. d, Stereo view of stucture B as in (b). The bridging electron density is reduced
to a single water molecule, OW, bound to Fe1. e, A schematic view of the structure C. f, Stereo view of structure C as in (b). The electron density at
5.0 σ (green) shows that Fe1 remains present in the structure with only a low occupancy.
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Under the conditions in which this reaction was carried out, this
Fe atom may have left the di-iron site to the solvent through the
pore. Nevertheless, under physiological conditions, this Fe atom
may be translocated into the inner core via a concerted move-
ment of His59 and Glu131, which would open up a continuous
channel to the sphere core (Fig. 4d). These residues can change
conformation, perhaps induced by local pH variations, avoiding
clashes with neighboring residues during this process.

In the case of the Ec ferritin11, two iron ions formed the di-iron
site and a third ion penetrated as far as the inner surface of the
protein. The coordination of this third iron was
accomplished, by comparison with the structure
of the apo protein, with the help of a large move-
ment of His46, a residue close to the di-iron site,
and a small adjustment of Glu49, a residue close
to His46 and at the inner surface of the protein
core. Thus, the observed movement of these two
residues in Ec ferritin11 and the similar movement
proposed here for His59 and Glu131 in Dd Bfr
may constitute a gating mechanism for the pas-
sage of iron from the di-iron site to the inner core.

Electrostatic potential surfaces
An examination of both the internal and the
external molecular surfaces of the intact 
24-subunit oligomeric protein in Dd Bfr (struc-
ture A) reveals a preponderance of negatively
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charged residues, which is emphasized by the electrostatic poten-
tials of these surfaces (Fig. 5). This distribution of negative
charges (–132 overall in Dd Bfr, assuming +3 for iron atoms) has
been reported in other ferritins18,25. In Dd Bfr, iron access
through the three-fold and four-fold channels is unlikely because
of the alternating distribution of positively and negatively
charged residues along those channels. However, on the outside
surfaces of Dd Bfr, there are clusters of negative charges at chan-
nels located between the three-fold and four-fold axes (desig-
nated B, Fig. 5). These channels are sufficiently large enough to
admit the entry of iron atoms and provide a route of access to the
core of the protein. In Dd Bfr structure A, the electrostatic poten-
tial at the ferroxidase center is dominated by the positive charges
of the iron atoms. However, in structure C, the positive charge of
the single iron atom is insufficient to compensate for the negative
charges of the neighboring glutamic acid residues, and the
electrostatic potential at the ferroxidase center becomes negative

ba

c d

Fig. 4 Views of a Bfr monomer with overlaid molecular surface showing
the surface pore that allows access to the di-iron center for structures a,
A; b, B; and c, C. d, A hypothetical model of structure C  in which His59
and Glu131 have been moved to allow the formation of a second open-
ing in the pore, enabling access to the interior of the Bfr 24-nucleotide
oligomer cluster. The molecular surfaces were calculated with MSMS40

using a probe radius of 1.4 Å in (a–c) and 0.7 Å in (d). Thus, the size of the
pore (∼1.4 Å radius, see text) is such that Fe ions and water molecules
may access it freely. The 0.7 Å probe radius in (d) was chosen because it is
close to the ionic radius of Fe(III). The interpretation of (d) is that if such
a histidinyl flip can occur (Phe3 also has to move slightly), the size of the
resulting opening allows a sphere with that radius (0.7 Å) to access the
inside of the molecular cluster. The iron atoms in the di-iron center are
represented as red spheres with an ionic radius of 0.8 Å, and their lig-
ands are drawn as the ball-and-stick models; the rest of the molecule is
drawn as bonds-only with thinner lines. A standard coloring scheme —
red for O, blue for N, grey for C and yellow for S — has been used to
denote the chemical nature of the protein atoms.

Fig. 5 Electrostatic potential surfaces of Dd Bfr. 
a, External surface view down a noncrystallographic
four-fold axis. b, External surface view down a crystallo-
graphic three-fold axis. c, Internal surface view up a
noncrystallographic four-fold axis. d, Internal surface
view up a crystallographic three-fold axis. ‘A’ represents
the ferroxidase pore; ‘B’, major channel; ‘2’, two-fold
noncrystallographic axis; ‘3’, three-fold crystallographic
axis; and ‘4’, four-fold noncrystallographic axis. The fer-
roxidase iron atoms are represented as green spheres.
The molecular surfaces were calculated with MSMS40

using a probe radius of 1.4 Å. The electrostatic poten-
tials were calculated with MEAD41 using a protein and
external dielectric constants of 4 and 80, respectively, a
temperature of 300 K and an ionic strength of 0.1 M.
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(data not shown). This may be one of the driving forces leading
to the reconstitution of the ferroxidase center: uptake of ferrous
ions from the surroundings.

On the basis of amino acid sequence comparisons, the three-
and four-fold axes channels described for the mammalian pro-
teins have been suggested to be inoperative in the bacterial fer-
ritins2,11. An examination of the electrostatic potential surfaces
of Ec Bfr (PDB entry 1BCF), Ec ferritin (1EUM), horse spleen
ferritin (1IER) and human H-chain ferritin (2FHA) shows that
the B channels shows that the B channels (Fig. 5) seem to be
unique to the bacterial proteins, unless they occur in mam-
malian ferritins through conformational changes of surface
residues.

Final considerations
It is commonly accepted that the first step of iron uptake by
(bacterio)ferritins is the build-up of the di-iron center upon
addition of ferrous iron to the apo protein. However, at least for
the Dd Bfr, the protein is isolated with a complete di-iron site,
suggesting that this center is intrinsically attached to the protein
in vivo, possibly leading to a different mechanism of iron oxida-
tion and storage.

Recently, a mechanism was proposed for the oxidation of iron
in Ec Bfr that assumed hydrogen peroxide was an intermediate
product resulting from the reduction of molecular oxygen at the
ferroxidase center23,24. A complete reduction to water was also
observed. The electron density observed for the as-isolated pro-
tein in the di-iron site was not as clearly interpretable in terms of
a single ligand species to the iron atoms. This electron density
may result from a combination of different stages of the ferroxi-
dase reaction with oxo or peroxo bridges as it occurs in the bac-
terioferritin 24-subunit oligomeric protein, averaged over the
entire crystal structure. As the protein was isolated anaerobically
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but crystallized aerobically, the oxidant leading to the inter-
mediates now observed and described above was molecular
oxygen. The role of iron storage proteins and the physiolog-
ical oxidant for the ferroxidase step remains to be estab-
lished in anaerobic bacteria. Because of the close association
between the iron and oxygen metabolisms, (bacterio)fer-
ritins may be important in the oxidative stress response of
anaerobes upon transient exposure to oxygen or oxygen
reactive species, which involves scavenging iron inside the
protein and avoiding the production of the highly deleteri-
ous oxygen radical species formed under those conditions in
the presence of free iron ions.

After reduction followed by reaction with oxygen, only
one of the iron atoms detaches from the di-iron site, possi-
bly finding its way into the protein cavity. Restoration of the
ferroxidase center may occur upon arrival of a new iron ion
through the pore that extends from the external protein
surface to the di-iron site. Such an entry mechanism could
be far more specific to iron compared with other metals.
After formation of the initial nucleation sites inside the
protein core, iron may enter directly into the core through
the B-type channels (Fig. 5), which are distinct from the
channels at the three- or four-fold axes, and may be subse-
quently oxidized in the core during the latest stages of min-
eralization26.

Methods
Crystallization. The crystals used in these structural studies
were prepared as described17. For structure A the protein was
purified anaerobically in a partially reduced state, as indicated

by the heme visible spectra, and was crystallized aerobically.
However, visible spectra of these crystals showed that the crystal-
lized protein has the heme center in the oxidized state. For struc-
ture B, the sample was prepared and crystallized as for structure A,
and crystals were reduced by soaking in excess sodium dithionite
before cryo-protection and flash freezing. For structure C, the pro-
tein solution was fully reduced, excess dithionite was removed by
gel filtration and the protein was allowed to re-oxidize by exposure
to oxygen, followed by aerobic crystallization. The electronic spec-
trum of this preparation showed that the heme center was fully oxi-
dized. The cryo-protectant solutions for the three crystals were
obtained by preparing a crystallization solution17 containing
25% (v/v) glycerol.

X-ray data collection and processing. Diffraction data were col-
lected using X-ray wavelengths of 0.933 Å at ESRF beamline ID14-2
on an ADSC Q4 CCD detector to 1.95 Å, 2.05 Å and 2.35 Å resolution
(structure A, B and C, respectively). All diffraction images were inte-
grated using the HKL suite27 and subsequently scaled together,
reduced and truncated using the CCP4 suite28. Data collection and
processing statistics are shown in Table 1.

Model building and refinement. For structure A, the initial phas-
ing information was obtained from a MAD experiment at the iron
K-edge, as described17. Phases to 2.8 Å resolution, obtained from
this MAD experiment, were extended to 1.95 Å by a density modifi-
cation procedure with DM29. The resulting electron density map was
of excellent quality and was used to trace the Cα chain of a single
dimer using O30. This Cα trace of the dimer was then used together
with the iron atom positions located from the MAD data to man-
ually find and subsequently improve, using IMP31 and DM, the eight
noncrystallographic symmetry matrices necessary to construct the
complete asymmetric unit. Most of the remaining structure was
then built using O30, but the di-iron sites and heme cofactors were
added only at a later stage. The Fe-coproporphyrin III heme cofac-
tor5 was modeled in two different conformations. Water molecules
were added based on SigmaA32-weighted |Fo| – |Fc| difference
Fourier map density of at least 3 σ and sensible hydrogen bonding

Table 1 Data collection, processing and structure refinement
statistics for Dd Bfr

Structure A Structure B Structure C
Data collection
Resolution (Å) 30–1.95 30–2.05 30–2.35
Space group P213 P213 P213
Cell edge (Å) 225.3 225.7 225.8
Observations 905,598 871,754 477,229
Unique reflections 271,259 234,647 152,336
Redundancy1 3.3 (3.1) 3.7 (3.6) 3.1 (3.1)
Completeness (%)1 98.9 (97.6) 99.0 (99.8) 96.5 (99.0)
Rmerge (%)1,2 6.6 (34.3) 5.7 (29.9) 6.2 (21.6)
I / σ (I) 1 6.4 (2.1) 8.1 (2.4) 6.8 (2.7)
Wilson B-factor (Å2) 28 29 35

Refinement statistics
Rcryst (%)3 21.4 23.1 19.7
Rfree (%)4,5 25.4 (0.015) 27.0 (0.021) 26.7 (0.020)
R.m.s. deviations from standard geometry (Å)

1,2 bond distances 0.011 0.006 0.004
1,3 bond (angle) distances 0.025 0.018 0.015

1Numbers in parentheses refer to the highest resolution shell: 2.02–1.95 Å;
2.12–2.05 Å and 2.43–2.35 Å for structures A, B and C, respectively.
2Rmerge = Σ| Io – <I>| / ΣIo.
3Rcryst = Σ||Fo| – |Fc|| / Σ|Fo|.
4Rfree = Rcryst calculated for reflections not included in the refinement. Because
of the high NCS within the asymmetric unit, and to minimize bias, reflections
for Rfree were chosen randomly in thin resolution shells.
5Number in parentheses is the fraction of total reflections.
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patterns. Model refinement with CNS33, REFMAC34 and in the last
cycles with SHELXL35 gave a final model with 2,717 residues (out of a
possible 2,864), 1,890 water molecules, 40 iron atoms, 25 glycerol
molecules and 52 sulfate ions.

For structures B and C, the final model of structure A, excluding
water molecules, the di-iron sites and the heme groups, was used as
a starting point for the refinement. Simulated annealing with 
CNS33 was used to reduce model bias. The same refinement strategy
as for structure A resulted in a final model for structure B with
2,711 residues (out of a possible 2,864), 1,659 water molecules, 40
iron atoms, 0 glycerol molecules and 55 sulfate ions. Likewise, the
final model for structure C comprised 2,716 residues, 1,811 water
molecules, 24 iron atoms, 1 glycerol molecule and 33 sulfate ions.
Model statistics are given in Table 1.

The refinement of the asymmetric unit for the three redox states
A, B and C gave similar overall structures. The average Cα r.m.s.
deviation (calculated with O30 for 2,704 Cα atoms) is 0.38 Å, 0.24 Å
and 0.37 Å after superposition of A and B structures, B and C struc-
tures, and A and C structures, respectively. The structures were ana-
lyzed with PROCHECK36 and the stereochemical quality parameters
are within their respective confidence intervals. The Ramachandran
plots of the three structures revealed that 96.9%, 95.7% and 95.9%
(for structures A, B and C, respectively) of non-glycine and non-
proline residues are within the allowed regions. The Dd Bfr overall
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structures are also highly similar to the Ec Bfr15 and the Rc Bfr16

structures (r.m.s. deviations in Cα positions of 1.25 Å and 1.61 Å,
respectively, to structure A).

Figs. 1, 4 were prepared with MolScript37 and Raster3D38. Fig. 2
was prepared with BobScript39 and Raster3D. Fig. 3 was prepared
with MolScript, BobScript and Raster3D. Fig. 5 was prepared with
DINO (http://www.dino3d.org).

Coordinates. Structure factors for the three data sets and associat-
ed structure coordinates were deposited in the Protein Data Bank
(accession codes 1NFV (structure A), 1NF4 (structure B) and 1NF6
(structure C)).
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