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Bacterioferritin (BFR) from Escherichia coli is a member of
the ferritin family of iron storage proteins and has the capacity
to store very large amounts of iron as an Fe3� mineral inside
its central cavity. The ability of organisms to tap into their cel-
lular stores in times of iron deprivation requires that iron must
be released from ferritin mineral stores. Currently, relatively
little is known about the mechanisms by which this occurs,
particularly in prokaryotic ferritins. Here we show that the
bis-Met-coordinated heme groups of E. coli BFR, which are
not found in other members of the ferritin family, play an im-
portant role in iron release from the BFR iron biomineral: ki-
netic iron release experiments revealed that the transfer of
electrons into the internal cavity is the rate-limiting step of the
release reaction and that the rate and extent of iron release
were significantly increased in the presence of heme. Despite
previous reports that a high affinity Fe2� chelator is required
for iron release, we show that a large proportion of BFR core
iron is released in the absence of such a chelator and further
that chelators are not passive participants in iron release reac-
tions. Finally, we show that the catalytic ferroxidase center,
which is central to the mechanism of mineralization, is not
involved in iron release; thus, core mineralization and release
processes utilize distinct pathways.

The insolubility and potential toxicity of the essential metal
iron led to the evolution of the ferritin family of proteins,
which function to maintain cellular stores of iron in a non-
toxic form (1, 2). Ferritins are generally composed of 24
�-helical subunits that pack to form a highly symmetric do-
decahedron protein coat with a hollow center in which large
amounts of iron, in the form of a ferric oxy-hydroxide min-
eral, can be stored (3–5).
To satisfy the cellular requirements for iron, ferritins must

exhibit flexibility of iron flux, depositing it within their central
cavity in times of excess and releasing it back to the cellular
machinery in times of environmental deficit (6–8). The
mechanism by which ferritins generate their iron mineral
cargo has been the focus of much attention (3–5). Central to

this process is an intrasubunit di-iron site called the ferroxi-
dase center, which is found only in H-chain and H-chain-like
subunits. Another type of subunit, the L-chain, found in ani-
mal ferritins and isostructural with the H-chain in terms of
intersubunit contacts, does not contain the ferroxidase center.
The mechanism of mineral formation depends on the type of
ferritin. In eukaryotic ferritins, the ferroxidase center operates
as a gated iron pore, facilitating the transfer of oxidized iron
into the central cavity. Some prokaryotic ferritins also exhibit
this type of mechanism, whereas others, including the bacte-
rioferritin (BFR) from Escherichia coli and the ferritin-like
protein (Ftn) from Pyrococcus furiosus, exhibit a quite differ-
ent mechanism, in which the ferroxidase center functions as a
true catalytic center, cycling between diferrous and bridged
diferric forms as Fe2� ions are oxidized within the central
cavity (see Ref. 9 and references therein).
In general, much less is known about the mechanism(s) of

iron release. It was shown that E. coli cells carrying iron-
loaded FtnA (a bacterial ferritin) have an iron-restricted
growth advantage over those lacking FtnA (6), indicating that
iron stored within ferritins can be mobilized for cellular ana-
bolic processes. However, the mechanism by which this oc-
curs is not clear. One possibility involves proteolytic degrada-
tion of the ferritin protein shell, and in animal ferritins, this
occurs in the lysosome (10). However, this represents a highly
uncontrolled release process, and it is likely that in most cases
iron release is carefully controlled to avoid the toxic effects of
iron. It has been shown that, in general, this requires a supply
of electrons to reduce mineral Fe3� to Fe2�, together with a
chelator to accept the iron upon reduction. The ability of a
wide range of reductants (including dithionite, thiols, ascor-
bate, superoxide, dihydroflavins, and diphenols) to drive the
release of ferritins has been reported (11–17). Despite these
general principles, there is a lack of consensus about the
means by which electrons are transferred to the ferric min-
eral. For example, it was demonstrated that reductants too
large to traverse the protein coat (e.g. flavoproteins and ferre-
doxins) are efficient in promoting core reduction (18), leading
to the conclusion that electron transfer across the protein
coat must occur. On the other hand, whereas dihydroflavins
are efficient in promoting iron release, it was also shown that
immobilized versions of the same flavins are not, implying
that entry into the cavity is a necessary step (15). It has also
been shown that reduction of the ferric mineral core results in
an Fe2� core, without significant iron release (18–20). Thus,
in addition to a reductant, a strong Fe2� chelator is also ap-
parently required to effect iron release.
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In BFRs, an important consideration for the mechanism of
iron release is the presence of 12 intersubunit heme groups,
which are not present in other types of ferritins (21, 22) and
which are not required for the formation of the mineral (23),
indicating that the heme serves another function. Interest-
ingly, heme-deficient variants of BFR have been isolated con-
taining significantly more iron than the wild-type protein pro-
duced under identical conditions (23), suggesting that these
variants are deficient in iron release and that heme groups
may be involved in iron release. More direct evidence ap-
peared to come from in vitro kinetic studies (24), although
subsequently the same authors reported that the P. aerugi-
nosa BFR used in this work may have been damaged in some
way (25).
Although the mechanism of iron core mineralization has

been characterized in detail for E. coli BFR, the mobilization
of iron from the protein’s mineral core has not been studied.
An understanding of this process would provide insight into
how the uptake and release processes within a single BFR may
be balanced to provide flexible and dynamic iron manage-
ment within a cell. Here we show that the rate at which iron is
mobilized from the iron mineral core of E. coli BFR is depen-
dent on heme but not on the ferroxidase center, demonstrat-
ing that uptake and release processes are distinct. Further-
more, the data demonstrate that electron transfer into the
mineral core is the rate-determining step of the release pro-
cess. Importantly, we show that iron release occurs readily in
the absence of a high affinity Fe2� chelator, requiring only a
reductant.

EXPERIMENTAL PROCEDURES

BFR Expression and Purification—BFR and BFR variants
M52H (heme-free (23)), E127Q (ferroxidase center variant
(26)), and H46A/D50A (inner surface site (27)) were over-
expressed and purified as described previously (28). Apo-
BFR was generated by treatment with sodium dithionite
and bipyridyl as described previously (29) and verified by
iron analysis (30). Protein concentration was measured (be-
fore and after iron loading) using the bicinchoninic acid
method with bovine serum albumin as a standard (31) or
spectrophotometrically using an absorptivity of 33,000 M�1

cm�1 at 280 nm for the apoprotein (32). Heme contents were
determined through the heme Soret absorbance intensity,
using �418 nm � 107,000 M�1 cm�1 (33), and were found to be
�1.0 for each BFR 24-mer.
BFR containing a higher heme load (�5 hemes/24-mer)

was produced as above but with the following modifications.
bfr expression was induced with a low level of isopropyl �-D-
1-thiogalactopyranoside (�2 �M), followed by the addition of
aminolevulinic acid (1 mM) and ammonium ferric citrate (200
�M), and grown for a further �20 h. We subsequently noted
that the omission of aminolevulinic acid had little effect on
the heme loading.
Preparation of Mineralized BFRs—Iron cores were gener-

ated by the aerobic addition (by Hamilton syringe) of ferrous
ammonium sulfate (freshly prepared in deoxygenated ultra-
pure water with concentrated hydrochloric acid (25 �l/50 ml)
to prevent autoxidation) to 0.5 �M BFR (wild type and vari-

ants) in 100 mM Mes (pH 6.5) at 25 °C, in additions of 400
Fe2�/24-mer up to a loading of 1200 Fe3�/24-mer. The min-
eralization process was followed by measuring A340 nm
changes (PerkinElmer �35 spectrophotometer). Fe2� oxida-
tion was allowed to go to completion and centrifuged
(10,950 � g) for 5 min to remove any Fe3� precipitate not
associated with the protein, prior to the subsequent addition.
Iron contents were determined by iron analysis (30).
Iron Mobilization and Reduction Assays—Stock solutions of

�50 mM sodium dithionite were prepared and quantified
anaerobically by measuring A320 nm (�320 nm � 8000 M�1

cm�1) (11). Unless otherwise stated, all subsequent manipula-
tions were performed under strictly anaerobic conditions in
an anaerobic cabinet (Faircrest) in which O2 was maintained
at �3.0 ppm. All buffers were sparged with nitrogen gas for a
minimum of 1 h prior to transfer into the anaerobic chamber.
A mixed buffer system (referred to as MBS: potassium ace-
tate, Mes, Tris, Mops (all at 10 mM), 200 mM NaCl, pH 6 or 7)
was used, and iron release was monitored using the Fe2�

chelators ferrozine (3-[2-pyridyl]-5,6-diphenyl-1,2,4-triazine-
4,4�-disulfonic acid; [Fe(II)(ferrozine)3]4� log�3 � 15.4 (34))
or 2,2�-bipyridyl ([Fe(II)(2,2�-bipyridyl)3]2� log�3 � 16.4–17.6
(35)). Absorbance at 562 nm ([Fe(II)(ferrozine)3]4� �562 nm �
28,000 M�1 cm�1) or 523 nm ([Fe(II)(2,2�-bipyridyl)3]2�

�523 nm � 8430 M�1 cm�1) was used to quantify the released
Fe2� as a function of time. In most cases, the chelator was
present at 1 mM and BFR was present at 0.05 �M (containing
1200 Fe3�), and the reaction was initiated by the addition of
sodium dithionite by a microsyringe (Hamilton). For iron re-
lease experiments with flavin mononucleotide (FMN), genera-
tion of the reduced dihydroflavin form (FMNH2) was carried
out using stoichiometric or excess concentrations of sodium
dithionite (36). Assays in MBS were performed at pH 7.0 and
15 °C, with chelator, dithionite (100 �M), and variable FMN
(0–100 �M). Iron release experiments in the absence of a che-
lator were carried out using the same reductants as above.
Released (or weakly protein-associated) iron was determined
at increasing time points following reduction by the addition
of ferrozine, and the instantaneous increase in absorbance at
562 nm was measured.
Absorbance versus time plots were fitted to an exponential

function (single or double, as appropriate) using Origin 8 (Mi-
crocal). Where a double exponential function was required,
the initial, more rapid phase was found to be the major phase
in terms of amplitude, and the apparent rate constant associ-
ated with this phase was used for rate constant plots. Alterna-
tively, data were subjected to an initial rate analysis, from
which values in �M/min were calculated using the ferrozine
or bipyridyl extinction coefficient. Initial rate/rate constant
data are presented as the average of replicates (n � 3), and the
error is the S.D. Where data from spectroscopic measure-
ments are shown, these are representative of (n � 3) repli-
cates. Iron release in the absence of a chelator was also mea-
sured by incubating BFR (0.1 �M, 1200 irons) with dithionite
(400 �M) at pH 7, followed by passage down an anaerobic
Sephadex G25 gel filtration column (PD-10, GE Healthcare).
Fractions eluting from the column were collected and assayed
for protein (by SDS-PAGE/densitometry) and iron (as above),
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which indicated �90% recovery. An equivalent experiment
was performed in the presence of ferrozine (1 mM).

BFR core reduction was measured directly through absorb-
ance changes at 400 nm following the addition of sodium di-
thionite to BFR (0.25 �M) loaded with 1200 irons at 25 °C.
Data were fitted to a double exponential function as described
above, and the extent of reduction was calculated from
�400 nm � 870 M�1 cm�1/iron, determined from absorbance
data from BFR samples containing accurately determined lev-
els of core iron. All absorbance measurements were recorded
using a PerkinElmer Life Sciences �35 or �800 UV-visible
spectrophotometer.

RESULTS

Chelator-detected Iron Release from BFR—The release of
iron from BFR was investigated using a commonly employed
chelator-based assay, in which it was assumed that the chela-
tor does not interfere in the release reaction (i.e. formation of
the Fe2�-chelator complex is not the rate-determining step of
the assay reaction; see Reactions 1–3).

BFR-Fe3� � e�7 BFR-Fe2�

BFR-Fe2�7 BFR � Fe2�

Fe2� � chelator7 Fe2�-chelator
REACTIONS 1–3

Control reactions, in which the high affinity Fe2� chelator
ferrozine (see supplemental Fig. S1A) was present (at 1 mM),
demonstrated that Fe2� was not available for complexation in
iron-loaded BFR samples in the absence of a reductant, as
evidenced by the complete lack of absorbance increase at 562
nm, which characterizes the [Fe(ferrozine)3]4� complex. Vari-
able additions of the strong reductant sodium dithionite in
the range 25–500 �M to BFR containing 1200 Fe3�/protein at
pH 7 (Fig. 1A) and pH 6 (supplemental Fig. S2A) led to in-
creases in absorption over time, indicative of the formation of
Fe2�-chelator complex. The kinetic profiles varied as a func-
tion of the reductant concentration. At 100 �M and below, the
profiles fitted well to a double exponential function, with the
majority of the amplitude associated with the first phase. As
reductant concentration increased, the amplitude of the sec-
ond phase increased, and, above 100 �M reductant, essentially
equal amplitudes were associated with the two phases. The
data indicated, therefore, that there are two phases of iron
release: a more rapid phase and a slower phase, with the
slower phase only occurring to a significant extent at large
excesses of reductant. This behavior is similar to that previ-
ously reported for Azotobacter vinelandii BFR, for which re-
ductant saturation kinetics were also observed, and under
excess dithionite, the majority of iron release was associated
with the first exponential phase (11). Plots of apparent rate
constants as a function of dithionite concentration are shown
in Fig. 1B. The data indicated that the apparent rate constant
for the iron release reaction (judged through the availability of
Fe2� to form a colored chelator complex) is pH-dependent,
being significantly higher at lower pH. This was also clear
from an initial rates analysis (see supplemental Fig. S2B). The

data (particularly at pH 6) also showed that the rate constant
was essentially linear with reductant at low reductant concen-
tration but subsequently leveled off at higher reductant
concentrations.
To test whether the iron loading of BFR affected the release

properties, samples containing an average of 400 Fe3� ions/

FIGURE 1. Iron release from E. coli BFR followed by a dithionite-fer-
rozine assay. A, plots of 	A562 nm as a function of time following the addi-
tion of varying concentrations (as indicated) of sodium dithionite to BFR
(0.05 �M) containing �1200 irons/protein in MBS, 1 mM ferrozine, pH 7, at
25 °C. B, apparent rate constants, obtained from fitting the release data in A
(and from similar experiments) as described under “Experimental Proce-
dures,” plotted as a function of dithionite concentration. The left ordinate
corresponds to data at pH 6 (see supplemental Fig. S2), and the right ordi-
nate corresponds to data at pH 7. C, plots of the concentration of iron de-
tected as the [Fe(II)(ferrozine)3]4� complex at the end point of each release
reaction as a function of dithionite concentration. Data in B and C and in
other figures are presented as averages (n � 3) 
 S.D. (error bars).
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protein were also investigated. Very similar behavior to that
observed for the 1200 Fe3� samples was observed, with the
initial rate being first order with respect to protein (data not
shown).
To test whether the nature of the chelator affects the iron

release characteristics, 2,2�-bipyridyl was also used. The two
chelators have different electrostatic properties; ferrozine car-
ries two negative charges, whereas bipyridyl is neutral (see
supplemental Fig. S1B). The effect of varying the concentra-
tion of each chelator in the range 200 �M to 2 mM was investi-
gated. For both ferrozine and bipyridyl, a relatively small vari-
ation in the initial rate of Fe2�-chelator complex formation
was observed over the range 0.2–2 mM (supplemental Fig. S1,
C–F). The data demonstrated that although some differences
were observed, there was no great variation in release kinetics
upon varying the chelator concentration under any one set of
conditions, in general agreement with the assumption that
binding of Fe2� by the chelator is not the rate-limiting step of
the release process. However, the fact that some variation was
observed indicated that the chelator is not entirely innocent
in the release assay. This conclusion was reinforced when
comparing the two chelators. At pH 7, the plots for ferrozine
and bipyridyl were similar; at pH 6, however, rates of complex
formation were significantly greater for ferrozine compared
with bipyridyl (supplemental Fig. S1, C and E, circles), demon-
strating a clear effect of the nature of the chelator. This also
indicates that the origin of the pH effect on iron release ob-
served above (Fig. 1B) is associated with the chelator rather
than with the iron release mechanism per se.
Reductant-Protein Association or Electron Transfer Is the

Rate-limiting Step in Iron Release from BFR—Although an
effective reductant of BFR core iron, dithionite alone has no
physiological significance. GSH is a low molecular weight
thiol that is highly abundant in the cytoplasm of many bacte-
ria, including E. coli, in which it plays an important role in
maintaining the reducing environment of the cytoplasm (37).
Thiol compounds have been used previously to stimulate iron
release from ferritins, so we tested the iron release activity of
GSH (see supplemental Fig. S3). Under the conditions used,
very little Fe2� was released (�1% of the total iron after 30
min), demonstrating that GSH is not able to function as an
effective reductant for iron release from BFR.
Flavins are commonly found as redox cofactors within the

cell cytoplasm and have been previously utilized in studies of
iron release from ferritins, as a coupled system involving a
reductant, such as NADH or dithionite, together with FMN
(15, 36, 38–40). Under the conditions used here, NADH
alone was not able to reduce core iron, and even when com-
bined with FMN (in the absence of an NADH:flavin oxi-
doreductase), the rate at which NADH reduced FMN was too
slow to provide a useful system for core reduction (data not
shown). However, dithionite provided essentially instantane-
ous and quantitative reduction of FMN to FMNH2 (see sup-
plemental Fig. S4), so iron release from BFR was investigated
using a dithionite/FMN reduction system. Initial experiments
indicated that the rate of release was significantly greater than
observed with dithionite alone, so to enable measurement of
Fe2�-chelator formation by conventional spectrophotometry,

experiments with variable concentrations of FMN (with fixed
dithionite) were conducted at 15 °C. The data revealed a sig-
nificant increase in the rate of iron release in solutions con-
taining FMN compared with the dithionite-only control (see
Fig. 2A). Data at both pH 6 and 7 fitted well to a double expo-
nential function, although compared with the dithionite data,
the second, slower phase accounted for a more significant
proportion of the released iron. These data are similar to
those reported for flavin-mediated iron release from horse
spleen ferritin (12). Plots of the apparent rate constant associ-
ated with the initial, rapid phase as a function of FMN con-
centration are shown in Fig. 2B. As for dithionite alone, the
apparent rate constant exhibited a significant pH dependence.
Also, the apparent rate constant was linear with FMN at low
concentration, before leveling out at higher concentration at
pH 6. The observed increase in the rate of iron release upon
changing the reducing system from dithionite alone to dithio-

FIGURE 2. Iron release from E. coli BFR followed by a dithionite/FMN-
ferrozine assay. A, plots of 	A562 nm as a function of time following the ad-
dition of varying concentrations of FMN (as indicated) together with a fixed
concentration of sodium dithionite (100 �M) to BFR (0.05 �M) containing
�1200 irons/protein in MBS, 1 mM ferrozine, pH 7, at 15 °C. B, apparent rate
constants at pH 6 (circles) and pH 7 (squares), obtained from fitting the data
in A (and similar experiments), are plotted as a function of FMN concentra-
tion. C, the concentration of iron detected as the [Fe(II)(ferrozine)3]4� com-
plex at the end point of each release reaction as a function of FMN concen-
tration. Error bars, S.D.
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nite/FMN indicated that the rate-determining step in the re-
lease reaction is the transfer of electrons into the iron storage
cavity. This is associated with either the rate at which the re-
ductant and protein form a complex or the rate of electron
transfer itself.
To investigate the possibility that reduced FMNmight

form a stable complex with BFR that facilitates electron trans-
fer, reduced FMN (100 �M) was added to apo-BFR and BFR
containing 1200 irons/protein (0.5 �M), and the resulting so-
lutions were passed down an anaerobic gel filtration column.
UV-visible absorbance spectra of eluted BFR were recorded.
In both cases, the spectra were indistinguishable from control
samples from which FMN was omitted (not shown). Because
oxidized FMN gives rise to a more intense spectrum, particu-
larly in the visible region, BFR samples were subsequently
exposed to air, and spectra were rerecorded after a few min.
No changes in the spectra were observed. Control experi-
ments showed that stoichiometrically reduced FMN was
reoxidized within 3 min of exposure to air, giving large ab-
sorbance increases in the 350–500 nm range. Slower running
fractions from the gel filtration column rapidly developed
yellow color upon air exposure. Taken together, the data indi-
cated that reduced FMN does not co-elute with BFR, and we
conclude that the effect of FMN on iron release does not re-
sult from the formation of a stable complex between FMN
and BFR.

Heme Enhances the Rate and Extent of Iron Release from
BFR—BFRs are unique among the ferritin family in that they
are hemoproteins. The 12 heme groups of BFR are located at
an intersubunit site, coordinated by Met52 from each of the
two subunits (22, 41) (see Fig. 3A). We have previously dem-
onstrated that the heme groups do not play an important role
in the formation of the iron core (23). Therefore, we investi-
gated whether they are important for iron release. To obtain
heme-free BFR, a variant of BFR in which the heme-coordi-
nating Met52 residue was substituted with a His residue was
used. Although His is commonly found to coordinate heme,
in this case, it is not able to do so, and the protein was isolated
in a heme-free state (23). Our standard conditions for the
overproduction of E. coli BFR lead to a protein containing
only �1 heme/24-mer (26, 42). Therefore, to obtain BFR con-
taining higher levels of heme, growth conditions were altered,
as described under “Experimental Procedures,” to increase
heme incorporation into the overproduced protein. Five
hemes per 24-mer was the maximum loading we were able to
reproducibly achieve. Additional heme cannot be titrated into
native 24-mer BFR because the heme binding site is not ac-
cessible from the outside of the protein (22, 25).
Iron release from proteins containing 1200 Fe3� ions was

measured at pH 7 using the dithionite-chelator and the FMN/
dithionite-chelator assays (see Figs. 3 and 4). Data were fitted
as described above, and the apparent rate constant corre-

FIGURE 3. The effect of heme on iron release from E. coli BFR followed by a dithionite-ferrozine assay. A, ribbon diagram of a BFR subunit dimer gener-
ated from Protein Data Bank entry 1BCF (22) using PyMOL (57). A heme molecule (in a stick representation) is bound at the monomer-monomer interface,
coordinated by Met52 from each subunit. The dinuclear ferroxidase center, outer, and inner protein surfaces are also indicated. B, plots of 	A562 nm as a func-
tion of time following the addition of 200 �M sodium dithionite to either wild-type BFR containing 5 hemes/24-mer or to heme-free M52H BFR. Both BFRs
(0.05 �M) contained �1200 irons/protein and were in MBS, 1 mM ferrozine, pH 7. The release reaction was conducted at 25 °C. C, apparent rate constants,
obtained from fitting the data in A (and similar experiments in which dithionite concentration was varied), plotted as a function of dithionite concentration.
D, the concentration of iron detected as the [Fe(II)(ferrozine)3]4� complex at the end point of each release reaction as a function of dithionite concentration.
Error bars, S.D.
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sponding to the initial release event was plotted as a function
of reductant concentration. For the dithionite-chelator assay,
an increase in the rate constant was observed in the presence
of heme, with rate constants �2-fold greater (at both pH 7
(Fig. 3C) and pH 6 (supplemental Fig. S5)). For the FMN/di-
thionite-chelator assay (Fig. 4), the heme effect was signifi-
cantly greater, with rate constants increased 4-fold in the
heme-loaded compared with heme-free BFR samples.
In each of the iron release assays described here, the

amount of iron released could be calculated from the end
points of the kinetic profiles. In each case, plots of iron re-
leased as a function of reductant concentration were pH-inde-
pendent. In the dithionite-chelator assays at high concentra-

tions of reductant, 45–61% of the iron originally stored within
BFR was subsequently detected as the chelator complex (see
Fig. 1C), whereas for the FMN/dithionite-chelator assay, only
17–25% of iron was released (see Fig. 2C). Importantly, the
extent to which iron was released was also dependent on
heme. For the dithionite-chelator assay, approximately twice
as much iron was released to chelator in the presence of heme
compared with that in the heme-free BFR variant (Fig. 3C).
An enhancement for the heme-containing BFR was also ob-
served for the FMN/dithionite-chelator assays (Fig. 4C), al-
though the extent of this was less. Overall, the data demon-
strated that the presence of heme increases both the rate and
extent of iron release.
Iron Release Occurs in the Absence of a High Affinity

Chelator—The ferritin iron release literature indicates that a
chelator is required in order to achieve significant iron release
following reduction of core Fe3� to Fe2� (18–20). To test this
for E. coli BFR, we sought to determine to what extent iron
release could occur in the absence of a high affinity chelator.
Dithionite was added to a solution of BFR containing 1200
irons at pH 7 (time 0), and then chelator (ferrozine) was
added at increasing time points. The instantaneous increase
in absorbance at 562 nm, due to the formation of the [Fe(II)-
(ferrozine)3]4� complex, was measured and plotted as a func-
tion of the increasing time between addition of reductant and
the addition of the chelator, thus determining the concentra-
tion of Fe2� in solution or weakly associated with the protein
(and therefore immediately available to the chelator) (see Fig.
5). The data indicate that Fe2� was not entirely retained
within the BFR cavity following reduction of the Fe3� core; in
fact, the extent of iron release was significant, corresponding
to up to �50% of the iron initially present. The kinetic data
fitted well to a single exponential function, with an apparent
rate constant of k � 0.23 
 0.02 min�1, indicating that release
of iron occurred in a single phase. Under similar conditions in
the presence of the chelator, two phases of release were ob-
served, although one of these was relatively minor.
Similar experiments were conducted using FMN/dithionite

as reductant (see Fig. 6). Again, significant release of iron was
observed, although, as above, this was less than observed for
dithionite alone, with �20% of the iron initially present being
released for complexation. Kinetic data at pH 7 (and 15 °C)
and with 1 heme/24-mer fitted well to a single exponential,
giving a rate constant of 0.26 min�1. Data at pH 6 gave an
essentially identical apparent rate constant, consistent with
the conclusion that the rate of iron release is pH-independent
and that pH effects described above resulted from the effect of
a chelator. We note that with both reductant systems, the rate
constant measured in the absence of chelator was lower than
that obtained under similar conditions when chelator was
present throughout the assay, indicating an effect of chelator
on the rate of iron release.
FMN/dithionite assays were also carried out with BFR con-

taining variable heme. A significant difference was again ob-
served between heme-free and BFR containing five hemes; at
pH 7, the rate constant increased 3–4-fold, and the extent of
iron release was �2-fold greater in the presence of heme, con-

FIGURE 4. The effect of heme on iron release from E. coli BFR followed
by a dithionite/FMN-ferrozine assay. A, plots of 	A562 nm as a function of
time following the addition of 100 �M sodium dithionite and 75 �M FMN to
either wild-type BFR containing 5 hemes/24-mer or to heme-free M52H
BFR. Both BFRs (0.05 �M) contained �1200 irons/protein in MBS, 1 mM fer-
rozine, pH 7. The release reaction was conducted at 15 °C. B, apparent rate
constants, obtained from fitting the data in A (and similar experiments in
which FMN concentration was varied), plotted as a function of FMN concen-
tration. C, the concentration of iron detected as the [Fe(II)(ferrozine)3]4�

complex at the end point of each release reaction as a function of FMN con-
centration. Error bars, S.D.
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firming the importance of heme in both the extent and rate of
iron release.
The above experiments demonstrate clearly that a large

proportion of BFR-stored iron becomes available for chelation
following reduction to Fe2�. To test further whether the Fe2�

ions are actually released into solution in the absence of an
obvious candidate chelator, BFR containing 1200 Fe3�/pro-
tein molecule was reduced with a �3-fold excess (over iron)
of dithionite (over a period of 1 h) under anaerobic conditions
and subsequently passed down an anaerobic gel filtration col-
umn, and fractions were collected and analyzed for protein
and iron. A plot of relative iron and protein concentrations as
a function of elution fraction (Fig. 5B) demonstrated that the
iron and protein peaks were resolved. The eluting iron and
protein bands coincided with those observed in control exper-
iments for Fe2� in solution and apo-BFR, respectively (not
shown), and we conclude that a significant proportion of Fe2�

was released from BFR into solution following core reduction.
To ensure that none of the components of the mixed buffer
system employed was acting as a chelator, the experiment was
repeated using poorly chelating Hepes buffer at pH 7. The
data (not shown) were essentially identical. The experiment
was also repeated in the presence of a high affinity Fe2� chela-
tor (ferrozine) (Fig. 5C). Surprisingly, the extent of separation
was less in the presence of chelator, suggesting that the Fe2�-
chelator complex may be associated with the protein, a con-
clusion supported by a Fe2�-ferrozine control experiment,

which showed that this species eluted with a band maxi-
mum at 7–8 ml (compared with 6 ml in the presence of
BFR; Fig. 5C).
Measurement of core Fe3� Reduction—The ferric oxy-hy-

droxide iron core has a characteristic broad absorbance in the
UV-visible region of the spectrum, resulting from O-Fe3�

charge transfer transitions. Reduction of the iron core to Fe2�

leads to the loss of such absorbance and thus can be used to
monitor the reduction of the core independently of iron re-
lease. Although FMN has significant absorbance at 400 nm,
dithionite does not, so the latter was used for core reduction
studies. The addition of dithionite to BFR containing 1 heme/
24-mer and 1200 Fe3�/protein resulted in a significant de-
crease in absorbance with the reaction complete after �25
min (Fig. 5D). The extent of reduction, calculated using
�400 nm � 870 M�1 cm�1/iron, was found to correspond to
�70% of the Fe3� originally present. Data fitted well to a dou-
ble exponential function, with a rapid but low amplitude ini-
tial phase, followed by a main, slower phase. The main phase
corresponded to an apparent rate constant of k � 0.18 
 0.02
min�1, which is similar to that measured for iron release
(Figs. 1 and 5), consistent with the transfer of electrons to the
cavity being the rate-limited step of BFR iron release. The
initial rapid phase is likely to be due to a small proportional of
Fe3� that is somehow distinct from the bulk of the iron. For
example, this could correspond to Fe3� within the cavity that
is not part of the core mineral or not located within the cavity,

FIGURE 5. Iron reduction and release from BFR in the absence of a high affinity Fe2� chelator. A, plot of 	A562 nm as a function of time following the
addition of sodium dithionite (200 �M) to BFR (0.1 �M) containing �1200 irons/protein in MBS, pH 7, at 25 °C. Ferrozine (1 mM) was added at the indicated
time following the addition of reductant, and the instantaneous observed jump in A562 nm was taken to represent immediately available, released Fe2�. A fit
of the data to a single exponential function is drawn in. B, plots of relative protein and iron concentrations following gel filtration separation of BFR and
Fe2� after mineral core reduction by dithionite (400 �M). BFR (0.1 �M) containing �1200 irons/protein in MBS, pH 7. C, as in B, but reduction was performed
in the presence of ferrozine (1 mM). D, plots of 	A400 nm as a function of time following the addition of sodium dithionite (200 �M) to BFR (0.25 �M) contain-
ing �1200 irons/protein in MBS at 25 °C and pH 6 (circles) and pH 7 (squares). Note that full reduction of the heme present in the sample would have re-
sulted in a decrease in A400 nm of �0.005; therefore, the vast majority of the observed absorbance decrease resulted from the reduction of the Fe3� mineral.
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most likely including iron at the ferroxidase centers. Similar
measurements at pH 6 (Fig. 5D) resulted in a lower overall
change in absorbance (extent of reduction) but were other-
wise very similar, again demonstrating that mineral reduction
is not pH-dependent. Further experiments at variable concen-
trations of dithionite (supplemental Fig. S6), indicated that
the extent of reduction reached 100% at higher dithionite
concentrations and that the rate constant was independent of
dithionite concentration, consistent with electron transfer
from reductant to the core being the rate-limiting step in the
reduction reaction.
The Ferroxidase Center and Inner Surface Sites of BFR Are

Not Involved in Iron Release—The ferroxidase center of BFR,
located at the heart of each subunit, plays a key role in the
formation of the iron core (26, 27, 43). Two Fe2� ions bind at
each center and, in the presence of oxygen (or hydrogen per-
oxide), become rapidly oxidized, generating a stable, bridged
di-Fe3� form. Extensive structural and mechanistic studies of
E. coli BFR have led to a model in which the center acts as a
true catalytic center, continually cycling between oxidized and
reduced states, with electrons from the oxidation of Fe2� in
the central cavity being routed to the center, where they are
used to reduce oxygen or hydrogen peroxide (26, 27). Re-
cently, an Fe2�-binding site on the inner surface of the cavity,
located 10 Å directly below the ferroxidase center, was struc-
turally characterized and shown to play an important role in
core formation but not in turnover of the ferroxidase center,

consistent with the site being important for the transfer of
electrons from the cavity to the ferroxidase center (27). Given
the key roles these sites play in core formation, it was of inter-
est to determine whether they play a role in iron core release.
Certain residues at the ferroxidase center are critical for core
formation such that, in their absence, it is not possible to gen-
erate a substantial core. Therefore, we selected a variant of
the ferroxidase center, E127Q, that exhibited significantly
reduced mineralization activity but nevertheless was able to
generate a substantial iron core (26). Likewise, the inner sur-
face site variant H46A/D50A also exhibited a significantly
reduced mineralization activity but remained capable of gen-
erating a sufficient mineral core to allow iron release studies
(27). H46A/D50A and E127Q variant BFRs were loaded with
1200 irons/protein, and iron release was monitored using the
dithionite/chelator assay described above. The iron release
behavior of both variants (see supplemental Fig. S7) was es-
sentially identical to that of wild type. Therefore, we conclude
that neither the ferroxidase center nor the inner surface site
plays a key role in iron release under the conditions tested.

DISCUSSION

Reductant and Chelator Dependence of BFR Iron Release
Kinetics—We began our in vitro analysis of the iron release
properties of E. coli BFR by employing the type of assays that
have been used frequently before, involving a two-component
reductant-chelator system, in which dithionite or dithionite/

FIGURE 6. The influence of heme and pH on iron release from BFR in the absence of a high affinity Fe2� chelator. A and B, plots of 	A562 nm as a func-
tion of time following the addition of sodium dithionite (100 �M) and FMN (100 �M) to wild-type BFR containing 1 or 5 hemes/24-mer or to heme-free
M52H BFR, as indicated. All BFRs (0.05 �M) contained �1200 irons/protein in MBS at 15 °C and pH 6 (A) and pH 7 (B). Ferrozine (1 mM) was added at the indi-
cated time point after the addition of reductant, and the immediate jump in A562 nm was taken to represent released Fe2�. Fits of the data to a single expo-
nential function are drawn in. C, bar graph plots of rate constants for iron release (obtained from the fits) and percentage of total Fe3� released as a function
of heme content and pH, as indicated. Error bars, S.D.
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FMN was used as reductant and ferrozine or bipyridyl as che-
lator. The very different rates observed with different reduc-
tants (GSH, dithionite, and FMNH2) indicated that the
transfer of electrons from reductant to core Fe3� was the
rate-limiting step in the release reaction. With dithionite, a
clear first order (linear) dependence was observed at low re-
ductant concentration, which became zero order (indepen-
dent) of reductant at higher concentration. The data were
characteristic of saturation kinetics, indicating that available
binding sites for dithionite were saturated at higher concen-
trations and that the overall reaction became rate-limited by
the subsequent electron transfer from reductant to iron.
Dihhydroflavins, such as FMNH2, have been commonly

used for ferritin iron release studies (15, 36, 38–40), and it
has been proposed that they could play a physiological role in
iron release. With FMNH2, a significantly enhanced rate of
iron release was observed. Saturation kinetics were not rou-
tinely observed with FMNH2, suggesting that binding to BFR
was highly transient in nature. Consistent with this was our
inability to detect a flavin-BFR complex, and we note that
FMN also does not form a stable complex with horse spleen
ferritin (15).
In these reductant-chelator assays, the chelator was as-

sumed to act only as a reporter of iron release. The data re-
ported here show that this is not always the case. At pH 6,
assays conducted with ferrozine as chelator resulted in signifi-
cantly greater rates of release than at pH 7, suggesting that
iron mobilization was pH-dependent. Iron release involves
the dissolution of a ferric oxy-hydroxide mineral, resulting in
Fe2�, in a reaction that requires protons (this can be consid-
ered to be the reverse of the mineralization reaction, which
liberates protons and is enhanced at high pH (5)). Therefore,
an enhanced rate at lower pH would be consistent with the
mineral dissolution being rate-limiting. However, no pH de-
pendence was observed when bipyridyl was used as chelator,
indicating that the pH dependence was an artifact of the che-
lator assay. Chelator effects on measuring Fe3� reduction
have been noted previously (44). Therefore, we redesigned the
release assay so that chelator was not present until the point
at which we wished to observe the concentration of immedi-
ately available Fe2�. These experiments demonstrated that
the iron release reaction rate is pH-independent and that the
rate of iron release was dependent on the reductant. Further-
more, the reduction of Fe3� to Fe2�, measured through the
loss of intensity due to the ferric oxy-hydroxide mineral, was
found to occur with a rate constant very similar to that of iron
release and was also pH-independent. Together, these data
demonstrated that the reduction of the mineral core, rather
than release of iron, is the rate-limiting step.
Given the above, it is important to consider why the fer-

rozine release assay data exhibited a pH dependence. The lit-
erature on the ability of small molecules to penetrate the coat
of ferritin protein is not clear (45), but it is possible that chela-
tors may be able to access the BFR cavity and in doing so may
influence the rate at which iron exits the protein. However, if
the reduction step is rate-limiting, why should this affect the
overall rate of release? One possibility is that the rate of elec-
tron transfer into the core may be influenced by binding of

chelators at the core surface, which would increase the appar-
ent reduction potential of the Fe3� ions. In the case of fer-
rozine, it appears that, at pH 6, it is much better able to access
the cavity than at pH 7, consistent with a protonation event.
Because the pKa of ferrozine is �3.2 (46), this must be associ-
ated with the protein, because the chelator will be essentially
completely deprotonated at pH 6–7. Even at pH 7, where
there was essentially no difference between rates measured
through ferrozine and bipyridyl, the release rate was higher
than those measured in the absence of chelator (Figs. 5 and 6),
demonstrating that the chelator does indeed have some influ-
ence on the kinetics of release, and we conclude that it is not
possible to directly compare iron release rates measured with
different reductants and chelators. Of course, the cell cyto-
plasm contains many small molecules that could potentially
access the BFR cavity and bind Fe2� and therefore influence
the kinetics of release.
The Role of Heme in Iron Release from BFR—The compari-

son of data for heme-free and heme-containing BFR demon-
strates unequivocally that the heme groups play an important
role in both the kinetics and thermodynamics of iron release.
A significant enhancement in the rate was observed in the
presence of heme, indicating that electron transfer occurs
through the protein; direct electron transfer at the core sur-
face would not be expected to be influenced by heme. The
rate enhancement was larger with FMNH2 as the electron
source compared with dithionite, suggesting that dithionite
may be able to deliver electrons both via the heme in the pro-
tein coat and directly at the core surface. The mechanism by
which reductants deliver electrons to core Fe3� is somewhat
uncertain from previous reports. For example, Watt et al. (18)
showed that large, low potential reductants (flavoproteins and
ferredoxins) react anaerobically with both mammalian ferritin
and BFR to generate Fe2� in the ferritin cavity, leading to the
conclusion that reduction can occur without direct interac-
tion of the redox reagent at the mineral core surface. On the
other hand, studies of core reduction with dihydroflavins
showed that, in solution, these reductants could promote the
rapid release of Fe2�, but immobilized versions could not,
leading to the conclusion that the flavin must need to pass
through the protein shell prior to reduction (15). Here, al-
though our data do not directly address the question of
whether the reductant accesses the protein cavity, it is clear
that electron delivery by FMNH2 (at least in part) occurs
through the protein to a greater extent than for dithionite, as
judged from the heme dependence. In other ferritins, which
do not contain heme, there must be other mechanisms that
facilitate the transfer of electrons to the mineral core. The
data presented here are consistent with previous studies of
A. vinelandii and P. aeruginosa BFRs, from which it was con-
cluded that heme reduction occurred during core reduction
(11, 47). However, neither of these previous studies demon-
strated the importance of heme for the rate or extent of iron
release.
The extent of iron release observed here for any single

addition of reductant to BFR was never more than �50% of
the original loading and was significantly greater for di-
thionite than for FMNH2. Again, the literature on the ex-
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tent of iron release from ferritins is somewhat variable. For
example, studies of mammalian ferritin with a variety of
reductants, including plant-derived o-diphenols, ascorbate,
cysteine, and GSH, resulted in �20% iron release (16, 48).
On the other hand, studies of release of iron from horse
spleen and heart ferritin with dihydroflavins resulted in
quantitative reduction and release (15). Other studies of
pea seed ferritin using ascorbate as reductant resulted in
release of 30–65% of the original iron (depending on pH)
(13) but very little release from horse spleen ferritin under
similar conditions. The data presented here for E. coli BFR
showed that the extent of release was dependent on heme
(Figs. 3 and 4) (e.g. increasing from �25 to �50% of the
original loading with dithionite as reductant).
The Importance of a Chelator for Iron Release—Previ-

ously, it had been shown that reduction of ferritin and BFR
in the absence of a high affinity chelator generated a stable
Fe2� core (18–20). The data presented here demonstrated
that significant amounts of Fe2� are released following re-
duction and that this can be separated from the protein by
gel filtration or can be detected as the fraction of Fe2� that
is immediately available to a chelator added at some point
after the initiation of reduction. It is likely that some Fe2�

remains weakly associated with the protein, but this is
clearly not protected from being readily chelated or disso-
ciated during gel filtration. We note that Watt et al. (18)
also reported that reduced iron was readily available for
chelation, but in their study, there was no evidence of re-
lease of Fe2� from the protein during gel filtration. Overall,
the results are not very different and may simply reflect
different experimental conditions.
Here, the extent of iron release was �50% of the original

iron, so a significant proportion of the iron remained associ-
ated with the protein. Studies of core reduction (Fig. 5D and
supplemental Fig. S6) showed that the extent of reduction
varied between 70 and 100%, depending on reductant concen-
tration. Therefore, we conclude that upon core reduction, the
generated Fe2� does not remain entirely associated with the
protein; rather, up to �50% is released. In these relatively
complex mixtures, it is difficult to rule out that one of the so-
lution components might be able to complex released iron;
for example, it has been proposed that the oxidation products
of dithionite, sulfite and sulfate, can act as an iron ligand (12).
However, such species do not have very high affinities for
Fe2�, and it is clear that a high affinity chelator is not re-
quired. We note that evidence for Fe2� release in the absence
of a high affinity chelator has been reported previously for
plant ferritin (49).
The Mechanism of Iron Release from the BFR Mineral—The

data reported here provide a clear picture of the key mecha-
nistic steps involved in BFR iron release. The rate-determin-
ing step of the process is the delivery of electrons from the
outside of the protein to the internal cavity. Heme plays an
important role in catalyzing this electron transfer step. Even a
small amount of heme was found to have a significant effect
on the rate and extent of release. Electrons arriving at the
mineral result in the reduction of Fe3� to Fe2�. Although a
significant proportion of Fe2� remains within the cavity, the

relatively low affinity of Fe2� for ligands in the cavity leads to
the mobilization of Fe2�, via protein coat channels, to the
external surface, where it is available for chelation. This
movement of Fe2� toward the external surface occurs even
when a high affinity chelator is absent.
Iron release from BFR occurs independently of the ferroxi-

dase center, so iron core mineralization and release involve
different catalytic/cofactor centers; the ferroxidase center is
essential for mineralization but appears not to be involved in
iron release, and the heme group is dispensable for mineral-
ization but plays an important role in iron release. This re-
flects that the reactions involved do not proceed in both di-
rections: for mineralization, a high potential oxidant (O2 or
H2O2) is required to accept electrons from Fe2� in the cavity;
for release, a low potential reductant is required to supply
electrons for reduction of Fe3�.
The nature of the reductant in vivo is not yet known; cer-

tainly, a dihydroflavin is a possibility. In this context, we note
that, in the plant pathogen Erwinia chrysanthemi, iron cycling
by BFR is intimately associated with the Suf iron-sulfur as-
sembly pathway (50). Furthermore, these studies showed that
SufC (an ATPase) is important for mediating iron release
from BFR. Interestingly, it was recently demonstrated that a
SufBC2D complex contains a flavin adenine dinucleotide
(FADH2), leading to the proposal that this may be involved in
the reductive mobilization of iron for incorporation into iron-
sulfur clusters (51, 52).
The Regulation of Iron Release—Our observations raise im-

portant questions about how iron release is regulated. For
BFR, the data suggest that this must be at the level of electron
supply, through the kinetic control of the rate-limiting step of
the reaction. An important observation in this context is that
GSH, an abundant cytoplasmic reductant, was unable to stim-
ulate significant iron release from E. coli BFR in vitro. Poten-
tially important in this context is the bacterioferritin-associ-
ated ferredoxin (Bfd) (1, 53, 54). Expression of bfd is
up-regulated under low iron, leading to the proposal that it is
involved in iron release from BFR, and it has been shown pre-
viously that Bfd binds BFR specifically (47, 54). However, it is
currently uncertain as to what form of the protein, the [2Fe-
2S] or apo-form, is important in iron release.
Other regulatory mechanisms may also be important for

controlling iron release. The protein coat itself could influ-
ence the rate of electron delivery to the cavity, for example by
modulating its interaction with reductant. Also, the protein
channels that facilitate Fe2� exit could play an important role.
For example, in eukaryotic ferritins, it has been shown that
the 3-fold channels can undergo localized “melting” in re-
sponse to environmental changes (such as low chaotrope con-
centration, temperature, and specific peptide-ferritin interac-
tions), such that iron release can be considered to be “gated”
(40, 55, 56). Whether such mechanisms that could affect the
access of reductant to the ferric mineral also exist in BFRs is
not clear, but we note that several of the residues important
for channel melting in eukaryotic ferritin are conserved. Hav-
ing established the principles of iron release from BFR, we are
now in a position to address issues of how iron release is
regulated.
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