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ABSTRACT. Bacterioferritins are members of a class of spherical shell-like iron storage proteins that catalyze
the oxidation and hydrolysis of iron at specific sites inside the protein shell, resulting in formation of a
mineral core of hydrated ferric oxide within the protein cavity. Electrode oximetry/pH stat was used to
study iron oxidation and hydrolysis chemistry i coli bacterioferritin. Consistent with previous UV

visible absorbance measurements, three distinct kinetic phases were detected, and the stoichiometric
equations corresponding to each have been determined. The rapid phase 1 reaction corresponds to pairwise
binding of 2 F&* ions at a dinuclear site, called the ferroxidase site, located within each of the 24 subunits,
viz., 2Fet + PZ — [Fe,—PJ + 4HT, where E is the apoprotein of net chargeand [Fe—PJ represents

a diferrous ferroxidase complex. The slower phase 2 reaction corresponds to the oxidation of this complex
by molecular oxygen according to the net equation: & + /,0, — [Fe;O—PJ where [FeO—PJ?
represents an oxidized diferric ferroxidase complex, probahlyoao-bridged species as suggested by

UV —visible and EPR spectrometric titration data. The third phase corresponds to mineral core formation
according to the net reaction: &et O, + 6H,0O — 4FeO(OH)qre)+ 8H™. Iron oxidation is inhibited

by the presence of Znions. The patterns of phase 2 and phase 3 inhibition are different, though inhibition

of both phases is complete at 48%Zper 24mer, i.e., 2 Z&1 per ferroxidase center.

The ferritins are a class of iron oxidation and mineraliza- of unknown function, buried within the protein shell between
tion proteins widely distributed among animals, microbes, identical subunits related by 2-fold symmetry. The heme is
and plants 1—5). Ferritins are composed of 24 similar or axially coordinated to symmetry-related residues Met52 and
identical subunits assembled to form a hollow spherical Met52 of the dimer of subunits9—12). The ferroxidase
structure with a central cavity of80 A diameter within centers of mammalian H-subunits and bacterioferritin sub-
which a hydrous iron(lll) oxide mineral core is laid down. units also differ significantly (Figure 1). Both iron atoms of
Oxidation and mineralization in the interior of the protein EcBFR have histidine coordination and are bridged by two
cavity is facilitated by the presence of protein ferroxidase carboxylate residues (Glu51 and Glul127). In HuHF, only
and nucleation sites. These sites are important for rapid initial one iron has histidine coordination (His65), the other having
oxidation of iron(ll) to iron(lll) and its subsequent hydrolysis Glu61 at the equivalent position, and the sites are bridged
and mineralization on the inner surface of the prot&irg]. by only one carboxylate residue (Glu62). The effect of these

While the ferritins share many common features, there are differences is that one of the two sites at each center is almost
significant differences between them. Mammalian ferritins identical (left site, Figure 1) while the other is very different
are composed of two types of subunits, H and L, with (right site, Figure 1). Such differences in structure and subunit
approximately 54% homology in amino acid sequence composition between mammalian ferritins and bacteriofer-
between them5, 6). The subunits have different functions: ritins may lead to differences in their iron oxidation and
the H-subunit contains a ferroxidase center important for hydrolysis chemistry.
rapid Fé" oxidation while the L-subunit contains a cluster The iron oxidation/hydrolysis reactions for human and
of acidic residues believed to be involved in mineral core horse ferritins have recently been elucidated using electrode
nucleation 6, 7). In contrastEscherichia colbacterioferritin oximetry in conjunction with pH stat measurement8-
(EcBFRY} has a single type of subunit that contains both 15). Iron binding, oxidation, and hydrolysis at the ferroxidase
ferroxidase and nucleation sites4, 8, 9. In addition, this site of mammalian ferritins is described by eqs 1 and 2:
protein contains up to 12 protoporphyrin IX heme groups

2F€" + P*— [Fe,~ P (1)
T Supported by Grant R37 GM20194 from the National Institute of
General Medical Sciences (N.D.C.) and by a grant from the Wellcome 744
Trust (G.R.M. and A.J.T.). [Fe,—P]""" + O, + 3H,0 —
* To whom correspondence should be addressed. 742 +
* University of New Hampshire. [Fe,O(OH),—P]"“ + H,0,+ 2H" (2)

§ University of East Anglia.

! Abbreviations: HUHF, human H-chain ferritin; HoSF, horse spleen ; ; i _
ferritin; EcBFR, Escherichia coli bacterioferritin; EPR, electron where P is the apoprotein with a net chargeand [Fe

paramagnetic resonance; IPTG, isoprofiyp-thiogalactopyranoside; PF** and [FQO(OH)Z_.P]ZJr2 represent a dinuclear Fe
Mes, 2-(N-morpholino)ethanesulfonic acid. complex at the ferroxidase site and a hydrolyzedxo-
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Ficure 1: Schematic diagrams of the dinuclear ferroxidase sites
of human H-chain ferritin anescherichia colbacterioferritin. The
HuHF model is based on the crystal structure of th&" Tterivative

(5, 41) and is probably most representative of the diferrous form;
the diferric dimer probably contains one or mareoxo bridges
(13). The EcBFR structure is based on the likely diMn(ll) structure
of Frolow et al. 42) and is a model for the diferrous form of the
ferroxidase site.

bridged dinuclear iron(lll) complex at the same site, respec-
tively (13). In the ferroxidation reaction, 40, is produced
from the two-electron reduction of dioxygen at the diiron
site 3, 5. Recent studies with human and bullfrog ferritins
indicate that a transient peroxo intermediate is formed in
oxidation reaction 216, 17).

The transfer of iron from the ferroxidase site to the mineral
surface of mammalian ferritins occurs on a time scale of
5-10 min, regenerating the ferroxidase site for further
oxidation of iron(ll) (L3). During iron migration from the
ferroxidase site to the mineral core, further hydrolysis occurs
according to eq 3. The net reaction for mineral core formation
via the ferroxidase site is given by the sum of egs 1, 2, and
3 (eq 4).

[Fe,O(OH),—Pf"* + H,0 —
2FeO(OH) )+ P* + 2H™ (3)

Net:

2F€T + 0, + 4H,0—
2FeO(OH) o)+ H,0, + 4H" (4)

Once sufficient core has formed, the oxidation/hydrolysis

Yang et al.

In the present study, we have examined the iron oxidation
and hydrolysis chemistry of bacterioferritin fro coliand
find quite different behavior from that of the mammalian
ferritins. Unexpectedly, the overall ferroxidase and miner-
alization reactions result in complete reduction of dioxygen
to water. The slower mineralization reaction is not observed
until iron in excess of 48 Pe/apoprotein has been added,
an amount necessary to saturate the 24 ferroxidase sites on
the protein. In contrast to mammalian ferritins, the ferroxi-
dase activity of ECBFR is not regenerated upon standing.
However, iron oxidation at the ferroxidase site is necessary
for the subsequent core formation reaction to occur at the
wild-type rate. Addition of Zn(ll) to the apoprotein prior to
Fe** progressively inhibits the ferroxidase site reaction with
complete inhibition at 48 Zn/protein. Zinc also inhibits the
mineralization reaction but does so only after the first 24
Zn/protein have been added. The stoichiometric equations
for the three kinetic phases of ECBFR are reported. The
results are discussed in terms of possible mechanisms of core
formation in bacterioferritin.

MATERIALS AND METHODS

Two EcBFR overexpression systems were used in the
present work. One in which thefr gene is expressed from
its natural promoter§, 10 was used to generate wild-type
EcBFR and the site-directed variants M52H and E18A. The
second involved the use of a derivative of pAlter-Ex1
(Promega), pGS758 (a kind gift from Dr. S. C. Andrews
and Prof. J. R. Guest, University of Sheffield), in which the
bfr gene is under control of an inducikiigc promoter. This
system, usinde. coli JIM109 as the host strain, was used to
generate wild-type ECBFR. Expression of thfe gene was
induced by addition of IPTG (96 mg/L) whefso nmOf the
growing culture was-~0.15. For both systems, ECBFR was
purified as previously described&), except that for the
pGS758 system, the final anion exchange chromatography
step was omitted.

Protein concentration was determined using the bicincho-
ninic acid method with bovine serum albumin as a standard
(19) or spectrophotometrically using an absorptivity of
33 000 cmi! M~ at 280 nm for the apoprotein. Heme
concentration was determined using the pyridine hemochro-
mogen method of Falk?Q) and was found to be 5 and 1.3
for the wild-type EcBFR (first and second expression system,
respectively) and 8.5 for variant E18A. Variant M52H did
not contain any heme. Iron was removed from ECBFR by
reduction with sodium dithionite and complexation with'2,2
bipyridyl (21). Freshly prepared stock solutions of®4 were
assayed by the amount of, @roduced upon addition of the
enzyme bovine catalase (Boehringer-Mannheim) as measured
by Clark electrode oximetry.

Simultaneous measurements of Optake from Fé&"
oxidation and H production from F&" binding and F&"
hydrolysis were made using a specially designed 0.48 mL
cell with sealable ports for delivery of standard base and

reaction shifts to a mineral surface mechanism, becomesreagents, and fitted with a Clark type oxygen, glass pH and

autocatalytic, and has the reaction stoichiometry given by

Ag/AgCl reference microelectrodes. The cell was connected

eq 5. At the mineral surface, dioxygen undergoes an overallto a pH stat apparatus and an oxygen meter, both interfaced

four-electron reduction to form water.

4FE" + 0, + 6H,0 — 4FeO(OH) o)+ 8H  (5)

to a personal computer for collection of data in real time.
The apparatus and methodologies employed in measuring
rates of oxygen consumption and proton production and their
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associated stoichiometries are described in detail elsewhere 30
(13). 0.28 [ Firstinjection
The half-lives for the response of the oxygen and pH H2s

Second injection

electrodes are 2.3 and 0.8 s, respectively; thus, reaction rates
with half-lives shorter than abo® s cannot be accurately
measured with the apparatus. To accurately measure initial
rates of proton production, a pH stat proportional band setting
of 0.2 had to be used; however, the rapid response of the
pH stat at this setting lead to an overshoot of the stoichio-
metric end point at the end of the reaction. Therefore, the §
stoichiometry was determined in a separate experiment using o 0.20 Second ijection

a proportional band setting of 0.5 or 1.0 where the response ~N

of the pH stat was slower and an accurate end point could f Tt miecton

be obtained. Typical conditions for measurement wer2 O T e wo ao we el
protein in 50 mM NacCl, pH 6.5 (controlled by the pH stat),
with increments of 1248 Fé&'/protein, added at 25C as

freshly prepared 20.0 mM reagent-grade ferrous sulfate FIGURE 2: Oxygen consumption and proton production curves for

(Baker Scientific Inc.) in pH 3.4 water. Small corrections injection of 48 F&* per ECBFR followed by a second injection of
for free acid in the ferrous sulfate were made in all 48 Fé*. Conditions: 2.0uM protein, 50 mM NacCl, pH 6.5, 25

calculations. ZA" was added as 20.0 mM zinc(ll) chloride  °C, with Fé* added as 20.0 mM FeSO
(Sigma). Conditions for each experiment are given in the
figure legends.

Quantitative EPR measurements were made at 77 K on
home-built spectrometer described elsewh2g. (The EPR
signal intensity as a function of temperature over the range
10—100 K was determined with a Varian E-9 spectrometer
fitted with a specially designed helium transfer cryostat (Cryo
Industries). The concentration of Feresponsible for the
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pH. The data indicate that approximately two protons are
generated per Pé bound to the protein, i.e., 18 0.1 H"/
e at pH 6.5. Similar proton counts have been observed for
the binding of other divalent metal ions, e.g.,2ZnMn?*,
and Cé", to the ferroxidase site of apo-ECBFR, 25, 2§
and for F&" binding toAzotobactewinelandii bacterioferritin
(27). Since the rate of proton production upor¢Fbinding
g'= 4.3 signal was determined from double integration of to apo-EcBFR for the phase 1 reaction exceeded the 0.8 s
response time of the pH electrode, the rate of proton release

the g = 4.3 region of the spectrum. A 0.27 mM diferric X . i
human serum transferrin sample was used as an EPRccr)]l;Igen;St be measured. We write the reaction for the first

intensity standard as previously described for accurate spinp
concentration determinations on horse spleen ferri2B). (
The ultraviolet-visible difference spectrometric titration
was performed on a Hewlett-Packard HP8453 single-beam
diode array spectrometer. The instrument was zeroed usingprotein ferroxidase site
the 2 uM apoprotein solution as the blank. Spectra were The Phase 2 Reactioﬁo study the second phase. 48Fe
repeatedly scanned until no further change in absorbanceWere added aerobicallv to a c?l—EcBFR n tFr)ﬂs ex’ eriment
from Fe&* oxidation was observed before the next increment both E&* bindi q 'ty 'dpt' o h 1 pd 5 ’
of 20 mM ferrous sulfate was added to the sample. The time 0 INding and Its oxigation, 1.€., phases 1 and z, are

required between additions corresponded very well with the measured: Both the uptakg 0b @nd the prodpc;tlon of H
Fe&* oxidation times observed by oximetry. were monitored as shown in Figure 2 (first injection). The

rate of proton production is very rapid, exceeding the ability
RESULTS of the electrode to follow the kinetics, and is much faster
than the rate of @consumption. Even though the rate of

Previous spectrophotometric studies of the kinetics of proton production could not be reliably measured, the total
EcBFR (30°C, pH 6.5, 0.4-0.5uM protein) indicated that amount of H liberated could be accurately determined,
core formation proceeds in three phases: a rapid first phasegiving an H/Fe stoichiometry of 2.2+ 0.2, which is
(t2 ~ 50 ms) corresponding to the binding of two?Fdo essentially the same as that for the phase 1 measurement
the ferroxidase site; a second slower phdase £ 5 s) in noted above. We conclude that proton production arises
which the Fé'at the ferroxidase site is oxidized; and a third solely from the rapid binding of Fé to the protein during
much slower phaset;(; ~ 300 s) that is seen only when phase 1 and that essentially no protons are produced in the
more than 50 Fe are added to the prot&d)( This latter slower F&" oxidation reaction of phase 2. From the total
phase corresponds to the mineralization of the iron core. In amount of Q consumed (Figure 2, first injection), we obtain
the present work, we examined the chemistry and kinetics a value of 4.14- 0.2 for the F&"/O, stoichiometry and thus
of iron oxidation/hydrolysis at 258C for each of the three  write the reaction for phase 2 as
phases using the oximetry/pH stat apparatus.

The Phase 1 Reactioo study the first phase corre- [Fez—P]ZJr 1/202—> [FeQO—P]Z @
sponding to F& binding to the ferroxidase site without
oxidation, 48 F&" were added anaerobically to apo-EcBFR where [FeO—PF represents an oxidized diferric ferroxi-
in 50 mM NacCl, and the production of protons was dase complex, probably.aoxo-bridged species (vide infra).
monitored by titration with standard base to maintain the Since the data provide no information as to the extent of

2F€t + PP — [Fe,~ Pl + 4H" (6)

where [Fe—PJ represents the diferrous complex at the
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hydration of the dinuclear center, the reaction can alterna- 2.0
tively be written as

[Fe,~PF + 1,0, + H,0 — [Fe(OH),—PF  (8)

-
(S,
T

The phase 2 reaction is first-order in total iron concentra-
tion since the initial rates for 24 Feprotein and 36 F&/
protein samples (not shown) are 2 and 3 times as fast,
respectively, as that of a 12 Féprotein sample at the same
protein concentration. First-order dependence on iron is also
illustrated by the observation that the initial rates of the phase
2 reaction for samples containing 12, 24, or 48'farotein

L
/ 48 Fefinjection
| 24 Felinjection /
o—o_

Q
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-
o

Initial Rate in O, Consumption (uM/s)
&
T

are the same when divided by the?Fencentration regard- 12 Fefinjection 2

less of the protein concentration (Figure 3 caption). These \ b A
observations also suggest that the rate depends only on the L e

concentration of P& bound at the ferroxidase centers for o 24 48 72 9% 120 144
experiments conducted at #protein ratios<48 and not Fe/Protein

on the protein concentration per se. ) _— .
If the sample is allowed to stand for 10 min after the first FicuRe 3: Dependence of the initial rate of oxygen consumption
p on the F&*/EcBFR ratio. Additions were made in increments of

addition of 48 F&" prior to the addition of more iron, the 12 24, or 48 F& per protein. Conditions: 4,6M protein for the
phase 2 ferroxidase reaction is not regenerated nor is it12 and 24 F& injections and 2.uM protein for the 48 F&
regenerated when the experiment is performed at pH 7 andinjection, 50 mM NaCl, pH 6.5, 25C, with Fé* added as 20.0
37 °C, conditions where ferroxidase activity is regained in MM FeSQ. Initial rates per unit iron concentration (initial rate/
- L o [Fe2™]) for the first injection of 12, 24, and 48 Feper protein are
mammalian ferritinsX3). Only phase 3 kinetics are observed. (017, 0.019, and 0.018M O./s:uM Fe, respectively.
This finding is in accord with previous kinetic studies of
EcBFR showing that a 24 h period between iron additions
at 30°C does not regenerate the phase 2 reactdh (

The Phase 3 Reactio.o measure the third phase, 48
Fe*t were added to the protein after the reaction of the initial
48 Fe+ was complete (Figure 2, second injection). The initial
rate of oxygen consumption in the third phase is markedly
slower than that of the second phasg,~ 45 svs 6.5 s (25
°C, 50 mM NacCl, pH 6.5, ZM protein). Moreover, in phase
3, the measured rates of @onsumption and Hproduction
are the same, and thus oxidation and hydrolysis occur
simultaneously or nearly so within the time resolution of the
apparatus (Figure 2, second injection). Reaction stoichiom-
etries of Fé7/0, = 4.3 + 0.2 and H/F&" = 2.0 + 0.2
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were obtained from the data. Accordingly, we write the "
reaction for the third phase as 00 © ) . ) .
6.0 6.5 7.0 7.5
4FE" + 0, + 6H,0 — 4FeO(OH) o)+ 8H"  (9) pH

which is the same as the mineral surface reaction 5 previouslyré‘;zﬁgrfls: olaeppﬁn_orlgnr%ee :;utrgeﬂ']g't'r?rll;:éezoii&% Cgh?se;e%nd s

observed for mammalian ferritind g, 29. ~added to apo-EcBFR. To measure the phase 3 kinetics, a second
Figure 3 shows more clearly the dependence of the initial addition of 48 F&was made. Conditions: 2:M protein, 50 mM
rate of reaction on the iron/protein ratio as well as the NaCl, 25°C, with Fé* added as 20.0 mM FeSO
transition between the second and third phases. In the three
experiments shown, Fe was titrated into the protein in Catalase Experimentsor both the phase 2 and phase 3
increments of either 12, 24, or 48 Fe/protein shell, and the reactions, the addition of the enzyme catalase prior to the
initial rate of @ consumption was measured after each addition of iron to the protein had no effect on either the
addition. In all three instances, the initial rate falls off rate of iron oxidation or the measurec?H@©; stoichiometry,
dramatically beyond 48 Fe per protein where only the slower a result consistent with the lack of production of measurable
phase 3 reaction is observed. amounts of free kD, in solution. This finding contrasts with
pH DependenceFigure 4 illustrates the dependence of results for the mammalian ferritins where®4 is produced
the initial rate of the phase 2 and 3 reactions on pH. The by the ferroxidase site reaction (eq 2) and catalase has an
phase 2 ferroxidase reaction is pH-independent whereas theeffect on the apparent stoichiometry of oxygen uptakie(
mineralization reaction (phase 3) shows an approximate 15, 29.
~[OH]¥2 dependence on base over the pH range 0f6.0 Neither the wild-type protein containing 5 heme groups
7.5. Contrary to the present finding, previous work had nor the heme-free M52H variant(), either as apoprotein
suggested that the phase 2 reaction depends on pH but waer as protein containing 48 Fe, exhibited catalase activity
based on limited datal(). when presented with hydrogen peroxide (8D «M), as
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measured by the evolution oh(However, very low catalase 20— -
activity was seen with the wild-type apoprotein and with a o A 4020
wild-type 48 Felprotein preparation, both containing 1.3 & \ ; 3
hemes. This minimal activity for the 48 Fe/protein sample = e o 4015 &
was about 1/300 of the ferroxidase activity of the protein 2 Phase 3 P
and was completely inhibited by the addition of KCN. We S 1or do10 @
ascribe this weak catalase activity to a likely contaminant % S,
in the preparation. 2 05| i o.osf
Reactvity toward Hydrogen PeroxideTo determine 8 g
whether Fé' in EcBFR is preferentially oxidized by J®, < 00 L 11 0.00 5
(as opposed to £), 48 F&* (96 uM) were added to a 2M ) 0 12 2 %6 48 8
protein sample containing both,8, (1604M) and Q; (280 & Zn(ll)/Protein &
uM), each oxidant being present in an amount sufficient to g 20F o ] 030 %
oxidize all of the iron. In a number of repeat experiments, & g Phase3 {025 2
only 25% of the @ was consumed relative to control 8 151 — B 1 5
experiments conducted in the absence gDH Thus, BO, ° 1% %
is a better oxidant of ¢ in the presence of ECBFR thanis & | Phase 2 Jo1s 2
O,. Similar results were obtained in the absence of pro- & 1 %
tein, indicating that KO, is also a better oxidant than,O = 1% =&
during simple autoxidation of Pé. In contrast to the re- = 05r \O Joo0s
sults with EcCBFR, HO, produced at the ferroxidase site D\ T
of mammalian ferritins accumulates in solution and is 00— —b— =3 000
((jlesticlt;dzbg @generation in the presence of added catalase Zn(ll)/Protein

Zinc Inhibition.Zn?" is a known inhibitor of iron oxidation ~ Fiure 5: Inhibition of the initial rates of the phase 2 and 3
in ECBFR @9). Accordingly, the effect of Z# on the rates  reactions by zinc(ll). Panel A: Varying amounts of ZZnwere

; ; dded to apo-EcBFR and allowed to incubate for 5 min followed
of the phase 2 and 3 reactions was examined. For the phas%y the addition of 48 P& and the phase 2 kinetics measured. Then

2 reaction, the addition of varying amounts of?Zrto the an additional 48 P were added and the phase 3 kinetics measured.
apoprotein prior to the addition of 48 Feresults in alinear ~ panel B: The experiment was conducted in the same way as in
decrease in the initial rate of oxygen consumption with added panel A except that the first addition of #evaried such that the
Zn?* (Figure 5A); complete loss of ferroxidase activity is ;Lrjé?e%f tshoe n?ﬁdﬁgczfﬁpﬂ'%SngchS‘v?th“nggﬂggﬂi Zg-g‘mM
Obt"’?'f‘ed at48 Zit added. TQ study the third phase, a second FeSQ énd it adde’d as 2-0’.0 mM ZnglEach data poinf is for
addition of 48 Fé" per protein was made. In contrast to the 5 gjfferent protein sample.

results for the ferroxidase reaction, the mineralization phase

3 reaction is not affected by the first 24 Zradded; however, o6

additional Zi#™ causes the rate of the mineralization reaction 0.28 |- 2 s 24 Fefinjection

to likewise decline, ultimately being abolished at 48Zn = o

added (Figure 5A). In a related experiment, varying amounts g7 ;‘ o

of Zn?" were added first to the apo-EcBFR followed by an < 5 0'2 \D

amount of F&" to give a total amount of Zi + Fe&** equal £ 026 5 /

to 48. After the phase 2 kinetics were complete, 48 more § | ;2 12&""'“""\.3\‘3
= 0.0

12 24 36 48
Fe/Protein

Fet were added and the phase 3 kinetics measured. Again, ©
the phase 3 reaction was not inhibited until more than 24 & 02
Zn?" were added to the protein and was completely abolished
at 48 Zrt* added (Figure 5B). O 024 |
Variant M52H.Oximetry/pH stat measurements were also ©° | 24 Felinjection
made on the EcCBFR variant M52H which lacks herhi@) ( 0.23
The same rates and stoichiometries were observed for the = 1
phase 2 and 3 reactions as for the heme containing wild- 0.0 : . . . : L :
type protein (data not shown), a result indicating that the 500 1000 1500 2000
heme plays no role in the oxygen uptake kinetics. These Time (min)
findings are in accord with previous studies of iron oxidation Ficure6: Oxygen consumption curves for variant E18A following

conducted spectrophotometrically showing identical kinetics 4 additions of 12 F& per protein and 2 additions of 24 Feper

for the two proteins 10) protein. Arrows denote times of additions. Inset: Dependence of
- o . A . the initial rate on the Peé/protein ratio for the 12 and 24 Fe

Variant E18A.The kinetics of iron oxidation/hydrolysis  ,qtein additions. Conditions: 44M protein, pH 6.5, 25C, with

in the ferroxidase site variant E18A were also examined. In Fe+ added as 20.0 mM FeSO

this variant, Glul8, a ligand of one of the irons of the

dinuclear ferroxidase center (Figure 1), is changed to alaninebetween the phase 2 and phase 3 kinetics occurs at?24 Fe
(29). Despite the loss of the ligand Glul8, the variant is still added to the protein, not 48 Fe suggesting that half of the
able to facilitate iron oxidation, albeit at a rate one-sixth that dinuclear ferroxidase site remains functional, albeit with
of the wild-type protein. It also exhibits both phase 2 and lower activity (Figure 6, inset). The overall reaction stoichi-
phase 3 kinetics (Figure 6). Significantly, the changeover ometries of the variant remain unchanged from those of the

onc

12 Fefinjection
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FiGURE 7: Curie plot of EPR signal intensity versus reciprocal FIGURE8: Spectrometric titration of apoEcBFR with ferrous sulfate.
temperature. Inset: EPR spectrum at 9.3 K. Conditiong:M2 Inset: Family of UV-visible difference spectra. Conditions:u&
ECBFR, 24 Fe/protein, 50 mM NaCl, pH 6.5. Instrument param- Protein, 50 mM Mes, pH 6.5. The protein was titrated with 20 mM
eters: scan ranges 2000 G; scan time= 8 min; microwave FeSQ. See Materials and Methods for experimental details.
frequency= 9.4 GHz; microwave powet 10 mW; modulation
amplitude= 10 G; time constant 1 s; receiver gair= 10 A spectrometric titration of ECBFR with Feis shown in
temperature range 9.3-100 K. Figure 8 with the family of U\~ visible difference spectra
. ) B . given in the inset. A discontinuity in 300 nm absorbance is
wild-type protein, namely, &/O, = 4 and H/Fe&" = 2, evident at 48 Fe/protein, consistent with diferric dimers

and they are the same stoichiometries as autoxidation.  forming at each of the 24 ferroxidase centers of the protein.
Spectroscopic Measuremen®revious EPR studies of  The molar absorptivities for the ferroxidase center iron and

EcBFR following F&* oxidation revealed the presence of a mineralized iron are 3380 M cm! and 2030 M cmt

g = 4.3 signal ascribed to a high-spin mononucleat*Fe  per iron, respectively. Similar spectrometric titrations have

species in an environment of low symmet@4( 30, 3). been reported for human H-chain and horse spleen ferritins

To determine whether this species is the primary product of with molar absorptivities of 2990 and 3540 #Mcm™2, and

the phase 2 reaction, Fe(24 or 48 Fe/protein) was added 2140 and 2285 M cm 2 per iron for the ferroxidase center

to the 2uM apoprotein sample in the oximetry cell (pH stat jron and mineralized iron of these proteins, respectives),{

= 6.5). After the phase 2 reaction was complete, the sampleand are comparable to the values seen here for ECBFR. For

was immediately withdrawn and quickly frozen in an EPR  mammalian ferritins, the band maximum at 3¢8L0 nm

tube, the total time elapsed being approximately 3 min. The has been attributed to an oxoligand t*Feharge-transfer

characteristig’ = 4.3 EPR signal was observed (Figure 7, band ofu-oxo-bridged specie<.8). The assignment is based

inset). The signal was undiminished upon thawing the sampleon data from model compounds and other dinucled Fe

for 30 min and refreezing it. The temperature dependenceproteins and Msesbauer spectra showing-oxo-bridged

of the signal over the range 3100 K followed the Curie  dimer formation at the ferroxidase sites of the mammalian

law (Figure 7) which allows the concentration of iron(lll)  proteins (3, 21, 33. The results in Figure 8 suggastoxo

responsible for the signal to be determined without knowing bridge formation in ECBFR as well, a proposal consistent

the zero-field splitting paramet®. (D must be less than 2 wijth results of a preliminary Mssbauer study of ECBFR

cm-tin ECBFR for Curie behavior to extend to 10 K.) When  (33); however, further spectroscopic studies are needed to

the g = 4.3 signal was compared with that of diferric  firmly establish the structural characteristics of the diferric

transferrin as an intensity standard, only 18% of iron in the dimer of the bacterial protein.

24 Felprotein and 3% of the iron in the 48 Fe/protein were

found to be EPR-active, indicating relatively litle monomeric DISCUSSION

iron in these samples. Because of its isotropic character, the

g = 4.3 signal can be deceptively strong (Figure 7, inset) th

for the small amount of iron(lll) it actually represents. The

24 Felprotein sample was repeatedly thawed and refroze

over a period of 30 min. The signal intensity did not diminish.

We conclude from these experiments that the monomeric

Fet complex is most likely not a major product of the

ferroxidase reaction nor does it appear to be a transient

species in the reaction since tijje= 4.3 signal, once formed,

is relatively stable during the time scale of our experiments.

Ultraviolet-visible spectroscopy was therefore employed 2 The previously reported molar absorptivities for HuHF and HoSF

to study the product of the phase 2 reaction as done gre on a per iron dimer basis). The values in ref3should be divided
previously for horse spleen and human H-chain ferritir8y. ( by 2 to obtain the correct values on a per iron basis.

The experiments reported here provide new insights into
e chemistry of iron oxidation and core mineralization in
the ferritins. It is evident that the dinuclear iron center of
"the ferroxidase site plays a central role in the chemistry of
the phase 1 and 2 reactions. That the chemistry examined in
the present work takes place at the 24 dinuclear ferroxidase
sites of ECBFR is evidenced by the stoichiometry of 48 Fe/
protein for the phase 2 reaction (Figures 3 and 8), the
complete inhibition of iron(ll) oxidation upon addition of
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48 Zre*/protein (Figure 5), and the greatly reduced rate of the phase 2 reactiohgontrary to what is observed (Figure
iron oxidation in the ferroxidase site variant E18A in which 4). Furthermore, the phase 2 reaction is first-order in iron
half of the ferroxidase site is presumably disabled, leading concentration (Results), not second-order as anticipated if
to an Fe/protein stoichiometry of 24/1 for the phase 2 eq 6 were an equilibrium reaction. In addition, the rate of
reaction. the phase 2 reaction is independent of the protein concentra-
tion provided that the Pé&/protein ratio is less than 48, i.e.,

(Figure 1) have structures similar to those of the oxygen- there are a sufficient number of protein ferroxidase sites to

activating enzymes ribonucleotide reductase and methanef®MPlex all of the iron (Figure 3 caption). It is only the

. > : L
monooxygenase, the oxygen transport protein hemerythrin,concer‘.tratlon of the preformed H. eP¥ species (which is
and rubrerythrin, a protein of uncertain functidh ). The proportional to the iron concentration) that governs the phase

iron centers of all these proteins react with it process it 2 rate (eq 7) and not the forward reaction leading tg.{Fe

P - s : . PT formation (eq 6), which is complete within50 ms @4).
in different ways. Within the ferritin family of proteins, the S
marked differences in the iron oxidation and hydrolysis Thus, we conclude that the measured phase 2 kinetics reflect

; . ., 4 ..~ only the chemistry occurring in eq 7 as written.
chemistry between mammalian ferritins and bacterioferritins ; S ;
N Two general kinds of ferroxidation mechanism can be
(cf. egs -5 vs eqs 6-9) undoubtedly reside in differences . ; i )
in the structures of their dinuclear centers (Figure 1) and in envisaged to explain the complete reduction et@water:
. . : 9 ._one utilizes the P& oxidation state in a fashion similar to
the surrounding protein architecture. There are several majo

diff bet the i idation/hvdrolvsis chemist "the dinuclear iron centers of ribonucleotide reductase and
Iiterences between he iron oxidation/nyarolysis CREMISUY o ane monooxygenasds( 36, and the other involves
of mammalian ferritins and bacterioferritins made evident

: » O, reduction at one ferroxidase center to produc
from the present work: (1) In mammalian ferritins, only 8.2 H P EOH

; : ; followed by its rapid reduction to water at a second
0.3 H" is released per Fe bound in the phase 1 reaction  feroxidase center. While the latter mechanism involving
(13) compared to 2 H per Fé* bound for ECBFR (this

. . X -2 HO; production is consistent with our observation tha©kl
work). (2) The ferroxidase activity of mammalian ferritin is appears to be a better oxidant than for iron in BFR

regenerated upon standing3( 19 but is not in bacterio- (Regylts), the participation of the ferroxidase centers of the
ferritin (this work, 24). (3) The mammahan ferritins _ShOW @ protein in this process has not been demonstrated here. On
bell-shaped pH dependence in the phase 2 reaction typicakne other hand, a picture is beginning to emerge as to how
of an enzyme 14, 13 whereas in ECBFR the reaction is  the dinuclear iron centers of animal ferritins producp
pH-independent. (4) Hydrogen peroxide is produced in the gyring iron oxidation whereas those of the enzymes ribo-
ferrox@ase react|on of mammalian ferritiby, 28 whereas nucleotide reductase and methane monooxygenase com-
water is produced in ECBFR. pletely reduce @during their F&" catalytic cycles 37).
Given that F&" and its complexes do not readily hydrolyze Since water is produced in bacterioferritin and its dinuclear
at the pH values employed her@4}, one assumes that the center more closely resembles those of the enzymes than
two protons liberated per Fe bound to apo-EcBFR are does animal ferritinZ, 5), we initially focus our discussion
derived from the protein ligands, namely, from the two oOn a possible mechanism of iron oxidation in BFR involving
histidine residues, His54 and His130, and two of the four high-valent iron.
glutamate residues, as previously proposed for the binding In the first step (eq 10) of the postulated mechanism, O
of other divalent metals to the protei25). The charge reacts with the diFe center to produce a peroxo diferric
balance achieved from the release of two protons uponintermediate, [F&(O,*")Fe**]—P, which then decays to a
binding of F&* may account in part for the stability of the ~diFe*" u-oxo-bridged intermediate, [Fg(O*")(0*")Fe*]—
iron—protein complex and the failure of ECBFR to regenerate P:
ferroxidase activity upon standing.

2+ 2+ 3+~ 2— +
The observation of the same initial rate of oxidation per [Fe”' Fe']—P+ 0, —~ [Fe (O, JFe 1P~

unit iron concentration for Pé/protein ratios of 12, 24, and [Fe""(0*)(0*)Fe""1—P (10)
48 (Figure 3 caption) suggests iron binding to the ferroxidase
center occurs pairwise with relatively few singly occupied The high-valentintermediate then undergoes a redox-coupled
ferroxidase centers being present. This tentative conclusionf€action with another dife ferroxidase center via the pair
is predicated on the assumption that the doubly iron occupiedf reactions 11 and 12 to form 2 mol efoxo-bridged [F&'-
ferroxidase centers have greater ferroxidase activity than the(0”)F€*']—P dimer.
singly occupied centers. The observed linear decreaseinthe _ ,. ., = N 3
phase 2 rate with added Zn up to 48 Z&* (Figure 5A),  [F€ (0" )(O" )Fe"]-P+2H" +2e —
also suggests that 2n binds pairwise to the ferroxidase [FeH (0¥ )Fe 1-P + H,O (11)
center. Previous binding studies have shown that tw& Co
ions bind cooperatively to each ferroxidase center of ECBFR [Fe?"Fe?']—P + H,O—
(26), a result in accord with the present kinetic data. [Fe3+ ( 02_)Fe3+]—P+ oMt 4 26 (12)

The lack of pH dependence in the phase 2 reaction of
EcBFR (Figure 4) indicates that the forward reaction 6 is The net reaction, which is the sum of eqs—1I2, is given
complete before reaction 7 takes place and that the reverseyy eq 13 and has the same stoichiometry
of reaction 6 has not yet occurred. If a preequilibrium

(reversibility) were achieved for reaction 6 prior to reaction s s steady-state treatment of the concentration of & does not
7, an inverse dependence on'Hwould be expected for  apply here since reaction 6 is fast relative to reaction 7.

The dinuclear centers of the iron-mineralizing ferritins
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2[FE FE 1P+ 0, — 2[Fe’ (O°)FE"1-P (13)

Yang et al.

serve to facilitate iron(ll) autoxidation as generally found
for small Fé" chelates 88) and where complete reduction

as the experimentally determined phase 2 reaction (eq 7)_of 0O to H,O generally occurs. Further studies of this system
The reaction stoichiometry of eq 7 is also predicted by the aré beyond the scope of the present work, however.

two-step mechanism involving &, production and con-

From the work presented here (and previous work), a

sumption at successive ferroxidase centers. That mechanisninodel for iron uptake into bacterioferritin can be proposed.

is illustrated by eqs 14 and 15:
[Fe,~P" + O, + H,0 — [Fe,0—PY + H,0, (14)

[Fe,—PJ* + H,0, — [Fe,0—PF + H,0  (15)

Each of the 24 ferroxidase centers binds 2'Fens in a
cooperative manner (eq 6, phase 1). In the presence of
dioxygen, each dinuclear center undergoes oxidation, result-
ing in the formation of F& and HO (eq 7, phase 2). This
reaction may proceed via a high-valent intermediate as
described by eqgs 1013 or, alternatively, be a composite of

Our present data do no enable us to distinguish between thes&V0 Séquential reactions in which oxygen reacts at one center,

two possible mechanisms.
There is no change in the net charge of the iprotein

complex during the phase 2 iron(ll) oxidation step since no

yielding H,O,, which then reacts in preference to oxygen at
another center, producing8 (egs 14 and 15). The diferric
form of the center is stable, with the two additional positive

protons are involved in the reaction (eq 7 or 8). Charge charges associated with the diferric center balanced by a
compensation is achieved with reduced oxygen, formally %00 bridge. Oxidation of iron(ll) at the ferroxidase center

written as @~. The formal charge on the resultant diferric
complex of ECBFR is zefocompared to-2 for the diferric
complex of HUHF where the complex is hydrolyzed by 2
more equiv of basel@). However, at least one-oxo bridge

appears to be a common feature of the ferroxidase center o

both proteins as both show similar UWisible difference

is followed by nucleation and core formation (eq 9, phase
3). The diferric form of the center may serve as a catalytic
center promoting nucleation and core formation through an
outer sphere reaction. Alternatively, the diferric unit may

sndergo a rearrangement within the protein such that it
continues to block the ferroxidase center (preventing regen-

spectra and molar absorptivities (Results, Figure 8) and eration) but also protrudes into the central cavity where it

Mdossbauer spectra2{, 32, 33. The greater degree of
hydrolysis of the HUHF complex and its negative charge

probably account for its reduced stability and the tendency

of the iron(lll) in mammalian ferritin to translocate to

serves directly as a nucleation site for core formation. The
data presented here do not address this latter question and,
although previous data provide some evidence that a rear-
rangement occurs3(), this possibility requires further

nucleation sites and to the core where it becomes completely!nvestigation. , _ _
hydrolyzed according to eq 3, regenerating the ferroxidase  Previous observation of mononucleafFepecies during

site for processing more iron(ll).

From the ZA* inhibition data, it is significant that phase
3 kinetics are not inhibited by the first 24 Znadded to the
protein; however, a decrease in rate with added*Zs
observed thereafter, reaching a minimum at 48"Zadded

iron uptake by bacterioferritin resulted in the proposal that
the diferric form of the center is unstable and breaks down
immediately following oxidationZ4). Quantitative EPR data
reported here indicate that monomericF&s not a major
product following oxidation. Some monomeric3FéFigure

(Figure 5). This observation can be explained by assuming 7> inset) is formed, however, and its role, if any, in the
that the first 24 Z&" bind cooperatively at 12 ferroxidase oxidation/mineralization mechanism of EcBFR is unclear.
centers, thereby preventing formation of 12 ferric dimers. |t May be a species formed in a minor pathway of iron
Provided that the 12 ferric dimers that are formed in the @ccumulation in the protein or possibly represents nonspe-
ferroxidase centers not containing Znare sufficient to  Cifically bound Fé* or F€" bound at nucleation sites since
support core formation at the normal rate, the 2&"Zmould the EPR signal is attenuated upon further addition of iron.
not influence the phase 3 kinetics. When more than 24 zn  EPR signals ag’ = 4.3 from mononuclear Fe have been
are added, a correspondingly larger number of ferroxidase @S0 observed in other ferritins (reviewed in réfand23)
centers are blocked with a consequent decrease in the numbeind; based on Nasbauer data, have been attributed to
of ferric dimers produced in the phase 2 reaction. When the Préakup of the ferroxidase center dimet (32. However,
number of ferric dimers drops below a certain level (between & récent Mssbauer/EPR study suggests that ghe= 4.3

7 and 12), they are insufficient to support core formation at Signal may arise from a trimeric Fespecies rather than
the normal rate, and the phase 3 kinetics are affected. ~ Monomeric F&" (39).

Iron(ll) oxidation is observed in the ferroxidase site variant ~ IN conclusion, the present work has revealed several new
E18A, although the rate is markedly slowed (Figure 6), an 8SP€cts of the mechanism of core formation in bacteriofer-
observation that reflects the kinetic advantage of an intact "tin- Despite the fact that bacterioferritins and mammalian
dinuclear ferroxidase center. The 242Herotein stoichi- ferritins utilize dinuclear ferroxidase sites to initiate iron core
ometry observed for the transition from the phase 2 to the formation, they do so in quite different ways. Each type of
phase 3 reaction of E18A (Figure 6, inset) suggests that theferritinis able to efficiently harvest iron from its environment
half of the dinuclear center remaining intact is capable of @nd, through a specialized mechanism of oxidation and
oxidizing iron, the net stoichiometries being 259, = 4 mineralization, store it in the form of a highly stable iron-

and H/Fe= 2. In this instance, the binding site may simply (lIl) oxide biomineral. The mechanism for ECBFR could have
significance for the function that the protein fulfills in the

cell. The complete reduction of dioxygen to water in ECBFR
during iron oxidation may be important in the cell's response
to oxidative stress. Further studies of other ferritins may well

4The formal charge of zero for the diferric complex of ECBFR comes
from the sum of+6 (two Fé"), —4 (four glutamates), and-2 (O?,
or two OH).
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uncover additional mechanisms for core formation that have

been adopted during the course of evolution. The newly
discovered 12 subunit ferritin fromisteria innocua40) may

be a protein that possesses yet another core initiation and 54

mineralizing mechanism.
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