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Abstract: Ferritins are iron-storage proteins capable of holding up to 4500 Fe3* ions within a single water-
soluble protein shell made from 24 polypeptide chains. The Glu128Arg/Glul35Arg mutants of Escherichia
coli and Rhodobacter capsulatus bacterioferritins are unable to associate into 24-meric structures, with
dimers of polypeptide chains being their stable forms. The aerobic addition to these of up to 8—10 or
14—20 Fe?* ions per dimer, respectively, results in the oxidation of the added Fe?* to Fe3*. Gel permeation
chromatography and sedimentation equilibrium studies confirm that the Fe3* ions are associated with the
polypeptide dimer, and the lack of intense EPR signals from magnetically isolated Fe3* ions confirms the
formation of one or more antiferromagnetically coupled clusters of Fe3* ions. The effect of Fe3* chelators
on iron-loaded subunit dimers is to remove the Fe3* from the protein, but to do so slowly, consistent with
it not being merely adventitiously associated with protein. These data provide experimental support for the
presence of nucleation centers for the mineral cores in bacterioferritins and indicate that these proteins
are not simply acting as vessels in which hydrolysis of Fe3* occurs independent from the protein surface.
From analyses of X-ray structures and amino acid sequence comparisons, possible nucleation sites are

identified.

Introduction

The aqueous chemistry of Fein the presence of Dis
dominated by its oxidation to Eeand the hydrolytic formation
of insoluble polynuclear hydroxide specied.The complexity
of this chemical behavior is a major reason for the widespread

use of nonaqueous solvents for the synthesis of polynuclear iron-

containing coordination compounés’ though there has been
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some success with synthetic procedures employing aqueous
solutionst®1* An aim of many of these synthetic studies, whether
water-based or not, is to provide insight into polynuclear iron
species that may have relevance to iron-containing protéiis'>
such as the diiron enzymes ribonucleotide reductase and methane
monooxygenase, and the ferritin family of iron-storage proteins.
Determination of the structure and mechanism(s) of formation
of the major iron component(s) of ferritins is a particularly
challenging topic that has led to the work described in this paper.
Ferriting>=20 generally consist of 24 polypeptide chains of
18—21 kDa each, which associate to create an approximately
spherical shell of 2625 A thickness that surrounds a cavity of
~80 A diametert An iron mineral, the core, can be formed in
this central cavity, which has the capacity to accommodate
~4500 Fé&* ions as ferrihydrité>1°with an average composi-

(9) Benelli, C.; Parsons, S.; Solan, G. A.; Winpenny, R. EARgew. Chem.,

Int. Ed. Engl 1996 35, 1825-1828.

(10) Wieghardt, K.; Pohl, K.; Jibril, I.; Huttner, @ngew. Chem., Int. Ed. Engl
1984 23, 77-78.

(11) Heath, S. L.; Powell, A. KAngew. Chem.,
193.

(12) Shu, L.; Nesheim, J. C.; Kauffmann, K.;"Mek, E.; Lipscomb, J. D.; Que,
L., Jr. Sciencel997, 275 515-518.

(13) Hwang, J.; Krebs, C.; Huynh, B. H.; Edmondson, D. E.; Theil, E. C;
Penner-Hahn, J. CScience200Q 287, 122-125.

(14) Hagen, K. SAngew. Chem., Int. Ed. Endgl992 31, 1010-1012.

(15) Powell, A. K.Struct. Bondingl997, 88, 1—38.

(16) Harrison, P. M.; Arosio, PBBiochim. Biophys. Acta996 1275 161-203.

(17) Le Brun, N. E.; Thomson, A. J.; Moore, G. Btruct. Bondingl997, 88,

)

Int. Ed. Engl992 31, 191—

103-108.
(18) Chasteen, N. DMet. lons Biol. Syst1998 35, 479-514.

10.1021/ja036483z CCC: $27.50 © 2004 American Chemical Society



Formation of Polynuclear Iron Species ARTICLES

iron-containing core is ndf Consequently, the structure of the

? ?
a & core mineral has not been determined by X-ray crystallography,
% Q} and complete structural and mechanistic characterization of
% intact ferritins containing 24 subunits may not be possible. For

this reason attempts have been made to dissociate the protein
shells of 24-mer ferritins with some retention ofFeore-
a b formation activity. However, disaggregation of the wild-type
9 oligomers into monodisperse smaller structures is only possible

¥ by the addition of denaturants, and these cause the subunits
themselves to denature with the loss of core-forming act¥iti?
Hence, attempts to stabilize subunit dimer forms of ferritins so
that they do not associate into 24-meric shells have been made
by site-directed mutagenesis and chemical modificattéfs.

9
The Fé*-binding properties of two of these engineered proteins,

@ 8
¢ \ d the bacterioferritins front. coli and Rhodobacter capsulatus

Figure 1. Crystal growth mechanism of core formation in ferritins (after  5re described in this paper.

Clegg et aP%. The arrows indicate the passage of'Fens into the cavity. . .. . . . -
The arrows with question marks refer to2Féinding and being oxidized Bacterioferritin (BFR) is unique among the ferritin family in
at the ferroxidase centers. It has not been established whether occupatiorcontaining 12 intersubunit heme groups per 24-kétthough

of the ferroxidase center occurs with¥einding from the outside Or;élge these do n&f p|ay a role in the aerobic oxidative uptake of
24-mer or via the surface of the central cavity, and it is not clear thét Fe . T -

oxidized at the bacterioferritin ferroxidase cgﬁters enters the central cavity Fe. BFR also has Intrasupumt dede_ar iron Cer!ters_’ _Ca”ed
and becomes part of the core. The diagram shows the crystal growth ferroxidase centers,;*5-39 which are required for rapid utiliza-
occurring by incoming F& being oxidized on the surface of the growing  tion of F&* to form the Fé"-containing core. This aerobic
crystallite, as summarized by Clegg eEdHowever, the accretion hierarchy oxidative uptake of =23 by BFR takes place in at least three
has not been firmly established, and some incoming Feay displace t - Fi . fRE | bind he f id

Fe* at the protein surface. steps: First, pairs o ions bind to the ferroxidase centers.

This is followed by their oxidation to Fé. In the third phase,
tion of (FeEOOH)FeOH,PQy. The iron probably enters and exits ~ deposition of iron as ferric oxide in the BFR cavity occtf$24*
the cavity via channels in the surrounding protein shell that are A functional ferroxidase center is required for all three phases
formed at the interfaces between the associated polypeptidef® occur at a fast rate under normal conditions. From the X-ray
chains!6.18.20 | isteria innocuaferritin is unusual in that it structure ofE. coli BFR 2 we proposed that contacts between

consists of only 12 subunits with a central cavity o#0 A Glul28 and Glul35 of one subunit and Argél and the

diameter, which enables it to hotd500 Fé* ions2! This 12- N-terminal amine, respectively, of neighboring subunits would
mer ferritin has a structure similar to that of the DNA-binding be critical for assembly of a 24-mer. We substituted Glu128
protein from starvedEscherichia colicells (Dps)22 which can ~ @nd Glu135 oR. capsulatuBFR with arginine and found that

also hold~500 Fé* ions23 Core formation in ferritins is poorly ~ the resulting protein was a monodisperse dimeric species of
understood, partly because there are major technical problems™36—40 kDa which retained ferroxidase activity? In the
in determining the identity of the core and the chemical details Present paper we describe the formation and properties of the
of the steps leading to its formation. The crystal growth E. coli Glul28Arg/Glul35Arg mutant BFR, which is also a
mechanisr# summarized in Figure 1 illustrates some of the stable subunit dimer that has ferroxidase activity, and results
problems. In the early stage of reaction a protein shell may Of investigations with gel permeation chromatography, analytical
contain several nucleation centers, but core formation becomestlltracentrifugation, and U¥vis and EPR spectroscopies that
dominated by one such center. This means that preparations of - . .
iron-containing ferritins may b di ith d t (28) Listowsky, I.; Blauer, G.; Englard, S.; Betheil, J.Blochemistry1972
g Yy Deé monoaisperse with regara to 11, 2176-2181.
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ponents. It also means that, at relatively low iron:protein ratios, 1837.
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large clusters can be formed in some of the protein sHéfig: _ B Chiarcans. EArch. Biothoon Bionnyd 008 325 Roced.
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show that each dimeR. capsulatu8FR molecule in aqueous
solution acts as a template for¥eoxidation and accumulates
14—20 Fé* ions per molecule in one or more polynuclear
clusters. In contrast to this, the coli bacterioferritin dimer is
shown to accumulate only-810 F€* ions per molecule, which
provides some insight into the early stages of polynuclear iron

cluster formation. We chose to study engineered forms of both 0.1%

E. coli andR. capsulatu8BFRs because at the outset of our

in a minimum volume of BFR buffer, and applied to a Sephacryl S300-
HR or Superdex S75 column (Pharmacia) equilibrated with the same
buffer in its final purification step. Electrospray ionization mass
spectrometry (ESI-MS) of the purified proteins gave masses consistent
with the expected amino acid sequences. ESI-MS was carried out with
a Micromass platform | mass spectrometer calibrated with horse heart
myoglobin. The solvent used was 1:1 acetonitrile and water containing
formic acid, and samples were run at a flow rate giR@nin—2.

UV —vis electronic absorption spectra were collected with Perkin-Elmer

work these were the only 24-mer BFRs whose three-dimensional ambda 800 and 900 and Hitachi U2000 and U3000 spectrophotom-

structures had been determingd3because they have different

eters. Nonheme iron was determined as thé'[fferrozine}] complex

surface charges on the inner surfaces of their central cavitieson the basis of the method of Stook@yThe average level of iron
(see later), and because we had overexpression systems foloading was found to be-010 Fé* ions per molecule for the.

both'”44 and had shown that they were both capable of
accumulating a large polynuclear iron cdré® An approach
to modeling the iron cores of ferritins very different from the
synthetic chemistry methodologies alluded to edtii€rand the

protein-based approach described in this paper are the controlleca)ﬂ

hydrolysis of F&"-containing solutions with citric acté4”and
the formation of carbohydrateFe** complexes'®4° Both of

capsulatussubunit dimer as prepared ardl FE* ion per molecule
after treatment to remove nonheme iron. Iron-free BFR subunit dimers
were prepared by anaerobic dialysis of the isolated protein against 100
mM sodium acetate (pH 4.2) at A and then dialysis against 100

M sodium EDTA (pH 7.0), followed by dialysis against the required
uffer as described previou$fyor through anaerobic dialysis of the
isolated protein against 100 mM HEPES (pH 7) aC4and treatment
with 2,2-bipyridyl and sodium dithionite.

these latter approaches have yielded large polynuclear iron cores, Heme contents were determined using the Soret absorbance bands
and though their subsequent structural characterization has nobf the nonheme iron free proteid* es0= 1.4 x 106 M~ cm* for

been reported, EXAFS arfdFe Mossbauer spectroscopic data
show that the mineral components of the carbohydrEes"
complexes resemble those of ferritit$g'®

Experimental Section

The genes for the Glu128Arg/Glu135Arg and Met52Ala/Glul28Arg/
Glul35Arg mutants oR. capsulatuBFR were constructed by PCR
mutagenesig) cloned into pET21a (Novagen), and expresses.inoli
MAKO96 (BL21 Abfr),*? and the gene for the Glu128Arg/Glul35Arg
mutant ofE. coli BFR was similarly constructed and expressed in the

same strain. The nucleotide sequences of the mutated genes were

confirmed by DNA sequencing and by determination of the molecular

weights of their corresponding proteins using mass spectrometry, and

their expression was induced as previously describetihe R.
capsulatusBFR subunit dimers were purified by chromatography of

the cell-free extract on a Q-Sepharose anion exchange column (50 mM
potassium phosphate buffer, pH 7.2, eluted with a NaCl gradient at

0.22 M NacCl) followed by chromatography on a S-100 HR gel filtration
column (50 mM potassium phosphate buffer, pH 7.2). Eheoli BFR

subunit dimer precipitated after release from the cells by sonication at

4 °C (50 mM HEPES buffer, pH 7.2, 50 mM NaCl, 1 mM PMSF).

The precipitate was recovered by centrifugation and redissolved in a

minimum volume of BFR buffer (20 mM HEPES, 100 mM KCI, 0.1
mM EDTA, 10% (v/v) glycerol, pH 7.8). The sample was then loaded

onto a DEAE-Sepharose anion exchange column (Pharmacia) equili-

brated with BFR buffer, the column washed with BFR buffer, and the
BFR subunit dimer eluted with BFR buffer containing 300 mM KCI.

The fractions containing BFR subunit dimer were pooled, and the
protein was precipitated with 80% (w/v) ammonium sulfate, redissolved

(43) Cobessi, D.; Huang, L.-S.; Ban, M.; Pon, N. G.; Daldal, F.; Berry, E. A.
Acta Crystallogr.2002 D58, 29-38.

(44) Penfold, C. N.; Ringeling, P. L.; Davy, S. L.; Moore, G. R.; McEwan, A.
G.; Spiro, SFEMS Microbiol. Lett 1996 139 143-148.

(45) Ringeling, P. L.; Davy, S. L; Monkara, F. A.; Hunt, C.; Dickson, D. P. E;
McEwan, A. G.; Moore, G. REur. J. Biochem1994 223 847—855.

(46) Spiro, T. G.; Allerton, S. E.; Renner, J.; Terzis, A.; Bils, R.; Saltmad, P.
Am. Chem. Socd966 88, 2721-2726.

(47) Spiro, T. G.; Pape, L.; Saltman, . Am. Chem. Sod 967, 89, 5555
5559

(48) Theil', E. C.; Sayers, D. E.; Brown, M. A. Biol. Chem1979 254, 8132~
8134,

(49) Yang, C.-Y.; Bryan, A. M.; Theil, E. C.; Sayers, D. E.; Bowen, L. H.
Inorg. Biochem 1986 28, 393-405.

(50) Hutchings, M. I.; Shearer, N.; Wastell, S.; van Spanning, R. J. M.; Spiro
S. J. Bacteriol.200Q 182 6434-6439.

498 J. AM. CHEM. SOC. = VOL. 126, NO. 2, 2004

R. capsulatu8FR, andes;s= 1.09 x 10® M~* cm for E. coli BFR.

As preparedR. capsulatu§lu128Arg/Glu135Arg BFR and Met52Ala/
Glul128Arg/Glul35Arg BFR contained 0.69.7 and 0 heme groups
per dimer, respectively, arfel. coli Glu128Arg/Glu135Arg BFR up to

0.3 heme group per subunit dimer. Fully heme loaded coli
Glul128Arg/Glul35Arg BFR in 0.1 M MES (pH 6.5) was obtained
following addition of freshly prepared hemin chloride and the removal
of adventitious heme by passage of the sample through a PD-10 column
(Pharmacia) equilibrated with 0.1 M MES (pH 6.5). Aqueous solutions
of Fe&* ions were prepared fresh for each experiment from solid
Fe(NHy)2(SOy)2-6H,0. Stock solutions of Pe were degassed with Ar

or N, and a gastight Hamilton syringe was used for all additions to
aerobic solutions of BFR subunit dimer. The average iron content per
fully loaded subunit dimers was determined by titrating*Fato the
apoproteins at pH 6.5 (0.1 M MES) and pH 7.0 (0.1 M MOPS) until
the protein began to precipitate, as judged by a drop in absorbance at
280 nm, removing precipitated material by centrifugation at 14000 rpm
for 10 min, and determining the iron content of the remaining soluble
protein. In some experiments the ?Fgprotein mixtures were incu-
bated at 25°C for 4 h to ensure complete oxidation of the added
Fet, centrifuged at 14000 rpm for 10 min to remove precipitated
iron-containing species, and passed through a PD-10 column (Phar-
macia) equilibrated with 0.1 M MES (pH 6.5) to remove adventitious
iron, and the nonheme Fe content of the eluted protein was
determined.

A calibrated Sephacryl S100 HR column (90 can4 cm) was
used for the molecular weight determinations. The column was
calibrated using Sigma gel filtration calibration kit GF-1000, and run
with 100 mM MES buffer (pH 6.5). Loading was by manual injec-
tion with an injection volume of 1 mL, the elution rate was 0.25 mL
min~1, and 2.5 mL fractions were collected. Analytical ultracentrifu-
gation measurements at 156620000 rpm were made at 2C with
a Beckman-Coulter Optima XL/l analytical ultracentrifuge and an
AnS50Ti rotor. Samples contained-8 M subunit dimer in 0.1 M MES
(pH 6.5). Each experiment was done at three different protein
concentrations and three different speeds. All conditions gave very
similar results. Standard double-sector cells were used with a sample
volume of 11QuL and reference volume of 128.. The absorbance at
280 nm across the cell was measured at intervals-ef B to ensure
the system reached equilibrium. The molecular weighit, was

(51) Stookey, L. LAnal. Chem197Q 42, 779-781.
(52) Bauminger, E. R.; Harrison, P. M.; Hechel, D.; Nowik, I.; Treffry, A.
Biochim. Biophys. Actd991, 1118 48-58.



Formation of Polynuclear Iron Species ARTICLES

determined by fitting data to the equation 0.7 -
A=A exp[M(1 — vp)o*(r* — ry))/2RT} 06 -
wherew is the angular velocityy the partial specific volume of the 05 -

solute, ando the solvent density. During the fitting procedure values
of 0.73 mL/g and 1 g/mL were used forandp, respectively. For the
analysis of the iron-bound samples, an attempt was made to adjust the
value of v to compensate for the iron particle(s), on the basis of a
density of 3.96 g/mL for ferrihydrité3 However, due to the small 03 -
contribution of the F& component to the mass of the 3Fdoaded

subunit dimer, this correction resulted in an insignificant variation to

0.4 -

A(280nm)

the calculated sedimentation profile of the*Fépaded subunit dimer. 0.2
The ease of removal of product ¥eresulting from the oxidation ;
of Fe* ions added to the subunit dimers was determined from the time 0.1 = .
dependence of the formation of ¥e-Tiron complexes. A final 6.9 6.95 7 7.05 71 715

concentration of 6M Fe?" was added to 0.aM E. coli wild-type

BFR (giving 120 Fe atoms per 24-mer), G« E. coli Glu128Arg/ radius (cm)

; [y Figure 2. Sedimentation equilibrium data for nonheme iron free Glu128Arg/
GluL35Arg BFR (10 Fe atoms per dimer), and a protein-free control, Glul35ArgE. coli BFR (@) and for protein containing nine nonheme*Fe

all three in 0.1 M .ME_S buffer (pH 6.5) at 2%C. Iron oxidation was - ong per dimer ©). Both samples were 4M dimer in 0.1 M MES (pH
measured by monitoring the absorbance at 340 nm, and when oxidationg s at 20°C. Solid lines show curve fits as described in the Experimental
was complete, the protein samples were passed through a PD10 columrsection; in both cases was set at 0.73 mL/g. The molecular mass of the
equilibrated with 0.1 M MES (pH 6.5) to remove adventitious iron nonheme iron free protein was determined to be 34.9 kDa, while that of
and the iron concentrations of the eluted proteins determined from their the iron-loaded protein was 36.5 kDa. The latter value was unaffected by

absorbance at 340 nm. The protein samples and the control were therfanging v to_compensate for the added iron as described in the
diluted with 0.1 M MES (pH 6.5) to give 1 mL solutions with a final xperimental Section. Dotted and dashed lines show predicted curves for
. . pH ©. 9 . molecular masses of 18.5 and 444 kDa, respectively, using data obtained
iron concentration of 2QuM (0.17 uM wild-type BFR, 2.4 uM for nonheme iron free protein.

Glul28Arg/Glul35Arg BFR), 1L of 10 mM Tiron was added to

give a final concentration of 100M Tiron (i.e., five Tiron molecules subunit dimer, EPR samples were treated with DFO to a final
per Fe atom,; earlier experiments using’Fender the same conditions  gncentration of 1 mM DFO and/or with HCI to a final pH 1.
showed that one Fé ion binds per two Tiron molecules), and the

formation of F&"—Tiron complexes was followed by monitoring the  Results

absorbance at 560 nm. The extinction coefficient for th& F&iron

complex in 0.1 M MES (pH 6.5) was determined to be 4700 km 2 Properties of the Assembly Defective Forms dE. coli and
by titrating 100xM Tiron in 0.1 M MES (pH 6.5) with known R. capsulatusBacterioferritins. Sedimentation equilibrium
concentrations of Fé. measurements showed that the Glu128Arg/Glu135Argoli

Samples for EPR were prepared in 100 mM MOPS (pH 7.0) and bacterioferritin behaved as a single species in the analytical
X-band EPR spectra measured at the University of East Anglia with a ultracentrifuge with a molecular mass of-336 kDa (Figure
Bruker ER 200D spectrometer and at the University of Essex using a 2). This indicates that the protein exists as a subunit dimer in
Bruker EMX spectrometer, both equipped with liquid helium flow 0.1 M MES (pH 6.5) consistent with previous studies of
cryostats. The concentrations of the paramagnetic centers were deterGlu128Arg/Glul35ArgR. capsulatudacterioferritin that showed
mined with reference to CuS@oncentration standards using the pure that it too is a dimep442 UV —vis spectra of the as-prepared
line shape EPR signals obtained either by subtraction with variable Glu128Arg/Glul35Arg dimers showed both contained heme,
C%eﬁilcie”t§4’55|(i50f°1m5 ' i';ld |r|1 of the rhgrlnbic Fe iohns) or bydingi- o though to different extents: tffe. capsulatuprotein typically
vidual spectral simulation (high-spin and low-spin heme and the free . .
radical). WINEPR SimFonia v1.25 (Bruker Analytishce Messtechnik) g?r;l]zlrt];p()jicglilot.;n?:inr:: dgl:[O)uth)) 863[ frlT(]-:\ ?:Ieecglrec;u?)np()iegﬁrigcl);lcule

was used to simulate EPR spectra. For the desferrioximine (DFO)/ RN
HCI experiment, when it was not possible to use either of these The variation in heme content probably reflects the amount of

techniques for obtaining pure line shapes, the procedure described byn€me available in the cell relative to the overexpressed mutant
Svistunenko et &*%5was employed. This procedure involved double BFR rather than any intrinsic differences between proteins. The

integration of a series of spectra containing the overlapping signals in Met52Ala/Glu128Arg/Glul35ArdR. capsulatudacterioferritin
different proportions, and composing and solving a system of linear was heme-free as prepared and did not bind added hemin, as
equations to obtain the double-integral values for the individual signals. expected since the Met52 side chains of adjacent subunits
The qUantiﬁcation of th@ =43 Signals was performed at 100 K, provide the two heme ax|a| ||gands in the Wlld_type protein_
since it is only at temperatures this high that the fraction of the rhombic o, the addition of F& to aerobic solutions of the variant
" . )
F&* centers de_tectable by EPR is exactly .1/3 of the_ total concentration, bacterioferritins, a rapid increase in absorbance at 340 nm
thereby removing the need for the zero-field splitting paramBtés . o .
Lse . showed that the proteins catalyzed®Fexidation (Figure 3).
be known?-5¢ To investigate removal of Fe from theR. capsulatus . . . -
At low ratios of added P& per BFR subunit the dimeric mutant
(53) Kim, I.; Hosein, H.-A.; Strongin, D. R.; Douglas, Them. Mater2002 and Wlld-type 24-mer prOtem.S had Slm!lar time Courses'
14, 4874-4879. indicating the presence of functional ferroxidase centers in the
(54) Svistunenko, D. A Sharpe, M. A, Nicholls, P.; Wilson, M. T.; Cooper,  dimeric mutants. The time courses ofF@xidation for theR.

C. E.J. Magn. Resan200Q 142, 266-275.
(55) Svistunenko, D. A.; Sharpe, M. A.; Nicholls, P.; Blenkinsop, C,; Davies, capsulatusGlu128Arg/Glul35Arg and Met52Ala/Glu128Arg/

v punne, 3.3 Wilson, M. T.; Cooper, C. Biochem. J200Q 351 Glu135Arg proteins were also the same (not shown), consistent
(56) Sun, S.; Chasteen, N. Biochemistry1994 33, 15095-15102. with previous studie®$ of heme-containing and heme-free 24-
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0.05 - 340 nm absorbance following oxidation of the first aliquot of
Fe*t ions, which did not lead to any precipitation. Assuming
0.04 no precipitation of protein until after the maximum in the graphs
is reached, the maximum nonheméFeontent of the soluble
dimer proteins is~9 and~15 for theE. coliandR. capsulatus
_ 0.03 proteins, respectively (Figure 4). The maximum nonhenfe Fe
E content without precipitation determined by the procedure
§ 0.02 - described in the Experimental Section at pH-6750 was 8-10
< Fe*t ions per dimer forE. coli Glu128Arg/Glul35Arg BFR
0.01 - and 14-20 Fé* ions per dimer foR. capsulatusGlu128Arg/
Glul35Arg BFR.
0 ___J,_--—— —_———_——————— = Fe3* lons Bind to the Subunit Dimer. Confirmation that
T nonheme iron added to just below the maximum loading
addition of 25uM Fe(ll) possible was associated with the BFR subunit dimers (9 and
-0.01 ‘ ' 16 Fé* ions per molecule for th&. coli and R. capsulatus
0 10 20 30 40 BFR dimers, respectively) was obtained by analytical ultra-
time (min) centrifugation (Figure 2) and gel permeation chromatography

Figure 3. Oxidation of 25uM Fe?* in the presence of wild-type (WT)
and Glul128Arg/Glul35Arge. coli BFR. The solid line is for 0..xM WT

E. coliBFR,
BFR, both i

and the dotted line is for@M E. coli Glu128Arg/Glu135Arg
n 0.1 M MES (pH 6.5) at 25C. The dashed line is for the

autoxidation of F&" in 0.1 M MES (pH 6.5).

[Fe*"yum

90 -
80
70
60
50
40
30
20
10

0 T
0 10 20

Fe added per dimer

Figure 4. Graph showing the maximum amount of iron taken upkby

coli (O0) and

R. capsulatug®) Glu128Arg/Glul35Arg BFR dimers. Both

proteins were &M in 100 mM MOPS (pH 7.0) at 28C. Following each

iron addition, oxidation was followed by measuring the absorbance at 340
nm, and when oxidation was complete, samples were centrifuged for 10

min at 1400

were estimated using extinction coefficients calculated from the 340 nm

absorbance

0 rpm and absorption spectra re-recordetf. E&@ncentrations

following oxidation of the first aliquot of#dons, which did

not lead to any precipitation.

mer E. coli bacterioferritin that showed that the heme did not

play a role in oxidative aerobic uptake of e Addition of
Fe* to the equivalent concentration (mg/mL) of bovine serum One or More Polynuclear Clusters.EPR spectra of samples
albumin (BSA) did not cause an increase in absorbance at 3400f the subunit dimer oR. capsulatusslu128Arg/Glu135Arg
nm greater than that seen for autoxidation of'F& buffer
only, showing that BSA did not catalyze oxidation of?Fe
consistent with the enhanced rate ofFexidation seen for k i _ ; :
the subunit dimers, being a specific protein-catalyzed enhance-SPin heme iror¥/ the third component being relatively broad
ment rather than a general nonspecific effect.

The maximum amounts of iron taken up by tBecoli and
R. capsulatu8FR dimers were found to be different (Figure
4). When oxidation of added Fewas complete following each
addition of F&" ions at pH 7 (100 mM MOPS, 2XC), samples

were centrifuged to remove any particulate material and
absorption spectra re-recorded. Ferric ion concentrations were
then estimated using extinction coefficients calculated from the

500 J. AM.
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(not shown). The nonheme iron free subunit dimer Rof
capsulatusGlu128Arg/Glul35Arg BFR and the subunit dimer
containing 16 F& ions per dimer passed through a calibrated
Sephacryl S100 HR gel permeation column with elution volumes
equivalent to molecular masses of 323.25 and 36+ 3.25
kDa, respectively. For the subunit dimer containing 16*Fe
ions, the yellow/brown color associated with the3>Faons
traveled through the column with the protein component.
Analysis of the eluted protein showed it contained £9.5
Fe*™ ions per dimer, indicating loss of only-6% of the
nonheme iron on passage through the column. These data show
that the nonheme iron is firmly associated with the subunit
dimer, and since the molecular mass of the polypeptide
component of the subunit dimer calculated from its amino acid
sequence is 36452 Da, the gel permeation data also indicate
that theR. capsulatusubunit dimer does not associate into high-
order aggregates on the addition offFand its oxidation to
Fe*t. Sedimentation equilibrium measurements withEheoli
subunit dimer demonstrated that it too remains as a mono-
disperse dimer in its iron-loaded form (Figure 2), and consistent
with this, about nine F¥ ions remained associated with the
subunit dimer following passage down a G25 Sephadex column.
Addition of hemin chloride to fully heme load the nonheme
iron free E. coli subunit dimer prior to the addition of ferrous
ammonium sulfate produced a nonheme iron content of about
six FET ions per dimer prior to precipitation, indicating that
the presence of heme does not materially affect the amount of
Fe*t that a dimer BFR can bind.

The R. capsulatusSubunit Dimer Associated Fé" Forms

BFR containing variable amounts of nonheme*Feontain
seven well-defined signals (Figure 5). The features githlues
of 2.88 and 2.33 are two of the three components of the low-

and having a value of 1.45 (not shown). The featuresgat

6.4 andg = 5.5 are from low amounts of high-spin hemeFe
The relative concentration of the high-spin heme is negligible
at <5% of the low-spin heme concentration. Tde- 4.3 feature
arises from nonheme Fein a rhombic environment. This

(57) Cheesman, M. R.; Kadir, F. H. A.; Al-Basseet, J.; Al-Massad, F.; Farrar,
J.; Greenwood, C.; Thomson, A. J.; Moore, G.BRochem. J1992 286,
361-367.
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Magnetic field (Gauss) Table 1. EPR Quantitation of Fe3* Species Generating a g = 4.3
1000 1500 2000 2500 3000 3500 Signal
T T T T T
0 no. of total
2 ] Fe?* ions nonheme

- 4.2 I NI added per BFR Fe3* concn total rhombic Fe®* (g = 4.3) concn (uM)
_E j: w subunitdimer ~ (uM)  asprepared  DFO HCI DFO/HCI
o 3 T N
s |00t~ ] 13.6 190  3.5[1.8%] 58[31%] nd nd
o 12.0 Mﬁw—/\,_—_—/\_-—\,.ﬂw_____ 16.5 231 5.3[2.3%] nd nd 249 29 [108%)]
o | fF— —o ~ 23.4 328  9.6[2.9%] nd 117 [36%)] nd
£ | 185 ‘”—"_’/\/"“W“W——\A/M
S | 207 ——d—d-/\f___/\___,\,y\/___‘ and = not determined.
E 234
v §Z§ of the iron is “invisible” to EPR spectroscopy. The iron chelator

T T
2.88 233 206 2.00

LI B B T T

N—

g value

Figure 5. X-band EPR spectra dR. capsulatusGlu128Arg/Glul35Arg
BFR containing different amounts of nonheme®FeThe instrumental
parameters were as follows: microwave frequency, 9.4713 GHz; microwave
power, 0.8 mW,; modulation amplitude, 2 G; time constant, 41 ms; scan
rate, 2.38 G sl. Spectra were measured at 10 K. The ratio of added nonheme
Fe* relative to the subunit dimer and tigefactors of the EPR signals are
indicated in the figure.

g=4.27

isoform |

isoform Il

1530 1730 1930

Magnetic field (Gauss)

1130 1330

Figure 6. The two isoforms of thg = 4.3 signal extracted from the EPR
spectra shown in Figure 5. First, the overall intensity ofdhe 4.3 signal

was corrected for the relative size of the low-spin heme EPR signal in the
samples (as this is known to be invariant with iron loading). Isoform | was
then obtained as the spectral difference between samples containing 12
and 0 Fé" ions per dimer, and isoform Il as the difference between samples
containing 32.0 and 13.6 Feions per dimer. The principal factors are
indicated.

DFO binds a single Fé ion tightly 58 and acid denatures protein
without rendering the ferric iron insoluble. Therefore, in
isolation, or in combination, DFO and HCI should be able to
render EPR-detectable invisible ¥e by generating stable
mononuclear magnetically isolated *Fespecies. To confirm
this was the case for the samples of BFR subunit dimer, DFO,
HCI, and HCI with DFO were added to selected samples. The
sample chosen for the DFO/HCI treatment had the same iron
loading as that used for the gel filtration experiment. The
acidification of the BFR samples, and the addition of DFO,
caused significant increases in the intensitg at 4.3 (Table

1), with the DFO/HCI treatment producingga= 4.3 signal
accounting for all the nonheme iron present in the sample. The
key observation from Table 1 is that little of the nonhemé&"Fe
present in the subunit dimer samples contributes t@thet.3
intensity in the absence of acid or DFO. Since the-tiNé
absorbance of the iron-loaded subunit dimer showed that all
the added P& had been oxidized to Ee, the lack of sufficient
EPR intensity atg = 4.3 indicates that the Ee was not
magnetically isolated and that coupling of electron spins had
reduced the signal intensity. Similar observations have been
made in EPR studies of intact 24-mer H&S#6and Fé*-
containing frataxin multimer, which showed that oxidation

of added F&" did not producey = 4.3 signals with sufficient
intensity to account for all the Fé present. Quantification of
the twog = 4.3 signals as a function of iron loading, by the

0orocedure of Svistunenko and colleagf®®, extended the

conclusion from the DFO/HCI experiment (Table 1) by showing
that, at the most, only 3% of the Peproduced from the added
Fe™ was EPR-detectable (Figure 7). This quantitation also

feature increases and changes its shape with iron loading becausievealed that whereas the signal of isoform | appeared im-

there are two overlapping signals that grow differently on iron

loading. The individual signals, hereafter termed isoforms | and
II, can be distinguished most clearly in difference spectra (Figure
6). Theg = 2.06 signal is unassigned, and since it does not
vary appreciably with iron loading, we do not consider it further

here. Theg = 2.001 signal is typical for a free radical. An axially

mediately on the addition of Pg, the signal of isoform I did
not appear until 16 Pe ions per BFR subunit dimer had been
added.

EPR spectra oR. capsulatuBFR subunit dimer samples
containing from 12 to 32 nonheme ¥eions per dimer were
measured over the temperature range from 4.2 to 150 K (not

symmetric free radical signal has been observed in EPR spectreshown). Signals additional to those shown in Figure 5 were not

of horse spleen ferritin (HoSF), and its intensity shown to
increase with increasing amounts ofFadded?® The identity

of the HoSF radical has not been established, though a variety
of amino acid centered radicals have been considered to be

possible>® The radical signal for the BFR subunit dimer (Figure
5) is at very low concentrations compared to the species
generating theg = 4.3 signals, and further work is required to
establish whether the radical has a functional significance.
The apparent intensity of thg = 4.3 signal (Figure 5) did
not increase with iron loading in a manner consistent with the
formation of magnetically isolated Fespecies, because much

observed. Previous EPR measurements of intact fefdtiffs

(58) Telford, J. R.; Raymond, K. N. IlComprehengie Supramolecular
Chemistry Atwood, J. L., Davies, J. E. D., MacNicol, D. D., Voegtle, F.,
Eds.; Elsevier: Oxford, 1996; Vol. 1, pp 24266.

Chasteen, N. D.; Antanaitis, B. C.; Aisen, P.Biol. Chem 1985 260,
2926-2929.

Hanna, P. M.; Chen, Y.; Chasteen, N.DBiol. Chem 1991, 266, 886—

893.

(61) Adamec, J.; Rusnak, F.; Owen, W. G., Naylor, S., Benson, L. M.; Gacy,
A. M.; Isaya, G.Am. J. Hum. GeneR00Q 67, 549-562.

(59)
)
)
(62) Boas, J. F.; Troup, G. Biochim. Biophys. Actd971, 229, 68—74.
)
)

(60

(63) Weir, M. P.; Peters, T. J.; Gibson, J.Btochim. Biophys. Acta985 828

298-305.

(64) Deighton, N.; Abu-Ragabah, A.; Rowland, I. J.; Symons, M. C. R.; Peters,
T. J.; Ward, R. JJ. Chem. Soc., Faraday Tran£991, 87, 3193-3197.
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Figure 7. Concentrations of the two isoforms of the rhombiéFeenters
(isoform | with g = 4.27 and isoform Il withg = 4.36 andg = 4.23; see
Figure 6) as a function of iron added. The spin concentrations of isoforms
I and Il are indicated b#l and A, respectively, and the total percentage of
added F&" detected as Fé is indicated bya.

and BFR containing large amounts of core ¥eidentified
signals that were absent at 4.2 K and present at temperatures
10—-150 K. A full theoretical description of these relatively high

Figure 8. Increase in absorbance at 560 nm with time following the addition
of 100 uM Tiron (final concentration) to 2@M Fe3*, 0.17 uM E. coli
wild-type BFR containing 2tM Fe*t, and 2.4uM E. coli Glu128Arg/
Glul35Arg BFR containing 2&M Fe3*, all in 0.1 M MES buffer (pH
6.5) at 25°C.

and the chelating ligand Tiron was monitored at 560 nm (Figure

In this experiment, both proteins retained the equivalent of

%fwo Fé* ions per subunit on the basis of the extinction

coefficient determined for Bé—Tiron mixtures in 0.1 M MES

temperature signals has not been reported, but it is clear thaty ¢er (pH 6.5) at 25C using standard iron solutions after 12

their properties are connected with the formation of much larger
polynuclear F&" particles than those we believe are present in

h of exposure to Tiron. The retained®Fas presumably located
in the ferroxidase centers. The3fFén the subunit dimer is more

the BFR subunit dimer samples. The absence of similar signals;cessiple than in the 24-mer, but it is still tightly bound by the

from the EPR spectra of the ¥econtaining BFR subunit dimer

protein, as shown by the slow progress of chelation by Tiron

is consistent with the gel permeation experiment showing that compared to that of iron not associated with BFR (Figure 8).

the subunits do not associate in the presence &f feallow
formation of particles of F& containing more than 16 Fe
ions.

The observation of two isoforms for the #especies giving
rise to theg = 4.3 EPR signal (Figure 6) indicates that there
are at least two electronically distinct Fecenters. Since the
maximum loading of solubleR. capsulatusGlul28Arg/
Glu135Arg BFR with nonheme iron is 20 Fé" ions per
molecule, isoform | must be associated with soluble BFR while
isoform Il may be associated with precipitated protein. Such
EPR signals as those of isoforms | and Il do not arise from the
u-oxo-bridged di-F&" ferroxidase cente¥,5%6%and though they
may arise from magnetically isolated¥dons, their intensities
do not support this interpretation: even in the sample with 32
Fe* ions added per subunit dimer onlyl.5% of the total F&,

i.e., ~0.5 Fé" ion per molecule, is detectable as each of the
isoforms. An alternative explanation for these signals is that
they arise from F& at the periphery of polynuclear clusters,
where they are not magnetically coupled to othet*Hens.

The BFR Subunit Dimer Associated Polynuclear F&" Is
Not Fully Accessible to Chelators As noted above (Table 1),
~69% of the F&" associated with the DFO-treatBd capsulatus
BFR subunit dimer containing an average of 13.6Fens
per molecule was polynuclear, corresponding-g24 magneti-
cally coupled F&" ions per molecule, on average. Assuming
that both ferroxidase centers of each subunit dimer were
occupied by F&, this indicates that-5.4 Fé" ions were on
the surface of the subunit dimer and not removed by DFO. This
indicates that this surface-associated'Fs relatively tightly
bound to the protein, and thus not simply adventitiously bound.

General Discussion

The Bacterioferritin Subunit Dimers Contain Nucleation
Sites for Polynuclear Fé+ SpeciesThe results show that Fe
added to the bacterioferritin subunit dimers becomes oxidized
and remains associated with the protein in one or more
magnetically coupled, and hence polynuclear, forms. The
sedimentation equilibrium and gel permeation experiments and
the lack of turbidity at iron:protein ratios of less tharB0
and 14-20 Fé* ions perE. coli and R. capsulatussubunit
dimer, respectively, indicates that one or more clusters of
nonheme F& are bound to the subunit dimers, and the slow
removal of this subunit-associated®Fendicates that it is not
adventitiously bound to the protein surfaces. Thus, it seems
likely that each subunit dimer contains one or more nucleation
sites for formation of polynuclear Eespecies. This is the first
clear experimental support for the long-held view that the inner
surfaces of bacterioferritins do contain nucleation centers for
the mineral cores, something that has also been assumed for
other ferritins though there is limited experimental support for
this 85

The location of possible sites at which clusters of'Feould
be bound is assisted by the X-ray structure&otoli*® andR.
capsulatu$® bacterioferritins. These reveal that the surface of
each subunit contains a patch of acidic residues close to the
edge of the ferroxidase center ligands exposed to solvent (Figure
9). These residuesGlu46, Glu47, Asp/Glu50, and Aspl26
would form part of the inner surface within the central cavity
of the 24-meric structure, and thus not be exposed to the bulk
solvent. However, a consequence of the subunit dimer not

To determine whether there were kinetic barriers to the removal @580ciating into a 24-meric structure is that these residues are

of the surface-associated ¥eby DFO, the time dependence
of the formation of the colored complex formed betweef™Fe
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(65) Yang, C.-Y.; Meagher, A.; Huynh, B. H.; Sayers, D. E.; Theil, E. C.
Biochemistry1987, 26, 497—503.
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Figure 9. Calculated electrostatic surface potentials of the heme-containing and nonheme iren ¢mieGlu128Arg/Glu135Arg (A) andR. capsulatus
Glul28Arg/Glul35Arg (B) BFR dimers viewed from the side that forms the inner surface of the 24-mer structure. The thick black line in the center of each
structure represents the position of the heme group. Side view &.tbapsulatu$lu128Arg/Glu135Arg BFR dimer showing the ferroxidase center ligands

in red and the carboxylic acids proposed to act in core nucleation (see the text) in blue (C). Coordinate€faralhand R. capsulatusslu128Arg/
Glul35Arg dimers were created using PDB coordinates 1bcf and 1jgc, respectively, with the coordinateR.afahsulatusubunit dimer obtained by
orienting the coordinates of its subunit monomer onto those foiEtheoli dimer. Residues 128 and 135 of both subunits in each dimer were altered to
arginines and the manganese ions present irfEtheoli structure removed. (A) and (B) were created with SPGCH#nd the electrostatic calculations were

done using a temperature of 26 and an ionic strength of 0.15 M. The heme propionates were assumed to be un-ionized in the electrostatic calculations
because the experiments reported in this paper showed that the loading of nonheme iron was not significantly affected by the presence of heme. Moreove
they have an intrinsic i, of ~5.6, which is often substantially raised in proteins by environmental effé¢®) was generated with Swiss PDB Viewer
3.7h2%°

now exposed to bulk solvent. Thus, a plausible mechanism for a core particle. The importance of electrostatic gradients in
formation of one or more polynuclear Feclusters is that P& ferritins has previously been pointed out by Douglas and
binds at the ferroxidase center and is oxidized té"FRaith Ripoll,8¢ who proposed that gradients coincident with the
formation of au-oxo-bridged F&" dimer, followed by the channels through the 24-mer shells of animal ferritins are
accretion of F&" onto the surface of the protein, where it binds important for guiding incoming P& to the nucleation center(s).

to the carboxylate groups and is oxidized t§ Feither through Macedo et af? have also identified clusters of negative charge
direct reaction with @in a mineral surface reaction or indirectly on both the inner and outer surfaces of thesulfaibrio

with the involvement of the ferroxidase centéflComparison desulfuricandacterioferritin and suggest that these provide an
of the structure of th&. coli Glu128Arg/Glu135Arg BFR with alternative route for iron to access the protein core.

that of the correspondinB. capsulatugnutant BFR supports What Is the Chemical Form of the Polynuclear Fé*

this general scheme. As described above, both mutant bacte-Species, and What Are the Chemical Steps Leading to Their
rioferritins remain as subunit dimers on binding*Febut the Formation? These are the key questions whose answers will
maximum amounts of P& they can bind are different: the. provide insight into core formation in intact ferritins. The
coli protein 8-10 Fé* ions per dimer and th&. capsulatus  detailed chemical steps to the formation of the polynucle&r Fe
protein 14-20 Fe&* ions per dimer. Consistent with this cores of ferritins have not been established, but the growth of
variation, thek. colidimer has a less negatively charged surface polynuclear crystallites of Bé& in Cl--containing aqueous
than does th&. capsulatusiimer (Figure 9A,B). This difference  solutions provides guidance as to the events that may be
arises partly because whereas residues 47, 50, and 126 argccurring? Even at an early stage of polynuclear growth in this
carboxylic acids in both proteins, residue 46 is glutamate.in system involving 29 Fé* ions in a cluster, modeling the
capsulatusBFR but histidine in theE. coli protein. Also,E. growth process required 61 distinct polynuclear species. By
coli BFR has a greater number of lysine residues on its inner providing a nucleation template in our experiments in the form
surface than doeR. capsulatuB8FR. Comparison of 37 BFR  of the BFR subunit dimers, the number of polynuclear species
sequences in the Swiss-Prot/ TrEMBL database show that residugormed may have been reduced considerably. However, it is
46 is variable, residue 47 is glutamate in 30 BFRs, residue 50 not yet clear whether the polynuclear3Eespecies are amor-

is aspartate or glutamate in 32 BFRs, and residue 126 is aspartate
or glutamate in 28 BFRs. We do not know that all of these (66) Douglas, T.; Ripoll, D. RProtein Sci.1998 7, 1083-1091.
bacterioferritins lay down cores, but it is suggestive that residues (67) Christopher, J. A.; Baldwin, T. Q. Mol. Graphics199§ 16, 285.

i X i 68) Moore, G. R.; Pettigrew, G. WCytochromes c: Eolutionary, structural
47,50, and 126 have a high degree of conservation. These inner ~ and physicochemical asperSpringer-Verlag: Berlin, 1990; pp 1214

f i ; P and 348-354.
surface charge_s may have arole in gwdlng Incom'_n%j &0 . (69) Guex, M.; Peitsch, M. CElectrophoresisl997, 18, 2714-2723. Also see
the central cavity through the channels as well as in nucleating http://www.expasy.org/spdbv/.
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phous or ordered. Attempts to obtain crystals of'Feontaining surroundings in which hydrolysis of Feand formation of its
subunit dimers suitable for X-ray crystallography are under way, polynuclear species occur independent of the protein.
and if suitable crystals can be obtained, X-ray crystallography
should provide an answer to this. Current investigation of the
chemical steps leading to the formation of the polynucledr Fe
species is focused on the issue of whether incoming” Fe
attached to the surface of the subunit dimer is oxidized by O
directly or whether the ferroxidase center plays a role in its
oxidation, as occurs in native 24-mer BFR but not in other
ferritins for which the mineral surface plays a major role in
coupled processes of Feoxidation and Qreduction. What is
clear, however, is that for the first time a form of ferritin has
been obtained in which there is unambiguous chemical evidence
that its inner surface contains a nucleation site for core
formation, thus indicating that ferritins are not simply vessels
that contain polynuclear Fe species isolated from the bulk  JA036483Z
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