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Abstract: Ferritins are iron storage proteins that overcome problems of toxicity and poor bioavailability of iron by
catalysing iron oxidation and mineralization through the activity of a diiron ferroxidase site. Unlikein other ferritins,
the oxidized di-Fe** site of Escherichia coli bacterioferritin (EcBFR) is stable and therefore does not function as a
conduit for the transfer of Fe** into the storage cavity, but instead acts as a true catalytic cofactor that cycles its
oxidation state while driving Fe€?* oxidation in the cavity. Here we demonstrate that ECBFR mineralization depends
onthree near-diiron site aromatic residues, Tyr25, Tyr58 and Trp133, and that atransient radical isformed on Tyr25.
The data indicate that the aromatic residues, together with a previously identified inner surface iron site, promote
mineralization by ensuring the simultaneous delivery of two electrons, derived from Fe?* oxidation in the BFR cavity,

to the di-ferric catalytic site for safe reduction of O..

The capacity of cells to store iron in a bioavdiedind safe form is a central feature of the sfsateture has evolved
to overcome the dual problem of poor bioavailapiitiron and the potential of the free metal ttatgse the formation
of reactive radical species. This function isifidél by the ubiquitous ferritin family, memberswhich are composed
of 24 subunits arranged to form a protein sheli@urding a hollow center (Fig. 1a). Large amoutitsan can be
stored within the central cavity, in the form offaric-oxy-hydroxide minerdH Animal ferritins are commonly
composed of a mixture of H-chains, containing algit dinuclear iron site known as the ferroxidage, and L-
chains which lack the ferroxidase site. Prokaryatnd plant ferritins are composed exclusively efhain-like
subunits. The H-chain ferroxidase sites of anifeditins play a central role in the mineralizatiprocess, which
involves binding of F&, oxidation to F&, and labilization/hydration to generate the fimaheral form in the cavit{#!

Bacterioferritins (BFRs) constitute a distinct damily of ferritins, found only in bacteria, whiatontain a
markedly different diiron ferroxidase sifésee Fig. 1b. The ferroxidase siteEotoli BFR (EcCBFR) was previously
shown to be stable in its oxidized di¥Féorm and essential throughout mineralizaffsrf! This led to a proposed
mechanism in which the ferroxidase site functionig &rue catalytic center, continually cycling beéw its oxidized
(bridged di-Fé&*) and reduced (di-F8) forms and driving oxidation of Feions in the central cavity anc:@duction
at the diiron sité”? The model requires the existence of an electamsfer route from the cavity to the ferroxidase
site. An Fé*-binding site located on the inner surface of thbusit, ~10 A away from the ferroxidase site and
coordinated by His46, Asp50 and three water moks;ulvas subsequently identifiédl. Disruption of the site
severely inhibited mineralization, consistent watt important role in electron transfer fron?F@ns in the cavity
and the ferroxidase site. However, until now dieddence for electron transfer was missing.

The EcBFR ferroxidase site is flanked by two Tgidees (Tyr25 and Tyr58) that are ~ 4.0 — 6.5 Ayafsam
the nearest iron, and by a Trp residue (Trp133)chvis ~9.7 A away from site FeB, see Fig. 1b. didition, BFR
contains five other Tyr and one other Trp, which lacated further from the ferroxidase site (Fit)). SWe sought to
determine whether these aromatic residues areviestaoh coupling electron transfer to oxidation et'F Site-directed
variants, in which each residue was substitutel Rite, were generated and the mineralization act¥ithe variant
proteins was determined. Fig. 2 shows changdssorhance at 340 nm upon the addition of 4G0i6as per protein.
Substitutions of Tyr25, Tyr58 and Trp133 resultedignificantly slower mineralization, with rates15% (Y25F),
30% (Y58F), and 25% (W133F) relative to wild typERB (Fig. 2a). Y45F exhibited an initial rate 50%ttlof wild



type BFR. Rates for the five other Tyr/Trp variawere 70% (W35F, Y10F, Y107F), 75% (Y114F) and §¥%49F)
that of wild type BFR (Fig. 2b).

As ferroxidase site activity is essential for milegation in BFRE2 5 we investigated whether the severely
slowed mineralization in variants Y25F, Y58F and 38 was due to impaired initial oxidation of?Fat the
ferroxidase site. Stopped-flow absorbance speapyswas used to monitor changes following the aeratidition
of F&* to EcBFR and variants. In all cases the variamie very similar to wild type BFR (Fig. 2¢ — egF52)f!
demonstrating that the initial oxidation of?at the ferroxidase site of the variant proteinessentially unaffected.
Furthermore, plots afAs40nmas a function of Féions per BFR (Fig. 2f) showed clearly that théiahirapid oxidation
phase saturates at two?F@ns per subunit (=50 per 24mer) in each variasipbserved for the wild type protéifl.

X-ray crystal structures were determined for th&K¥4Y114F and Y149F variants (Table S1, Fig. S3)ese,
along with previously reported structures of W3%5id #V133F BFRE and Y25F and Y58F BFR subunit diméts,
showed that the substitutions did not cause amjfgignt changes beyond the substituted side ch&@ince they are
not required for, nor affect, the initial binding axidation of Fé&" at the ferroxidase site, Tyr25, Tyr58 and Trp133
must have important functional role(s) in mineratian only after the initial formation of the dirfee ferroxidase
site. We note that mineralization was not entieddglished in the Y25F, Y58F and W133F varian®strifns catalyse
Fe** oxidation, a thermodynamically favourable reactiamd so inhibition of ferritin function throughetisubstitution
of a functionally important residue can never resutomplete loss of F&oxidation.

In some cases oxidation of aromatic residue inwblire electron transfer can be detected. Thus, EPR
spectroscopy was used to investigate if a radipaties is formed during iron mineralization. >Fevas added
aerobically to apo-BFR (at a loading of 72 per gigtchosen because the aromatic residues onlyreefinctionally
important above 48 Beper protein) and the sample frozen after ~10 ke fesulting EPR spectrum contained a
signal in the g = 2 region that was not presendrgo the addition of Fé (Fig. 3a). The signal was simulated as a
tyrosyl radical using parameters derived from tiRSBA progran®®!, with Tyr ring rotation angle = -1Pand C1
atom spin densitpc: = 0.408 (Fig. 3a). The complete set of simulaparameters are given in Table S2.

To confirm that the radical is formed principallffea the initial oxidation of F& at the ferroxidase sites, 48
Fe*/BFR were added aerobically and allowed to fulljdize. The EPR spectrum, Fig. 3b, showed no evideri
the tyrosyl radical. Addition of a further 24%éons resulted in formation of the radical (Fig),3nd we conclude
that radical formation is indeed linked to the aadim residues becoming functionally important imeralization.
Pre-incubation of ECBFR with 2h (at 48/protein), a potent inhibitor of mineralipat that binds tightly at the
ferroxidase sité¥" 3 did not result in radical formation (Fig. 3b). &data demonstrate that the ferroxidase site is
required for formation of the Tyr radical, but omfter the initial oxidation of Fé at the ferroxidase site.

EPR studies of the ECBFR variants revealed tha29ys the site of radical formation; only in Y25Rsvthe
Tyr radical not observed (Fig. 3c, Fig. S4). Thiseses well with a conformational analysis of alf Bide-chains in
six structures of wild type BFR (Fig. S5) which ealed that Tyr25 is the only Tyr residue that heerbstructurally
characterized in the predicted ‘radical’ conformatiand is the only Tyr residue that is conformaity flexible.
The concentration of the radical was low, ~1% dfust concentration (~24% of protein concentrati@md so it is

possible that it results from a minor, off pathwawgction. However, because Tyr25 is functionallpamant, it is



more likely that the observation of a radical iportant for understanding the role Tyr25 plays ineralization. The
radical would have to be transiently formed andlemce for this is shown in Fig. 3a, 3d and S6;siheal formed
rapidly in seconds and decayed in minutes followdngpletion of F& oxidation when no further Feis available
to quench the remaining Tyr radicals. During matigation, when F& is available, quenching of the radical would
be expected to occur much more rapidly, at a iatéas to that of radical formation.

The inhibition of mineralization observed in theeh near-ferroxidase site variants was very sinbdldahat
observed previously for inner surface site varidi6A and D50AE! indicating that the inner surface site and
aromatic residues are involved in the same proc€smsistent with this, EPR measurements of H46@wsl that
the Tyr25 radical is not formed in the absence fofrational inner surface site (Fig. 3c).

The data presented here support a model for minatian in which the ferroxidase site functionsaasue
catalytic center, continually cycling between itédized (di-F&€*) and reduced (di-F8 stated3® ! Cycling of the
site is driven by the oxidation of #en the central cavity, with resulting electronsaoheled to the ferroxidase site
causing reduction to the di-Feform, which is then primed to react again with ©@r H.0.). Hydrolysis of the
accumulating hydrated Fein the cavity leads to mineral formation. The orance of aromatic residues for
mineralization and the detection of a transien2byradical provides important evidence about thgims of the two
electrons required to re-reduce the ferrroxidase siVe propose that one electron comes from tldati®n of the
inner surface site P& while the other is from Tyr25, generating theicatl This is subsequently quenched by an
electron that must be ultimately derived from aosecFé&* (in EcCBFR, all electrons needed fop @duction are
derived from F& #°l), most likely in the cavity. The net effect ofdlis that two cavity F& ions are oxidized with
the delivery of two electrons to the di¥Féerroxidase site. This enables near simultanaaisal of the two electrons
at the oxidized ferroxidase site (Fig. 4), minimgsthe possibility of single electron reduction@f or H,O; at the
site, and the accidental release of toxic reactiygen species. Consistent with this, in someg;d3ERs have been
shown to have important functions in controllinddative stress in addition to iron stordje!

Tyr25 is absolutely conserved in all 24mer ferstiand tyrosyl radical formation at this residue haen
observed in other ferritins, including human H-ej#i? E. coli FtnAL%! andPyroccocus furiosus Ftn[*% and it is
reasonable to propose that Tyr radical formaticmdemmon feature of ferritins. Aromatic residadical formation
was also observed duringFexidation in related Dps ferritins, pointing tavider significance of radical chemistry
in iron storage/detoxification proteif€d The roles of aromatic radicals in iron mineraii@a are, in some cases,
unclear but appear to vary between ferritins. UidH, radical formation on Tyr34 did not appearéafechanistically
important, because a Y34F variant was not signifigaaffected in its overall capacity to mineralige?*.l*%a |n P,
furiosus Ftn, Tyr24 was found to be essential for the fddase site oxidation reaction, and therefore
mineralizatiorf}®®! while in E. coli FtnA, Tyr24 was found to be important for minezation but not the ferroxidase
site reactiont’® as found here for BFR. This undoubtedly refléotsstructural and mechanistic variation that exist
amongst the ferritin&?!

The R2 subunit of ribonucleotide reductase contaidgron site closely related to that of BFR ameherates
a stable radical at the nearby TyrlE2doli R2 numbering). The radical character is subseusiuttied back and
forth over >30 A to the site of ribonucleotide retion in the R1 subunit?l Tyr25 and Trp133 of BFR are in very



similar positions to Tyr122 and Trp48 of R2, buttbe other side of the diiron site. Trp48 of R2 haen proposed
to be important for the radical transfer pathWéy The mechanism proposed here does not expligtgant for the
importance of Tyr58 and Trp133 in BFR, but it isspible that they function to facilitate the fornastiand/or decay
of the Tyr25 radical, and one possibility is thaéde residues function in transferring the radémehy from the
ferroxidase site, enabling the site to returndaéisting state (Fig. 4).

In summary, we have shown that three aromatic wesicdurrounding the EcBFR diiron site are crumal f
mineralization, consistent with a role in electrvansfer from F& in the cavity to the ferroxidase site, via a
mechanism that involves transient formation of é2byradical. Several questions remain to be areslyg@articularly
concerning formation and decay of the radical d&redrbles of Tyr58 and Trp133 in this, and the reatfrthe diiron

species that oxidizes Tyr25.

Key words: bioinorganic chemistry, iron, ferritiyrosyl radical, mineralization

Refer ences

[1] a) S. C. Andrews, P. Arosio, W. Bottke, J. FiaB M. Vondarl, P. M. Harrison, J. P. Laulhere L8vi, S.
Lobreaux, S. J. Yewdall, Inorg. Biochem. 1992, 47, 161-174; b) A. Lewin, G. R. Moore, N. E. Le Brun,
Dalton Trans 2005, 3597-3610.

[2] E. C. Theil, R. K. Behera, T. Toshagord. Chem. Rev. 2013, 257, 579-586.

[3] a) N. E. Le Brun, S. C. Andrews, J. R. Guesti\PHarrison, G. R. Moore, A. J. Thomsdipchem. J.
1995, 312, 385-392; b) F. Frolow, A. J. Kalb, J. YarNat. Sruct. Biol. 1994, 1, 453-460; c) A. Crow, T.
L. Lawson, A. Lewin, G. R. Moore, N. E. Le Bruh,Am. Chem. Soc. 2009, 131, 6808-6813.

[4] a) N. E. Le Brun, M. T. Wilson, S. C. Andrews,R. Guest, P. M. Harrison, A. J. Thomson, G. Rohg,
FEBS Lett. 1993, 333, 197-202; b) X. Yang, N. E. Le Brun, A. J. Thoms@n R. Moore, N. D. Chasteen,
Biochemistry 2000, 39, 4915-4923.

[5] S. Baaghil, A. Lewin, G. R. Moore, N. E. Le BruBiochemistry 2003, 42, 14047-14056.

[6] T. L. Lawson, A. Crow, A. Lewin, S. Yasmin, & Moore, N. E. Le BrurBiochemistry 2009, 48, 9031-
9039.

[7] K. Hingorani, R. Pace, S. Whitney, J. W. Murr& Smith, M. H. Cheah, T. Wydrzynski, W. Hillier,
Biochim. Biophys. Acta. 2014, 1837, 1821-1834.

[8] D. A. Svistunenko, C. E. Coopeaiophys. J. 2004, 87, 582-595.

[9] a) C. Y. Chen, S. A. Morsdjicrobiology 1999, 145, 2967-2975; b) S. Shcolnick, T. C. Summerfield, L.
Reytman, L. A. Sherman, N. KerdPlant Physiol. 2009, 150, 2045-2056; c) C. G. Timoteo, M. Guilherme,
D. Penas, F. Folgosa, P. Tavares, A. S. Pefiioahem. J. 2012, 446, 125-133.

[10] a) Y. Chen-Barrett, P. M. Harrison, A. Treffiyl. A. Qualil, P. Arosio, P. Santambrogio, N. D.aSteen,
Biochemistry 1995, 34, 7847-7853; b) F. Bou-Abdallah, H. Yang, A. AwomoB. Cooper, M. R.
Woodhall, S. C. Andrews, N. D. ChasteBipchemistry 2014, 53, 483-495; c¢) K. H. Ebrahimi, P. L.
Hagedoorn, W. R. Hage@hembiochem 2013, 14, 1123-1133; d) G. Bellapadrona, M. Ardini, P. C&i
Stefanini, E. Chiancon&ree Rad. Biol. & Med. 2010, 48, 292-297.

[11] J. M. Bradley, G. R. Moore, N. E. Le Bruh,Bial. Inorg. Chem. 2014, 19, 775-785.

[12] E. C. Minnihan, D. G. Nocera, J. StubBec. Chem. Res. 2013, 46, 2524-2535.

[13] L. Saleh, J. M. Bollinger, JriBiochemistry 2006, 45, 8823-8830.

[14] S. G. Wong, J. C. Grigg, N. E. Le Brun, G.N®oore, M. E. Murphy, A. G. Mauk]. Biol. Chem. 2015,
290, 3732-3739.



Figure 1. Structural features of ECBFR. (A) Ribbon representation of the 24meric ferritiewed down one of six four-fold
axes. (B) The diiron ferroxidase site of BFR iswhawith coordinating residues (Glul8 and His54 tareninal ligands to Fel;
Glu94 and His130 are terminal ligands to Fe2; Glasd Glu127 bridge Fel and Fe2), along with therisarface iron site (ks
with coordinating residues (His46 and Asp50), aledaly lying aromatic residues (Tyr25, Tyr58 angT33). Generated using
PyMol with PDB file 3E1M3¢!

Figure 2. Kinetics of Fe?* oxidation in ECBFR aromatic residue variants. (a) and (b)AAs4o nmas a function of time following
aerobic additions of 400 Feéprotein to wild type BFR and variant, as indicatécte)AAz40 nmmeasured by stopped-flow following
additions of 0 — 100 F&per wild type (c), Y25F (d) and Y58F (e) BFR. eTproteins (0.5M) were in 0.1 M MES pH 6.5.
Temperature was 25 °C and path length 1 cm. @) dflnormalized\Asao nmfor the initial ferroxidase site reaction as adtion
of the Fé*/protein ratio, as indicated. Saturation of rapi@tlation is indicated by the intersection of iaitand final linear regions

of the plots. Data points are from (c) — (e) aigl B2.

Figure3. EPR analysisof atyrosyl radical in BFR. (a) EPR spectra of wild type BFR as isolated falidwing the addition of
72 Fé* per protein, as indicated. The Tyr radical speatwas simulated with the parameters found by TR8&Ad reported in
Table S2. The lower spectrum was recorded 15 ntér #ie addition of P&, showing that the radical signal decays. (b) EPR
spectra of: wild type BFR following the aerobic #iaoh of 48 F&*/protein and 10 min incubation (upper); the sam®e
(containing 48 F¥) following the further addition of 24 Feper protein (middle); wild-type BFR containing Z&2* ions per
protein following the addition of 24 Feions. (c) EPR spectra following addition of 72¥Fger protein to wild type BFR and
variants, as indicated (8.3 uM in 0.1 M MES pH 6.6)) Plot of Tyr25 radical concentration in wilgbe BFR after addition of
72 Fé* per protein in the range of 0.3 s — 16 min. Tlo¢ig a result of merging two data sets obtaireddpidly freeze-quenched
(Fig. S5a) and standard frozen (Fig. S5b) samplesorrection factor (2.1) was applied to the freepenched data to account
for a systematic difference in the two methods,clvhmost likely originates from a very differenticadf mixing volumes. For all
EPR experiments BFR was 8.3 uM in 0.1 M MES pH &8 spectra were obtained at 10 K at the followirggrumental
conditions: microwave frequency= 9.467 GHz, microwave powemi® = 0.05 mW, modulation frequeneys = 100 kHz,
modulation amplitude A= 3 G, scan rate v = 0.596 G/s, time constanB2 ms. In (a — c), solutions were frozen withths of

iron addition unless otherwise indicated.

Figure 4. Proposed mechanism of mineralization in BFR. Two F&* ions access the ferroxidase site via B-type chafifiand
undergo oxidation to the bridged di-ferric formetite is now primed for its catalytic cycle. Thigolves binding and oxidation
of F&* at the inner surface site (IS site). A secondtse is derived from the oxidation of the nearlyyZb side chain, generating
aradical. The radical decays via an unknown mashainvolving oxidation of a second #eThis occurs readily ensuring that
the reactive radical does not accumulate. Prevdatssindicated that iron oxidized at the innefae site does not remain théte,
and we propose that it nucleates or is incorporatedthe growing mineral core. The now reducedtbdisite is re-oxidized by

Oz or HO2, returning to its resting state.
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A radical view of bacterioferritin. Three aromatic residues located close to thedytat ferroxidase site are shown
to be important for iron mineralization. A trandieadical is associated with one of these (Tyr2bjisistent with a
novel mechanism in which electrons resulting frogft Bxidation in the cavity are transferred to thedized, di-Fé*

ferroxidase site. Formation of the Tyr radicalumes that two electrons arrive at the site simeltasly, thus avoiding
formation of toxic reactive oxygen species.
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