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1.1. IntroductionIntroduction 

IronIron isis anan importantimportant elementelement inin thethe physiologyphysiology ofof livingliving organisms.organisms. 
NatureNature hashas elaboratedelaborated anan elegantelegant systemsystem forfor modulatingmodulating andand controllingcontrolling 
thethe balancebalance betweenbetween ironiron insufficiencyinsufficiency andand ironiron toxicitytoxicity byby developingdeveloping thethe 
proteinprotein moleculemolecule ferritin.ferritin. ThisThis proteinprotein isis similarsimilar inin formform andand functionfunction inin 
speciesspecies rangingranging fromfrom bacteriabacteria toto mammals.mammals. ItsIts basicbasic functionfunction seemsseems toto bebe 
thatthat ofof storingstoring ironiron duringduring growthgrowth cyclescycles whenwhen thisthis elementelement isis abundantabundant 
andand distributingdistributing itit controllablycontrollably duringduring metabolicmetabolic demand.demand. 11

--
44 

MammalianMammalian ferritinferritin isis aa roughlyroughly spherical,spherical, 120120 AA diameterdiameter proteinprotein 
withwith aa 7070 AA interiorinterior cavity.cavity. TheThe three-dimensionalthree-dimensional structurestructure ofof horsehorse 
spleenspleen ferritinferritin hashas beenbeen refinedrefined toto 2.82.8 A5,6 andand showsshows aa highlyhighly symmetri­symmetri­
calcal arrangementarrangement ofof 2424 nearlynearly identicalidentical subunitssubunits inin thethe proteinprotein shellshell 
(Figure(Figure 1).1). SixSix hydrophilichydrophilic andand eighteight hydrophobichydrophobic channelschannels provideprovide accessaccess 
toto thethe protein'sprotein's interior.interior. TheThe mineralmineral corecore ofof ferritinferritin isis aa polymericpolymeric 
hydroushydrous ferricferric oxideoxide associatedassociated withwith phosphate.phosphate. TheThe nominalnominal compositioncomposition 

(FeOOH)s(FeO' andand thethe x-rayx-ray andand electronelectron diffractiondiffraction patternspatterns 

AS,6 

isis (FeOOHMFeO· HH22P0P044 )) 

indicateindicate aa structurestructure similarsimilar toto thatthat ofof thethe mineralmineral ferrihydriteferrihydrite 
(5Fe(5Fe2200 33 ·9H·9H220?0? inin whichwhich FeFe33 

++ ionsions havehave sixfoldsixfold oxygenoxygen coordination.coordination. 
ParticlesParticles veryvery similarsimilar inin sizesize andand structurestructure toto thethe mineralmineral corecore ofof ferritinferritin 
cancan alsoalso bebe synthesizedsynthesized byby hydrolysishydrolysis ofof ferricferric nitratenitrate solutions.solutions. ss 

Typically,Typically, ferritinferritin isis heterogeneousheterogeneous asas isolatedisolated withwith anan averageaverage ironiron 
contentcontent ofof 2000-30002000-3000 ironiron atomsatoms perper moleculemolecule althoughalthough thethe maximummaximum 
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FIGUREFIGURE 1.1. SchematicSchematic representationrepresentation ofof thethe ferritinferritin mol­mol­
eculeecule (after(after referencesreferences 66 andand 13).13). (a)(a) ViewView lookinglooking downdown 
onon aa fourfoldfourfold axisaxis ofof symmetrysymmetry showingshowing pairspairs ofof proteinprotein 
subunitssubunits andand aa hydrophilichydrophilic channelchannel (center).(center). (b)(b) Cross­Cross­
sectionsection showingshowing thethe 7070 AA diameterdiameter interiorinterior cavitycavity 
(hatched(hatched area)area) whichwhich cancan accommodateaccommodate upup toto 45004500 ironiron 
atomsatoms asas aa hydroushydrous ironiron oxideoxide associatedassociated withwith phosphate.phosphate. 

loadingloading isis thoughtthought toto approachapproach 45004500 FeFe atoms/mole.atoms/mole. 99 ApoferritinApoferritin (ferritin(ferritin 
withwith thethe ironiron corecore missing)missing) cancan bebe obtainedobtained byby fractionatingfractionating heteroge­heteroge­
neousneous ferritinferritin samplessamples byby ultracentrifugation,ultracentrifugation, oror moremore commonlycommonly byby 
reductionreduction ofof thethe corecore iron,iron, followedfollowed byby exhaustiveexhaustive dialysisdialysis againstagainst ironiron 
complexingcomplexing reagents.reagents. FerritinFerritin cancan bebe reconstitutedreconstituted fromfrom apoferritinapoferritin byby 

withwith ++ andand oxidizingoxidizing agentsagents (0(022 ,, 103', S20~-)S20~-) .10,11.10,11 TheThereactionreaction FeFe22 r03,
mechanismmechanism ofof ironiron releaserelease fromfrom ferritinferritin andand thethe reconstitutionreconstitution ofof ferritinferritin
fromfrom apoferritinapoferritin havehave beenbeen studiedstudied extensively.extensively. However,However, thethe detaileddetailed
mechanismmechanism ofof ironiron uptakeuptake andand depositiondeposition inin ferritinferritin isis stillstill uncertain.uncertain.

SeveralSeveral kinetickinetic modelsmodels havehave beenbeen proposedproposed1212 ,13,13 andand aa reasonablyreasonably 
successfulsuccessful oneone isis thethe crystalcrystal growthgrowth model.model. 1212 ThisThis modelmodel assumesassumes thatthat thethe 
raterate ofof depositiondeposition oror releaserelease ofof ironiron fromfrom thethe ferritinferritin corecore isis aa functionfunction ofof 
thethe surfacesurface ofof thethe hydroushydrous ironiron oxideoxide crystallite.crystallite. TheThe sixsix channelschannels66 seenseen inin 
thethe three-dimensionalthree-dimensional structurestructure ofof ferritinferritin areare thoughtthought toto bebe thethe ingressingress 
andand egressegress pathwayspathways forfor FeFe22

+,+, FeFe33
+,+, reductant,reductant, chelators,chelators, andand soso onon 

duringduring thethe functioningfunctioning ofof thisthis protein.protein. 

2.2. MossbauerMossbauer SpectroscopySpectroscopy ofof OxidizedOxidized FerritinFerritin 

IronIron inin ferritinferritin fromfrom severalseveral sourcessources hashas beenbeen studiedstudied byby MossbauerMossbauer 
spectroscopy.14-l8spectroscopy.14-l8 TheThe high-temperaturehigh-temperature spectrumspectrum (T(T >> 6060 K)K) typicallytypically 



 

 

 

consistsconsists ofof aa broadenedbroadened quadrupolequadrupole doubletdoublet withwith isomerisomer shiftshift andand 
quadrupolequadrupole splittingsplitting characteristiccharacteristic ofof FeFe33 

+.+. AtAt heliumhelium temperaturestemperatures 
(T(T == 4.24.2 K),K), thethe spectrumspectrum isis magneticallymagnetically splitsplit withwith aa ~490~490 kOekOe fieldfield atat 
thethe nucleus.nucleus. TheThe lineslines areare broad,broad, indicatingindicating aa distributiondistribution ofof hyperfinehyperfine 
fields.fields. AsAs thethe temperaturetemperature isis increasedincreased fromfrom 4.24.2 K,K, thethe magneticallymagnetically splitsplit 
spectrumspectrum graduallygradually decreasesdecreases inin intensityintensity andand thethe quadrupolequadrupole doubletdoublet 
increasesincreases inin intensity.intensity. TheThe temperaturetemperature atat whichwhich thethe doubletdoublet andand sextetsextet 
havehave equalequal intensitiesintensities isis calledcalled thethe averageaverage blockingblocking temperature.temperature. TheThe 
temperaturetemperature rangerange overover whichwhich thethe magneticallymagnetically splitsplit spectrumspectrum andand 
quadrupolequadrupole doubletdoublet coexistcoexist dependsdepends onon thethe sourcesource ofof thethe ferritinferritin 
(mammalian,(mammalian, plant,plant, oror bacterialbacterial inin origin)origin) andand thethe degreedegree ofof ironiron loadingloading 
ofof thethe ferritinferritin molecules.molecules. 

TheThe temperaturetemperature dependencedependence ofof thethe MossbauerMossbauer spectrumspectrum isis duedue toto 
superparamagneticsuperparamagnetic behaviorbehavior inin thethe smallsmall particlesparticles ofof thethe ferritinferritin core.core. 1414 InIn 
thisthis phenomenon,phenomenon, thethe ironiron atomsatoms areare antiferromagneticallyantiferromagnetically coupledcoupled atat 
lowlow temperature.temperature. TheThe sublatticesublattice magnetizationsmagnetizations lielie alongalong particularparticular 
crystallographiccrystallographic orientationsorientations inin thethe crystal,crystal, thethe easyeasy magneticmagnetic axes.axes. AtAt 
finitefinite temperature,temperature, therethere isis aa certaincertain probabilityprobability thatthat thethe sublatticesublattice 
magnetizationsmagnetizations willwill undergoundergo aa transitiontransition toto anan energeticallyenergetically equivalentequivalent 
easyeasy axis.axis. TheThe sublatticesublattice relaxationrelaxation timetime TT isis anan exponentialexponential functionfunction ofof 
magneticmagnetic anisotropyanisotropy K,K, thethe volumevolume VV ofof thethe particle,particle, andand thethe 
temperature:ternperature: 

TT == Toexp(KVlkT)Toexp(KV/kT) (1)(1) 

wherewhere ToTo isis aa constantconstant andand kk isis Boltzmann'sBoltzmann's constant.constant. WhenWhen thethe 
relaxationrelaxation timetime inin aa particleparticle isis ofof thethe orderorder ofof oror fasterfaster thanthan thethe LarmorLarmor 

keVprecessionprecession timetime ofof thethe 14.414.4 keY excitedexcited state,state, thethe hyperfinehyperfine fieldfield willwill bebe 
wipedwiped outout andand thethe spectrumspectrum willwill consistconsist ofof thethe quadrupolequadrupole doublet.doublet. ForFor 
particlesparticles ofof aa givengiven volume,volume, thisthis conditioncondition willwill occuroccur atat aa definitedefinite 
temperaturetemperature calledcalled thethe blockingblocking temperature.temperature. IfIf therethere isis aa distributiondistribution ofof 
particleparticle volumesvolumes inin thethe sample,sample, therethere willwill bebe aa distributiondistribution ofof blockingblocking 
temperatures,temperatures, andand thethe magneticmagnetic spectrumspectrum andand thethe quadrupolequadrupole doubletdoublet 
correspondingcorresponding toto thethe largerlarger particlesparticles andand thethe smallersmaller particles,particles, respec­respec­
tively,tively, cancan coexist.coexist. DeterminationDetermination ofof thethe relativerelative intensitiesintensities ofof thethe twotwo 
subspectrasubspectra asas aa functionfunction ofof temperaturetemperature isis aa meansmeans ofof measuringmeasuring thethe 
distributiondistribution ofof particleparticle volumes.volumes. 

CohenCohen andand coworkerscoworkers1919
,20,20 havehave discovereddiscovered anan interestinginteresting dynamicdynamic 

effecteffect inin thethe MossbauerMossbauer spectraspectra ofof crystalscrystals ofof horsehorse spleenspleen ferritinferritin 
moleculesmolecules whenwhen thethe crystalscrystals areare warmedwarmed throughthrough thethe freezingfreezing pointpoint ofof 
waterwater (~265(~265 K).K). BelowBelow 265265 KK thethe spectrumspectrum consistsconsists ofof thethe quadrupolequadrupole 
doubletdoublet referredreferred toto above.above. AboveAbove 265265 K,K, thethe spectrumspectrum consistsconsists ofof aa 
narrownarrow lineline quadrupolequadrupole doubletdoublet superposedsuperposed onon aa broadbroad spectrumspectrum ofof widthwidth 
~4~4 cm/s.cm/s. ThisThis effecteffect hashas beenbeen interpretedinterpreted inin termsterms ofof boundedbounded oror 



localizedlocalized diffusivediffusive motionsmotions ofof thethe ferritinferritin moleculesmolecules afterafter interstitialinterstitial waterwater 
inin thethe crystalcrystal hashas melted.melted. AnalysisAnalysis hashas beenbeen mademade inin termsterms ofof discretediscrete 
transitionstransitions betweenbetween aa numbernumber ofof fixedfixed points,points, oror inin termsterms ofof continuouscontinuous 
harmonicharmonic motionmotion drivendriven byby BrownianBrownian forces?Oforces. 2o ForFor smallsmall particlesparticles inin 
water,water, frictionalfrictional forcesforces areare largelarge comparedcompared toto interstitialinterstitial forcesforces andand thethe 
situationsituation correspondscorresponds toto strongstrong overdamping.overdamping. ItIt hashas beenbeen shownshown thatthat thethe 
theoreticaltheoretical spectrumspectrum basedbased onon thesethese modelsmodels doesdoes indeedindeed consistconsist ofof aa 
narrownarrow andand aa broadbroad component,component, withwith parametersparameters determineddetermined byby aa 
diffusiondiffusion constantconstant DD andand thethe ratioratio ofof harmonic-to-frictionalharmonic-to-frictional forces.forces. TheThe 
intensityintensity ofof thethe narrownarrow lineline andand thethe widthwidth ofof thethe broadbroad lineline cancan bebe usedused toto 
calculatecalculate thethe meanmean squaredsquared displacementdisplacement andand thethe diffusiondiffusion constant,constant, 
respectively,respectively, ofof thethe ironiron atomsatoms participatingparticipating inin thethe diffusivediffusive motions.motions. 

3.3. ReductionReduction ofof FerritinFerritin 

CoulometricCoulometric reductionreduction2121 ofof horsehorse spleenspleen ferritinferritin atat pHpH 8,8, containingcontaining 
anan averageaverage ofof 23002300 ironiron atomsatoms perper moleculemolecule atat mY-500-500 mV versusversus thethe 
normalnormal hydrogenhydrogen electrodeelectrode (NHE),(NHE), usingusing methylmethyl viologenviologen asas aa mediator,mediator, 
demonstratesdemonstrates thatthat oneone electronelectron perper ironiron atomatom (2300(2300 electronselectrons perper 
moleculemolecule ofof ferritin)ferritin) isis transferredtransferred duringduring thethe electrochemicalelectrochemical reaction.reaction. 
MoreMore detaileddetailed coulometriccoulometric reductionreduction experimentsexperiments ofof ferritinferritin asas aa functionfunction 
ofof appliedapplied potentialpotential indicatesindicates thatthat reductionreduction occursoccurs overover aa narrow,narrow, 
well-definedwell-defined potentialpotential rangerange asas shownshown inin FigureFigure 2.2. AnalysisAnalysis ofof thesethese 
curvescurves forfor reductionreduction ofof thethe corecore ironiron atomsatoms inin ferritinferritin suggestssuggests anan 
apparentlyapparently reversiblereversible electrochemicalelectrochemical reductionreduction reactionreaction withwith anan EE 1/21/2 

valuevalue ofof -310-310 mYmY atat pHpH 88 andand anan nn valuevalue ofof one.one. ReductionReduction measure­measure­
mentsments toto extremeextreme negativenegative potentials,potentials, wherewhere waterwater reductionreduction imposesimposes aa 
limit,limit, showedshowed thatthat nono furtherfurther reductionreduction occurs.occurs. BothBoth thethe nn valuevalue andand thethe 
measuredmeasured stoichiometrystoichiometry areare consistentconsistent withwith aa single-electronsingle-electron reductionreduction ofof 
eacheach corecore ironiron atom.atom. 

FigureFigure 22 alsoalso showsshows thatthat thethe reductionreduction ofof thethe corecore ironiron atomsatoms isis pHpH 
dependent,dependent, becomingbecoming moremore difficultdifficult withwith increasingincreasing pH.pH. ThisThis resultresult isis 
consistentconsistent withwith protonproton uptake,uptake, presumablypresumably byby protonproton transfertransfer intointo thethe 
corecore uponupon reduction.reduction. FromFrom thethe magnitudemagnitude ofof thethe potentialpotential changechange withwith 
pHpH (115(115 mYmY betweenbetween pHpH 77 andand 8,8, 106106 mYmY betweenbetween pHpH 88 andand 9),9), valuesvalues ofof 
1.921.92 andand 1.781.78 protonsprotons transferredtransferred perper electronelectron transferredtransferred werewere obtained.obtained. 
ThisThis resultresult waswas Na2S204confirmedconfirmed byby directdirect pHpH measurementsmeasurements duringduring Na2S204 
reductionreduction ofof ferritin,ferritin, whichwhich demonstrateddemonstrated thatthat 2.062.06 H+H+ werewere transferredtransferred 

2toto ferritinferritin forfor eacheach FeFe33 ++ reducedreduced toto FeFe2++ inin thethe ferritinferritin core.core. 
2TheThe apparentapparent stabilitystability ofof thethe FeFe2++ formedformed byby reductionreduction andand itsits 

retentionretention withinwithin thethe ferritinferritin corecore suggestedsuggested byby thethe coulometriccoulometric resultsresults inin 
FigureFigure 22 werewere experi­verifiedverified byby direct,direct, longer-termlonger-term chromatographychromatography experi­
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FIGUREFIGURE 2.2. CoulometricCoulometric reductionreduction ofof ferritinferritin atat 25°C.25°C. FerritinFerritin samplessamples addedadded toto 11 xx� 
1O- 0.05M 0.25M potentials.�10-55MM mediatormediator solutions,solutions, O.05M Tris,Tris, O.25M NaClNaCl controlledcontrolled atat thethe indicatedindicated potentials. 

pH 7.0; e, pH 8.0; and", pH 9.0. hydrogen�II,II, pH7.0; 8, pHS.O; and A., pH9.0. AllAll potentialspotentials areare relativerelative toto thethe normalnormal hydrogen 
21.)�electrodeelectrode (NHE).(NHE). (After(After referencereference 21.) 

ments.ments. FiveFive identicalidentical 11 mlml samplessamples ofof ferritinferritin ofof knownknown ironiron contentcontent werewere 
eacheach placedplaced inin separateseparate containerscontainers inin aa vacuumvacuum atmosphereatmosphere anaerobicanaerobic 
enclosureenclosure underunder argonargon «0.5«0.5 ppmppm OO22)) andand 0,0, 0.25,0.25, 0.5,0.5, 0.75,0.75, andand 1.01.0 
electronelectron equivalentequivalent ofof S20~-S20~- perper ironiron atomatom werewere addedadded andand allowedallowed toto 
reactreact 2020 min.min. FollowingFollowing thisthis reactionreaction interval,interval, eacheach ferritinferritin samplesample waswas 
passedpassed throughthrough anan anaerobicanaerobic G-25G-25 SephadexSephadex columncolumn toto removeremove S20~­S20~­

oxidationoxidation productsproducts andand anyany otherother smallsmall ions/moleculesions/molecules (i.e.,(i.e., FeFe22+,+, FeFe33+)+) 
andand thethe ironiron andand proteinprotein concentrationsconcentrations werewere redeterminedredetermined onon thesethese 
gel-filteredgel-filtered ferritinferritin samples.samples. ExceptExcept forfor thethe oneone electron/Feelectron/Fe33++ sample,sample, 
muchmuch ofof thethe originaloriginal ironiron isis retainedretained andand thethe expectedexpected amountamount ofof 
unreducedunreduced FeFe33++ presentpresent isis commensuratecommensurate withwith thethe amountamount ofof addedadded 
reductant.reductant. TheThe oneone electron/Feelectron/Fe33 ++ resultresult hashas beenbeen repeatedrepeated severalseveral timestimes 
andand variablevariable resultsresults havehave beenbeen obtainedobtained rangingranging fromfrom littlelittle ironiron lossloss toto asas 
muchmuch asas 25%25% ironiron loss.loss. SuchSuch factorsfactors asas lengthlength ofof reductionreduction time,time, amountamount 
andand qualityquality ofof S20~-S20~- usedused asas reductantreductant (SO~-,(SO~-, S2-,S2-, andand otherother productsproducts ofof 
S20~-S20~- reactionreaction oror decompositiondecomposition maymay serveserve asas FeFe22 ++ chelators),chelators), andand thethe 
originorigin andand previousprevious historyhistory ofof ferritinferritin samplessamples (aging,(aging, hydration,hydration, dam­dam­
agedaged ferritinferritin molecules)molecules) tendtend toto influenceinfluence thethe raterate andand amountamount ofof FeFe22

++ 

lossloss afterafter reduction.reduction. WhereWhere anan ironiron decreasedecrease isis notednoted inin thethe proteinprotein 
emergingemerging fromfrom thethe column,column, thethe missingmissing ironiron isis foundfound trailingtrailing behindbehind thethe 

2proteinprotein bandband inin thethe freefree FeFe2
++ form.form. ItIt thusthus appearsappears that,that, asas reductionreduction ofof 



ferritinferritin approachesapproaches oneone electronelectron perper ironiron atom,atom, somesome ironiron isis unstableunstable withwith 
respectrespect toto retentionretention byby thethe corecore butbut that,that, atat valuesvalues lessless thanthan 1:1: 1,1, nearlynearly 
completecomplete retentionretention ofof FeFe22

++ byby thethe corecore occurs.occurs. 

4.4. MossbauerMossbauer SpectroscopySpectroscopy ofof ReducedReduced FerritinFerritin 

EvidenceEvidence forfor thethe reductionreduction ofof FeFe33 ++ andand retentionretention asas FeFe22 ++ inin ferritinferritin 
waswas obtainedobtained byby MossbauerMossbauer spectroscopy.spectroscopy. 2121 SamplesSamples werewere preparedprepared byby 
freezingfreezing thethe ferritinferritin moleculesmolecules inin air-tight,air-tight, plasticplastic containerscontainers immediatelyimmediately 
followingfollowing reductionreduction andand passagepassage throughthrough aa SephadexSephadex columncolumn inin anan inertinert 
atmosphereatmosphere toto removeremove nonferritin-boundnonferritin-bound FeFe33 ++ andand FeFe22 ++ ions.ions. MossbauerMossbauer 
spectraspectra ofof fullyfully oxidizedoxidized ferritin,ferritin, 50%50% reducedreduced ferritinferritin (0.5(0.5 electron/ironelectron/iron 
atom),atom), andand 75%75% reducedreduced ferritinferritin (0.75(0.75 electron/ironelectron/iron atom)atom) atat 100100 KK areare 
shownshown inin FigureFigure 3.3. WhereasWhereas thethe spectrumspectrum ofof oxidizedoxidized ferritinferritin isis aa 
broadenedbroadened quadrupolequadrupole doubletdoublet withwith parametersparameters correspondingcorresponding toto ferricferric 
iron,iron, thethe spectraspectra ofof thethe reducedreduced samplessamples consistconsist ofof thethe ferricferric quadrupolequadrupole 
doubletdoublet withwith aa superposedsuperposed ferrousferrous quadrupolequadrupole doublet.doublet. BothBoth ferricferric andand 
ferrousferrous doubletsdoublets havehave broadenedbroadened lines.lines. TheThe relativerelative intensitiesintensities ofof thethe 
ferricferric andand ferrousferrous quadrupolequadrupole doubletsdoublets inin eacheach casecase areare consistentconsistent withwith 
thethe electrochemicallyelectrochemically determineddetermined degreedegree ofof reduction,reduction, consideringconsidering thethe 
uncertaintiesuncertainties inin thethe relativerelative recoillessrecoilless fractions.fractions. ExposureExposure ofof thethe reducedreduced 
samplessamples toto airair atat roomroom temperaturetemperature resultedresulted inin thethe MossbauerMossbauer spectraspectra ofof 
oxidizedoxidized ferritin.ferritin. 

:s; :s; thethe ferrousferrous andand ferricferric quadrupolequadrupole doubletsdoubletsForFor 8080 ::; TT ::; 300300 K,K, 
havehave differentdifferent temperaturetemperature dependenciesdependencies ofof theirtheir recoil-freerecoil-free fractionsfractions 
(Figure(Figure 4).4). thethe ferricferric subspectrumForFor 4.24.2 << TT << 8080 K,K, subspectrum undergoesundergoes aa 
superparamagneticsuperparamagnetic transition,transition, withwith anan averageaverage blockingblocking temperaturetemperature thatthat 
isis higherhigher thanthan inin fullyfully oxidizedoxidized ferritinferritin withwith thethe samesame averageaverage ironiron contentcontent 
(Figure(Figure 5).5). TheThe 4.24.2 KK magneticmagnetic hyperfinehyperfine fieldsfields (Figure(Figure 6)6) areare thethe samesame asas 
inin fullyfully oxidizedoxidized ferritin,ferritin, whichwhich indicatesindicates thatthat thethe ferricferric materialmaterial inin thethe 
partiallypartially reducedreduced samplessamples isis thethe samesame hydroushydrous ferricferric oxideoxide asas inin thethe fullyfully 
oxidizedoxidized ferritin.ferritin. Moreover,Moreover, thethe ferricferric sextetsextet flankingflanking thethe ferricferric doubletdoublet isis 
observableobservable inin thethe 6060 KK spectrumspectrum ofof allall threethree samples.samples. Also,Also, thethe ferricferric 
doubletdoublet persistspersists atat lowerlower temperaturestemperatures inin thethe oxidizedoxidized ferritinferritin thanthan inin 
eithereither reducedreduced sample.sample. SinceSince atat anyany temperaturetemperature thethe ferricferric doubletdoublet andand 
sextetsextet correspondcorrespond toto smallersmaller andand largerlarger particles,particles, respectively,respectively, thisthis 
observationobservation suggestssuggests thatthat thosethose moleculesmolecules withwith fewerfewer ironiron atomsatoms areare 
preferentiallypreferentially reduced,reduced, perhapsperhaps onon anan "all-or-nothing""all-or-nothing" basis.basis. All-or­All-or­
nothingnothing accumulationaccumulation ofof ironiron inin ferritinferritin hashas beenbeen notednoted underunder conditionsconditions 
ofof rapidrapid oxidation.oxidation. ll1

I ,12,12 

TheThe ferrousferrous spectraspectra ofof thethe partiallypartially reducedreduced samplessamples havehave differentdifferent 
temperaturetemperature dependenciesdependencies thanthan thethe ferricferric spectraspectra forfor 4.24.2 ::; TT ::; 8080 K.K.:s; :s; 
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FIGUREFIGURE 3.3. MossbauerMossbauer spectraspectra atat 100100K:K: (a)(a) fullyfully oxidizedoxidized ferritin;ferritin; (b)(b) 50%50% reducedreduced 
ferritin,ferritin, andand (c)(c) 75%75% reducedreduced ferritm.ferritm. TheThe solidsolid lineslines areare theoreticaltheoretical fitsfits assumingassuming aa ferricferric 
doubletdoublet (LlE(LlEQQ ==0.720.72mmls,mmls, (j(j ==0.450.45mm/s)mm/s) IDIn (a),(a), andand ferneferne andand ferrousferrous doubletsdoublets 
(!1EQ ::: 2.852.85mmls,mmls, 6(5 1.271.27mm/s)mm/s) inin (b)(b) andand (c)(c)(/::"EQ ::: == 
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FIGUREFIGURE 4.4. TemperatureTemperature dependencedependence ofof thethe absorptionabsorption intensityintensity forfor (e)(e) FeFe33 
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FIGUREFIGURE 5.5. MagneticMagnetic fractionfraction ofof thethe Fe3+Fe3+ spectrumspectrum inin (a)(a) ferricferric ferritinferritin andand (b)(b) 50%50% 
reducedreduced ferritin.ferritin. TheThe averageaverage blockingblocking temperaturetemperature isis defineddefined asas thethe temperaturetemperature atat whichwhich 
thethe magneticmagnetic fractionfraction isis 0.5.0.5. 
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FIGUREFIGURE 6.6. MossbauerMbssbauer spectraspectra atat 4.34.3 K:K: (a)(a) fullyfully oxidizedoxidized ferritin;ferritin; (b)(b) 50%50% reducedreduced 
ferritin;ferritin; andand (c)(c) 75%75% reducedreduced ferritin.ferritin. SpectrumSpectrum (d)(d) ISIS 75%75% reducedreduced ferritinferritin atat 1010 K.K. TheThe 
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The ferrous subspectrum does not show the effects of superparamagnet­
ism as the ferric spectrum does, but is broadened below ~20 K. The 
4.2 K ferrous spectra (Figure 6) are somewhat obscured by the ferric 
lines, but in each case they appear to consist of a low-intensity 
quadrupole doublet superposed on a broad, magnetically split back­
ground which appears as an asymmetry in the overall spectrum. The 
intensity of the quadrupole doublet increases with increasing tempera­
ture, reaching full intensity between 10 and 20 K. These results suggest 
that the ferrous material might be noncrystalline with a range of magnetic 
exchage interactions between Fe2+ ions resulting in a non unique mag­
netic hyperfine splitting at 4.2 K. Certainly the ferric and ferrous 
materials in the partially reduced samples behave independently of each 
other, suggesting that certain ferritin molecules are preferentially reduced 
or that reduction occurs in a localized region in or on the hydrous ferric 
oxide cores. 

5. Binding of Fe 2+ by Ferritin 

It has also been shown that Fe2
+ ions are bound from the external 

medium by ferritin. 22 The Fe2+ ions enter the protein interior cavity and 
exchange electrons with Fe3 

+ in the core. Thus, Fe2 
+ ions could function 

as mediators of iron reduction during iron release from ferritin. 
In these experiments, horse spleen ferritin with normal iron-57 

isotopic abundance (2.2%) and an average number of 1876 FeH ions per 
ferritin molecule were incubated with isotopically enriched ferrous sulfate 
solutions with 95% iron-57 prepared from iron metal. After incubation 
for 30 min under argon at room temperature, the mixture was passed 
through an anaerobic Sephadex G-25 column to separate ferritin from 
unbound Fe2+. An aliquot of the ferritin fraction was extracted with 
orthophenanthroline to yield the average number of Fe2+ ions bound per 
ferritin molecule. With an initial excess of Fe2+ (500 Fe2+Iferritin), it was 
found that an average of 140 Fe2+ ions were bound per molecule. This 
was confirmed by titration of ferritin with increasing amounts of Fe2+ per 
ferritin molecule. These results showed that all the Fe2+ ions were bound 
up to 140 Fe2+ ions per molecule and that beyond 140 Fe2+ ions per 
molecule, a band of unbound Fe2+ could be detected trailing the ferritin 
band after passage through the Sephadex column. Subsequent or­
thophenanthroline extraction of the ferritin band gave 140 Fe2+ per 
molecule. This showed that no net oxidation of the bound iron took place 
under the anaerobic conditions of the experiment. 

The 80 K Mossbauer spectrum of ferritin with bound 57Fe2+ is shown 
in Figure 7a. The spectrum was fit with two overlapping quadrupole 
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FIGURE 7. Mossbauer spectra at 80 K: (a) 140 atoms of 95% iron-57 enriched Fe2
+ bound 

to ferritin with an average iron content of 1876 Fe3 
+ ions per molecule (2.2% iron-57); and 

(b) following reduction by 0.5 reducing equivalents of dithionite per Fe3 
+. The solid line is 

a theoretical least-squares fit of two quadrupole doublets to the data. 

doublets corresponding to ferric and ferrous iron with relative intensities 
of 0.69 and 0.31, respectively. For 4.2 < T < 80 K, the Fe3+ and Fe2+ 
subspectra behave as those in partially reduced ferritin obtained by 
electrochemical reduction. For 80 < T < 300 K, the temperature de­
pendencies of the recoil-free fractions of the Fe2 

+ and Fe3+ subspectra 
are similar to those in partially reduced ferritin. Subsequent partial 
reduction by addition of 0.5 reducing equivalents of dithionite per Fe3+ 
ion yielded the 80 K spectrum shown in Figure 7b, with ferric and ferrous 
relative intensities of 0.25 and 0.75, respectively. On a per ferritin 
molecule basis, if all the 1876 original Fe3

+ ions remained Fe3+ and all 
the 140 bound Fe2+ ions remained Fe2

+, we would expect 41 ions of 
57Fe3+ and 133 ions of 57Fe2+, or ferric and ferrous relative intensities of 
0.24 and 0.76, respectively. The experimental ferric and ferrous relative 
intensities are 0.69 and 0.31, respectively, or 120 ions of 57Fe3+ and 54 



ions of 57Fe2+. Since no net oxidation of the added Fe2+ occurred, this 
must result from exchange of electrons between the added Fe2+ ions and 
the Fe3+ ions in the ferritin core. 

Addition of 0.5 reducing equivalents of dithionite per Fe3+ ion 
should have resulted in reduction of one-half of the 57Fe3+ ions, if all the 
Fe3+ ions in the molecule had equal probability of being reduced. This 
would give 60 57Fe3+ ions and 114 57Fe2+ ions, or ferric and ferrous 
relative intensities of 0.34 and 0.65, respectively. The respective ex­
perimental values are 0.25 and 0.75. This means that the added 57Fe2; 
which underwent electron exchange to form 57Fe3+ had a higher 
probability of being reduced than the original Fe3+ ions of the core. This 
is consistent with a "last in-first out" process for release of ferritin iron. 21 

6. Conclusions 

To summarize, the hydrous ferric oxide cores of horse spleen ferritin 
can be reduced by one electron per iron atom with an £1/2 value of 
-310 mY at pH 8.0. Reduction is accompanied by an uptake of two 
protons per electron from the surrounding medium and the Fe"" 
produced by reduction is retained in the cores. The reduction potential 
for mammalian ferritin is ~ 100 mY more positive than that reported24 for 
the corresponding bacterial ferritin. Since the latter appears to retain 
Fe2 + much more strongly,25 this result implies that Fe2 

+ retention is 
related to reduction potential. These characteristics raise the following 
questions: 

1. Are the cores of these two proteins somewhat different? 
2. Are the protein shells in these two proteins influencing their 

redox potentials? 
3. Is some other undisclosed feature of these proteins causing 

variation of the reduction properties? 

Reduction measurements using ferritins from other sources would be 
valuable in providing additional information leading to a better under­
standing of the reduction step of ferritins that precedes Fe 2 + release. 

The uptake of two protons, which occurs upon reduction, implies 
that the oxidation of Fe2 + to Fe3 

+ in ferritin and deposition of the 
hydrous ferric oxide core involves export of protons. Perhaps phosphate, 
which is also a constituent of the ferritin cores, is involved in buffering 
the pH changes within the cores resulting from iron redox reactions. It is 
intriguing to consider that ferritin in cells could function as a system in 
which redox reactions involving iron are coupled with the translocation of 
protons in the cell. 



The results of the binding experiments can be summarized as 
follows: 

1. Fe2+ binds to ferritin under anaerobic conditions. 
2. The bound Fe2+ ions exchange electrons with the Fe3+ ions of the 

core. 
3. The last added Fe3+ ions, those produced by oxidation of the 

originally added Fe2 
+ ions, are preferentially reduced when 

ferritin is incubated with a reductant such as dithionite. 

The results imply that Fe2
+ ions enter and are bound within the 

ferritin cavity. Since apoferritin binds ~12 Fe2+ ions per molecule,26 the 
binding of more than 100 Fe2 

+ ions by the holoprotein implies many 
more binding sites, perhaps on the surface of the core. Binding on the 
surface of the core would also facilitate the exchange of electrons with 
the Fe3+ ions of the core. Since addition of Fe2 

+ ions produces a core 
that is spectroscopically indistinguishable from a core that is partially 
reduced electrochemically,2! redox states formed by partial reduction are 
thermodynamically as well as kinetically stable. Higher states of reduc­
tion, in contrast, may be only kinetically stable. The number of bound 
Fe2+ ions could depend on the average iron concentration per molecule 
and, because the reduction potential is pH dependent, on the pH of the 
medium. 

The ferritin iron cores are usaally pictured as homogeneous three­
dimensional solids with well-defined two-dimensional surfaces. 26,27 
However, the rapid oxidation of Fe2 

+ to Fe3+ followed by hydrolysis 
might produce more open fractal structures such as those produced by 
diffusion limited aggregation (D LA) or cluster aggregation. 28 D LA 
structures are characterized by highly invaginated surfaces and fluctua­
tions in local density, The ferritin core might thus be a heterogeneous 
solid with a dense nucleus at the point of attachment to the interior of the 
protein and domains of variable size or density that spread out into the 
cavity like the root structure of a tree or a pile of rocks, The openings in 
and between the domains would provide access for the binding of Fe2 + 

ions and exchange of electrons with the ferric ions. They would also 
provide access for protons which are taken up in the course of core 
reduction. 2! 

The increase in the average superparamagnetic blocking tempera­
tures of partially reduced ferritin compared to fully oxidized ferritin was 
originally interpreted in terms of preferential reduction of ferritin 
molecules with less iron atoms than average per molecule. 21 This 
interpretation was based on the model in which the distribution of 
blocking temperatures reflects the distribution of core volumes in the 
population of ferritin molecules. With DLA core structures, however, the 



distribution of blocking temperatures would be ascribed to the domains 
of differing size or density within a single ferritin molecule. Preferential 
reduction of the last formed, smaller domains within a given molecule 
would shift the average blocking temperature to higher values and 
sharpen the superparamagnetic transition. The higher average blocking 
temperatures would correspond to the denser or more crystalline nuclei 
of the core structures. 

Bell et af. 18 have noted that hemosiderin has a higher average 
blocking temperature than ferritin, although transmission electron micro­
scopy (TEM) suggests a smaller average core diameter for the former. 
Hemosiderin cores could be considered ferritin cores with higher average 
density perhaps due to aging and collapse of the DLA structure. This 
would decrease the core volume as determined by TEM, yet result in an 
increase of the average blocking temperature. It is also consistent with 
the fact that iron in hemosiderin is less labile than in ferritin. 27 

Ferritin from E. coli (EC)29 and P. aeruginosa (PAfO have blocking 
temperatures below 4 K. Yet TEM gives core volumes comparable with 
mammalian ferritin. 31 This could be due to lower average density of the 
EC and PA ferritins. A. vinelandii (A V) ferritin has an average blocking 
temperature that is intermediate between EC and PA ferritin and 
mammalian ferritin. 24 Partial reduction of A V ferritin results in an 
increase of the average blocking temperature as in mammalian ferritin. 
This suggests that the bacterial ferritins might also have DLA core 
structures. The bacterial ferritins generally have higher phosphate: iron 
ratios than in mammalian ferritin. 24 .31 This could effect the average core 
density as well as the domain size distribution within the cores. 

Reduction of Fe3 
+ in the ferritin core could occur by diffusion of 

reductants into the protein cavity. However, it has been shown that 
diffusion of even small molecules such as MeOH into ferritin is very slow 
compared to the rate of reduction. 32 If even a small number of the core 
ferric ions are labile or are in equilibrium with sites in the hydrophilic 
channels of the ptorein shell," reduct ants need not enter the protein 
cavity. Rather, electrons might be carried in by the Fe2 

+ ions produced 
by reduction of the ferric ions in the channels. 
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