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INTRODUCTIONINTRODUCTION 

IronIron isis aa constituentconstituent ofof thethe activeactive sitessites ofof manymany importantimportant 
proteinsproteins includingincluding hemoglobinhemoglobin andand myoglobin,myoglobin, thethe cytochromes,cytochromes, ironiron
sulfursulfur proteins,proteins, nitrogenasenitrogenase andand others.others. BecauseBecause ofof thethe importanceimportance 
ofof thethe iron-containingiron-containing proteinsproteins toto thethe physiologyphysiology ofof aa widewide varietyvariety 
ofof organisms,organisms, theirtheir physicalphysical andand electronicelectronic structuresstructures havehave beenbeen 
extensivelyextensively studied.studied. SinceSince thethe ironiron atomatom oror atomsatoms oftenoften playaplaya 
centralcentral rolerole inin thethe functionfunction ofof thethe protein,protein, MossbauerMossbauer spectroscopyspectroscopy 
isis oneone ofof thethe mostmost importantimportant toolstools inin thesethese studies.studies. 

InIn mostmost casescases ironiron isis incorporatedincorporated asas anan isolatedisolated atomatom oror 
partpart ofof aa smallsmall clustercluster ofof atomsatoms atat specificspecific sitessites andand isis ligatedligated 
byby oxygen,oxygen, nitrogen,nitrogen, oror sulfursulfur atomsatoms ofof thethe polypeptidepolypeptide chain.chain. InIn 
thesethese systemssystems thethe ironiron atomsatoms areare paramagneticparamagnetic oror diamagneticdiamagnetic dede
pendingpending onon ,"hether,"hether thethe numbernumber ofof 3d3d electronselectrons isis oddodd oror even.even. AnAn 
importantimportant exceptionexception isis thethe ironiron storagestorage proteinprotein ferritinferritin whichwhich cancan 
accommodateaccommodate upup toto 40004000 atomsatoms perper molecule.molecule. TheThe ironiron isis depositeddeposited 
asas aa hydroushydrous ironiron oxideoxide mineralmineral inin aa sphericalspherical cavitycavity inin thethe propro
tein.tein. ExchangeExchange interactionsinteractions betweenbetween thethe ironiron atomsatoms areare strongstrong andand 
thethe mineralmineral isis magneticallymagnetically orderedordered atat lowlow temperature.temperature. ll 

InIn additionaddition toto ferritin,ferritin, andand thethe relatedrelated iron-storageiron-storage materialmaterial 
hemosiderin,hemosiderin, itit isis nownow knownknown thatthat organismsorganisms includingincluding bacteriabacteria andand 
higherhigher plantsplants andand animalsanimals cancan produceproduce otherother ironiron depositsdeposits ofof varyvary
inging crystallinity.2crystallinity.2 TheseThese depositsdeposits cancan occuroccur extracellularlyextracellularly oror 
intracellularly,intracellularly, andand includeinclude thethe mineralsminerals ferrihydrite,ferrihydrite, geothitegeothite 
lepidocrocite,lepidocrocite, andand magnetite.magnetite. AllAll tnesetnese mineralsminerals areare magneticallymagnetically 
orderedordered atat 1m"1m" temperaturetemperature andand magnetitemagnetite isis magneticallymagnetically orderedordered 
eveneven atat roomroom temperature.temperature. TheThe processesprocesses byby whichwhich organismsorganisms depositdeposit 
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ironiron mineralsminerals areare interestinginteresting becausebecause theythey involveinvolve biologicalbiological interinter
ventionvention inin essentiallyessentially inorganicinorganic pro~esses.pro~esses. InIn discussingdiscussing biominbiomin
eralizationeralization ofof calciumcalcium andand silicasilica asas wellwell asas ironiron deposits,deposits, LowenLowen
stamstam22 ,3,3 hashas distinguisheddistinguished "biological"biological induced"induced" mineralizationmineralization fromfrom 
"organic"organic matrix-mediated"matrix-mediated" mineralization.mineralization. InIn thethe fonnerfonner process,process, 
cellularcellular exportexport ofof metabolicmetabolic endend productsproducts leadsleads toto precipitationprecipitation ofof 
metalmetal ionsions inin thethe environment.environment. InIn thethe latterlatter process,process, thethe mineralsminerals 
areare depositeddeposited inin aa preformedpreformed organicorganic matrixmatrix producedproduced byby thethe organism.organism. 
BiologicallyBiologically inducedinduced mineralizationmineralization resultsresults inin mineralmineral formsforms ofof 
varyingvarying crystallinitycrystallinity withwith crystalcrystal structuresstructures andand habitshabits similarsimilar toto 
thosethose producedproduced byby inorganicinorganic processes.processes. OnOn thethe otherother hand,hand, organicorganic 
matrix-mediatedmatrix-mediated mineralizationmineralization typicallytypically resultsresults inin crystalscrystals withwith 
definitedefinite morphologies,morphologies, narrownarrow sizesize rangesranges andand often,often, definitedefinite 
orientationsorientations inin thethe matrix.matrix. BothBoth typestypes ofof processesprocesses mightmight contricontri
butebute toto mineralizationmineralization inin certaincertain cases.cases. 

AnAn exampleexample ofof aa biologicallybiologically inducedinduced ironiron mineralizationmineralization propro
cesscess mightmight bebe FeSFeS precipitationprecipitation inin marinemarine sediments,sediments, resultingresulting 
fromfrom S=S= ionsions producedproduced inin thethe metabolismmetabolism ofof sulfatesulfate reducingreducing bacteriabacteria 
suchsuch asas Desulfovibrio.Desulfovibrio. InIn contrast,contrast, magnetotacticmagnetotactic bacteria,4bacteria,4 suchsuch 
asas AquaspirillumAquaspirillum magnetotacticum,magnetotacticum, produceproduce uniformlyuniformly sizedsized andand shapedshaped 
crystalscrystals ofof Fe304Fe304 inin anan intracellularintracellular sheath.sheath. TheThe morphologiesmorphologies ofof 
thethe particlesparticles areare apparentlyapparently speciesspecies specific,specific, indicatingindicating aa matrixmatrix
mediatedmediated precipitationprecipitation process.process. ss AA possiblepossible exampleexample ofof aa mixedmixed 
mineralizationmineralization processprocess concernsconcerns thethe so-calledso-called ironiron bacteria,bacteria, suchsuch 
asas Leptothrix,Leptothrix, whichwhich precipitateprecipitate hydroushydrous ironiron oxidesoxides extracellularly.6extracellularly.6 
TheThe precipitateprecipitate isis x-rayx-ray amorphousamorphous butbut thethe precipitationprecipitation processprocess 
couldcould involveinvolve polysaccharidespolysaccharides onon thethe surfacesurface ofof thethe cells.cells. 

}IDSSBAUER}IDSSBAUER SPECTROSCOPYSPECTROSCOPY OFOF FERRITINFERRITIN 

TheThe ironiron corecore ofof thethe proteinprotein ferritinferritin isis thethe mostmost extensivelyextensively 
studiedstudied ironiron biomineral.biomineral. 77 FerritinsFerritins occuroccur widelywidely inin thethe livingliving 
world,world, fromfrom bacteriabacteria toto man.man. MammalianMammalian ferritinferritin consistsconsists ofof aa 
sphericalspherical proteinprotein shellshell withwith ~~ 1212 nmnm outerouter diameterdiameter encasingencasing aa 77 
nmnm hydroushydrous ironiron oxideoxide corecore whichwhich isis associatedassociated HithHith phosphate.phosphate. 
TheThe apoproteinapoprotein shellshell consistsconsists ofof 2424 identicalidentical proteinprotein subunitssubunits eacheach 
ofof molecularmolecular HeightHeight 18,500.18,500. TheThe numbernumber ofof ironiron atomsatoms inin aa moleculemolecule 
cancan varyvary fromfrom zerozero toto approximatelyapproximately 4000.4000. WhileWhile ferritinferritin isis easilyeasily 
crystallized,crystallized, therethere isis nono uniqueunique orientationorientation ofof thethe hydroushydrous ironiron 
oxideoxide corescores withwith respectrespect toto thethe apoferritinapoferritin shells.shells. Hence,Hence, aa prepre
cisecise x-rayx-ray determinationdetermination ofof thethe crystalcrystal structurestructure ofof thethe corecore mama
terialterial hashas notnot beenbeen possible.possible. However,However, itit hashas beenbeen suggestedsuggested thatthat 
thethe hydroushydrous ironiron oxideoxide corescores ofof ferritinferritin consistconsist essentiallyessentially ofof thethe 
mineralmineral ferrihydrite,ferrihydrite, HithHith sixsix foldfold oxygenoxygen coordinatedcoordinated ferricferric ironiron 
andand hexagonalhexagonal closeclose packingpacking ofof thethe oxygenoxygen atoms.atoms. 88 ,g,g 
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IronIron inin ferritinsferritins fromfrom severalseveral sourcessources havehave beenbeen studiedstudied byby 
MossbauerMossbauer spectroscopy.l,10-12spectroscopy.l,10-12 TheThe highhigh temperaturetemperature spectrumspectrum 
(T(T >> 6060 K)K) typicallytypically consistsconsists ofof aa broadenedbroadened quadrupolequadrupole doubletdoublet 
"ith"ith isomerisomer shiftshift andand quadrupolequadrupole splittingsplitting characteristiccharacteristic ofof Fe+Fe+33 .. 
AtAt heliumhelium temperaturestemperatures (T(T ~~ 4.24.2 K)K) thethe spectrumspectrum isis magneticallymagnetically 
splitsplit "ith"ith aa 490490 kOekOe fieldfield atat thethe nucleus.nucleus. TheThe lineslines areare broadbroad 
andand somesome authorsauthors havehave usedused aa distributiondistribution ofof hyperfinehyperfine fieldsfields toto 
fitfit thethe spectra.spectra. 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 
rangerange overover "hich"hich thethe magneticallymagnetically splitsplit spectrumspectrum andand quadrupolequadrupole 
doubletdoublet coexistcoexist dependsdepends onon thethe sourcesource ofof thethe ferritinferritin (mammalian,(mammalian, 
plantplant oror bacterialbacterial inin origin)origin) andand thethe degreedegree ofof ironiron loadingloading ofof 
thethe ferritinferritin molecules.molecules. 

TheThe temperaturetemperature dependencedependence ofof thethe Moss~auerMoss~auer spectrumspectrum isis duedue 
toto superparamagneticsuperparamagnetic behaviorbehavior inin thethe smallsmall particlesparticles ofof thethe 
ferritinferritin core.core. ll InIn thisthis phenomenon,phenomenon, thethe ironiron atomsatoms areare antiferroantiferro
magneticallymagnetically coupledcoupled atat 10"10" temperature.temperature. TheThe sublatticesublattice magnetimagneti
zationszations lielie alongalong particularparticular crystallographiccrystallographic orientationsorientations inin thethe 
crystal,crystal, thethe easyeasy magneticmagnetic axes.axes. AtAt finitefinite temperaturetemperature therethere isis aa 
certaincertain probabilityprobability thatthat thethe sublatticesublattice magnetizationsmagnetizations "ill"ill undergoundergo 
aa transitiontransition toto anan energeticallyenergetically equivalentequivalent easyeasy axis.axis. TheThe subsub
latticelattice relaxationrelaxation timetime TT isis anan exponentialexponential functionfunction ofof thethe magneticmagnetic 
anisotropyanisotropy K,K, thethe volumnevolumne VV ofof thethe particle,particle, andand thethe temperature:temperature: 

TT [[ KV/kCI:]KV/kCI:] (1)(1)To'To' expexp 

"here"here ToTo isis aa constantconstant andand kk isis Boltzmann'sBoltzmann's constant.constant. MhenMhen thethe 
relaxationrelaxation timetime inin aa particleparticle isis ofof thethe orderorder ofof oror fasterfaster thanthan 
thethe LarmorLarmor precessionprecession timetime ofof thethe 14.414.4 keVexcitedkeVexcited state,state, thethe hyperhyper
finefine fieldfield "ill"ill bebe "iped"iped outout andand thethe spectrumspectrum willwill consistconsist ofof thethe 
quadrupolequadrupole doublet.doublet. ForFor particlesparticles ofof aa givengiven volume,volume, thisthis condicondi
tiontion "ill"ill occuroccur atat aa definitedefinite temperaturetemperature calledcalled thethe blockingblocking temtem
perature.perature. 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 corresondingcorresonding toto thethe 
largerlarger particlesparticles andand thethe smallersmaller particles,particles, respectively,respectively, cancan coco
exist.exist. DeterminationDetermination ofof thethe relativerelative intensitiesintensities ofof thethe t';-1Ot';-1O subsub
spectraspectra asas aa functionfunction ofof temperaturetemperature isis aa meansmeans ofof measuringmeasuring thethe 
distributiondistribution ofof particleparticle volumes.volumes. ForFor example,example, WilliamsWilliams etet al.al. 1212 

foundfound thatthat ferritinsferritins reconstitutedreconstituted fromfrom apoferritinapoferritin andand ironiron underunder 
differentdifferent conditionsconditions (e.g.,(e.g., presencepresence oror absenceabsence ofof phosphate)phosphate) hadhad 
differentdifferent distributionsdistributions ofof particleparticle volumes.volumes. 

TheThe spectraspectra ofof ferritinferritin fromfrom thethe fungusfungus PhycomvesPhycomvesllll andand ofof anan 
unusualunusual bacterialbacterial ferritinferritin withwith associatedassociated hemeheme groupsgroups fromfrom 
AzotobacterAzotobacter1313 areare similarsimilar toto mammalianmammalian ferritinferritin exceptexcept thatthat thethe 
superparamagneticsuperparamagnetic behaviorbehavior isis observedobserved overover lowerlower temperaturetemperature 
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ranges.ranges. IfIf thethe corecore compositionscompositions inin thosethose ferritinsferritins areare similarsimilar toto 
thatthat inin thethe horsehorse spleenspleen ferritin,ferritin, ~e~e cancan assumeassume thatthat thethe decreasesdecreases 
inin thethe blockingblocking temperaturestemperatures reflectreflect smallersmaller particleparticle sizessizes inin thethe 
plantplant andand bacterialbacterial ferritins.ferritins. 

AnAn iron-richiron-rich storagestorage materialmaterial alsoalso referredreferred toto asas bacterialbacterial 
ferritinferritin hashas beenbeen foundfound inin E.E. colicoli andand otherother prokaryotes.prokaryotes. 1414 HowHow
ever,ever, thethe MossbauerMossbauer spectraspectra forfor thesethese materialsmaterials areare distinctlydistinctly difdif
ferentferent thanthan thethe ferritinferritin fromfrom Azotobacter.Azotobacter. TheThe MossbauerMossbauer spectrumspectrum 
forfor TT >> 44 KK ofof thethe ferritinferritin fromfrom E.E. colicoli isis aa quadrupolequadrupole doubletdoublet 
withwith parametersparameters characteristiccharacteristic ofof highhigh spinspin FeFe 33+.+. AA sixsix lineline magmag
neticnetic hyperfinehyperfine spectrumspectrum withwith anan effectiveeffective magneticmagnetic fieldfield atat thethe 
nucleusnucleus ofof 430430 kOekOe isis observedobserved atat TT << 11 K.K. AboveAbove 11 KK thethe lineslines 
broadenbroaden andand thethe splittingsplitting decreasesdecreases withwith increasingincreasing T,T, andand collapsescollapses 
intointo thethe quadrupolequadrupole doubletdoublet atat aboutabout 3.53.5 K.K. BetweenBetween 1.21.2 andand 3.53.5 KK 
thethe doubletdoublet andand sextetsextet areare superposed,superposed, indicatingindicating aa spreadspread ofof magmag
neticnetic transitiontransition temperatures.temperatures. ThisThis indicatesindicates lowerlower energyenergy magneticmagnetic 
interactionsinteractions betweenbetween ironiron atomsatoms thanthan inin otherother ferritins,ferritins, perhapsperhaps 
reflectingreflecting lessless densedense packingpacking ofof thethe ironiron atomsatoms oror lessless crystallinitycrystallinity 
inin thethe core.core. 

CohenCohen etet al.al. 1515 havehave discovereddiscovered anan interestinginteresting dynamicdynamic effecteffect 
inin thethe MossbauerMossbauer spectraspectra ofof crystalscrystals ofof horsehorse spleenspleen ferritinferritin molmol
eculesecules whenwhen thethe crystalscrystals areare warmedwarmed throughthrough thethe freezingfreezing pointpoint ofof 
waterwater (~(~ 265265 K).K). BelowBelow 265265 KK thethe spectrumspectrum consistsconsists ofof thethe quadruquadru
polepole 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 ~~ 44 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.forces. 1616 ForFor smallsmall particlesparticles inin water,water, frictionalfrictional forcesforces 
areare largelarge comparedcompared toto inertialinertial 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 concon
stantstant DD andand thethe ratioratio ofof harmonicharmonic toto frictionalfrictional forces.forces. TheThe inin
tensitytensity 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 difdif
fusivefusive motions.motions. 

HOSSBAUERHOSSBAUER SPECTROSCOPYSPECTROSCOPY OFOF HAGNETOTACTICHAGNETOTACTIC BACTERIABACTERIA 

MagnetotacticMagnetotactic bacteriabacteria areare variousvarious speciesspecies ofof aquaticaquatic micromicro
organismsorganisms thatthat orientorient andand swimswim alongalong magneticmagnetic fieldfield lines.lines. 44 ,17-19,17-19 
AllAll magnetotacticmagnetotactic cellscells examinedexamined toto datedate byby electronelectron ~lcroscopy~lcroscopy

containcontain iron-rich,iron-rich, electron-opaqueelectron-opaque particles.particles. 44 ,18,20,,18,20, InIn severalseveral 
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Fig.Fig. 1.1. TransmissionTransmission electronelectron micrographmicrograph ofof aa portionportion ofof A.A. 
magnetotacticummagnetotacticum showingshowing 500500 AAFe304Fe304 particlesparticles (top).(top). AnAn 
FeFe x-rayx-ray pulsepulse mapmap ofof thethe sam('sam(' portionportion ofof thethe cell,cell, sho,,,sho,,,
inging thatthat cellularcellular ironiron isis concentratedconcentrated inin thethe particlesparticles 
(bottom).(bottom). (After(After Ref.Ref. 28)28) 
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speciesspecies ofof magnetotacticmagnetotactic bacteria,bacteria, andand possiblypossibly all,all, thethe particlesparticles 
consistconsist ofof magnetite,magnetite, Fe304.2l,22Fe304.2l,22 Cuboidal,Cuboidal, rectangularrectangular parallparall
elipiped,elipiped, andand arrow-headarrow-head shapedshaped particlesparticles occuroccur inin differentdifferent speciesspecies 
withwith typicaltypical dimensionsdimensions ofof 400400 toto 12001200 A.A. TheseThese areare withinwithin thethe 
single-magnetic-domainsingle-magnetic-domain sizesize rangerange ofof Fe304.Fe304. InIn mostmost speciesspecies thethe 
particlesparticles areare arrangedarranged inin chains,chains, whichwhich impartimpart aa magneticmagnetic momentmoment 
ofof thethe cell,cell, parallelparallel toto thethe axisaxis ofof motility.motility. TheThe momentmoment isis sufsuf
ficientlyficiently largelarge thatthat thethe bacteriumbacterium isis orientedoriented inin thethe geomagneticgeomagnetic 
fieldfield atat ambientambient temperaturetemperature asas itit swims,swims, i.i. e.,e., thethe chainchain ofof Fe304Fe304 
particlesparticles functionsfunctions asas aa biomagneticbiomagnetic compass.compass. 2323 TheThe organismorganism thusthus 
propelspropels itselfitself alongalong thethe geomagneticgeomagnetic fieldfield lines.lines. TheThe directiondirection 
ofof migrationmigration dependsdepends onon thethe orientationorientation ofof thethe biomagneticbiomagnetic compass.compass. 
ThoseThose withwith 'North-seeking'North-seeking polepole forwardforward migratemigrate NorthNorth alongalong thethe fieldfield 
lines.lines. ThoseThose withwith South-seekingSouth-seeking polepole forwardforward migratemigrate South.South. ItIt hashas 
beenbeen foundfound thatthat North-seekingNorth-seeking bacteriabacteria predominatepredominate inin thethe NorthernNorthern 
HemisphereHemisphere whilewhile South-seekingSouth-seeking bacteriabacteria predominatepredominate inin thethe SouthernSouthern 
Hemisphere.Hemisphere. 2424 ,25,25 TheThe verticalvertical componentcomponent ofof thethe inclinedinclined geomagneticgeomagnetic 
fieldfield selectsselects thethe predominantpredominant polaritypolarity inin eacheach hemispherehemisphere byby prepre
sumablysumably favoringfavoring thosethose cellscells whosewhose polaritypolarity causescauses themthem toto bebe 
directeddirected downwarddownward towardstowards thethe sedimentssediments andand awayaway fromfrom thethe toxictoxic 
effectseffects ofof thethe oxygenoxygen richrich surfacesurface waters.waters. AtAt thethe geomagneticgeomagnetic 
equatorequator wherewhere thethe verticalvertical componentcomponent isis zerozero bothboth polaritiespolarities coco
exist;26exist;26 presumably,presumably, horizontallyhorizontally directeddirected motionmotion isis equallyequally benebene
ficialficial toto bothboth polaritiespolarities inin reducingreducing harmfulharmful upwardupward migration.migration. 

InIn thethe freshwaterfreshwater magnetotacticmagnetotactic spirillum,spirillum, A.A. ma~netotacticum,ma~netotacticum,

ironiron comprisescomprises 2%2% oror moremore ofof thethe cellularcellular drydry weight.weight. 77 ElectronElectron 
microscopymicroscopy studiesstudies ofof thisthis organismorganism showshow thatthat thethe Fe304Fe304 particlesparticles 
areare cuboidal,cuboidal, 4040 -- 5050 nmnm inin width,width, andand areare arrangedarranged inin aa chainchain thatthat 
longitudinallylongitudinally traversestraverses thethe cellcell (Fig.(Fig. 1).1). TheThe particlesparticles areare enen
velopedveloped byby electron-transparentelectron-transparent andand electron-denseelectron-dense layers;layers; aa parpar
ticleticle andand itsits envelopingenveloping membranemembrane hashas beenbeen termedtermed aa magnetosome.magnetosome. 2020 

SinceSince A.A. magnetotacticummagnetotacticum isis culturedcultured inin aa chemicallychemically defineddefined 
mediummedium inin whichwhich ironiron isis availableavailable asas solublesoluble ferricferric quinatequinate 2727 thethe 
presencepresence ofof intracellularintracellular Fe304Fe304 impliesimplies aa processprocess ofof bacterialbacterial 
precipitationprecipitation ofof thisthis mineral,mineral, withwith controlcontrol ofof particleparticle size,size, 
numbernumber andand locationlocation inin thethe cell.cell. 

InIn orderorder toto elucidateelucidate thethe Fe304Fe304 biomineralizationbiomineralization process,process, 
cellscells andand cellcell fractions,fractions, somesome isotopicallyisotopically enrichedenriched inin Fe-57,Fe-57, 
havehave beenbeen studiedstudied byby MossbauerMossbauer spectroscopy.28spectroscopy.28 CellsCells ofof aa nonnon
magnetotacticmagnetotactic variantvariant thatthat accumulatedaccumulated ironiron butbut diddid notnot makemake Fe304Fe304 
andand ofof aa cloned,cloned, nonmagnetotacticnonmagnetotactic strainstrain thatthat accumulatedaccumulated lessless iron,iron, 
werewere alsoalso studied.studied. TheThe resultsresults suggestsuggest thatthat Fe304Fe304 isis precipitatedprecipitated 
byby reductionreduction ofof aa hydroushydrous ferric-oxideferric-oxide precursor.precursor. 

MossbauerMossbauer spectraspectra ofof wetwet packedpacked cellscells enrichedenriched inin Fe-57Fe-57 atat 
200200 andand 8080 KK areare shownshown inin Figs.Figs. 22 andand 3a,3a, respectively.respectively. TheThe 200200 KK 
spectrumspectrum cancan bebe analyzedanalyzed asas aa superpositionsuperposition ofof spectraspectra correspondingcorresponding 
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Fig.Fig. 2	2 M~ssbauerM~ssbauer spectrumspectrum ofof wet,wet, packedpacked cellscells ofof A.A. magnetotacmagnetotac
ticumticum atat 200200 K.K. SubspectraSubspectra AlAl andand A2A2 areare duedue toto Fe304;Fe304; 
spectrumspectrum BB isis aa ferricferric doublet;doublet; spectrumspectrum CC isis aa ferrousferrous 
doublet.doublet. TheThe solidsolid lineline isis aa theoreticaltheoretical least-squaresleast-squares 
fitfit tottothehe dd atat a.a. (Re(Re f.f. 28).28). 
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Fig.Fig. 3.3. HcissbauerHcissbauer spectraspectra ofof A.A. magnetotacticummagnetotacticum atat (a)(a) 8080 andand (h)(h) 
4.24.2 K.K. NoteNote thethe reductionreduction inin thethe intensityintensity ofof spectrumspectrum BB 
atat 4.24.2 K.K. (c)(c) CellsCells atat 4.24.2 KK afterafter anaerobicanaerobic incubationincubation 
aboveabove freezingfreezing temperaturetemperature forfor 2424 hours.hours. NoteNote enhancementenhancement 
ofof spectrumspectrum CC atat thethe expenseexpense ofof B.B. (Ref.(Ref. 28).28). 
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toto Fe304Fe304 (spectra(spectra AlAl andand A2),A2), aa broadenedbroadened quadrupolequadrupole doubletdoublet withwith 
parametersparameters characteristiccharacteristic ofof ferricferric ironiron (spectrum(spectrum B),B), andand aa weakweak 
quadrupolequadrupole doubletdoublet withwith parametersparameters correspondingcorresponding toto ferrousferrous ironiron')+')+
(spectrum(spectrum C).C). SpectraSpectra AlAl andand AA22 correspondcorrespond toto Fe~Fe~ inin tetrahedraltetrahedral 
sitessites andand FeFe 22++ andand FeFe 33++ inin octahedraloctahedral sitessites inin Fe304'Fe304' respectively.29respectively.29 

SpectrumSpectrum BB waswas alsoalso observedobserved inin lyophilizedlyophilized cellscells andand hashas 
isomerisomer shiftshift andand quadrupolequadrupole splittingsplitting parametersparameters similarsimilar toto ironiron 
inin ferritinferritin andand inin thethe mineralmineral ferrihydrite,ferrihydrite, indicativeindicative ofof ferricferric 
ironiron withwith oxygenoxygen coordination.coordination. TheThe relativerelative intensityintensity ofof BB toto 
AAll ++ AA22 waswas somewhatsomewhat variablevariable fromfrom samplesample toto sample,sample, dependingdepending onon 
growthgrowth conditions.conditions. AtAt 8080 K,K, spectraspectra AAll andand A2A2 correspondcorrespond toto Fe304Fe304 
belowbelow thethe VerweyVerwey transitiontransition andand thethe parametersparameters ofof spectrumspectrum BandBand 
thethe relativerelative intensityintensity ofof BB toto AlAl ++ A2A2 areare relativelyrelatively unchangedunchanged 
comparedcompared toto thethe spectrumspectrum atat 250250 K.K. BetweenBetween 8080 andand 4.24.2 K,K, however,however, 
thethe intensityintensity ofof BB decreaseddecreased withwith decreasingdecreasing temperaturetemperature soso thatthat 
atat 4.24.2 KK onlyonly aa residualresidual doubletdoublet remained.remained. AA similarsimilar temperaturetemperature 
dependencedependence forfor spectrumspectrum BB waswas alsoalso obtainedobtained inin lyophilizedlyophilized cells.cells. 

TheThe isomerisomer shiftshift andand quadrupolequadrupole splittingsplitting parametersparameters ofof specspec
trumtrum CC correspondcorrespond toto highhigh spinspin ferrousferrous ironiron inin coordinationcoordination withwith 
oxygenoxygen oror nitrogen.nitrogen. ThisThis spectrumspectrum waswas notnot observedobserved withwith lyophilizedlyophilized 
cells,cells, possiblypossibly asas aa resultresult ofof oxidationoxidation duringduring samplesample preparation.preparation. 
Wet,Wet, packedpacked cellscells keptkept unfrozenunfrozen underunder anaerobicanaerobic conditionsconditions containedcontained 
increasedincreased amountsamounts ofof materialmaterial responsibleresponsible forfor spectrumspectrum CC andand correscorres
pondinglypondingly lessless materialmaterial withwith spectralspectral characteristicscharacteristics BB (Fig.(Fig. 3b).3b). 
ThawingThawing andand aerationaeration ofof thesethese frozenfrozen cellscells resultedresulted inin increasesincreases inin 
BB spectralspectral lineslines andand cuncommitantcuncommitant decreasesdecreases inin CC spectralspectral lines.lines. 
ThisThis indicatesindicates thatthat thethe ironiron atomsatoms responsibleresponsible forfor spectrumspectrum CC camecame 
fromfrom reductionreduction ofof thethe ironiron atomsatoms givinggiving spectrumspectrum B.B. UnlikeUnlike thatthat ofof 
spectrumspectrum B,B, thethe intensityintensity ofof spectrumspectrum CC diddid notnot decreasedecrease betweenbetween 
8080 andand 4.24.2 KK (Fig.(Fig. 3c).3c). 

TheThe decreasedecrease inin thethe intensityintensity ofof spectrumspectrum BB betweenbetween 8080 andand 
4.24.2 KK cancan bebe explainedexplained asas thethe onsetonset ofof magneticmagnetic hyperfinehyperfine interinter
actionsactions atat lowlow temperaturetemperature resultingresulting inin aa concommitantconcommitant decreasedecrease inin 
thethe intensityintensity ofof thethe centralcentral absorptionabsorption doublet,doublet, similarsimilar toto ferritin.ferritin. 
However,However, inin thethe presentpresent case,case, thethe magneticmagnetic hyperfinehyperfine lineslines werewere obob
scuredscured byby thethe magnetitemagnetite spectralspectral lineslines (A(A ll andand AA22).). ToTo furtherfurther rere
solvesolve thethe naturenature ofof thethe materialsmaterials responsibleresponsible forfor spectrumspectrum B,B, thethe 
temperaturetemperature dependentdependent 1'1cissbauer1'1cissbauer spectraspectra ofof nonmagnetotacticnonmagnetotactic cellscells 
whichwhich lackedlacked thethe interferinginterfering magnetitemagnetite werewere studied.studied. 

ForFor TT ~~ 8080 K,K, thethe spectrumspectrum ofof lyophilizedlyophilized nonmagnetotacticnonmagnetotactic 
cellscells (Fig.(Fig. 4)4) consistedconsisted primarilyprimarily ofof thethe quadrupolequadrupole doubletdoublet charchar
acteristicacteristic ofof ferricferric ironiron asas denoteddenoted byby spectrumspectrum BB inin Figs.Figs. 22 andand 
3.3. InIn addition,addition, aa veryvery lowlow intensityintensity spectrumspectrum duedue toto Fe304Fe304 
(spectral(spectral lineslines AlAl ++ A2A2 inin Figs.Figs. 22 andand 3)3) waswas observed.observed. TheseThese 
latterlatter spectralspectral lineslines mightmight havehave beenbeen duedue toto aa smallsmall fractionfraction ofof 
magnetotacticmagnetotactic cellscells inin thethe samplesample oror tracetrace amountsamounts ofof magnetitemagnetite 
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possiblypossibly presentpresent inin thethe nonmagnetotacticnonmagnetotactic cells.cells. BelowBelow 8080 K,K, thethe 
intensityintensity ofof thethe quadrupolequadrupole doubletdoublet decreaseddecreased withwith decreasingdecreasing temtem
peratureperature whilewhile thethe intensityintensity ofof aa six-linesix-line spectrumspectrum flankingflanking thethe 
doubletdoublet increased.increased. AtAt 4.24.2 KK thethe spectrumspectrum consistedconsisted primarilyprimarily ofof 
thethe sixsix broadenedbroadened magneticmagnetic hyperfinehyperfine lines,lines, withwith aa smallsmall residualresidual 
doubletdoublet inin thethe center.center. SpectralSpectral lineslines AAll ++ AA22 werewere obscuredobscured byby 
thethe six-linesix-line spectrum.spectrum. ApplicationApplication ofof aa longitudinallongitudinal magneticmagnetic 
fieldfield ofof 6060 kOekOe producedproduced broadeningbroadening ofof thethe six-linesix-line spectrumspectrum butbut 
withwith nono appreciableappreciable shiftsshifts inin thethe lineline positionposition andand nono decreasesdecreases 
inin anyany lineline intensities.intensities. 

,, 
(( .. TheseThese spectralspectral characteristicscharacteristics areare indicativeindicative ofof smallsmall particlesparticles 

d_'d_' ofof hydrous-ferrie-oxidehydrous-ferrie-oxide withwith antiferromagneticantiferromagnetic exchangeexchange interactionsinteractions 
similarsimilar toto thosethose ofof thethe ferricferric ironiron withinwithin ferritinferritin micelles.micelles. ByBy 
comparisoncomparison withwith ferritin,ferritin, thethe experimentalexperimental resultsresults indicateindicate thatthat 
hydrous-ferric-oxideoparticleshydrous-ferric-oxideoparticles inin thethe nonmagnetotacticnonmagnetotactic cellscells areare 
ofof thethe orderorder ofof 100100 AA inin diameter,diameter, oror less.less. UnlikeUnlike ferritinferritin oror 
ferrihydrite,ferrihydrite, however,however, therethere waswas aa residualresidual quadrupolequadrupole doubletdoublet inin 
thethe 4.24.2 KK spectrumspectrum ofof magnetotacticmagnetotactic andand nonmagnetotacticnonmagnetotactic cells.cells. 
TheThe intensityintensity ofof thisthis residualresidual doubletdoublet variedvaried somewhatsomewhat fromfrom samplesample 
toto sample,sample, butbut itsits presencepresence suggestssuggests anotheranother highhigh spinspin ferricferric mama
terialterial withwith highhigh temperaturetemperature spectralspectral characteristicscharacteristics similarsimilar toto 
thosethose ofof ferrihydrite,ferrihydrite, butbut withwith ironiron atomsatoms lessless denselydensely packedpacked soso 
thatthat magneticmagnetic exchangeexchange interactionsinteractions betweenbetween themthem areare weakerweaker andand 
thethe spectrumspectrum isis notnot magneticallymagnetically splitsplit atat 4.24.2 K.K. ThisThis latterlatter mama
terialterial waswas alsoalso observedobserved inin aa cloned,cloned, nonmagnetotacticnonmagnetotactic strainstrain ofof A.A. 
magnetotacticummagnetotacticum thatthat accumulatesaccumulates lessless iron.iron. 

TheThe MossbauerMossbauer spectrumspectrum ofof wet,wet, packedpacked cellscells ofof thethe cloned,cloned, 
nonmagnetotacticnonmagnetotactic strainstrain consistedconsisted ofof aa quadrupolequadrupole absorptionabsorption doubdoub
letlet forfor TT ~~ 4.24.2 KK (Fig.(Fig. 5).5). TheThe spectralspectral parametersparameters obtainedobtained atat 
8080 KK werewere similarsimilar toto thosethose ofof spectrumspectrum BB inin magnetotacticmagnetotactic cells,cells, 
indicatingindicating thethe presencepresence ofof aa highhigh spinspin ferricferric ironiron material.material. ApAp
plicationplication ofof anan externalexternal 6060 kOekOe magneticmagnetic fieldfield atat 4.24.2 KK resultsresults inin 
spectraspectra withwith aa broadbroad distributiondistribution ofof hyperfinehyperfine fields.fields. TheseThese specspec
traltral characteristicscharacteristics indicateindicate thethe presencepresence ofof highhigh spinspin FeFe 33++ inin aa 
hydroushydrous oxideoxide withwith magneticmagnetic exchangeexchange interactionsinteractions << 44 K,K, thatthat is,is, 
wherewhere thethe ironiron atomsatoms areare lessless denselydensely packedpacked thanthan inin ferrihydrite.ferrihydrite. 
ThisThis materialmaterial hashas similarsimilar spectralspectral characteristicscharacteristics toto thethe ironiron 
storagestorage materialsmaterials inin E.E. coli.coli. 1414 

\~en\~en thesethese wet,wet, packedpacked cellscells werewere heldheld aboveabove 275275 KK inin anan 
anaerobicanaerobic environment,environment, aa ferrousferrous spectrumspectrum similarsimilar toto spectrumspectrum CC 
appeared,appeared, inin additionaddition toto thethe ferric-ironferric-iron doublet.doublet. ThisThis indicatesindicates 
thatthat thethe hydrous-ferrie-oxidehydrous-ferrie-oxide inin cellscells ofof thisthis strainstrain cancan bebe rere
ducedduced toto ferrousferrous ironiron asas withwith cellscells ofof thethe otherother strain.strain. 

InIn summary,summary, cellscells ofof A.A. magnetotacticummagnetotacticum containcontain ferrousferrous ions,ions, 
aa low-densitylow-density hydrous-ferric-oxide,hydrous-ferric-oxide, aa high-densityhigh-density hydrous-ferrichydrous-ferric
oxideoxide (ferrihydrite)(ferrihydrite) andand Fe304'Fe304' AdditionalAdditional experimentsexperiments withwith cellcell 
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fractionsfractions showshow thatthat ferrihydriteferrihydrite inin thethe magnetotacticmagnetotactic cellscells isis 
associatedassociated withwith thethe magnetosomes.magnetosomes. 2828 

OnOn thethe basisbasis ofof thethe foregoingforegoing resultsresults itit hashas beenbeen proposedproposed 2828 

thatthat A.A. magnetotacticummagnetotacticum precipitatesprecipitates Fe304Fe304 inin thethe sequence:sequence: FeFe 33++ 
quinatequinate ++ FeFe22++ ++ lowlow densitydensity hydrous-ferric-oxidehydrous-ferric-oxide ++ ferrihydriteferrihydrite 
++ Fe304'Fe304' InIn nonmagnetotacticnonmagnetotactic cellscells thethe processprocess stopsstops withwith ferriferri
hydrite.hydrite. InIn cellscells ofof thethe cloned,cloned, nonmagnetotacticnonmagnetotactic strainstrain thethe propro
cesscess stopsstops withwith low-densitylow-density hydroushydrous ferricferric oxide.oxide. 

InIn thethe proposedproposed process,process, ironiron entersenters thethe cellcell asas FeFe 33++ chelatedchelated 
byby quinicquinic acid.acid. ReductionReduction toto FeFe 22++ releasesreleases ironiron fromfrom thethe chelator.chelator. 
FeFe22++ isis reoxidizedreoxidized andand accumulatedaccumulated asas thethe lowlow densitydensity hydrous-ironhydrous-iron
oxide.oxide. ByBy analogyanalogy withwith thethe dede77ositionosition ofof ironiron inin thethe micellarmicellar 
corescores ofof thethe proteinprotein ferritinferritin thisthis oxidationoxidation stepstep mightmight involveinvolve 
molecularmolecular oxygen,oxygen, whichwhich isis requiredrequired forfor Fe304Fe304 precipitationprecipitation inin ~.~.
magnetotacticum.magnetotacticum. 3030 DehydrationDehydration ofof thethe low-densitylow-density hydrous-ferrichydrous-ferric
oxideoxide resultsresults inin ferrihydrite.ferrihydrite. Finally,Finally, partialpartial reductionreduction ofof 
ferrihydriteferrihydrite andand furtherfurther dehydrationdehydration yieldsyields Fe304'Fe304' 

Fe304Fe304 isis thermodynamicallythermodynamically stablestable withwith respectrespect toto hematitehematite andand 
ferrihydriteferrihydrite atat lowlow EHEH andand highhigh pH.3lpH.3l However,However, rapidrapid transformationtransformation 
ofof ferrihydriteferrihydrite toto magnetitemagnetite appearsappears toto involveinvolve moremore thanthan simplesimple 
reductionreduction andand dehydration.dehydration. WhileWhile thethe degreedegree ofof crystallinitycrystallinity ofof 
ferrihydriteferrihydrite cancan vary,vary, inin crystallinecrystalline samplessamples itit hashas aa structurestructure 
rel~tedrel~ted toto hematite,hematite, 'vith'vith hexagonalhexagonal close-packedclose-packed oxygenoxygen atomsatoms andand 
FeFe 33 octahedrallyoctahedrally coordinatedcoordinated sites.sites. Fe304Fe304 hashas aa cubic,cubic, inverseinverse 
spinelspinel structurestructure withwith FeFe 33++ inin octahedraloctahedral andand tetrahedraltetrahedral sites,sites, 
andand FeFe 22++ inin octahedraloctahedral sites.sites. This,This, plusplus thethe factfact thatthat thethe precipreci
pitationpitation processprocess requiresrequires spatialspatial segregationsegregation ofof regionsregions ofof differdiffer
inging EEHH andand possiblypossibly pH,pH, suggestssuggests thatthat thethe processprocess isis organicorganic matrixmatrix 
mediated.mediated. ThusThus thethe magnetosomemagnetosome envelopeenvelope isis probablyprobably anan integralintegral 
elementelement inin thethe precipitationprecipitation process,process, functioningfunctioning asas aa locuslocus forfor 
enzymaticenzymatic activitiesactivities includingincluding controlcontrol ofof EHEH andand pH,pH, asas wellwell asas aa 
structuralstructural element.element. 

TheThe Fe304Fe304 particlesparticles inin A.A. magnetotacticummagnetotacticum havehave alsoalso beenbeen 
studiedstudied byby highhigh resolutionresolution transmissiontransmission electronelectron microscopy.Smicroscopy.S TheThe 
resultsresults showshow thatthat manymany ofof thethe particlesparticles areare wellwell orderedordered singlesingle 
domaindomain crystalscrystals withwith aa distinctdistinct morphology.morphology. ThisThis isis basedbased onon anan 
octahedraloctahedral prismprism truncatedtruncated byby {lOO}{lOO} faces.faces. TheThe crystalscrystals areare prepre
ferentiallyferentially alignedaligned withwith [lllJ[lllJ directiondirection parallelparallel toto thethe chainchain 
axis.axis. ThisThis morphologymorphology isis differentdifferent fromfrom thatthat ofof otherother magnetotacticmagnetotactic 
bacterialbacterial particles.particles. 3232 ThusThus thethe morphologymorphology ofof Fe304Fe304 particlesparticles propro
ducedduced byby magnetotacticmagnetotactic bacteriabacteria appearsappears toto bebe speciesspecies specific.specific. 

NoNo otherother crystallinecrystalline phasesphases werewere detected.detected. However,However, inin somesome 
crystals,crystals, noncrystallinenoncrystalline materialmaterial waswas foundfound contiguouscontiguous withwith thethe 
FeFe 3300 44 .. ThisThis suggestssuggests thatthat thethe hydrous-ferric-oxidehydrous-ferric-oxide phasephase isis amoramor
phousphous ferrihydrite,2ferrihydrite,2 andand thatthat depositiondeposition ofof Fe304Fe304 occursoccurs asas aa solsol
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ution-reprecipitationution-reprecipitation process,process, possiblypossibly triggeredtriggered byby FeFe22++ ions.ions. 32,3332,33 

Finally,Finally, diffusivediffusive motionsmotions ofof thethe magnetosomesmagnetosomes inin A.A. magnetomagneto
tacticumtacticum havehave beenbeen observedobserved inin thethe MossbauerMossbauer spectrumspectrum ofof thethe wholewhole 
cellscells aboveabove 275275 K.34K.34 TheThe MossbauerMossbauer spectrumspectrum ofof thethe wholewhole cellscells atat 
TT >> 275275 KK waswas dramaticallydramatically differentdifferent fromfrom thatthat ofof thethe frozenfrozen cellscells 
(T(T << 265265 K)(Fig.K)(Fig. 6).6). AtAt 275275 KK itit consistedconsisted primarilyprimarily ofof aa broadbroad 
lineline ofof widthwidth rr == 7272 ±± 11 mm/s.mm/s. TheThe widthwidth ofof thethe broadbroad lineline inin
creasedcreased withwith increasingincreasing temperaturetemperature toto rr == 139139 mm/smm/s atat TT == 295295 KK 
(Fig.(Fig. 7).7). However,However, thethe totaltotal spectralspectral intensityintensity waswas temperaturetemperature 
independentindependent andand equalequal toto thethe totaltotal spectralspectral intensityintensity ofof thethe sharpsharp
lineline spectrumspectrum ofof thethe frozenfrozen cells.cells. SomeSome hysteresishysteresis inin thethe solidsolid
liquidliquid transitiontransition waswas notednoted inin spectraspectra obtainedobtained atat 270270 K.K. IfIf thethe 
samplesample temperaturetemperature hadhad beenbeen increasedincreased fromfrom 265265 K,K, thethe sharp-linesharp-line 
spectrumspectrum waswas observed.observed. However,However, ifif thethe samplesample temperaturetemperature hadhad beenbeen 
decreaseddecreased fromfrom 275275 KK thethe broad-linebroad-line spectrumspectrum waswas obtained.obtained. ForFor 
TT >> 275275 K,K, computercomputer analysisanalysis sho~vedsho~ved thatthat thethe intensityintensity ofof thethe sharpsharp
lineline Fe104Fe104 spectrumspectrum superposedsuperposed onon thethe broad-linebroad-line spectrumspectrum waswas lessless 
thanthan 0.2%.0.2%. 

TheThe temperaturetemperature dependencedependence ofof thethe additionaladditional ~uadrupole~uadrupole doub
doub
letlet dependeddepended onon whetherwhether thethe ironiron waswas primarilyprimarily FeFe 33 oror FeFe 22+.+. \Jhen
\Jhen
thethe additionaladditional ironiron waswas FeFe 33+,+, asas evidencedevidenced byby thethe parametersparameters ofof the
the
doubletdoublet inin thethe TT == 265265 KK spectrum,spectrum, therethere waswas nono residualresidual doublet
doublet
superposedsuperposed onon thethe broad-linebroad-line spectrumspectrum atat TT >> 275275 K.K. However,However, when
when
thethe additionaladditional ironiron waswas primarilyprimarily FeFe 22+,+, thethe lowlow intensity,intensity, sharp
sharp
lineline FeFe22++ doubletdoublet remainedremained superposedsuperposed onon thethe broad-linebroad-line spectrum.
spectrum.

TheThe strikingstriking spectralspectral changechange atat 270270 KK cancan bebe explainedexplained byby thethe 
onsetonset ofof diffusivediffusive motionsmotions ofof thethe Fe304Fe304 particlesparticles inin thethe bacteriabacteria 
asas theythey areare warmedwarmed throughthrough thethe solid-liquidsolid-liquid phasephase transitiontransition ofof thethe 
cytoplasmiccytoplasmic fluidfluid atat 270270 K.K. 3434 EvidenceEvidence forfor thisthis comescomes fromfrom thethe 
factfact thatthat forfor freeze-driedfreeze-dried cellscells thethe sharp-linesharp-line spectrumspectrum persistspersists 
atat 300300 KK andand thethe broad-linebroad-line spectrumspectrum isis nevernever observed.observed. 2222 TheThe 
broad-linebroad-line spectraspectra werewere analyzedanalyzed withwith anan extentionextention ofof thethe "bounded"bounded 
diffusion"diffusion" modelmodel previouslypreviously developeddeveloped forfor iron-containingiron-containing proteinsproteins 
inin thethe wholewhole cells.cells. 1616 TheThe analysisanalysis yieldedyielded thethe diffusiondiffusion constantconstant 
DD ofof thethe magnetosomes,magnetosomes, thethe effectiveeffective viscosityviscosity nn ofof thethe magnetosmagnetos orneorne 
environment,environment, andand thethe mean-squaredmean-squared translationaltranslational displacementsdisplacements 
<x<x22>> << 8.48.4 AAandand rotationalrotational displacementdisplacement <8<8 22>1/2>1/2 << 1.51.5 A.A. ThisThis 
impliesimplies thatthat thethe particlesparticles areare relativelyrelatively fixedfixed inin thethe wholewhole cells.cells. 
TheThe effectiveeffective viscosityviscosity andand diffusiondiffusion constantconstant arar11 inverselyinversely proporpropor
tional;tional; atat 295295 K,K, nn == 1010 cPcP andand DD == 9696 xx 10-10-1010 ernern Is.Is. nn hashas aa 
temperaturetemperature dependencedependence similarsimilar toto thatthat ofof water.water. 

TheThe factfact thatthat thethe additionaladditional FeFe 33++ quadrupolequadrupole doubletdoublet inin the
the
spectrumspectrum broadenedbroadened togethertogether withwith thethe FeFe1100 44 lineslines isis consistentconsistent with
with
thethe previousprevious cellcell fractionationfractionation studiesstudies 88 thatthat showshow thethe hydrous
hydrous
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ferric-oxideferric-oxide toto bebe primarilyprimarily associatedassociated withwith thethe magnetosomes.magnetosomes. ThusThus 
itit undergoesundergoes thethe samesame diffusivediffusive motionmotion asas thethe magnetosomes.magnetosomes. TheThe 
factfact thatthat thethe sharp-linesharp-line FeFe 22++ spectrumspectrum remainsremains eveneven whenwhen thethe Fe304Fe304 
lineslines havehave broadenedbroadened showsshows thatthat thethe FeFe 22++ materialmaterial isis notnot associatedassociated 
withwith thethe magnetosomes.magnetosomes. IfIf itit was,was, oror ifif thethe FeFe 22++ waswas dossolveddossolved inin 
thethe cytoplas~,cytoplas~, diffusivediffusive motionmotion wouldwould broadenbroaden thethe sharp-linesharp-line specspec
trumtrum atat TT >> 275275 K,K, contrarycontrary toto experiment.experiment. ThisThis suggestssuggests thatthat thethe 
FeFe 22++ isis notnot associatedassociated eithereither withwith thethe magnetosomesmagnetosomes oror withwith thethe cytocyto
plasmplasm inin thethe cells.cells. TheThe FeFe 22++ isis veryvery probablyprobably associatedassociated withwith thethe 
peptidoglycanpeptidoglycan layerlayer ofof thethe cellcell wall.wall. ThisThis associationassociation couldcould occuroccur 
duringduring thethe conversionconversion fromfrom thethe ironiron quimatequimate complexcomplex outsideoutside thethe cellcell 
toto ferricferric ironiron andand ultimatelyultimately Fe304Fe304 withinwithin thethe cell.cell. 

CONCLUSIONCONCLUSION 

22 3535
LowenstamLowenstam andand WebbWebb havehave observedobserved thatthat biogenicbiogenic ironiron oxidesoxides 

andand oxyhydroxidesoxyhydroxides areare presentpresent inin eacheach ofof thethe fivefive kingdomskingdoms ofof thethe 
biologicalbiological world,world, withwith ferrihydriteferrihydrite thethe thirdthird moremore extensivelyextensively 
formedformed mineralmineral ofof biologicalbiological originorigin andand magnetitemagnetite thethe fourth.fourth. 
ElucidationElucidation ofof thethe essentiallyessentially bioinorganicbioinorganic processesprocesses ofof ironiron minmin
eralizationeralization inin organismsorganisms affordsaffords newnew opportunitiesopportunities forfor MossbauerMossbauer 
spectroscopy.spectroscopy. WeWe wouldwould likelike toto understandunderstand howhow organismsorganisms accumulateaccumulate 
andand depositdeposit ironiron minerals,minerals, withwith specialspecial emphasisemphasis onon thethe mechanismsmechanisms 
byby whichwhich thethe depositiondeposition processprocess isis controlled.controlled. 
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