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CHAPER 1: GENERAL INTRODUCTION
Dissertation Organization

This dissertation contains 4 chapters. Chapteralgeneral introduction of the
information related to the structural and functios@udies of Mms6 protein
presented in this dissertation. A detailed lit@ratreview of magnetotactic bacteria
and magnetotaxis is given first that is followeddy introduction of the formation
of magnetosomes and bacterial magnetites. Therdutmderstanding of Mms6
protein and its function in bacterial magnetiteniation is then discussed. The
chapter concludes with a general discussion obther two major biomineralization
systems in living organisms.

Chapter 2 is a manuscript to be submitted to Thernkb of Biological
Chemistry. In the manuscript, we reported biocltammand biophysical studies of
the ferric ion binding pattern of Mms6 protein amgborted the discovery of a slow
conformational change of Mms6 upon binding of ferion. A model of how
Mms6 promotes formation of bacterial magnetic nantgles is proposed. The
co-authors are Lijun Wang (conducted most of thaediss described in this
manuscript and wrote the manuscript), Shuren Feagducted the time-dependent
structural change studies of Mms6 protein upondaon binding by fluorescence
spectroscopy), Pierre Palo (Expressed and purifedporotein samples used in this
study), Bruce Fulton (conducted all the NMR spesttopy studies) and Marit

Nilsen-Hamilton (corresponding author, mentoreduhij Wang, Shuren Feng,



initiated the project, oversaw the project inclydidata analysis and revised the
manuscript).

Chapter 3 is a manuscript prepared for the subams$d The Journal of
Biological Chemistry. In this manuscript we regaortthat the formation of
magnetic nanoparticle is associated with the pe&@dstructural change that
involves the quaternary structure of Mms6. We a¢gmrt the discovery of a ferric
reductase activity of the C-terminus of Mms6 proteidicates that the reduction of
ferric to ferrous iron maybe part of the mechanisicrystal packing. The
coauthors are Lijun Wang (studies of the quatermsamnycture of Mms6 and ferric
reductase studies), Shuren Feng (all the fluorescepectroscopy studies), Pierre
Palo (expressed and purified the protein samples)ya Prozorov (TEM imaging
and magnetic property measurements), Xunpei Liugfreite synthesis), Wenjie
Wang and David Vaknin (surface fluorescence studg eelated data analysis),
Bruce Fulton (NMR spectroscopy study), Surya Maligi|ada (mentored Xunpei Liu
and Tanya Prozorov, initiated and oversaw the THM polymer aspects of the
project, Pl on the grant funding the project) andari#l Nilsen-Hamilton
(corresponding author, mentored Lijun Wang, Shufeng, initiated the project,
oversaw the project including data analysis). @buations to the writing of the
manuscript were made by Lijun Wang, Tanya ProzoWenjie Wang and Marit
Nilsen-Hamilton with the major contributions beidny Lijun Wang and Marit

Nilsen-Hamilton.



Chapter 4 is the general conclusions and persgedtiwards the future
direction.
Literature review

Magnetoreception is a sensory system that protieerientation, navigation,
and homing traits for some creatures from bacterlagher vertebrates (Kirschvink,
Walker et al. 2001). The physical basis of thispmnse is thought to be the
nanoparticles of single-domain magnetite (DiebebkBch et al. 2000). These
nanoparticles have been found in fish, pigeonsetioees, and even in human brains
(Kirschvink, Kobayashi-Kirschvink et al. 1992; Dmb Proksch et al. 2000;
Kirschvink, Walker et al. 2001). It is believedaththey are responsible for the
direction-sensing behaviors of these organisms. e Thechanisms regarding
biomineralization remain unclear and are undemisitee investigation.

Magnetite nanoparticles have been used for druigetg] magnetic resonance
imaging, and array-based assay (Valenti, Ramph &988; Osaka, Matsunaga et al.
2006). To provide effective nanoparticles for thempplications, efforts have
focused on their synthesis and characterizatiguol magnetite nanopatrticles in gel
matrices, from bacteria or using protein cages yBnann, Cofen et al. 1998;
Valenti, Rampa et al. 1998; Okuda, Iwahori et @03. These efforts are
strengthened when the mechanism of nanoparticlesiation is understood.
Magnetotactic bacteria, which can synthesize magmetnoparticlesn vivo, are

ideal candidates for studying mechanism (s) of Imenalization.



Magnetotactic Bacteria and Magnetotaxis

Many highly ordered mineralized structures credigdiving organisms are often
hierarchical in structure with fundamental struatuelements at nanometer scales.
The ability to fabricate such fundamental structurelependently of these organisms
could open many new and exciting opportunitiesanatechnology. Magnetotactic
bacteria provide the ideal model for the studiebiomineralization mechanisms and
biomimetic materials.

Magnetotactic bacteria are aquatic prokaryotes ¢hatorient themselves along
the local geomagnetic field to find the optimal m&erobic environments for them to
live. The first report regarding magnetotactic tbda was published in 1975
(Blakemore 1975). The first strain of magnetotatiacteria reported was found in
marine sediments. The most intriguing feature hefsé bacteria is the ability of
moving in a magnetic field as weak as 0.5 gaussk@hore 1975; Blakemore,
Maratea et al. 1979).

After the discovery of the first magnetotactic lea@l strain, a series of
magnetotactic bacterial strains have been repdrat marine and fresh water
(Blakemore, Maratea et al. 1979; Frankel, Blakenairal. 1979; Blakemore 1982;
Schiler 2008). The cellular morphologies of magtaetic bacteria vary from
“cocoid, rod-shaped, helical to even multicelluléBlakemore 1982; Bazylinski and

Frankel 2004).



Despite the diversity of cellular morphologies, meiptactic bacteria share some
common features: All magnetotactic bacteria regbrte date are gram-negative
bacteria. They have flagella and can move under dhlection of the local
geomagnetic field. They all have unique intradaHilcompartments, which are the
magnetosomes. When moving, all magnetotactic bactkave a migration
preference for a low oxygen concentration enviromm@azylinski and Frankel
2004).

Magnetotactic bacteria discovered to date fall itlioee general categories:
Obligate microaerophiles, anaerobes or both (Bagkiiand Frankel 2004). In an
agueous environment, they constitute a large podfdhe bacterial population in the
oxic-anoxic interface (Frankel, Bazylinski et a@9¥; Bazylinski and Frankel 2004).
Magnetotactic bacteria are very sensitive to thérenmental oxygen concentration
and most of them can only synthesize magnetosomasvery narrow range of low
oxygen concentrations: Generally, if the initial ygen concentration in the
atmosphere of sealed cultures is higher than 6%setlbacteria cannot synthesize
magnetites (Blakemore, Maratea et al. 1979; FranBéhkemore et al. 1979;
Bazylinski and Frankel 2004). This fastidious gtiowequirement of magnetotactic
bacteria has limited the progress in this resefetth for many years and the number
of pure cultured strains is still very small (Bargki and Frankel 2004).

The term ‘magnetotaxis’ was first used by R.P. Blakre to describe the

responses of magnetotactic bacteria to externainetagfields (Blakemore 1982).



As Blakemore claimed, “The term of magnetotactictbaa is only a descriptor and
has no taxonomic meaning. Magnetotaxis denotek rnoebility directed by a
magnetic field” (Blakemore 1982). In fact, thepesse of magnetotactic bacteria to
external magnetic fields can be more accuratelrdesd as ‘magneto-aerotaxis’
rather than ‘magnetotaxis’ (Frankel, Bazylinski at 1997). As the term
magneto-aerotaxis implies, the magnetic responsmagnetotactic bacteria to the
external field aligns cells along the magneticdihe, while the sensitivity of cells to
the oxygen concentration or redox gradients dete¥mithe direction of their
migration (Frankel, Bazylinski et al. 1997; Komeil007). Now, the term
magnetotaxis is used as an abbreviation of magmetataxis.

Since the report of the first magnetotactic baatestrain (Blakemore 1975),
different strains of magnetotactic bacteria havenbéund globally. Different
strains of magnetotactic bacteria exhibit interggstmigration patterns under local
geomagnetic fields: Magnetotactic bacteria disceden the Northern Hemisphere
have a preferred migration pattern parallel torttegnetic field, exhibit a northward
migration in the geomagnetic field, and are termerth-seeking (NS) magnetotactic
bacteria (Blakemore 1975). Magnetotactic bacteliscovered in the Southern
Hemisphere have a preferred migration pattern @arlel to the magnetic field,
exhibit a southward migration in the geomagnegtdfi and are termed south-seeking
(SS) magnetotactic bacteria (Blakemore, Frankelalet 1980). Amongst the

magnetotactic bacteria discovered in the enviroriseear the geomagnetic equator,



both south-seeking and north-seeking magnetotaetiteria are equally distributed
(Frankel, Blakemore et al. 1981).

To explain these observations of north and souékisg bacteria, Blakemore
proposed the original model of magnetotaxis: Thengggnetic field line is tilted
downward from the horizon in the Northern Hemisghand upward in the Southern
Hemisphere. Therefore, NS magnetotactic bactartae Northern Hemisphere and
SS magnetotactic bacteria in the Southern Hemispdaually both move downwards
along the tilted geomagnetic field lines. Magnatat provide the guidance for the
migration of cells to low oxygen concentration seeints, where they are believed to
stop swimming and adhere to the sediment parti@éskemore 1975; Blakemore
1982; Bazylinski and Frankel 2004). This hypothes consistent with the
distribution of NS and SS magnetotactic bacteridhengeosphere (Blakemore 1975;
Blakemore, Frankel et al. 1980; Frankel, Blakemeteal. 1981; Bazylinski and
Frankel 2004).

However, this original model regarding magnetotarisnagnetotactic bacteria
has some drawbacks: First, this hypothesis didgiv& a convincing explanation for
the benefit magnetotaxis can bring to the magnetiotdacteria in anoxic aqueous
environments. Second, this hypothesis cannot explaw magnetotactic coccoid
bacteria form microaerophilc bands in semi-soliygen-gradient media (Bazylinski
and Frankel 2004). The facts that large populatioh magnetotactic bacteria are

discovered at the ‘oxic-anoxic’ interface of aqueoenvironment and some



magnetotactic coccoid bacterial strains are oldigaticroaerophiles (Blakemore,
Frankel et al. 1980; Frankel, Bazylinski et al. 7p%d to the birth of the term
‘magneto-aerotaxis’, which is thought to be a maceurate description of the unique
trait of magnetotactic bacteria (Frankel, Bazylinek al. 1997). In the proposed
‘magneto-aerotaxis’ model, the magnetotactic bactarse a two-state sensor
machinery to regulate the sense of flagellar rotafclockwise or counterclockwise)
and therefore determine the direction of motionesponse to lower or higher oxygen
concentration (Frankel, Bazylinski et al. 1997; vfai and Schiler 2008). This
two-state sensor machinery is clearly more efficighan the conventional
‘run-and-tumble’ motion used Hy.coli and other nonmagnetic bacteria in response to
a vertical oxygen gradients found in chemicallasftied sediments or water bodies
(Smith, Sheehan et al. 2006; Faivre and SchileB200Although this model has
been experimentally proven for magnetic coccudrstC-1 which can migrate in
either direction along the external magnetic figldind and maintain their position at
their preferred oxygen concentration (Frankel, Bazki et al. 1997), it is still
unclear whether this model applies to all the mé&gaetic bacteria.

In their report describing the magneto-aerotactd bf magnetotactic bacteria,
Frankel et al. investigated the migration pattemesapillary tubes of various strains
of NS magnetotactic bacteria in oxygen-concentnatgradients. The results
showed the joint effects of magnetotaxis and agi®ia the magnetotactic bacterial

strains investigated (Frankel, Bazylinski et al97p In an aqueous environment,



these magnetotactic bacteria usually migrate tosvaothe direction (north).
However, these NS magnetotactic bacteria revefrseditection of their movements
towards the higher oxygen concentration when thegrewput in an oxygen
concentration lower than the optimal oxygen conegioin required for their growth
(Frankel, Bazylinski et al. 1997; Bazylinski anchfkel 2004).

The current explanation of the function and mectranof magnetotaxis is that
magnetotactic bacteria use magnetosomes alignedaims inside themselves to act
as compass needles to direct their migration dowasvalong the tilted geomagnetic
line to find the optimal microaerobic or anaerobivironment for their growth. The
magnetotactic trait of magnetotactic bacteria canpbkfy their search for the
preferred microaerobic or anaerobic condition tbwa dimensional rather than a
random three dimensional search (Blakemore 197&nked, Bazylinski et al. 1997;
Bazylinski and Frankel 2004; Komeili 2007). Recssgults also demonstrated that
magnetotactic bacteria move more quickly and effity towards the preferred
microaerobic or anaerobic in an applied magnegid f{Smith, Sheehan et al. 2006).

Recently, a novel species of SS magnetotactic bachas been found in the
Northern Hemisphere (Simmons, Bazylinski et al. 00 Magnetotactic bacteria
with opposing polarities were found coexisting ve same redox environment found
in the Northern Hemisphere and the percentage @netatactic bacteria with the
south-seeking migration pattern increases with xqumential (Simmons, Bazylinski

et al. 2006). These south-seeking magnetotactateba found in the Northern
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Hemisphere move upwards along the geomagnetic lilméd and towards a higher
oxygen level which is away from their preferred roaerobic oxygen environments
and is opposite to all previously reported magraetot bacterial strains (Simmons,
Bazylinski et al. 2006). The exact function andchranism of magnetotaxis trait in
magnetotactic bacteria need further investigatioh study.

Magnetosome and Bacterial Magnetite

The magnetosome, another intriguing feature of retgactic bacteria, is
believed to be the biological basis of the intrigui magnetotactic trait of
magnetotactic bacteria. It is even more intriguingthe sense of a prokaryotic
intracellular compartment (Murat, Byrne et al. 2D10Magnetosomes, the very
unique intracellular structures found in all magnattic bacteria, are vesicles each
with a magnetite nanocrystal (usually 35 ~ 120 nndiameter) inside and a lipid
bilayer membrane with similar composition as theoplasmic membrane (Balkwill,
Maratea et al. 1980; Bazylinski and Frankel 200dmi€ili 2007). These vesicles
are organized into chains by cytoskeletal filameatsl fixed inside the cells
(Komeili 2007). The magnetite nanoparticles are tbhysical basis of the
magnetotactic trait and the chain alignment of tha@gnetosome vesicles is the
biological basis for this trait (Frankel and Bangki 2006; Komeili 2007).

The term ‘magnetosome’ was first used by Balkwillad to describe “the
electron-dense particles and their associated bognthyers in magnetotactic

bacteria” (Balkwill, Maratea et al. 1980). In thisport, the authors observed that
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the bacterial magnetites were surrounded by eleaemse layers and speculated
that it is a true biological membrane and led @ lbirth of the term ‘magnetosome’
(Balkwill, Maratea et al. 1980). The authors cladrthat individual magnetosomes
are linked together to form a chain. The magnet@schain is fixed to the inner
cytoplasmic membrane of the cell (Balkwill, Marattaal. 1980).

Characterization of the magnetosome membrane wsisréported in 1988 by
Gorby et al. (Gorby, Beveridge et al. 1988). Thagmetosome membrane in
Magnetospirillum maglonetotacticustrain MS-1 is a lipid bilayer with a 3 - 4 nm
thickness. The components of magnetosome membeaaeamainly phospholipids,
fatty acids and some proteins, which are similathtwse found in the cytoplasmic
membranes of magnetotactic bacteria (Gorby, Begeret al. 1988).

Although the observation that the magnetosome mamebrhas a similar
composition to the cytoplasmic membrane indicatbat tthe magnetosome
membrane may originate from the cytoplasmic mendgrémere was no clear and
conclusive experimental report regarding the mdeamechanism of magnetosome
formation until recently (Komeili, Vali et al. 200&Komeili, Li et al. 2006; Scheffel,
Gruska et al. 2006).

One critical question regarding magnetosomes innei@agactic bacteria since
their discovery about 30 years ago is how magnetesweesicles are formed and
aligned into chains. It has been long speculatet the formation and chain

alignment of magnetosome vesicles are under geoetitol (Bazylinski, Frankel et
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al. 1995; Frankel and Bazylinski 2006). Howevdre tsystematic and detailed
investigation of the molecular mechanisms of maggmhe formation was difficult
until recently when the genomes of several magaetiot bacteriaMagnetospirillum
magneticumstrain AMB-1 (Matsunaga, Okamura et al. 2008)agnetospirillum
gryphiswaldensestrain MSR-1 (Richter, Kube et al. 2007)agnetospirillum
magnetotacticum strain MS-1 (Joint Genome Institute,

http://genome.jqi-psf.org/draft microbes/magma/madmme.htnj| and

Magnetospirillum  magneticum strain  MC-1  (Joint Genome Institute,

http://genome.jgi-psf.org/draft microbes/magml/madmme.htm), were

sequenced and annotated (Richter, Kube et al. 2007)

The comparative genomic analysis of these four m@gactic bacteria reveals
that a magnetobacterial core genome of about 8%sgevas shared by all four
magnetotactic bacteria (Richter, Kube et al. 200Bmong these genes, 28 genes
were identified as magnetotactic bacteria-spe@inoes. These genes include all
mam (magnetosome_m@mbrane) andnms (magnetic particle_mmbrane_gecific)
genes (Richter, Kube et al. 2007; Faivre and Sch2@98; Schiler 2008). In
Magnetospirillum magneticunstrain AMB-1, all these conserved 28 genes are
located within a 130 kb genomic magnetosome isl@vidl) which contains the
majority of magnetosome protein genes, a high p¢age of transposase genes and
many hypothetical genes (Schiibbe, Kube et al. 2Q0Bich, Kube et al. 2005;

Schiler 2008).
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In 2004, Komeili et al. used thdagnetospirillum magneticustrain AMB-1 as a
model system for magnetotactic bacteria and cledgponstrated that magnetosome
vesicles are present before magnetite formationl #@wat the protein MamA is
required for their formation (Komeili, Vali et al.2004). By using
cryo-ultramicrotomy, the authors observed intachick of empty magnetosome
vesicles in magnetotactic bacteria cultured under-limited conditions. The result
demonstrated that magnetosome vesicles are formedhlggned into chains before
magnetite synthesis. Deletion of theamAgene, a gene encoding magnetosome
protein MamaA, resulted in shorter magnetosome chélr5 vesicles per cell) being
synthesized inside the cells. Two possible fumgtiof the protein MamA in
magnetosome formation were proposed: One functioMamA is that it may be
involved in magnetosome assembly. Another postsild that MamA may be used
by magnetotactic bacteria to control the numbernafgnetosome vesicles they
synthesize and therefore the length of magnetosdrams when there is not enough
iron available (Komeili, Vali et al. 2004).

In 2006, two research groups reported the functadrmotein MamJ and MamK
in magnetosome formation in two differaviagnetospirillumstrains using essentially
the same approaches and techniques. Komeili gtvaistigated the functions of the
magnetosome protein MamK in magnetosome formatiothe Magnetospirillum
magneticumstrain AMB-1 (Komeili, Li et al. 2006). The auttsoused electron

cryotomography (ECT) to study magnetosome formatihen cells were grown in
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iron-limited conditions, empty magnetosome chaieserobserved (Komeili, Li et al.
2006). The ECT images clearly showed that about¥@4f the magnetosome
vesicles were invaginations of the inner membrarmkthat the remaining 66 % were
located close enough to the membrane to be théégedunvaginations (Komeili, Li
et al. 2006). These results demonstrated that etagome vesicles originate from
the invagination of the inner cytoplasmic membraokshe cells. Deletion of the
mamK gene, a gene encoding the magnetosome prMamK, disrupted the
magnetosome chains and the magnetosome vesicles digpersed in the cells
(Komeili, Li et al. 2006). Complementation of thenamKmutant withmamk-GFP
restored the magnetosome chains (Komeili, Li et28l06). The authors thus
proposed that the protein MamK may form cytoskéldtments that align individual
magnetosome vesicles into chains that are fixetiencell (Komeili, Li et al. 2006).
Later, by using immunogold staining and fluoreseemaicroscopy, Pradel et al.
demonstrated the authenticity of the MamK filameartd found that the MamK alone
can form straight filaments iBscherichia col({Pradel, Santini et al. 2006).

Scheffel et al. investigated the role of the otherdic magnetosome protein
MamJ in the formation of magnetosomes Magnetospirillum gryphiswaldense
(Scheffel, Gruska et al. 2006). In the deletiontanti of mamJ the magnetosome
vesicles clustered together and no longer formedheh By usingnamJ-eGFPRand
electron cryotomography (ECT), the authors demateirthat the MamJ protein was

localized adjacent to a filament that extendedughothe length of cell. When cells
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were cultured under iron-insufficient conditions)y magnetosome vesicles linked
to the linear filament were observed in wild tymis However, ilMmamJmutants,
empty vesicles were dissociated from the filameviten cultured with insufficient
iron (Scheffel, Gruska et al. 2006). The authooppsed a model for magnetosome
chain formation: First MamJ links empty magnetosorasicles to the cytoskeletal
filaments formed by MamK inside cells. Then magegbarticle synthesis initiates
inside the vesicles. As the magnetite particlestinooe to grow, the magnetic
moments between the particles start to take effedtbring them together, forming
stable magnetosome chains (Scheffel, Gruska 2086).

Nearly 35% of all proteins associated with the neigsrome membrane of
Magnetospirillum gryphiswaldenssse MamGFDC proteins (Grunberg, Miller et al.
2004). Recent deletion mutagenesis and complemnye@aizalysis ofmamGFDC
operon demonstrated that these major magnetosome memlmaneins are not
essential for the biomineralization of bacterialgmetites, but control the size of
magnetites (Scheffel, Gardes et al. 2008). Thetidel of mamGFDCoperon failed
to completely abolish the formation of bacterial gmetites in Magnetospirillum
gryphiswaldense. In the deletion mutant shamGFDGC the magnetites formed were
only 75% of the wild-type size with irregular mogdbgy. The complementation of
the deletion mutant with one, two, and three geatshe mamGFDC operon
gradually restored the formation of wild-type skmcterial magnetites. The authors

thus proposed that the MamGFDC proteins may havialha redundant functions
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and control the size of magnetite crystals in awatve way (Scheffel, Gardes et al.
2008). The mechanism of this process remains ancle

In a recent review, Komeili proposed the molecut@chanism of magnetosome
formation in the Magnetospirillum magneticunstrain AMB-1 (Komeili 2007).
This model involves three steps: First, membramagmation occurs at the inner
part of the cytoplasmic membrane of the magnetctabacteria. Second,
individual invaginations are assembled into a chgirMamK and MamJ. Third,
iron is transported into the magnetosome vesictes the synthesis of magnetite
nanocrystals with defined structures is stimuldigdMms6 (Bazylinski and Frankel
2004; Komeili 2007). Recent comprehensive fun@ioanalysis of thanamAB
gene cluster inMagnetospirillum magneticunstrain AMB-1 identified addition
proteins participated in the formation of magnemsoand confirmed that the
formation of magnetosome is a step-wise processrstdct genetic control (Murat,
Quinlan et al. 2010). The formation of magnetosataets with the invagination of
cytoplasmic membrane which requires the action @V MamL, MamQ and
MamB proteins. Then the chain assembly of indigldinvaginations was
accomplished by MamK and MamJ protein. MamM, Maariddl MamQ proteins
appear to participate in the iron uptake proce§he size and morphology of
bacterial magnetites seem to be under the contidlaonGFDC and Mms6 proteins
(Arakaki, Webb et al. 2003; Scheffel, Gardes e2@08; Murat, Quinlan et al. 2010).

In the current model, evidence regarding membramagination and magnetosome
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vesicle assembly is convincing, but the mechani$nivims6 stimulated bacterial
magnetites formation inside magnetosome vesiclasires unclear.

The chain alignment of the magnetite nanoparticfesmed inside the
magnetosome vesicles by magnetotactic bacterteoigght to be the physics basis of
the magnetotactic trait of magnetotactic bacteRanfiinga, de Waard et al. 1995;
Dunin-Borkowski, McCartney et al. 1998; Bazylinsknd Frankel 2004). The
magnetite particlesynthesized by magnetotactic bacteria have higmda purity.

It is the first direct evidence to demonstrate tiat presence of magnetites in living
organisms may participate in their responses tereat magnetic fields (Frankel,
Blakemore et al. 1979; Bazylinski and Frankel 2004)

The size of magnetite crystals synthesized by ntatgaic bacteria is within the
single-magnetic-domain (SD) size range (Dunlop 1%®i#ler and Banerjee 1975).
Magnetite particles within the SD size range arema@ently magnetic and the
magnetic moments remain stable in ambient enviromsn@Bazylinski and Frankel
2004; Komeili 2007). Magnetite particles smallenan the SD size are
superparamagnetic and their magnetic moments atepeaonanent in ambient
environments (Bazylinski and Frankel 2004).

Under transmission electron microscopy (TEM), theagnetite particles
synthesized by magnetotactic bacteria can be ssewmhain(s) within the cell
(Blakemore 1975; Frankel, Blakemore et al. 197%yBaski and Frankel 2004). In

the first paper investigating the physical promsif bacterial magnetite particles, the
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authors assumed that the total magnetic momentseoivhole cell were the sum of
the magnetic moments of individual SD magnetic ipi¢ and had a calculated
magnetic moments as 1.3X¥0 electromagnetic units, which provided enough
magnetic moment for cells to align themselves algeagmagnetic field lines as low
as 0.5 gauss (Frankel, Blakemore et al. 1979). s&uent light-scattering
measurements of magnetic-moment of Magnetospirillum magnetotacticustrain
MS-1 (Rosenblatt, Dearaujo et al. 1982), remananeasurements on individual
Aquaspirillum magnetotacticuATCC 31632 (Penninga, de Waard et al. 1995) and
magnetic force microscopy of the submicron magnessembly of the marine
magnetotactic vibrio strain MV-1 (Proksch, Schaftgr al. 1995) confirmed this
calculation. It has been concluded that the magngtarticles synthesized by
magnetotactic bacteria, aligned into chain(s) #rat fixed within cells, act as “tiny
compass needles” to direct the migration of magaetw bacteria (Bazylinski and
Frankel 2004). It is the chain-aligned magnetiatiples fixed inside the cells that
confer the magnetotactic trait on magnetotacti¢dyac

Definitive studies of the chemical composition cdignetite particles synthesized
in magnetotactic bacteria had not been possiblé tim¢ first pure culture of
magnetotactic bacteridagnetotactic Spirilliumstrain MS-1, was isolated in 1979
(Blakemore, Maratea et al. 1979). By using Mossbapectroscopy, Frankel et al.

clearly demonstrated that the iron-containing mahersynthesized inside
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Magnetotactic Spirilliumstrain MS-1 is ferromagnetic &, with an average size
(maximum dimension) of about 50 nm (Frankel, Blakesret al. 1979).

Magnetotactic bacteria usually synthesize ferrionetig magnetites (E©s).
But it has also been reported that in some magmettot bacteria, which were
discovered in sulphide rich aqueous environmerits, iton mineral crystals are
present in the form of ferricmagnetic greigite {&¢ (Farina, Esquivel et al. 1990;
Mann, Sparks et al. 1990). The compositions of imineral crystals are strain
specific and under strict control by the bactemazylinski and Frankel 2004).
Meldurm and colleagues demonstrated that two @dtumagnetotactic bacterial
strains, MC-1 and MV-2, which synthesize magnetiteside their magnetosome
vesicles, continue to synthesize;®Bginstead of F¢S, even when hydrogen sulphide
was supplied in the culture medium (Meldrum, Mabale 1993; Meldrum, Mann et
al. 1993). Only one magnetotactic bacterial strhas been reported that can
synthesize both magnetite &) and greigite (F£5,), but the pure culture of this
magnetotactic bacterium has not yet been isold&adyizinki, Heywood et al. 1993;
Bazylinski, Frankel et al. 1995; Bazylinski and fikal 2004).

Usually, the size of R®, or FgS, synthesized by magnetotactic bacteria ranges
from 35 nm to 120 nm but is consistent within egphlcies or strain of magnetotactic
bacterium (Bazylinski, Garrattreed et al. 1994).heTmorphologies of the mineral

crystals reported to date fall into three generategories: “roughly cuboidal,
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elongated prismatic (roughly rectangular), and hgobullet- or arrowhead-shaped”
(Bazylinski and Frankel 2004).

Little is known about the real process and meckmanig magnetite particle
synthesis inside magnetotactic bacteria. It hanh@oposed that it may involve
three stages (Frankel, Papaefthymiou et al. 19&&ylBski, Frankel et al. 1995;
Bazylinski and Frankel 2004): First, ferric ion® @aaken up by the cells through some
specific iron transport systems and then reducdeértous ions and transported into
the magnetosome vesicles where the magnetite lpartéze synthesized. Second,
ferrous ions are reoxidized to ferric ions and fdmarous ferric oxides. The final
stage is reducing one-third of the ferric ionsemnrit oxides into ferrous ions and then
transforming the hydrous iron oxides into magneti@noparticles with defined
uniform structures.

From the currently available information, it seethat different magnetotactic
bacterial strains adopt different strategies tagpart iron into magnetosome vesicles
in different redox forms. In th#agnetospirillum magneticurStrain AMB-1, it has
been reported that iron is transported into mageie vesicles in the form of Fe
(In. The protein Mag A, which is believed to behamolog of the cation-efflux
protein Kef C in Escherichia coli is involved in iron transport in the
Magnetospirillum magneticungtrain AMB-1 (Nakamura, Burgess et al. 1995).
Studies on iron transport in thi@lagnetospirillum magnetotacticurstrain MS-1

demonstrated that Fe (lIl) is transported into maggmme vesicles with the aid of
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siderophores (Paoletti and Blakemore 1986). In  tMagnetospirillum
gryphiswaldens&trainMSR-1, evidence showed that both ferric and ferious can
be taken up into magnetosome vesicles (SchileBarderlein 1998; Bazylinski and
Frankel 2004).

Recently, Faivre et al. systematically studied thagnetite biomineralization
pathway inMagnetospirillum gryphiswaldensgtrain MSR-1 (Faivre, Bottger et al.
2007). The results showed iron was taken up frieenenvironment either as ferric
or ferrous ion into the cell through the cytoplasmmembrane oMagnetospirillum
gryphiswaldensestrain MSR-1. Then a pool of ferric and ferrous iron whsn
formed at cytoplasmic membrane. The ferric irors whelated by some unknown
organic substrate, while the ferrous iron was sstgued in membrane associated
bacterial ferritin.  The ferric and ferrous irorethwere released and transported into
the invaginated magnetosome vesicles by mechan@snget unknown. The
magnetite formation then was initiated by the tagirecipitation of ferric and ferrous
ions without any precursor phase. The growth aatlration of magnetites appears
to be completed in the magnetosome vesicles anttotied by other proteins (Faivre,
Bottger et al. 2007). It is unclear whether thesgmetite biomineralization process is
universal to all magnetotactic bacteria species.

However, another study of the formation of magsetoee inMagnetospirillum
gryphiswaldens&trainMSR-1 showed contrary results (Staniland, Ward.e2G07).

The magnetosome materialsMagnetospirillum gryphiswaldensrainMSR-1 was
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investigatedin vivo by real-time x-ray magnetic circular dichroism. heTauthors
reported the observation of the formation of fulesnanocrystal with nonmagnetic
surface layers constituted by hematite (the nonmidgmrecursor of magnetite)
within 15 minutes after the formation was initiatedlhe transformation of hematite
to mature magnetite nanoparticles was completedirwanother 15 minutes. The
fact that bacteria only take 30 minutes to syntteethe magnetites suggests that this
process may be catalytic as proposed by the auStasiland, Ward et al. 2007).

Mms6 Protein and Biomineralization

Mms6, a magnetosome-associated protein, may bendis¢ intriguing protein
found in the magnetosome. The Mms6 protein was feported by Arakaki et al.
as a magnetosome membrane-associated protein wlightly bound to magnetite
nanoparticles isolated from th&lagnetospirilum magneticunstrain AMB-1
(Arakaki, Webb et al. 2003). In their report, Aak et al. identified several small
proteins, Mms5, Mms6, Mms7, Mms13 that were tighilyund to the bacterial
synthesized magnetite nanoparticles. The mosguntrg feature of Mms6 protein
is its ability to promote the formatioin vitro of magnetite nanoparticles with the
similar size and morphology as those made by matactic bacteria (Arakaki,
Webb et al. 2003).

Mms5, Mms6, Mms7 and Mms13 have been categorizedr@tgins tightly
bound to the bacterial magnetite nanoparticles.es&€msmall proteins are encoded

by the mamCDand mms6gene clusters, which are adjacent to each othdénéan
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Magnetospirillum magneticustrain AMB-1 genome (Grinberg, Wawer et al. 2001;
Komeili 2007). Mms5, Mms6 and Mms7 share some comfieatures: They all
have a hydrophobic N-terminal domain, which is wsgd to be the membrane
domain of these proteins, and a hydrophilic C-teahidomain, which may be
involved in magnetite nanoparticle formation. OMWNs6 has been reported to
promote the formation of magnetite nanoparticleshwsimilar morphology to
bacterial magnetitem vitro by co-precipitation of ferric and ferrous ion (Keki,
Webb et al. 2003). But the critical magnetizatimeasurements and structural
characterizations of these magnetite particles hegited in the present of
recombinant Mms6 protein were lacking in this reépor

In 2007, Prozorov et al. reported magnetization suesEments and structural
characterization of magnetite nanoparticles syizkds in the presence of
recombinant Mms6 protein (Prozorov, Mallapragadaakt2007). The Mms6
protein was expressed as recombinant protein wigolg-His tag attached to its
N-terminus. Genomic DNA was obtained froWagnetospirillum magneticum
strain AMB-1. The DNA was amplified using primdigat are complementary to
internal sites on the Mms6 gene coding region. gJémomic DNA was amplified
using primers that are complementary to interntdsson the Mms6 gene coding
region. The primers were designed to amplify #ggan of the gene corresponding
to the mature Mms6 protein. The polymerase chaaction (PCR) amplicon was

cloned into the plasmid pTrcHis TOPO. This clomggression vector was used to
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prepare recombinant mature Mms6 protein. Cellg.0bli transformed by Mms6
expression vectors were used to produce His-talyi;red6. A large fraction of the
expressed Mms6 was present in inclusion bodies.e iflelusion bodies were
dissolved in 8 M urea, and purified by TALON columrich specifically binds
histidine. The captured His-Mms6 protein was md#dl by sequential dialysis
against increasingly lower concentrations of ure20 mM Tris, 500 mM KCI, 0.2
mM phenylmethanesulfonyl fluoride, 1 mM EDTA, pH57. The His-Mms6 was
then dialysis against 2 changes of 20 mM Tris, 1@ KCI, pH7.5. BSA, ferritin
and Lcn2 were used as controls to compare magrmiticles synthesized in the
presence of proteins with different iron bindingojperties. The X-ray powder
diffraction pattern of the His-Mms6 derived pamriglidentified them as magnetites.
The magnetization measurements and transmissiastragle microscopy results
showed that magnetite particles with defined stma&s can only be synthesized
when Mms6 is present (Prozorov, Mallapragada €tQdl7).

Mms6, or its C-terminal part, promotes the synthesif cobalt ferrite
nanoparticles, which are not known to be preseiiny living organism (Prozorov,
Palo et al. 2007). The authors covalently attaddiseMms6 or the C-terminal part
of Mms6 to self-assembling polymers and used theltiag polymers as templates to
synthesize cobalt ferrite nanocrystals. The regulicobalt ferrite nanocrystals
exhibited 50 - 80 nm thin hexagon-like structurest tare difficult to produce using

conventional techniques. The authors proposed wWian the self-assembling
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polymers were covalently attached with His-MmsatsrC-terminal part, they may
act in a manner similar to the bacterial magnet@sonembranes and allow a
surface-controlled crystal growth (Prozorov, Palale2007).

Amemiya et al. reported the synthesis of magnetdeoparticles by partial
oxidation of ferrous hydroxide in the presence ah#6 (Amemiya, Arakaki et al.
2007). The results showed that cubo-octahedralnetags with narrow size
distribution were formed after ferrous hydroxidesrev partially oxidized at 9€ in
the presence of Mms6 for 4 h. While in the abseofcéims6, only octahedral
magnetites with broad size distribution were formedler the same experimental
conditions. The authors thus proposed that Mmsg@ oaatrol the morphology of
magnetite to be specifically cubo-octahedral bydlrig to the specific crystal face of
the magnetites thus control the growth of magreiiethe aboven vitro synthesis
(Amemiya, Arakaki et al. 2007).

A study in Magnetospirillum magnetotacticurstrain MS-1 showed that the
cubo-octahedral morphology of MS-1 bacterial maigeeican be disturbed when the
cells are grown in the presence of Ni. The cellaantent of Mms6 in this case was
also decreased. The correlation between the mimgyof magnetites and the
cellular content of Mms6 indicated that the role 8 m vivo may be to control the
growth of bacterial magnetic nanoparticles (Kuniale et al. 2009). The exact

effect of Ni on cellular Mms6 content remains uacle
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Recently, Tanaka et al. reported thevivo study of the effect of Mms6 on the
formation bacterial magnetites iMagnetospirillum magneticunstrain AMB-1
(Tanaka, Mazuyama et al. 2011). In the deletiotamiuof themms6gene fmms6,
only smaller size bacterial magnetites with uncomrarystal faces were observed.
While the complementation strains Ahms6mutant synthesized magnetites similar
with the wild type with uniformed cubo-octahedralomhorlogy (Tanaka,
Mazuyama et al. 2011). This is the firstvivo study that clearly demonstrated that
Mms6 can control the morphology and size of baakeniagnetites. Interestingly,
deletion of themms6gene resulted in a significant decrease of theuatnof Mms5,
Mms7, and Mms13 on the surfaces of bacterial magset The authors thus
proposed that Mms6 may serve as a scaffold prodefiorm a protein complex with
other Mms proteins and co-locate these proteing th@ bacterial magnetite surface
thus control the morphology and size of these nartmtes (Tanaka, Mazuyama et
al. 2011). The authors provided evidence that cetnated Mms6 may control the
morphology and size of magnetites in magnetotalsticteria by regulating the
surface of crystal during crystal growth. But tbetical question of how does
Mms6 (or the protein complex that includes Mms@)utate the surface growth of
crystals still remains unclear and need furtheestigation.

The genomic and proteomic studieshMégnetospirilum magneticuPAMB-1
have identified 48 magnetosome-associated prof@tasunaga, Okamura et al.

2005). Mms6 is one of these magnetosome membissteiated proteins
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consisting of 59 amino acids with a hydrophobic elytinus and hydrophilic
C-terminus (Arakaki, Webb et al. 2003). The hydhibp C-terminal region of
Mms6 contain a series of amino acid residues withee hydroxyl or carboxyl
groups. The N-terminal domain of Mms6 containsea-Gly-rich region, which is
similar to some self-aggregating proteins of othBomineralization systems
(Amemiya, Arakaki et al. 2007; Komeili 2007; Faivaed Schuler 2008; Schiler
2008). It has been speculated that the hydroxylcamboxyl groups in the
C-terminus of Mms6 may provide a template for maigneanoparticle synthesis
and can control the morphology of the magnetiteakaki, Webb et al. 2003).

Although a lot of effort has been focused on un@deding the mechanism of
magnetosome formation by proteomic and genetic cgupres, there are very few
reports that describe biomineralization mechanisnmagnetotactic bacteria an
vitro (Faivre, Bottger et al. 2007; Prozorov, Palo et2@07; Staniland, Ward et al.
2007; Tanaka, Mazuyama et al. 2011). The detailedhanism of Mms6 promoted
magnetite nanoparticle formation remains unclear.

Calcification and Silicification

In those cases for which there is some understgnadih the biological
mechanisms involved in biomineralization, protdiase been found responsible for
forming the mineral structures. But, the mechasisny which mineralization
proteins function are poorly understood. It hasrberoposed that the mechanism(s)

involved in biomineralization may include the cahtrof size, morphology,
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orientation, composition and the location of crigstaynthesized by organisms
(Gower 2008). The role of proteins in the biomateation process is critical
considering that biomineralization occurs readilpwder mild physiological
conditions compared with the high temperatures nedsures required to achieve
the same goals vitro.

Unlike the magnetite formation in magnetotactic tbaa, calcification and
silicification are the two major systems used iriura to fabricate hard skeletal
tissues and have been under extensive investigéiamucci 2009). We can learn
from these well studied cases and gain some vauafdrmation in elucidating the
mechanism of magnetite formation in magnetotadictdria.

Studies of the biomineralization processes thatioicccalcification of bone and
teeth have extended for decades and yet detailethansms to described these
processes still remains ambiguous (Posner and B@nS; Colfen 2010). The key
guestion of calcification in organism, which is i the bone mineralized by
means of ion-based or amorphous precursors, hasdatated for decades (Weiner
2006; Grynpas and Omelon 2007; Olszta, Cheng 0al7; Célfen 2010; Mahamid,
Aichmayer et al. 2010).

The main function of collagen in bone mineralizatis to act as the protein
scaffold for the organized arrangement of apalfitaub, Arad et al. 1989; Hulmes,
Wess et al. 1995). Receint vitro andin vivo studies have provided evidence to

demonstrate that the function of collagen is asetive scaffold involved in bone
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mineralization rather than being passive (Dey, Buosnat al. 2010; Mahamid,
Aichmayer et al. 2010; Nudelman, Pieterse et a020

To study the calcium biomineralization processvitro, Dey et al. used an
arachidic acid monolayer system to mimic theivo biological surfaces that induce
calcium phosphate biomineralization. By using efEM, the investigators
provided high resolution, time-resolved images loé tsurface-induced calcium
phosphate crystallization. The authors reportastenxce of small nanometer-sized
prenucleation clusters in the concentrated calcigoiution in which the
biomineralization of calcium phosphate starts. seEh@renucleation clusters then
aggregate and further coalesce on the surface olager to form amorphous
spherical small particles. The development of meatuystals was accomplished by
the oriented nucleation of amorphous particlesctiaed by the monolayer (Dey,
Bomans et al. 2010).

Collagens, the insoluble super macromoleculesgalted the structural matrix
in bone and teeth biomineralization and usuallysaigred as the inactive protein
scaffold. A recent study showed the possible aatble of collagens in the process
of apatite biomineralization for bone and toothnfation (Nudelman, Pieterse et al.
2010). By using cryo-TEM and molecular modelingtioé electrostatic potential
energy distribution of the collagen fibril, the lhats reported that the prenucleation
clusters are stabilized by polyaspartic acid ancnfmegatively charged loosely

packed mobile structures. Modeling of the eletatis potential energy
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distribution of the collagen fibrils revealed the&istence of positively charged

regions at the border of gap and the overlap zoi&e authors thus concluded that
this positively charge region can be used for naherfiltration and electrostatic

interaction, which enabled the formation of a demstwork of prenucleation

clusters inside the collagen fibrils. These présaicon clusters were then
transformed into amorphous calcium phosphates anented as crystalline

hydroxyapatite inside the fibrils. The resultswkd an active role of collagen for
the biomineralization of hydroxyapatite, which wasprovide the nucleation sites
for hydroxyapatite crystallization within a chargesnino acid domain of the

collagen fibrils (Cdélfen 2010; Nudelman, Pietersale2010).

Mahamid et al. used zebrafish as the model systenmvestigate the bone
mineralization processn vivo. By using cryo-SEM imaging and small-angle
scattering, the investigators validated the hypaththat then vivo process of bone
mineralization starts with the aggregation of peation clusters followed by the
formation of amorphous apatite calcium phosphatdke collagen fibrils where the
maturation of crystalline of apatites occurs (MaltBrAichmayer et al. 2010).

The formation of enamel is another well-studiedjscibin the calcification
system, which is the outcome of the mineralizatmdncarbonate-apatite with the
most unusual morphology in biological system. Matenamel contains crystals
that are tens of microns in length with a lengthwtiolth ratio larger than 1000

(Daculsi and Kerebel 1978). The formation of enlacezurs in an extracellular
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environment and consists of three main stageset®gr transition and maturation
(Eastoe 1979; Simmer and Fincham 1995). As theeldpment of enamel
continues, the extracellular matrix (ECM) proteans cleaved by various proteases
and removed from the mineralization sites in thieaeellular matrix, which in turn
results in the hardness of enamel (Eastoe 1979%dim-Oldak 2001).

Amelogenin, the major component of the extracellutaatrix during the
secretory stage, is believed to be responsibléherformation of the hierarchical
structure in enamel (Eastoe 1979; Moradian-Oldakl20 Amelogin shares many
similarities with Mms6, the protein of focus forighthesis. The sequences of
amelogenins from different species are highly corest at the carboxyl and amino
terminal regions. The C-terminus consists of hytihop charged amino acid
residues and the N-terminus is the TRAP (tyrosioh amelogenin polypeptide)
region. The remaining part of amelogenin is thdrbghobic core which is rich in
proline and leucine residues (Moradian-Oldak, P&nhal. 2000). The conserved
TRAP region and the hydrophilic C-terminal regioe helieved to be the functional
motifs important for the enamel biomineralizatioBifimer and Fincham 1995;
Fincham, Leung et al. 1998).

The full length mouse amelogenin has 179 aminosacidarly research results
demonstrated that amelogenin can self-assemblénatm-sphere’ structures with a
hydrodynamic diameters ranging from 15 to 20 nm vitro (Fincham,

Moradian-Oldak et al. 1994). A similar quaternatyucture of amelogenin was
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observedin vivo from high resolution transmission electron micogsc (TEM)
studies. The TEM images of the developing enamainfmouse, bovine and
hamster showed the amelogenin nano-spheres asethea®vs aligned with and
separating the enamel crystallites’ (Fincham, M@adldak et al. 1995). It was
thus proposed that the nano-sphere structure olfogerm@n may function to control
the crystallite spacing of enamel which is foundb® about 20 nm (Fincham,
Moradian-Oldak et al. 1995; Zeichner-David, Diekstigt al. 1995).

The driven force of the self-assembly of amelogerano-spheres seems to be
hydrophobic interactions as it is evident in themary sequence of amelogenin
contains a large portion of hydrophobic amino acidBroteolysis digestion of
amelogenin nano-spheres revealed that both thermrtes and C-terminus of
amelogenin are exposed (Moradian-Oldak, Jimeneal.et2001). Subsequent
studies further revealed the formation of highesels of ordered structures which
were termed as ‘micro-ribbons’ from amelogenin napberes (Du, Falini et al.
2005). The authors reported that the amelogenimomer forms a bipolar globular
structure with the highly negatively charged C-tenms exposed on the surface of
molecule. The oligomerization of amelogenin isven by inter-molecular
hydrophobic interactions. The amelogenin formseatintrimer and hexamers. The
further assembly of the monomeric and multimeriekgenin molecules results in
the formation of stable nano-spheres. These npherss then further

self-associate and form linear chain structuresen@dlO to 15 nano-spheres. The
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bipolar nature of amelogenin has been proposednssige for the re-organization
of the chain structures to eventually result innfation of the micro-ribbon (Du,
Falini et al. 2005; Moradian-Oldak, Du et al. 2006)

The C-terminal segment of amelogenin is highly tiegly charged. Removal
of the C-terminus results in the formation of mdvesely organized and larger
nano-spheres than formed by the full length amelomge(Moradian-Oldak,
Bouropoulos et al. 2002). A C-terminal deletiontami of amelogenin failed to
form micro-ribbon structures (Du, Falini et al. 3)0 More importantly, the
affinity of C-terminal deletion mutant of amelogenio apatite crystals was
significantly lower than that of the full length atogenin (Moradian-Oldak,
Bouropoulos et al. 2002). A solid-state nucleaomance microscopy (SSNMR)
study of the LRAP (leucine-rich amelogenin protéire alternative splicing product
of the primary amelogenin transcript) revealed ttieg C-terminal segment of
amelogenin was oriented to the surface of hydroatysp (HAP) so that the acidic
amino acid residues in the C-terminus can dirgetact with the HAP surface direct
interaction and regulate mineralization (Shaw, Claefiet al. 2004).

Silicification is another biomineralization procdssquently used by organisms
to fabricate silica-based hard structures suchia®rd walls, sponge spicules and
radiolarian micro skeletons in nature (Crookes-Gooxl Slocik et al. 2008; Bonucci
2009). The representative example of silica-bdsenhineralization process is the

silicatein directed silicification by sponges.
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Sponges used high concentrations of silicon iretheronment to build spicules,
which are robust structures of amorphous silicao¢kes-Goodson, Slocik et al.
2008). The sponges are constructed with a cepta@kinaceous axial filament
surrounded by the annular layers of silica nanagest (Weaver and Morse 2003).
The central proteinaceous axial filaments are caagmf three proteins, silicatein
B andy (Cha, Shimizu et al. 1999; Weaver and Morse 2003hese three proteins
form dimers, tetramers and hexamers respectivety @amdergo phosphorylation
(Mller, Boreiko et al. 2007).

The silicatein filaments function in the biominezation of silicon as both
templates for silica deposition and dehydrolase sibicon ethoxide condensation
(Cha, Shimizu et al. 1999; Yan, Katsuhiko et al999® Silicatein shares high
sequence homology to cathepsins which are cysgiogases. Of the catalytic
triad of cathepsins, two of amino acid residuess Hind Asn, are conserved in
silicatein. The mechanism of silicatein-catalyzgolymerization of silica was
proposed to resemble the catalytic mechanism otranes protease. Both the
dehydration of silicon ethoxide promoted by thdcaiein and the cleavage of
peptides catalyzed by serine proteases must préicexagh an obligatory hydrolysis
reaction and both are accelerated by general aas#-batalysis (Cha, Shimizu et al.
1999; Yan, Katsuhiko et al. 1999; Schibbe, Kub&.e2003). Later, this proposed
catalytic mechanism of silicatein directed silicbormation was confirmed by

mutagenesis studies (Yan, Katsuhiko et al. 1999).
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Abstract

Highly ordered mineralized structures are creatgdiviing organisms that are
often hierarchical in structure with fundamentalustural elements at nanometer
scales. Proteins have been found responsibleofariig many mineral structures,
but the mechanisms by which biomineralization pnstefunction are generally
poorly understood. We discuss studies of the ntatpic bacterial protein,

Mms6, which promotes the formatiamvitro of superparamagnetic magnetite nano-
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crystals. Mms6 has two phases of iron binding, ligé affinity (Ks=10'°M) and
stoichiometric and the other low affinigi¢q =5.5 + 4.0uM), high capacity, cooperative
with respect to iron and temperature sensitiveon Ibinding initiates a very slow
structural change in the protein. We propose aehfmdt the mechanism of action
of Mms6 in which a conformational change drivenitoyn bound to the C-terminal
domain initiates a coordinated structural changelinng multiple proteins to form
a surface that can accumulate a cluster of iromstavhich might then be organized

into seed crystals.

Introduction

Magnetotactic bacteria are aquatic prokaryotesdaatmove under the direction
of local geomagnetic field lines (1). All magnetctic bacteria have unique
intracellular structures called magnetosomes tbasist of magnetic nanopatrticles
surrounded by lipid bilayer membranes (2-4). Themposition, size and
morphology of magnetites synthesized by magnetotacbacteria are
genetically-defined (5,6). Magnetotaxis is progbsesimplify the bacterial search
for the optimal oxygen environment to a one-dimenal rather than a random three
dimensional path (1,5,7,8).

The formation of magnetosomes in bacteria involmesnbrane invaginations to
form vesicles in which iron accumulates and mag@etanoparticles grow by a

controlled mechanism (5). Recent genomic and pmie studies of
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Magnetospirilum  magneticum strain  AMB-1  have identified 48
magnetosome-associated proteins (9). One of tHdses6, is a magnetosome
membrane-associated protein, the mature form domgisf 59 amino acids (10).
Magnetite nanoparticles with similar size and shapethe wild-type bacterial
magnetite crystals are formea vitro in the presence of recombinant Mms6 alone
(10,11). Deletion of the Mms6 gene from the baaterenome results in a change
in crystal structure of the magnetites formed sthmutant bacteria and a decrease
in the number of magnetosome proteins associatddtirvé magnetite nanoparticles
(12). Although these results show that Mms6 is remuired to promote the
formation of iron particles in magnetotactic baieit has not yet been determined
if the particles produced by the mutant bacteriarehahe same magnetic
characteristics as the wild-type particles. Thus unclear if Mms6 is required to
form magnetic nanoparticles in this strain of mdgtaetic bacteria. As well, it is
well known that many biological systems that aigoal for the organism to survive
contain redundancy in the protein required acasiti Thus, it remains to be seen to
what extent Mms6 is unique in its ability to fornagmetic particles in magnetotactic
bacteria. However, its ability to do So vitro provides us an opportunity of
understanding the mechanism by which this proteim gromote the formation of
magnetic nanoparticles.

Here, we observed that Mms6 forms a micellar guargrstructuren vitro that

may provide a surface for magnetite nanopartictemétion. Mms6 consists of two
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subdomains, with the N-terminal domain responsfblteanchoring the C-terminal
domain in a micelle from which the C-terminal domaiteracts with iron to form
magnetic nanoparticles.  Analysis of Mms6 and itdeninal domain by
fluorescence, and NMR spectroscopy provides eveketitat the protein undergoes
a slow structural change upon binding iron and thatprotein interacts with iron in
two ways, the first stoichiometric and high affin;=10*°M) and the second low
affinity (Kq =5.5 + 4.0uM), high capacity (~20 B&§Mms6) and cooperative with
respect to iron. We propose that the structuraisbaf formation of magnetic
particles by Mms6 is the C-terminal-driven formatiof a platform of iron-binding
C-terminal domains on the membrane of the magnetesar on a micellar surface

that concentrate iron and nucleate the formatioerystal seeds.

Experimental Procedures

Materialss The mature form of Mms6 was expressed with a pdatidine tag
extending from the N-terminus with an enterokineleavage site located between
the tag and Mms6 (referred to here as His-Mms6) pudfied as described
previously (11). The C-terminal domain of Mms6 (®ms6: KSRDIESAQSDEE
VELRDALA) was synthesized by Genscript (Genscripr@, www. genscript.com),
provided as a solution in water, and used as redeiv The concentration of

C21Mms6 was determined fluorescently by OPA with 5KIfhs6
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(YAYMKSRDIESAQSDEEVELRDALA) as standard (The conteation of
C25Mms6 was determined by A280 using extinctiorffament of 2980 M* cm™).
HissMms6 mutants- Expression vectors for His-m2Mms6 and His-m3Mms&ev
prepared using annealed complementary oligonudestencoding the appropriate
mutant sequence to replace the previously clondd-type sequence (11). The
proteins were expressed and purified as for His-Bi{i4d). The sequences of the
21 C-terminal part of His-m2Mms6 and His-m3Mms6 KEERSIDEAQESDSVEL
REALA and QSLERAEDEDADISAVEKLSR respectively comparedith the
sequence of the His-Mms6 C-terminal domain (KSRINRSDEEVELRDALA).
For the m2 mutant the instances of amino acid ceptent are bolded and also
underlined when a -OH and -COOH side chain haven beterchanged. The
sequences of all other parts of these three ptare the same. CLC protein
workbench software (CLC bio) was used to identify sequences for His-m2Mms6
and His-m3Mms6 that possessed similar hydropatbig pb that of Mms6.

Analytical ultracentrifugation- One half mL of 0.46 mg/mL (A280=0.702)
His-Mms6 in 137 mM NacCl, 2.7 mM KCI, 4.3 mM pP Oy, 1.4 mM KH,POy, pH
7.2 was loaded into the cell and placed in an AN&GOr in a Beckman Proteome
Lab XL-A Protein Characterization System (Beckmam) centrifugation. The
time-dependent sedimentation of His-Mms6 was mositat 280 nm, 65,520¢ 4
°C for 2 h. The profile of sedimentation coefficiesft His-Mms6 was generated

by the method of van Holde and Weichet using Utaas8.0 for Windows system
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(13-15). The v-bar (0.72) calculated by Ultras8ah from a weight average of the
partial specific volumes of the component aminal aeisidues of His-Mms6 were
used in the analysis. The apparent molecular nvassestimated by the calculator
provided in Ultrascan 8.0 using the sedimentatioafficients observed assuming
His-Mms6 protein is globular.

Size excluson chromatography- Chromatography was performed in an AKTA
FPLC system (GE healthcare) through prepacked 8spdr2 10/300GL (separation
range: 1 kDa to 300 kDa) and Superdex Peptide DBR{separation range: 700 Da
to 20 kDa) columns at £. Flow rates were 0.4-0.5 mL/min. All column sae¥l
were prepared by centrifugation at 14,@pat 4°C for 1 h before loading onto the
columns. Blue dextran was used to determine tisbaaumn volume (¥) of each
column. The elution volumes {Vof cytochrome ¢ (MM 10.37 kDa, aprotinin
(MM 6.5 kDa), insulin B chain oxidized form (MM 389a) and B12 (MM 1355
Da) (all from Sigma) from a Superdex Peptide 10@E0Column were used to
generate the standard curve for the apparent nlalecuass estimations of
C21Mms6. The C21Mms6 was identified using o-pldalayde (16) (OPA,
Thermo Scientific) by adding 20QL of OPA to 20uL of column fraction and
measuring fluorescence (Ex: 350 nm, Em: 450 nm).

Liposome preparation- 1-palmitoyl-2-oleoylsn-glycero-3-phosphocholine (POPC)
and 1,2-dioleoyknglycero-3-phospho-L-serine (DOPS) in chloroformaamolar

ratio of 85:15, were dried by vacuum and resuspgma@0 mM Tris-HCI, 100 mM
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KCI, pH 7.5. Liposomes were prepared by extrusioough polycarbonate filters
(all reagents from Avanti Polar Lipids) (17).

Proteolytic digestion- Two conditions were used for proteolytic digestiof
His-Mms6. In the first case, 1 mg/mL His-Mms6 wdigested with 0.1 mg/mL
proteinase K (Sigma) in 20 mM Tris-HCI, 100 mM K@ 7.5 and incubated at
25°C for up to 24 h. In the second case, 1 mg/mL Hiedd was first incubated
with 10 mM (total lipid concentration) liposome 20 mM Tris-HCI, 100 mM KCl,
pH 7.5 with and without 0.5 % Triton X-100 and ibeated at 23C or 4°C for 1 h
with constant mixing by inversion. Samples thatuded 0.5 % Triton X-100 were
then dialyzed against 20 mM Tris-HCI, 100 mM KCH [@.5 with three changes in
the presence of Bio-Beads SM-2 detergent adsotisauds (Bio-Rad) to remove the
Triton X-100 (17). His-Mms6 (0.8 mg/mL) with lipomes was digested with 0.2
mg/mL proteinase K in 20 mM Tris-HCI, 100 mM KCHr.5 at 258C for up to 24
h. All reactions were stopped with 9 mM phenylnyithlfonyl fluoride (Sigma)
then 95°C for 5 min. The samples were then resolved by gmljlamide gel
electrophoresis (PAGE) through a 15 % gel in tles@nce of 0.1 % SDS.
Fluorescence spectroscopy- The tryptophan fluorescence of His-Mms6 was
measured in either 96-well plates or in a quartzette at 25C with a fluorescence
spectrophotometer (Varian, Model: Cary Eclipse), extcitation and emission
wavelengths of 290 nm and 345 nm respectively. dhenching of His-Mms6

tryptophan fluorescence in the presence of diffiecemcentrations of ferric citrate
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was used to calculate the fraction of binding siesupied, B: B= (FF)/(Fy-F)
where F is the fluorescence signal at a given aunaton of iron and f-and k are
the signals when the binding sites are fully unpoed and occupied respectively.(18)
In this assay, His-Mms6 (M) was incubated with ferric-citrate (Sigma) at
concentrations ranging from 0 to 100 in 20 mM Tris-HCI, 100 mM KCI, pH 7.5
in separate brown test tubes for 2 h at@before the fluorescence measurements
were taken.

For the studies of the time dependent fluoresceheege of His-Mms6 upon

free ferric ion addition, 5 UM His-Mms6 or His-m2M#gin 50 mM sodium formate,

100 mM KCI, pH 3 were mixed with or without FgCit molar ratios of
protein:FeC|from 1:2 to 1:6 (inclusive of all unit values) antbnitored every 15
min (Ex: 290 nm, Em: 340 nm) at 26 with a fluorescence spectrophotometer
(Varian, Cary Eclipse).

*Fe¥ binding assays- In measuring the affinity of His-Mms6 for iron hiye filter
assay (19), the concentration of His-Mms6 was 1d@0on 1 uM throughout. The
solution contained 100 mM KCI and the pH was eifhidr3 (adjusted with HCI) or
pH 7.5 for all studies with ferric-citrate (establed with 20 mM Tris-HCI). Under
these conditions, His-Mms6 was incubated ifee (PerkinElmer) in the form of
ferric chloride or ferric citrate at various contations of iron as indicated for
individual experiments in the legends to figuresJnless otherwise noted, the

incubations were two hours at°@ or 25°C. The incubations with ferric citrate
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were done in brown test tubes to prevent possiltie-geduction of ferric citrate (20).
The incubated samples were filtered through Quab nitrocellulose membranes
(Millipore) that had been prewashed with the samifeb solution and at the same
temperature as during the incubation. The membBramere washed with two
consecutive 5 mL volumes of buffer at the same sratpre as during the incubation
then removed and the captured radioactivity wasitaaliusing Scintiverse BD LSC
Cocktail scintillation solution (Fisher Scientifignd liquid scintillation analyzer
(Packard model 1600 TR) The highest background observed with this methasl w
less than 1% of the maximum bound values. Thetiete efficiency of His-Mms6
hold by the filter with this method was about 903tigplementary Table 1)
Scatchard plots were used to calculate theoK His-Mms6 for iron in all
binding assays (21). The equation used is: Bi#R4-B/Ky, where B is the
amount of iron bound by His-Mms6, F is the freebaumd iron concentration in
solution and Bax is the maximum amount of iron bound by His-Mms@®y
plotting B/F versus B, the Bx and Ky can be calculated from the Y and X-axis
intercepts. The stoichiometry between iron and ginowas then determined by
Bma/protein (molar ratio). The absolute Kf His-Mms6 for ferric iron at pH 7.5
was calculated by the equation=K " x Kq (ferric-citratey Where kP is the binding
constant of His-Mms6 for iron observed at pH 7.3,ic-cirate) IS the dissociate

constant of ferric citrate at pH 7.5.
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Nuclear magnetic resonance (NMR) spectroscopy- NMR analysis was performed
on a Bruker AVII700 equipped with a 5 mm TCI cryope. All NMR analyses
were performed at 2%. Each 1H1D spectra was acquired using pre-sabur&bir
solvent suppression (Bruker pulse program zgpr) @msisted of 64 scans with an
acquisition time of 3 min. 2D 1H-1H TOCSY and NOESpectra were collected
using standard experimental protocols (Bruker pydsggrams mlevgpgpl9 and
noesygpphl9, respectively) with WATERGATE solvenppression. The TOCSY
experiment consisted of 256 time increments ofé&ise@ach, with a total acquisition
time of 43 min and MLEV17 mixing time of 80 ms. &@HWNOESY experiment
consisted of 512 time increments of 64 scans eaith,a total acquisition time of
7.5h and NOESY mixing time of 400 ms. All NMR datere processed and
analyzed using Bruker Topspin 2.1 software.

Dynamic Light Scattering (DLS)- His-Mms6 (0.5 mg/ml) in 100 pL of 137 mM
NaCl, 2.7 mM KCI, 4.3 mM NAPQO;, 1.4 mM KHPO,, pH 7.2 at 25°C were
analyzed with a Zetasizer Nanoparticle analyzer délo ZEN3690, Malvern
Instrument Ltd.). Each measurement consisted oddduisitions of 10s with 3
repeats. Data were processed by using Dispersiamn®ogy Software 5.00
(Malvern Instrument Ltd). The buffer was filterdtdough a 0.4%um nitrocellulose
membrane and the protein samples were centrifugretlf (14000y, 4 °C) prior to

use.
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Results

High affinity iron binding by Mms6. The affinity of Mms6 for iron has so far only
been shown qualitatively (10,11). We determinee thinding constant and
stoichiometry of iron to Mms6 usimgFe and ferric citrate®{FeCk:citric acid = 1:1
(M/M)) to accurately provide adequately low concations of°*Fe**to assess high
affinity binding at pH 7.5. A Scatchard plot okthesults yielded a & of 30uM
for ferric citrate bound to His-Mms6 protein withlal stoichiometry (Fig. 1A).
After taking into consideration theg10™> M) of ferric citrate for F& (22,23) the
Kg of His-Mms6 for iron was calculated to be'f0v.

The amino acid side chains that could chelate am@nlocated in the C-terminal
domain. To examine if the C-terminal sequence ofdd is responsible for this
high affinity iron binding, we tested two mutantrriits of His-Mms6. The first
mutant (His-m2Mms6) had the same sequence as Hisévthrough to the final 21
amino acids, in which the residues containing —@id aCOOH groups, that are
expected to be involved in chelating the*'Fevere shuffled. The second mutant
(His-m3Mms6) also had the same sequence as His-Mips6 the last 21 amino
acid residues, which were scrambled. Neither Hi$4m26 nor His-m3Mms6
showed high affinity binding of Bé (Fig. 1A, o, A). The estimated K of
His-m2Mms6 was 5gM (The number of F& bound per His-m2Mms6 at saturation

was 0.2). The estimated; 6f His-m3Mms6 was 9.8M (The number of F& bound
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per His-m2Mms6 at saturation was 0.1). The fitidighe scatchard plot was poor in
both case (R=0.54 and 0.66 respectively).

The C-terminal segment of Mms6 alone was alsodesteiron binding. The
initial trial of test of the C-terminal for iron miing by filter assay was not
successful because the C-terminal peptide (C21Mmis6)not sufficiently
hydrophobic to be adsorbed by the nitrocellulosenbirane filters and too small to
be retained by the 0.45 um diameter pores of tteedi The iron binding activity
of C21Mms6 was qualitatively examined by size esidn chromatography at
pH7.5 using ferric citrate (Fig. 1B). The C21Mmniséund and unbound Favere
separated by size exclusion chromatography (Fiy. 1Bhe F&-bound C21Mms6
fraction was quantified fluorescently by OPA witl2%ms6 (YAYMKSRDIESA
QSDEEVELRDALA) as standard (its concentration watednined by A280 using
extinction coefficient of 2980 Mcm®). Using the ferrozine assay to determine the
concentration of iron bound by C21Mms6, the bindaigre™ by C21Mms6 was
found to be stoichiometric. Although this methoded not provide an affinity
constant of the C-terminal segment of Mms6 fot'Fihe fact that C21Mms6 binds
Fe** stoichiometrically in the presence of excess tiadicates that it has a higher
affinity than citrate for F&, which is 10"° M These results, combined with
previous observations that the C-terminal segmdntMms6 can promote the
formation of magnetic particles (24,25), identiftbe C-terminal domain of Mms6

as responsible for high affinity stoichiometricnrbinding.
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Two distinct phases of iron binding by Mms6. Due to the necessity of maintaining
equilibration between PBé and citrate, the previously described studies were
performed at pH 7.5 at which pH the affinity ofrate for F&"is high (10" M).
However, nanoparticle formation by His-Mm&6 vitro is achieved at high iron
concentrations (mM) that cannot be achieved atrakpH due to the insolubility of
hydrated F& for which the equilibrium concentration cannot exd 10*’ M at pH

7 (26). Therefore, the concentration dependendestibinding to His-Mms6 was
also determined at pH 3 (Fig. 2). Again evidentetoichiometric, high affinity
Fe* binding was observed (Fig.®). However, with increasing concentrations of
iron, a second phase of iron binding to His-Mms& wecovered with an apparent
low affinity and a stoichiometry much higher thad {Fig. 2®). Scatchard plots
revealed two phase of binding (Fig. 2 lower righsdt). The first high affinity
phase revealed stoichiometric {Eblis-Mms6=1:1). Although a high apparent
affinity (K4*P = 0.44 + 0.06uM) was measured, this value cannot be accurately
determined in this context due to the high ratiopodtein to F&. The second
binding phase has a much lower apparent affinity™¥& 5.5 + 4.0uM) of iron with
His-Mms6 and a stoichiometry of about 19:1 (19 + 8Jo test whether the high
stoichiometry binding of iron for His-Mms6 was due iron precipitation,
His-m2Mms6 (shuffled C-terminal —-OH and —COOH greupnd His-m3Mms6
(scrambled C-terminal amino acid sequence) werabiated with iron under the

same conditions as for His-Mms6 (FigR,¢). Neither showed evidence of either
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phase of iron binding observed with His-Mms6. Al idlot revealed cooperativity
of the second binding phase of*Feinding to His-Mms6 (Hill n value ~3, Fig. 2
upper left Inset). As a control for nonspecifimding, His-m2Mms6 (shuffled
C-terminal —OH and —COOH groups) and His-m3Mms@afsbled C-terminal
amino acid sequence) were incubated with iron urldersame conditions as for
His-Mms6 (Fig. 2, 0). Nonspecific iron binding did not become appanamtil
the iron concentration was about 3 uM (FigoR2,

The low affinity high capacity binding of iron by k6 cannot be readily
explained by the number of potential chelatingdess in the C-terminal domain
this protein (7 -COOH and 3 -OH), particularly &= tfirst high affinity binding
likely involves more that one of these residueso r@solve this inconsistency, we
postulated that the initial stoichiometric bindiafiron might result in a structural
change in Mms6 to promote their interactions tomfoa larger complex that
promotes iron clustering. This explanation is atemsistent with the observed
cooperativity of F& binding with respect to iron concentration. Basedresults
reported in the next section that are consisterth Wims6 forming a micellar
guaternary structure, we also speculated thattthetsral change might involve the
N-terminal segment in strong hydrophobic and vanwBeals interactions and might
be prevented or slow down at lower temperaturedierdfore, we determined the
binding curve of His-Mms6 as a function of *Feoncentration at°¢ with and

without incubation for 2h at°@ before capturing on the filters. Under these
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conditions, His-Mms6 only demonstrated high affirétoichiometric binding (K"
=1.1+0. 3uM, Fig. 2,0, A) and no high capacity binding was observed.
HissMms6 exists in aqueous solution as large micelles. The high capacity iron
binding and almost equal length of the hydrophadtiterminal domain and hydro-
philic C-terminal domain suggested that Mms6 mi@titm micelles or larger
quaternary structures. To investigate this hypothehe apparent molecular mass
of His-Mms6 was investigated by size exclusion amtography (Fig. 3A),
analytical ultracentrifugation (Fig. 3B) and DLSIJF3C). These studies showed
that His-Mms6 exists in large complexes. The momanmolecular mass of
His-Mms6 is 10.2 kDa. But, the peak of His-Mms6tetuthrough a Superose 12
column (separation range: 1 kDa to 300 kDa) inwbiel volume as identified by
blue dextran, which suggests an apparent moleooiées equal of or greater than
300 kDa (Fig. 3A). Assuming that His-Mms6 is algltar protein, we expected a
sedimentation coefficient of 1.16S for monomericsms6. The observed
sedimentation coefficients, distributed from 2A@HS with the majority between 20
and 40S, also indicate that His-Mms6 forms largdtimars with an estimated
apparent molecular mass between 200 kDa and 400 Wbg 3B and
Supplementary Fig. 4). Dynamic light scatteringowld two particles sizes
between which the protein mass is almost equadiiriduted (Fig. 3C). Peak 1 was
59% of the mass and particles with a mean radids boft 1.5 nm and an estimated

molecular mass of ~200 kDa (Fig. 3C). Peak 2 énath41% of the protein mass
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and particles with a mean radius of 12 + 6.5 nmameéstimated molecular mass of
~2000 kDa (Fig. 3C). Although these latter paegotontained a significant portion
of the mass, they only represent 6% of all pamdicleThus, the results of size
exclusion chromatography, analytical ultracentrétign and DLS studies show that
His-Mms6 forms large multimers with most of thetpaes containing 20-40 protein
molecules.

To test the hypothesis that the quaternary stractfirHis-Mms6 is a micelle
with the N-terminal domain inside and the C-terrhidamain outside, we first
examined if the C-terminal domain is external arateasible for proteolytic
cleavage (Fig. 3D). Digestion of His-Mms6 with f@ioase K resulted in a
significant decrease in its monomeric size withimb (Fig. 3D, middle panel).
This rate of loss of His-Mms6 molecular mass waslar to the rate of degradation
of C21Mms6 incubated under the same conditions. (Big, bottom panel). A
protease-resistant fragment of His-Mms6 remainezh eafter 24 h digestion (Fig.
3D, middle panel) whereas, like C21Mms6, BSA wagestied almost completely by
this time (Fig. 3D, top panel). The proteinasedsistant portion of His-Mms6 was
not soluble in aqueous buffer (no detergent wasemriein the buffer) and was found
as a precipitate, which is consistent with the gmes of a hydrophobic resistant core.
N-terminal sequencing results also confirmed thatgrecipitate consisted mainly of

hydrophobic and aromatic amino acids (Supplementeaple 2). At higher
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concentrations of proteinase K the N-terminal domaas also degraded (Fig. 3E,
last lane)

Although it has some characteristics of a membpanotein, His-Mms6 does not
require detergent for its solubility in aqueoususioh. If it forms a micellar
quaternary structure, these micelles should alse dlirectly with liposomes without
the aid of a detergent. His-Mms6 was mixed wiffosiomes in the presence or
absence of Triton X-100 and at eithé€C 4r 25°C (Fig. 3E). To determine if the
protein had been incorporated into the liposontes nixture was incubated with a
high concentration of proteinase K (His-Mms6 : pmoase K=4 : 1) that completely
degraded His-Mms6 alone (Fig. 3E, last lane). @tginase K-resistant fragment
was observed when His-Mms6 was incubated with dptess in the presence or
absence of Triton X-100 (Fig. 3E, lanes 2 and 4)his proteinase K resistant
fragment is larger than that produced when Mmsfasbated with proteinase K in
the absence of liposome at higher His-Mms6/prossing ratio (10:1) (Fig. 3E,
lanes 5), which is consistent with the expectatiwat, when buried in the liposome,
more of the Mms6 N-terminal domain might be pragdctrom proteolysis than in
the absence of liposome membrane such as in Fign80Fig. 3E, lane 5. Thus, as
expected of a micelle, detergent is not requiredHis-Mms6 to incorporate into
liposomes. The inclusion of Triton X-100 during mi@rane insertion also resulted
in a portion of full-length His-Mms6 being complit@roteinase resistant (Fig. 3E,

lanes 2). This could be due to the inclusion ohe®f the His-Mms6 either inside
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the liposomes or incorporated into the membranéh wiite C-terminus in the
liposome lumen rather than on the outside where susceptible to the proteolytic
action of proteinase K. Decreasing the incubatenperature below the liquid to
solid phase transition temperature of the liposomessilted in less protection of
His-Mms6 from proteinase K (Fig. 3E, lane 3), whishalso consistent with the
protein incorporating into the liposomes in theadz® of detergent. In the absence
of liposomes, a low ratio (4:1) of His-Mms6 to mwtase K resulted in complete
degradation of His-Mms6, which did not occur at tigher His-Mms6/proteinase K
ratio used for the remaining conditions in expentraescribed in Figure 3D and E.
In summary, we have found that His-Mms6 1) existsldarge particles in
agueous solution and in the absence of detergehttar?) C-terminal domain can
readily be cleaved leaving a protease-resistang,c8) can fuse in a temper-
ature-dependent manner with liposomes, and 4) foromolayer on an aqueous
surface in a Langmuir trough (Supplementary Fig Ih their entirety, these results
provide strong evidence that His-Mms6 forms a nhacejuaternary structure.
The C-terminal domain of Mms6 adopts a defined conformation. Many short
peptides are inherently disordered. But, the Mms&r@inal domain alone can
direct the formation of magnetic nanoparticlewitro when linked to polymer (21).
If the mechanism of nanoparticles formation by Mms@olves the C-terminal
domain binding iron at high stoichiometry then C2h86 might be capable of

forming a defined structure. We used 2D 1H-1H T@GHBd NOESY spectra to
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investigate the structure of C21Mms6 (Fig. 4A). eTROCSY (total correlation
spectroscopy) transfers magnetization through tigenical bonds between adjacent
protons within the same spin system. The NOESYaltobrrelation spectroscopy)
transfers magnetization between protons that avsecln space (< 5A) and the
intensity of the cross peaks are proportional t8.1/ So, by overlay the TOCSY and
NOESY spectra, we can identified those protons lwldoe not in the same spin
system while spatially close which can be usednasdication of the existence of a
structured molecule. We found that the NOESY spectof C21Mms6 included
numerous non-sequential, inter-residue amide te-ain NOE cross peaks and,
most notably, six amide to amide cross peaks. d&loeess peaks indicate that
C21Mms6 has a stable conformation in solution (Hd). The detailed
assignments of the NMR spectra and the modelinhestructure of C21Mms6 are
ongoing

To determine if interactions between C-termini nigbntribute to the micellar
structure, we also investigated the hypothesis@24tMms6 forms multimers. The
monomeric form of C21Mms6 has a molecular mass.® XDa. The apparent
molecular mass of C21Mms6 in 100mM KCI at pH7.5 phtB was estimated to be
4.6 and 5.3 kDa respectively (Fig. 4B). The resolt analysis by size exclusion
chromatography showed that C21Mms6 exhibited diengpparent molecular mass
in 100 mM KCI at both pH 7.5 and pH 3 (Fig. 4B).n the presence of 6M

guanidinium HCI, C21Mms6 runs as a monomer (Supeferkig. 2).
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Mms6 conformation changes on iron binding. The biphasic iron binding of
His-Mms6 combined with its multimeric quaternaryusture suggested that the
protein itself might change in conformation on bingdiron. To examine the effect
of iron on His-Mms6 structure, we took advantagetlod presence of two trp
residues in the N-terminal domain (W5 and W21), luked for an effect of iron
binding on trp fluorescence. His-Mms6 was incubateith a range of
concentrations of ferric-citrate at pH7.5 for 2ldahe fluorescence was monitored
(Fig. 5A). From this study the £ of His-Mms6 was determined to be 22 + 8.6
UM by Scatchard plot (Fig. 5 B) and thus thet& be 6 x 13’ M, which matches
well the Ky determined using théFe filter binding assay (Fig. 1A). Similar
fluorescence quenching was not observed for His-m3®(Supplementary Figdb)
which did not bind ferric citrate when measuredwitter binding assay (Fig.4A).
This result indicates that the fluorescence querncinas resulted from the binding
of ferric iron at the C-terminal domain of Mms6 f@in.

Mms6 undergoes a slow structural change after the addition of iron. The change
in Mms6 structure, as reflected by the trp fluoegg®e quenching, was surprisingly
slow and occurred over a period of hours (Fig. 8}, The slow kinetics is also
supported by a similarly timed change in line bexdg in the'H-NMR proton
spectra, which again sharpen after 4 h and betie Fig. 5D). A similar change

in fluorescence quenching was not observed withni281ms6 (Fig. SCH).
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Discussion

To understand how a protein, such as Mms6, prontbeslignment of iron
atoms to form a crystal, it is important to knove structure of this protein and how
it might respond to the presence of iron. With Mrbging a very small protein (59
amino acids), it seemed likely that the relevanicfional form of this protein
involves a larger multimeric assembly. The N-terahidomain of Mms6 contains a
Leu-Gly rich region, which is similar to some satigregating proteins of other bio-
mineralization systems (7,27-29), and is consistesith the possibility that
His-Mms6 similarly forms a larger structure. Weapined the quaternary structure
of His-Mms6 and found that the N-terminal domailf-aesembles into relatively
uniform micelles of 20-40 units with the C-termindbmain on the surface.
Although, it would be desirable to solve the stouetof full length Mms6 by X-ray
cryptography or NMR spectroscopy, we have not yeenb able to obtain a
homogenous Mms6 monomer. No homogenous monomenn bf His-Mms6
was obtained in either 4 M urea or 6 M GnCl (Supmatary Fig 6). Therefore,
we have used other biophysical and biochemicalyaralto understand the structure
of this unusual protein such as fluorescence spsmipy, size exclusion
chromatography, dynamic light scattering, analytidéracentrifugation, and filter
binding assay.

When linked to Pluronic® F127, a block copolymestihC21- and C25Mms6

are able to promote magnetite nanoparticle formatiovitro similarly to the full
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length protein (unpublished and 25). Here we shibat C21Mms6 binds B&
tightly and that His-Mms6 binds one Favith a very high affinity (k = 10° M)
that is close to the affinity of transferrin for’FdKy = 10 M) (30). However,
10'® M is well below the concentration of iron expected be present in the
magnetosome during crystal formation and is alsk vetow the mM concentration
of FE'/Fe* present duringin vitro synthesis. To achieve these higher iron
concentrations we measured His-Mms6 binding to abpH 3 and observed two
binding phases with respect to iron concentratiohigh affinity phase (&°° = 0.44

+ 0.06 uM) and a second low affinity phase {R = 5.5 + 4.0uM). Both
iron-binding phases are likely to be relevant tonircrystal formation. We
speculate that the first high affinity phase alties C-terminal conformation, which
results in a structural change in a multimeric @irotomplex that enables the second
low affinity iron binding phase in which iron clests on the protein cooperatively
and at high stoichiometry.

In these studies, we have used a recombinant fdriines6 that includes a
histidine tag (His-Mms6). Although it would be deble to obtain the protein
without the histidine tag, we have not yet founceBable means of achieving this
goal. The optimization of the enzymatic cleavagaditions (incubation time,
metal ion) used to remove the His-tag of His-Mmg6ehterokinase resulted in the
nonspecific cleavage at the C-terminus of Mms6 il His-tag uncleaved (31).

The inclusion of detergents or urea also did noinyote cleavage of the His-tag
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(Supplementary Fig.7). His-Mms6 has the same iactas originally described for
Mms6 (10) in that it promotes the formation of magm magnetite nanoparticles of
a size and shape similar to the biologically forncegstals in magnetosomes as we
previous characterized using magnetic property oreasent, TEM and powder
X-ray diffraction analysis (11). The mutant protwi His-m2Mms6 and
His-m3Mms6, were controls for actions, if any, bé tHHis tag. In addition, studies
with the C-terminal peptide (C21Mms6), which has Hs tag, confirmed or
supplemented results obtained with the full-lengtbtein.

The low affinity iron-binding activity of His-Mms& cooperative with respect
to iron concentration (Hill n value ~3) and invatva massively high stoichiometry
of iron/His-Mms6 (~19/1). The observed cooperafiguggests that the protein is
organizing the iron on its surface in such a way the presence of some iron atoms
on the surface promotes the incorporation of ottwer atoms. This might reflect
the beginning of crystal packing. The high staachetry of iron/His-Mms6 that is
achieved in the low affinity phase of iron bindiisgdifficult to explain based on the
number of potential chelating residues in the Hisx$8 sequence.

The results reported here provide the basis foodainof a mechanism by which
Mms6 promotes iron crystallizatidn vitro (Fig. 6). In this model, it is proposed
that the high affinity and stoichiometric bindingimon by the C-terminal domain of

Mms6 changes the monomer structure causing a changeaternary structure of
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the micellar protein complex that allows the coapiee binding of iron at high

stoichiometry. In vivoa similar mechanism might operate on the membrane.
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Figure Legends

Fig. 1. Iron binding characteristics of Mms6. A) Single high affinity binding site
of Mms6 for iron.>*Ferric citrate, over the concentration range 06 5&uM was
incubated with uM His-Mms6 in 20 mM Tris-HCI, 100 mM KCI, pH 7.5 iorown
test tube for 2 h, followed by capture of the bounod by the filter assay. All data
points are the average of duplicate values. Thketishows the Scatchard plot used
to calculate the Kof ferric ion binding to His-Mms6. His-Mms®{, His-m2Mms6
(o), His-m3Mms6 @A). In the Scatchard plot, B/F is the amount ohilmund by
His-Mms6 (B) versus free unbound iron concentraffén B) Iron is bound by the
C-terminal domain of Mms6. The elution profile isosyn of C21Mms6 with
Fe*-citrate from a Superdex peptide 10/300GL (sepamatange 700 Da-20 kDa)
gel filtration column run at 0.4mL/mir®). Fée*-citrate was also run through the
column in the absence of peptide at 0.4 mL/n@x).( The total iron content of each
fraction was determined by the ferrozine assay @56 The molar ratio of iron to
C21Mms6 at saturation was determined to be 1. eltigon profile of C21Mms6
was established by PAGE of each sample and corditmeoincide with the elution
profile of the identified F&-bound-C21Mms6. Arrow indicates the void volume

of the column

Fig. 2. Two phases of iron binding by Mms6. Binding of His-Mms6 to free ferric

ion was measured usingFeCk with the filter assay at pH 3.  The reaction migti



69

contained 100 nM His-Mmso®, A, O), His-m2Mms6 ¢), or His-m3Mms6 @) in
20mM Tris-HCI, 100mM KCI, pH 3. Incubation was f2ih at 25C (@,0,H) or at
4°C (O) or no preincubation at € (A) followed by collection and analysis by the
filter assay. All data are the average of dupdicatlues. Error bars represent the
standard deviations.Inset (Upper left): Hill plot of the second phase of iron
binding by Mms6. 6=Y/(1-Y), where Y is the fraction of the occupietes bound
by iron. Y was defined by the equation: Y=[H&{+[Fe]"), n: Hill coefficient,
[L]:free iron concentration, K dissociate constant of His-Mms6 for free ferrani.
Because log)=n*log[Fe]-logKy, the Hill coefficient can be obtained by plottilog

(6) versus log [Fe]. Inset (Lower right): Scatchard plot reveals 2 phases of

binding.

Fig. 3. His-Mms6 forms micelles. His-Mms6 assembles into large multimers as
shown by A) size exclusion chromatogram of His-Mn{®& mL of 1 mg/mL
His-Mms6) from Superose 12 column and B) the sediat®mn velocity profile of
His-Mms6 and C) Dynamic light scattering. D) HisHd6 has a proteinase K
resistant core. His-Mms6 and C21Mms6 were digesyeproteinase K [His-Mms6:
proteinase K = 10:1] for the indicated time perititsn resolved by SDS-PAGE. The
brackets identify the remaining protease-resigtanitein fragments. E) His-Mms6:
liposome fusion characteristics are consistent withicellar structure. His-Mms6
was incubated with and without liposomes and tmeabated with proteinase K as

identified on the figure. Legends above the figanel the added components listed
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below the figure identify the conditions in eachéuhat deviated from the standard
conditions, which were 20 mM Tris, 100 mM KCI, pkby25°C, and His-Mms6:
Proteinase K = 4:1. The brackets identify the spnogease-resistant fragments as in
D. The open arrowheads identify the proteasetmdisband formed when the
protein is associated with liposomes. Dots repriefee positions of different MM

markers on the gel (from top to bottom: 25 kDakP@, 15 kDa and 10 kDa)

Fig. 4. C21Mms6 is structured. A. NMR spectra. The 1H TOCSY (black) and
NOESY (gray) spectra of C21Mms6 (8pM) were determined in 5% (v/v) D,
100mM KCI, pH 4. 9. The results show distinct peakthe NOESY spectrum that
do not overlap with the TOCSY spectrum (The assigmisiof spectra and structure
modeling are ongoing). B. The dimeric apparentenalar mass of C21Mms6.
The elution profile of C21Mms6 in 100 mM KCI, pH7(®) or 50 mM sodium
formate, 100 mM KCI, pH 3l) from a Superdex peptide 10/300GL column with a
flow rate of 0. 4 mL/min at 4C. Inset: The standard curve used to estimate the
apparent molecular mass of C21Mms6 (standadls:Log (MM): log of the
molecular mass of the standards used). The st@sdaed to create this standard
curve were: cytochrome C, aprotinin, insulin B chéoxidized form) and vitamin
B12 (Chromatograms are showed in Supplementary8ig. The elution profiles of
the insulin B chain (oxidized form) and vitamin Bd2re essentially the same under

both buffer conditions. Neither cytochrome C noragipin was stable at pH 3.
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Fig. 5. Slow change in Mms6 structure with time a#ir adding iron. A)
Fluorescence quenching in the N-terminal domairporeds to iron binding by
His-Mms6. Inset: Emission spectrum of @M His-Mms6 in the absence of iron or
with 5, 15, 20, 10QuM ferric citrate (the arrow indicates the change@&ak height
with increasing concentration of ferric citrateHis-Mms6 (5uM) was incubated
with ferric-citrate at concentrations ranging fr@rto 100uM in 20 mM Tris-HCI,
100 mM KCI, pH 7.5 in separate brown test tubes Zoh at 25°C before the
fluorescence measurements were taken. B) A scat@ralysis of the data in A)
that was used to obtain the®®. C) Slow change in fluorescence quenching after
adding iron. Shown are the averages of the resilftve (His-Mms6) or four
(His-m2Mms6) independent experiments with the stath@leviations in which the
values were first normalized to the value of the*fiee sample of each
experimental data set. The resulting averageslifeMms6 @) and His-m2Mms6
() were again normalized to the zero time valuesieh protein. D) Slow change
in the 1H-NMR spectrum after adding iron. C21Mni860 M) was incubated for
the indicated times with 1.7 mM ferric-citrate i@ &hM Tris, 100 mM KCI, 5% D20

(v/v), pH 7.5 followed by measurement of the spgotby 1H-NMR.

Fig. 6. Model for the mechanism of action of Mms6. Based on the results
discussed here, a model is proposed to describedisbanism by which Mms6 can
promote the formation of crystalline nanoparticle3he N-terminus of the protein

is seen as tethered in a micelle or a hydrophatmepartment such as a membrane.
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The C-termini form minimal quaternary complexes2oflomains (represented as a
dimer of Mms6). Upon binding ferric iron at verigh affinity with a molar ratio
of 1, the C-termini undergo a conformational changeordinated with the
N-terminal domain that initiates a slow rearrangenwé the multiprotein complex to
create a surface on which many iron atoms can @agan This slow rearrangement
allows the initiation of a crystal that is propaghton the protein surface to form a
cluster of iron, which then becomes a crystal seddobility of Mms6 protein
islands in the membrane or micelle is proposedampte fusion of the crystal seeds
to grow the magnetic nanoparticles. (Note: The rapidm of oxygen incorporation

into the magnetite particles is not consideredhis model).



Bound iron (mol/mol His-MmsB6) >

w

Ferric iron (A562, a.u

73

Figure 1
0.8 e
=
L
/
0.6 / o
) ' o
_— &
$/ S 04
| = \ .
04 | 2 03} ..\.
w e
/@ R ﬁ
o
02| % ) R e
‘ Bound (pmole)
D
Jasa s e S
20 30 40 50
55Ferr|c citrate (uM)
Unbound Fe®*
1.25
Crf?
i
’ I
0.75
|}
05 '
3+ F ‘
3*_bound ;
0.25 021Mm56 5 %
OW

Elutlon volume (mL)



74

N
|

Figure 2
10 5 #
(] o I
7p] 8 _ %
- — =1 S
= °
%’ —15
— 6 _ | 1 | 1 1
o
-02-01 0 0.1 02 0.3
g Log [Fe™] $ .
o 2
- '
R 4 - H
c
o
=
©
c
=
@]
m

B/F (pmole/uM)
P




75

Figure 3
:
A n B C
0.2 it
blue TN 10 !
- dextran |, B12:. 2 5 14
20151 ' ©
& 4] = 12
o S 4 49
o
Q o1 2 £
< Q38 5 8 2
) S 86
0.051 % 4
- 0- 1 2
0 o< T T T 0k T T
0 20 40 60 80 100 120 1 10 100
Elution volume Sedimentation coefficient (S) Size (r.nm)
Q
N
Vi
$ @l‘
+ &
D E .0(\ O Q&
&% &
BEA ¢ 3 30 Zh 24 Proteinase K>. —— — - - <
.. - 1 1
His-Mms6 - |
His-Mms6 - <
{ B 2
C21MMSE 5> (s { }

proteinase K |

1000



76

Figure 4
A 1.0]
1.5
2.0
~ 2.5
£
g 3.0
- 35
>
4.0
451 @
:\/@ T 1 1 1 1 1 - T 1
88 87 86 85 84 83 82 81 8.0
H (p.p.m.)
B 80
42
I . A
i@ = 38¢f
~ 36
o 60 S 34l 4
> — a2
\(E» - 12 1416 18 2 22
Q o V. IV,
c 40 - .
(D)
(73]
9 L
@)
=
w 20 -
O [1I ’,zzgﬂﬁ\ﬂf ”;.}ug - LA 7“‘ *[ ﬁ (./T} |Lm
0 5 10 15 20 25

Elution volume (mL)



>

Bound iron (mol/mol His-MmsB)

(@]

Fluorescence (normalized)

77

Figure 5
B 0.06
1 L
08 -
= 0.04
=
06 - 2
=
E
| B
04 2 0.02
0.2 L
300 325 350 375 400
Wavelength (nm)
i A 1 i A i d A | U i |
20 40 80 B0 100 0 0.5 I 1.5
Ferric Citrate (pM)
Bound (nmol)
D
.o
e 3 1
‘ i
1.6 4h
. T
L . =L
g i £
fe 1 T | ) - .
1,0-\! ...?lll_ g 40 min
T_ ! - US| 10 min
1 ;I N 5 min
05 LA WM ] il
100 200 300 88 86 84 82 8D 78
Time (min)

H(ppm)



78

Figure 6

slow, iron-dependent conformational change creates a surface for crystal packing
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Abstract

Nature uses a bottom-up process to build the luki@al structures in living
organisms. The sizes and morphologies of magsetdaned by magnetotactic
bacteria are genetically defined and thus the apresgce of the biomineralization
protein(s). The mechanism of this process remelasive. Here, we discussed

our studies of Mms6 protein promoted magnetic nartages formation. We
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observed that Mms6 undergoes a periodic structahginge with increasing
iron/protein ratio. The observed structural chaogeurs in the N-terminal domain,
but reflects iron binding by the C-terminal domairA mutant Mms6 that does not
promote the formation of superparamagnetic magneito does not undergo the
periodic structural change. The correlation betwtee ability to form magnetic
nanoparticles and the periodic structural changgests that this structural change
might participate in the mechanism of magnetitemfation. The C-terminal
domain of Mms6 displays ferric reductase activitgttis diminished in the mutant
C-terminus. Although it does not play a role ie th vitro formation of magnetite
during which both ferrous and ferric forms of irame provided, this reductase

activity may participate in magnetite formatimonvivo.

Introduction

Biomineralization is the process by which livingganisms to form highly
ordered mineralized structures with hierarchicalctire at nanometer scales. The
mechanisms regarding biomineralization are poonigeustood. However, in those
cases for which there is some understanding obithlegical mechanisms involved
in biomineralization, proteins have been found oesible for forming the mineral
structures(1-3). It has been proposed that the hamem(s) involved in
biomineralization may include the control of sizeorphology, orientation,
composition and the location of crystals synthebiZg. The role of proteins in the

biomineralization process is critical considerihg physiological environments that
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biomineralization occurs and the high temperatarebpressures required to achieve
the same goals vitro.

Magnetotactic bacteria that can synthesize highlyifoumed magnetic
nanoparticles provide an ideal model for the swidi& biomineralization process.
Magnetotactic bacteria are aquatic prokaryotes hvitian migrate when oriented
along local geomagnetic lines to find the optimacnwaerobic environment to
survive. The magnetic nanoparticles are surroundgdmagnetosomal lipid
bilayers and aligned in chain(s), which provides thhysical basis of the
magnetotactic trait (5-9).

Mms6 is a magnetosome membrane-associated protdis. mature form
consists of 59 amino acids with a hydrophobic Nriaal half and a highly charged
hydrophilic C-terminal half (10). Recent studieav@ showed that deletion of
Mms6 did not completely abolish the formation ofgnetite particles, the particles
formed by these mutant bacteria are smaller araddfferent shape than in the wild
type (11). Although these results show that Mmsy mot be the only protein
required to promote the formation of iron particiesmagnetotactic bacteria, it has
not yet been determined if the particles producedhle mutant bacteria have the
same magnetic characteristics as the wild-typeighest The possibility of gene
redundancy may also complicate the interpretatibrihese results. The exact
function of Mms6 proteirn vivo remains elusive, however its ability to promote th

formation of magnetic nanoparticlgsvitro is conclusive (10,12-14).
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Here, we show that Mms6 undergoes periodical strattchange upon iron
binding. Analysis of the quaternary structure ainb6 protein and its C-terminal
domain reveals that the C-terminal domain contabub the overall stability of the
guaternary structure of Mms6. Magnetic property asmeements of the
nanoparticles that are produced in the presencdi®Mms6 and its C-terminal
mutants further confirm that the ability to undegfouctural changes is correlated
with the function of Mms6 proteinn vitro. In addition, we show that the
C-terminal domain of Mms6 displays iron reductastvdy, which could be part of

the mechanism of crystal packing that is promote#ins6.

Experimental Procedures

Materials— His-Mms6 and its mutants (His-m2Mms6 and His-m386in were
expressed and purified as described previouslyi§)2, The C-terminal domain of
Mms6 (C21Mms6: KSRDIESAQSDEEVELRDALA) and its mutsugm2C21Mms6:
KDRSIDEAQESDSVELREALA; m3C21Mms6: QSLERAEDEDADISA SR)
were chemically synthesized by Genscript (Gens€@qgp., www.genscript.com).
Fluorescence spectroscopy— Tryptophan fluorescence of His-Mms6 was measured
in a 96-well plates with a fluorescence spectropimater (Varian, Model: Cary
Eclipse) at 25°C, and at excitation and emission wavelengths of @2®0and 340
nm respectively. In this assay, fiul His-Mms6 or His-m2Mms6 in 50 mM
sodium formate, 100 mM KCI, pH 3 were mixed with without FeC} at molar

ratios of protein:FeGlfrom 1:1 to 1:23 (inclusive of all unit values)damonitored
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by fluorescence (Ex: 290 nm, Em: 340 nm) after hg\een incubated at 26 for

2 h.

Size exclusion chromatography— Chromatography was performed with an AKTA
FPLC system (GE healthcare) by passing the santimiesgh a prepacked Superdex
G75 10/300GL (separation range: 1 kDa-75 kDa) qoefdex Peptide 10/300GL
column (separation range: 700 Da-20 kDa) (GE heal#). The elution profiles of
His-Mms6, His-m2Mms6 and His-m3Mms6 were generatsithg a flow rate of
0.4 mL/min at 4C through a Superdex G75 column and monitored byOA28 he
elution profiles of C21Mms6, m2C21Mms6 and m3C21Mme&re generated using
a flow rate of 0.4 mL/min at 4C through a Superdex Peptide 10/300GL column
and detected by o-phtalaldehyde(16,17) (OPA, The8uentific). In this assay,
200 pL of OPA was added to 2QL of each fraction from gel filtration
chromatography and the fluorescence of each sawgderead in a 96-well plate by
a fluorescence spectrophotometer (Varian, Modety Exlipse), at excitation and
emission wavelengths of 350 nm and 450 nm respagtiv All samples were
centrifuged at 14,008, 4 °C for 1 h before loading on the column.

Blue dextran was used to determine the void colwolime (\,) of each
column. The elution volumes {/ of bovine serum album (MM 66 kDa),
ovalbumin (MM 44.3 kDa), carbonic anhydrase (MM BDa), myoglobin (MM
17.6 kDa), aprotinin (MM 6.5 kDa) and B12 (MM 13%%a) (all from Sigma)
obtained by Superdex G75 10/300GL were used torgenéhe standard curve for

the apparent molecular mass estimations of His-MmB&-m2Mms6 and
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His-m3Mms6. The elution volumes ¢V of cytochrome ¢ (MM 10.37 kDa,
aprotinin (MM 6.5 kDa), insulin B chain oxidizedrfo (MM 3495 Da) and B12
(MM 1355 Da) (all from Sigma) from a Superdex Pe@til0/300GL column were
used to generate the standard curve for the appar@ecular mass estimations of
C21Mms6, m2C21Mms6 and m3C21Mms6.

UV spectroscopy— The interaction between His-Mms6 and C21Mms6 was
investigated by monitoring the absorbance changédisfMms6 at A280 upon
C21Mms6 addition at 28C. In this assay, His-Mms6 (40M) was mixed with
C21Mms6 at molar ratios of His-Mms6: C21Mms6 fromo01:10 for 1h followed
by 15 min of centrifugation at 140@Pat 25°C. The absorbance at 280 nm of the
resulting supernatants was then measured by spbotimmeter (Nanodrop, model:
ND-100).

Nuclear magnetic resonance (NMR) Spectroscopy— NMR analysis was performed
on a Bruker AVII700 equipped with a 5 mm TCI cryope. All NMR analyses
were performed at sample temperature of’@€5 2D 1H-1H TOCSY and NOESY
spectra were collected using standard experimpndébcols (Bruker pulse programs
mlevgpgpl9 and noesygpphl9, respectively) with WRGATE solvent
suppression. The TOCSY experiment consisted oft@d6 increments of 8 scans
each, with a total acquisition time of 43 min andlB¥17 mixing time of 80 ms.
The NOESY experiment consisted of 512 time incraseh 64 scans each, with a
total acquisition time of 7.5 h and NOESY mixingné of 400 ms. All NMR data

were processed and analyzed using Bruker Topspiadttware.
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Ferric reductase assay— The ferric reductase assay was measured in 96platts
aerobically at 25°C with a microplate reader (Bioteck Ceres 900Chhe ferric
reductase activities of C21Mms6 were measured kgctieg the ferrous iron
reduced from ferric iron using ferrozine.(18-20) heTassay mixture contained 0.1
mM NADH, 25 uM or 75 uM ferric citrate, 1uM flavin mononucleotide (FMN), 1
mM ferrozine (all from Sigma) and §8V C21Mms6 in 20 mM Tris-HCI, 100 mM
KCI, pH 7.5 in a total volume of 25@. The reaction was initiated by addition of
C21Mms6. The increase of A562 was recorded evempn2on a microplate reader
(Biotek, Model: Ceres 900). A mixture containirgetsame components (exclude
C21Mms6) as the assay mixture was used as blanke cdncentration of ferrous
iron was determined by A562 using extinction caééiit of 28 mM' cmit.(21)
The specific activity is expressed as nmdl'Fermed/min/mmol protein.

Magnetic measurements— Magnetization measurements were carried out using a
Quantum DesignSQUID (Superconducting Quantum Interference Dgvib&
MPMS (Magnetic Properties Measurement System). iBgats were cooled in zero
magnetic field to 5K, a negative magnetic field -of5T was applied and then
reversed to 500 Oe to insure complete magnetizagwarsal in each particle and
removal of any metastable states. Measurements ta&en while warming the
sample to 296K (ZFC-W process) and then on coddexck to 5 K (FC-C process).
The blocking temperature was determined as a mawiothe ZFC-W curve.
Transmission electron microscopy— Samples were imaged with a Tecndi 20

Scanning Transmission Electron Microscope (FEI Camyp Hillsboro OR)
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equipped with high angle annular dark field (HAAD&)d energy dispersive X-ray
spectroscopy (EDX) detectors at operating volta@@ RV. Washed magnetites (20
ML of aqueous suspension) were dispersed in 2 middébO and 20 pl of this

suspension was deposited on a carbon-supportedoslenicroscopy copper grid.

Results

Mms6 undergoes periodically structural changes with increasing iron
concentration. Our previous studies have shown that His-Mms6 tgugs slow
(over a period of hours) structural changes uponcf@on binding.(15) Here we
further examined the effect of ferric iron on th&usture of His-Mms6 by
monitoring the tryptophan fluorescence quenchingnugerric iron binding. There
are two tryptophan residues in the N-terminal donwdiMms6 (W5 and W21) and
guenching of tryptophan fluorescence was obseryeh derric iron binding. A
periodic tryptophan quenching profile was obserwgith respect to the molar ratio
of iron to protein with a periodicity of 12 EéHis-Mms6 (Fig. 1m,®). Fig. 1B
shows the averaged results from 5 independent iex@ets for His-Mms6 «) and
His-m2Mms6 ¢). Although all experimental datasets show theesa@riodicity,
the amplitude varies greatly and thus the standavehtion is large when all datasets
are averaged. We do not know the reason for thrgability. No significant
change in fluorescence was observed with His-m2MfhRgb 11, 0).

Ability to undergo structural changes correlates with the ability to form particles.

To examine the possible significance of the pedagtructural changes in Mms6
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when binding iron, we determined the structure amagnetic properties of the
magnetites formed in the presence of His-Mms6 arsdnt2Mms6 (Fig. 2). The
results showed that crystals of about 30 nm in diamwere formed in the presence
of His-Mms6 but not in the presence of His-m2MmB&( 2 Inset). The blocking
phenomenon (and its characteristic “blocking” terapg&e) is a signature of the
superparamagnetic regime that depends on the |pastie, degree of crystallinity
and interparticle interactions. Below the blockieghperature, the random magnetic
moments of individual nanoparticles cannot alignthwihe applied field. The
blocking temperature is reduced when the size ymtallinity of the the particles are
reduced (11). The particles synthesized in thegmes of His-Mms6 exhibited a
blocking temperature (Fig 2%) typical of superparamagnetic particles compared
with the lower blocking temperatures that charao¢er the particles produced in the
presence of His-m2Mms6 (Fig &) and in the absence of protein (Fige3,
C-terminal domain contributions to the overall stability of HissMms6 quaternary
structure. Our previous studies showed that His-Mms6 formdadls micellar
guaternary structure in an aqueous environment (15)om its primary sequence,
which contains a large proportion of Leu-Gly regeand hydrophobic amino acids
(Supplementary Table.2), we speculate that theindyiforce for the formation
micelles are hydrophobic and van der waals intemast However, we have also
observed that the C-terminal domain, which is repleith hydrophilic amino acid
side chains, also forms quaternary structures. UWged size exclusion

chromatography to examine the contribution of thde@inal domain to the
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quaternary structure of His-Mms6. Whereas the rolatogram of His-Mms6
appeared as a single peak in the void volume otdhemn, the chromatograms of
His-m2Mms6 and His-m3Mms6 both revealed multiplakseon Superdex G75
column (Fig. 3A). The apparent molecular masshef 3 peaks corresponded to
multimeric €75 kDa), trimeric (~30 kDa) and monomeric (~10 kDa)ms of
His-m2Mms6 (multimericX75 kDa), dimeric (~20 kDa) and monomeric (~10 kDa)
forms for His-m3Mms6). When examined by denatur{(®8pPS) PAGE gel the
samples from all the peaks migrated to the samdigmsthus confirming that all
peaks on the column contained the same monomaeme & His-Mms6 mutants.
To examine if the separated peaks of protein meltsmare in equilibrium, the void
volume samples for His-m2Mms6 and His-m3Mms6 weteiaved and run again
through the column. These rerun samples distribstmilarly as multiple peaks
when separated through the column for both (Suppheany Fig.9). These results
showed that the changes in the Mms6 C-terminal donesult in decreased stability
of the overall quaternary micellar structure of Mins

We further examined the structures of the 21 anaitid C-terminal domain of
His-m2Mms6 and His-m3Mms6 (referred to here as miA@As6 and m3C21Mms6
respectively). The elution profile of m2C21Mms6dam3C21Mms6 also reveals
multiple peaks (Fig. 3By, ). The apparent molecular mass corresponded to
trimeric (~6.9 kDa) and dimeric (~4.6 kDa) formsmRC21Mms6 (trimeric (~6.9
kDa, dimeric (~4.6 kDa and monomeric (~2.3 kDanferfor m3C21Mms6). The

NOESY spectrum of m2C21Mms6 revealed less non-se@lieinter-residue amide
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to side-chain NOE cross peaks than that of C21M(Rgh 4) (the assignments of
spectra and structural modeling of m2C21Mms6 agoiy, Bruce Fulton, personal
communication).

If the C-terminal domain contributes to the overallaternary structure of
His-Mms6, we might be able to destroy that struetby interfering with the
C-terminal domain interactions. SDS-PAGE gel shohweat when C21Mms6 and
His-Mms6 were mixed, a precipitant containing Hisab6 and C21Mms6 was
formed (Supplement Fig 3). To determine the sioidetry, we titrated His-Mms6
with C21Mms6. Increasing molar ratios of C21Mms6 Hs-Mms6 resulted in
graded precipitation of His-Mms6 starting after aolan ration of 3:1
(C21Mms6:His-Mms6) with complete precipitation ogawy at a ratio of 7:1 and
above (Fig. 5). These results show that the goatgrstructure of His-Mms6 is
disrupted by additional C21Mms6 with the outcomat tthe protein is no longer
soluble. Similar results were obtained when theei@Giinal domain was cleaved
from the protein with proteinase K. Thus, we spaeuthat C21Mms6 may
dislodge the C-terminal domain from its structurategration in the His-Mms6
micelle and thereby expose the N-terminal hydrophobre of the micelle to water.
Another possible explanation is that the free @iteus may act as a cross-linker of
His-Mms6 micelles and promote the formation of leiglordered structures that
precipitate. The results suggest that each C-teindiomain of Mms6 can interact
with 7 other C-terminal domains and therefore ssgt®t the C-terminal domain of

Mms6 exists as an octamer on the surface of thellmic
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C21Mms6 has ferric reductase activity. With the observation that Mms6 cannot
bind ferrous iron to incorporate it into the groginmagnetite crystals
(Supplementary Fig. 10), we speculated that inské@is6 may incorporate Eeinto
the crystals by way of reducing boundfe We observed that C21Mms6 has ferric
reductase activity in an assay in which ferricatérwas the source of ¥eand
NADH was the electron donor with the addition ald&-MN (Fig. 6). The specific
reductase activity of C21Mms6 was determined td&&+3.0 nmol F&/min/mmol
C21Mms6 (turnover rate: 14.3 days) and 128.6+8.8Irffg/min/mmol C21Mms6
(turnover rate: 5.4 days) when the ferric citratacentration was 2pM (Fig. 6A, e)
and 75uM (Fig. 6B, e) respectively. The m2C21Mms6 had no reductaseitgct
at 25uM ferric-citrate (Fig. 6A,0), but had some activity at 49V ferric citrate
(59.0+6.0 nmol F&/min/mmol m2C21Mms6, turnover rate: 17.8 days) (Big, o).
To establish that the reductase activity obsernredhese experiments reflects a
specific property of the Mms6 C-terminal domain, tested m3C21Mms6 under
these experiment conditions and found no activitgither concentration of iron (Fig.
6m).
Discussion

In our previous studies, we reported that, in agsesolution, Mms6 forms a
micellar quaternary structure that has two phasason binding; a stoichiometric
high affinity binding phase and a high capacity baw affinity binding that is

cooperative with respect to iron concentration (13)ere, we further investigate
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the relation between quaternary structure of Mmsb the ability of this protein to
promote the formation of superparamagnetic magnpétticles.

An important driving force for the formation of HMms6 protein micelle is
likely to be the hydrophobic interactions as iewsdent that the primary sequence of
Mms6 protein contains a large portion of Leu-Glpeats and hydrophobic amino
acids. Our previous studies showed that the quarterstructure of Mms6 to be a
bipolar micellar structure with the C-terminal ddmaxposed on the surface of the
molecule (15). The results of titration of the é@atinal domain with C21Mms6
suggests that this domain may interact on the seirgd the micelle as an octamer
and that disrupting the surface interactions ofeelt C-terminal domains by an
external domain destabilizes the quaternary straatéithe multimer resulting in its
precipitation. Coincidently, similar observatiomave been made with amelogenin
which is responsible for the biomineralization oamel (22,23).

Following up on our observation that Mms6 undergaafow structural change
on binding iron, we investigated the effect of mmotatio of iron on the Mms6
structure and discovered curious periodic relahgmsvith the periods extending
over a 12 molar units of iron to Mms6. Although we not yet understand the
molecular basis for this structural change, we ribtd the periodic relation is a
multiple of three and that the high capacity iromdng activity of Mms6 is
cooperative with respect to iron and with a Hillueaof 3. Thus, an iron to Mms6
ratio of three might be the minimal grouping by @hihe protein incorporates iron

into a magnetite crystal. This number is also catibpe with the magnetite iron
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composition, which is iron 1I:11l in a 1:2 ratio.rém these deductions, we speculate
that Mms6 might bind iron in a 3:1 ratio of iron:M@and with this grouping Mms6
reduces one of the iron atoms. The structural achahdims6 returns to the original
condition at a ratio of iron:Mms6 of 12, which cduinvolve 4 sets of 3 iron
molecules incorporated into a growing magnetitestaty by an octamer of the
C-terminal domain. The periodic change in envirenmmof the N-terminal
tryptophan(s) as iron is added to the protein nedigct a rotation of the protein as it
incorporates iron into a crystalline structure.

Although we observed the reductase activity witle tlsolated C-terminal
domain of Mms6, this peptide cannot form magneéidiples without being linked
to the N-terminal domain or a polymer that formsnelle (13). Even without
these linkages C21Mms6 interacts as a dimer. Hewem the context of the
N-terminal domain we have observed that this pnoteia multimer and speculate
that the multimer is the functional unit for therrfation of magnetite. Our
evidence suggests that both the N- and the C-tatnmdiomains contribute to
maintaining the structure of the multimeric form Mms6, which is a micelle in
agueous solution, but could exist as islands ddraudting proteins in a bacterial
membrane.

The surface fluorescence measurements show tha¥liist and His-m2Mms6
selectively binds ferric iron not ferrous iron (Plgmentary Fig. 10). The
observation led us to examine the C-terminal dorf@irfierric reductase activity and

we observed that the C-terminal domain (C21Mms6Mofs6 has ferric reductase
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activity and that m2C21Mms6 also shows some redactctivity, although at
higher ferric iron concentration. These resuliggast that the high affinity binding
of iron is important for organizing C21Mms6 struetly so as to bring the
appropriate amino side chains into position to fotmat catalytic site of this
reductase. Shuffling the positions of the —COOH a@H groups as was done for
m2Mms6 left this protein with a lower affinity faton, which is consistent with the
observation that a higher concentration of irorrdaquired for catalytic activity.
Implicit in this interpretation is the expectatithrat the critical residues that form the
active reductase catalytic site are not those uwesidthat were shuffled in
m2C21Mms6 and that even the low affinity bindingirn to the debilitated iron
binding site results in a structure that suppodtalgtic activity in m2C21Mms6.
The observation of reductase activity suggest tedtiction of ferric iron may be
part of the mechanism of magnetite formation by Mras previously proposed (24).
An important finding in this study is the corretatibetween the ability of Mms6
to undergo periodic structural changes and thetyld template the formation of
magnetic nanoparticles. High-resolution transmisselectron microscopy of the
iron oxy-hydroxide crystals formed by iron-oxidigirbacteria revealed that the
mechanism of the crystals formation involves thgragation of adjacent 2-3 nm
particles followed by the orientation of these éet to parallel in three dimensions
(25). The sizes and shapes of crystals formed lgnetotactic bacteria are
genetically defined and thus the consequence ofbtbmineralization protein(s)

(26-29). Knockout bacteria that lack Mms6 genedpo® altered crystal shapes.
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Our results suggest that the iron binding propgra@d quaternary structure of
Mms6 is responsible for formation of the cubo-oetial crystal structures of

Magnetospirillum magneticurstrain AMB-1. We speculate that biomineralization
proteins from magnetotactic bacteria that formed#ht crystal structures might
adopt different quaternary structures. Howevee flossession of a quaternary
structure and the ability of that structure to a@mas iron is incorporated into a
crystal, may be more fundamental aspects of thehamem by which a small

protein such as Mms6 can promote the formation afymetite crystals that are

10-fold larger.
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Figure Legends

Fig. 1. His-Mms6 undergoes periodical structural chnge. A) The two
independent representative results for His-Mms6 ¢) and His-m2Mms6 f,0).
The fluorescence values were normalized to theevafuFé*-free sample of each
data set. B) The averaged results from 5 indepenebgperiments for His-Mms6

(e) and His-m2Mms6q).

Fig. 2. His-Mms6 promotes the formation of superpammatic nanoparticles.
Shown are the magnetization measurements of pgtsginthesized in the presence

of His-Mms6 %), His-m2Mms6 {) or no-protein ¢). Inset TEM images of

particles synthesized in the presence of His-Mri&m2Mms6 or no-protein.

Fig. 3. C-terminal domain contributes to the overdl His-Mms6 quaternary
structure. A) The elution profile of His-Mms6, His-m2C21Mms6 nd
His-m3C21Mms6 in 20mM Tris-HCI, 100 mM KCI, pH7.5ofin a Superdex G75
10/300GL column with a flow rate of 0.4 mL/min atGl B) The elution profile of
C21Mms6 (), m2C21Mms6 ) and m3C21Mms6e() in 100 mM KCI, pH7.5 from

a Superdex peptide 10/300GL column with a flow @dt®.4 mL/min at £C.

Fig. 4. Altered structure of m2C21Mms6. A) The Overlay of the 1H NOESY
spectra of C21Mms6 (grey) and m2C21Mms6 (black)tspein 5% (v/iv) RO,

100mM KCI, pH 4.9. B) The overlay of The 1H TOCSpestra of C21Mms6 (grey)
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and m2C21Mms6 (black) spectra in 5% (v/v)(D) 100mM KCI, pH 4.9 (The

assignments of spectra and structural modelingaZWims6 are ongoing).

Fig. 5. C-terminal domain of Mms6 exists as an octaer on the surface of the
micelle. Shown is the titration curve of 4M His-Mms6 in 20 mM Tris-HCI, 100
mM KCI, pH 7.5 titrated with C21Mms6. The absorbaraf the supernatant was

normalized to 4QuM His-Mms6.

Fig. 6. C21Mms6 exhibits ferric reductase activity. Shown are progress curves
of ferric reduction catalyzed by C21Mms&)( m2C21Mms6 ¢) and m3C21Mms6

(=) when ferric citrate concentration was|29 (A ) and 75uM (B).
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CHAPTER 4: GENERAL CONCLUSIONS AND FUTURE DIRECTION S
General conclusions

Here we report structural and functional studieMofis6, a biomineralization
protein that can promote the formatimnvitro of magnetic nanoparticles with sizes
and morphologies similar to the magnetites syngeesby magnetotactic bacteria.
We found the binding pattern of Mms6 to ferric tonbe two-phase and multivalent.
We quantatively determined that Mms6 binds on& Reth a very high affinity (i
= 10'® M). The second phase of iron binding is multimalend cooperative with
respect to iron with a Kin the uM range and a stoichiometry of about 26ideon
per protein molecule.

We found that Mms6 exists in large particles of t8ipes, one consisting of
20-40 monomeric units and the other of 200 unitstom proteolytic digestion,
ultracentrifugation and liposome fusion studies, fagnd that Mms6 forms a large
micellar quaternary structure with the N-terminanuiin self-assembling into a
uniformly sized micelle and the C-terminal domamtbe surface.

The two-phase iron-binding pattern may be reletanton crystal formation.
We propose that the first high affinity phase mep#ize a new conformation of the
C-terminal domain that allows interaction with atl@terminal domains leading to
a structural change in the multimeric protein coempthat enables the second low
affinity iron binding phase to organize iron andiate crystal formation.

We also observed a dimeric apparent molecular moaise Mms6 C-terminal

peptide (C21Mms6). We speculate that the C-terhdiomain may form higher



106

order quaternary arrangements on the surface amtbelle or when anchored to a
membrane by the N-terminal domain. The chang&uoréscence quenching in the
N-terminal domain with iron binding suggests a ctuwal integrity between the C-
and N-terminal domains. The slow change in trpriiscence as a function of time
after adding iron suggests a very slow conformatiazhange in the protein that
involves both N- and C-terminal domains. We intetghese results to mean that
there is a coordinated global change in Mms6 siredhat involves multiple Mms6
monomers.

Based on our observations, we propose a mechanysmwhith Mms6 can
promote the formation of crystalline nanoparticleslpon binding ferric iron at very
high affinity with a molar ratio of 1, the C-ternaih domains undergo a
conformational change, coordinated with the N-teahdomain that initiates a slow
rearrangement of the multiprotein complex to crea®irface on which many iron
atoms can organize. This slow rearrangement altbevsnitiation of a crystal that
is propagated on the protein surface to form atalgeed.

We also observed that Mms6 undergoes a periodicattgral change with
increasing molar ratios of iron to protein. Theetved structural change occurs in
the N-terminal domain, but reflects iron binding the C-terminal domain. A
mutant Mms6 that does not promote the formatiosugferparamagnetic magnetite
also does not undergo the periodic structural changhe correlation between the

ability to form magnetic nanoparticles and the igbito undergo the periodic
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structural change suggests that this structurahgdamight participate in the
mechanism of magnetite formation.

Analysis of the quaternary structure of Mms6 protend its C-terminal domain
reveals that the C-terminal domain contributes he bverall stability of the
quaternary structure of Mms6. The C-terminal domafi Mms6 displays ferric
reductase activity that is diminished in the mu@sderminus. Although it does not
play a role in then vitro formation of magnetite during which both ferrousl derric
forms of iron are provided, this reductase activitay participate in magnetite
formationin viva

Our results suggest that the iron binding propsrind quaternary structure of
Mms6 is responsible for formation of magnetic nartiples. The ability for
Mms6 protein to form a quaternary structure and dbdity of that structure to
change as iron is incorporated into a crystal mayfundamental aspects of the
mechanism by which a small protein such as Mms6pramote the formation of
magnetite crystals.

Future directions

Biomineralization has been a hot topic for decaaleite its mechanism remains
elusive.  The studies presented here are just anrbeg towards fully
understanding protein-promoted magnetic nanopartickmation. Some critical
guestions remain to be answered.

The His-tagged recombinant form of Mms6 used ia #iudy may cause some

misinterpretation regarding the results, so it Wil desirable to obtain the Mms6
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without His-tag. In this regard, a C-terminal Hégged recombinant form of
Mms6 might be a good choice because the C-terndioadain of Mms6 protein is
expected to be easy accessible to proteases.

The model presented here needs further testinge dliestion of whether the
overall structural change is caused by the higlmiaff binding to iron or the
cooperative binding to iron remain to be answerdd.this regard, it is necessary to
identify the binding sites responsible for the higfiinity binding to iron by
site-directed mutagenesis.

The correlation between the slow and periodiccstimal changes of Mms6 and
the ability to promote the formation of magneticnoparticles needs to be
investigated. Because Mms6 forms large proteinehlaic solid state nuclear
magnetic resonance spectroscopy will be the ideehrtique to use. It will be
interesting to see whether these changes in Mnrsgtste reflect a process of
orienting bound iron clusters to certain positioms angles that promote the
formation of magnetites with specific morphologies.

The ability of Mms6 to template the formation ofigmetic nanoparticles is
amazing. Cobalt ferrite has also been success$yityhesized in the presence of
Mms6. It will be interesting to determine if Mmp6omotes the formation of other
metal nanoparticles such as Ru, Mn or Ni.

The reductase activity of Mms6 protein is anotheeresting aspect worth
exploring. In this regard, an alanine scan of -t and —COOH groups in the

C-terminal domain of Mms6 will be useful to idegtithe residues responsible for
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the reductase activity. It will be interestingdee whether the groups responsible
for the reductase also participate in the highmégfiiron binding.

Both the C-terminal domain and His-Mms6 show ré¢alsee activity. However,
the nature of the His-Mms6 reductase activity igetsnot fully understood because
in some cases the activity appears hystereticgha@hayed in time in its appearance
after the addition of iron, and in other cases dhgvity begins immediately after
adding iron. Thus, the reductase activity of Mmg&ds to be fully characterized.
Conditions such as pH and buffer components useaberexperiment need further
optimization and different electron donors (suciNaOPH) and cofactors (if any is
required) should be tested. The enzymatic corstanch as K and \,, need to
be determined. The inhibitory effect of anothertah@ons, such as Ni, Ca or Co
need to be examined. It will be interesting to séeether factors that inhibit the

reductase activity will also inhibit the formatiohmagnetic nanopatrticles.
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SUPPLEMENTARY FIGURES AND TABLES

Fig 1. His-Mms6 forms monolayer at the liquid-air interface. The surface
pressure isotherms of His-Mms6 were measured byaragruir-Blodgett trough
(Type61l, Nima Technology). The His-Mms6 proteiamgple (2.36upg) was
directly added onto the surface of 500 ml of buffehich containing 20 mM
Tris-HCI, 100 mM KCI, pH 7.5 or pH 3 at 28C hold by the trough. The surface
pressure isotherms were then measured with a cesiprespeed of 10 &min.
His-Mms6 forms a monolayer at the liquid-air ing&¢ on a buffer containing 20
mM Tris, 100 mM KCI, pH 7.5 (solid line) or pH 3 ggh line). When the
monolayer is compressed, the surface pressurecisased. The increase of the
surface pressure due to individual protein molecubaking contact can be used to
estimate the molecular area (1-4). The moleculea aan be obtained by dividing
the surface area at which the increase in surfeesspre observed by the number of
molecules spread on the surface. The molecula &es about 8000 %Aat both
pHs. The ability of His-Mms6 to form a monolayer lmoth pH 7.5 and pH 3
indicates that the quaternary structure of His-Mnms@& micelle and not protein

aggregates (5,6).



Surface pressure (mN/m)

111

Fig 1

[S—
(9}

p—
S
1

S
W
!

=
S
1

-0.5

5000

T
10000

Molecular area (1&2)

Fig 1

15000



112

Fig 2: C21Mms6 runs as a monomer in 6 M GnCl (guadine hydrochloride).
Shown are the standard curve (A) used to estinmgteapparent molecular mass of
C21Mms6 in 20 mM Tris, 100 mM KCI, 6 M GnCl, pH 7ahd the chromatogram
(B) of the samples used. Blue dextran was usedetermine the void column
volume (V) of the Superdex Peptide 10/300GL column (separatange: 700
Da-20 kDa). The elution volumes {\of cytochrome ¢ (MM 10.37 kDa, aprotinin
(MM 6.5 kDa), insulin B chain oxidized form (MM 389%a) and B12 (MM 1355
Da) (all from Sigma) from a Superdex Peptide 10E80@olumn run at 0.4 mL/min,
4°C were used to generate the standard curve for piparant molecular mass
estimations of C21Mms6 (o: Standard used; A: C21Mms6; The linear regression
formula used for MM estimation was Y=-1.54X+5.65)T’he C21Mms6 doesn't
have trp, tyr or phe in its sequence. GnCI intedewith the OPA reagent, which
fluoresces when bound to primary amines. So thgoal volume of C21Mms6 in
6 M GnCl was identified by PAGE each fraction thghwa 15 % gel in the presence

of 0.1 % SDS.
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Fig 3: C21Mms6 interacts with His-Mms6. Shown is the SDS-PAGE gel of 40
uM His-Mms6 incubated with or without 8QM of C21Mms6 in 20 mM Tris, 100
mM KCI, pH 7.5 at 25C for 1 h followed by centrifugation at 14000 g s min.
M: Protein Marker (from top to bottom: 54 kDa, 4R& 34 kDa, 26 kDa, 17 kDa,
10 kDa). S: Supernatant. P: Pellet. The gel shtbatswhen mixed with C21Mms6,
both His-Mms6 and C21Mms6 were found in the pdlligtht panel). His-Mms6
alone did not precipitate under the same experiahesdnditions (middle panel).
His-Lcn2 which has the same His-tag as His-Mms6 wsed as control and no
precipitation was found. These results indicatd the precipitation of His-Mms6
was caused by the interaction between free C21Mamsb Mms6 (probably the

C-terminal domain of Mms6) and not with the His-tag
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- “ |

His-Lcn2 el s

His-Mms6 -

C21Mms6 =P .

His-Len2+C21Mms6 His-Mms6 ‘ His-Mms6+C21Mms6
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Fig 4: Analytical ultracentrifugation (raw data). One half mL of 0.46 mg/mL
(A280=0.702) His-Mms6 in 137 mM NaCl, 2.7 mM KCI34nM NaHPQ,,1.4 mM

KH,PO,, pH 7.2 was loaded into the cell and placed iRBIBO rotor in a Beckman
Proteome Lab XL-A Protein Characterization Syst&ackman) for centrifugation.
The time-dependent sedimentation of His-Mms6 wasitaged at 280 nm, 65,520 x

g, £C for 2 h.

Run LJW59: Cell 2 (280 nm) - vHW Extrapolation Plot

Velocity Data for LJW59

Corrected Sed. Coeff. (1e-13 s)

Absorbance at 280 nm

o= —

Boundary Fraction

64

6.6

I L
6.8

Radius {in cml

Sedimentation Coefficient Distribution

Relative Concentration

— —— e - ‘ -
0 002 0.04 0.06 0.08 01
(Time)* 0.5

Sedimentation Coefficient Histogram

50 100
Sedimentation Coefficient x 104(13) sec

60 80 100
Sedimentation Coefficient



116

Fig 5: Comparison of the binding of ferric citrate for His-Mms6 and
His-m3Mms6 measured by fluorescence spectroscopyHis-Mms6 (5uM, @) or
His-m3Mm6 (5uM, A) was incubated with ferric-citrate at concentnagiganging
from O to 100uM in 20 mM Tris-HCI, 100 mM KCI, pH 7.5 in separateown test
tubes for 2 h at 28C before the fluorescence measurements were takeRq&Enm,

Em: 345 nm).
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The quaternary

structure of His-Mms6 appears quite stable as sigdeby the size exclusion

chromatography under denaturing condition. Shoventlae chromatograms of 1 mL

of His-Mms6 (0.5 mg/mL) in 4 M urea (A) or 6 M Gn(@®) run through Superdex

G75 column with a flow rate of 0.4 mL/min. The chratograms of BSA and ferritin

in 6 M GnClI were used for comparison.

Some of the-Mms6 still exhibited

large apparent molecular mass and appeared irotevelume of the Superdex G75

column in 4 M urea (A) or 6 M GnClI (B), 20 mM TrisQ0 mM KCI, pH7.5.
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Fig 7: Enterokinase cleavage of His-Mms6 in the peence of detergent or under
denaturing conditions. Shown are the SDS-PAGE analyses of His-Mms6 éfer
incubation with enterokinase (rEK) for 24 h in diént buffer conditions (1xrEK
cleavage buffer: 20mM Tris-HCI, 50mM NaCl, 2mM CgCl Under these
conditions, a slight shift of the His-Mms6 band wdsserved (A) but the western
blot result (B: His-Mms6 after enterokinase cleavatptected by western blot.
Lane 1,2,3 are samples of lane 2,3,4 in A respelgdivindicated that the shifted
bands have the His-tag still present. Two othetguns (His-Utc and His-EXFABP)
which have the same His-tag and enterokinase ajeasit¢e as His-Mms6 were used
as controls to show that under these conditionsetiterokinase can cleave the

His-tag if the cleavage site is accessible (C).

1 2 3
A B c D
123 4 567 8910111213141516

64kD - — -

rEK: His-mms6= 1U: 20u
45KD - - - - g

1,5,9,13: Std 8
30kD == - - - 2,6,10,14: His-mms6 (-rEK)

: His-l +

18KD = = = - 3,7,11,15: His-mms6 (+rEK)
12kD e e . . o 12 16: His-mms6 (+IEK,

Fe 2+ Fe 3)

A= 1xrEK cleavage buffer, pH6.5

B= 1xrEK cleavage buffer, 0.2% Tween20, pH7. 4

C= 1xrEK cleavage buffer, 0.8M Urea Tween20, pH7. 4

D= 1xrEK cleavage buffer, 0.2% Tween20 , 0.8M Urea, pH6.5

C His-Utc His-EXFABP
12 3 4 5 67 8 9 10 11 12  'EKHis:Ute =1U:20ug
rEK:His-EXFABP =
64kD e 1U:20ug
450 i 1,7.5td 8
0KD . - 2, 8. (-rEK)
e 3, 9. (+rEK, buffer A)
18kD = =
12KD 4, 10. (+rEK, buffer B)
5, 11. (+IEK, buffer C)
6, 12. (+rEK, buffer D)

A= 1xrEK cleavage buffer, pH6.5

B= 1xrEK cleavage buffer, 0.2% Tween20, pH7. 4

C=1xrEK cleavage buffer, 0.8M Urea Tween20, pH7. 4

D= 1xrEK cleavage buffer, 0.2% Tween20 , 0.8M Urea, pH6.5

Fig 7



119

Fig 8: Chromatograms of standards used in Fig 4B set (chapter 2)

mAg Cytochrome C
T Blue dextran 8o

T

Samples:

1: 0.2ml of 0.1mgiml Blue dextran
2: 0.2ml of 0.1mgfml Cytochrome C
3: 0.1ml of 0.1mgiml Aprotinin

4: 0.1ml of 0. 1mgiml B12

s00 | Column: Superdex Peptide 10/300
Flow rate: 0.4mlimin, 4 °C
Buffer:20mM Tris, 100mM KCI, pH7.:

[ | Combined chromatograms
of 4 different FPLC rounds

200

o =
50 100
A
Samples:
1: 0.2ml of the mixture of 0.1mg/ml Blue dextran and 0.1mg/ml B12 (MM1355)
B12
e 1712
o 2: 0.2ml of 1mgiml Insulin B chain (oxidized form) P
Column: Superdex Peptide 10/300 ‘l
Flow rate: 0.4mlimin, 4 °C I‘
s00 Buffer:20mmM Tris, 100mM KCI, pH7.S ( \
Insulin B chain ‘| [
(oxidized form, ‘
20 Blue MM3495) | |
dextran ‘ |
12.78
|| \ Combined
‘ chromatograms of 2
e Ik | |\ different FPLC rounds
\
i P
[ & | ‘
\ ! .‘
o2 \ | 1
/ \ | \
| A |
/ | T S
s0 100 150 200 mi
mau
soo Samples: o

1: 0.2ml of 0.2mg/iml B12 | |
2: 0.2ml of 1mgfml Insulin B chain {oxidized form)
Column: Superdex Peptide 10/300

e Flow rate: 0.4mlfmin, 4 °C ‘ |

Buffer:50mM sodium formate, 100mM KCI, pH3 ‘ ‘

B12 (MM1355)

Insulin B chain ‘ |
(oxidized form, MM3495) | ‘

|2i-3/ !

( Combined chromatograms

400

200

of 2 different FPLC rounds

|

Fig 8



120

Fig 9: Chromatograms of the rerun of the void volune of His-m2Mms6 and

His-m3Mms6 from Superdex G75 column (Fig. 3A, chagt 3). A: His-m2Mms6.
B: His-m3Mms6.
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Fig 10: His-Mms6 specifically binds F& not F&* (Data from Wenjie Wang and
David Vaknin). Ferric chloride hexahydrate (Fe@H,O) and ferrous chloride
tetrahydrate (Fe@l4HO) each in 20 mM Tris, 100 mM KCI, pH 3 was usedhas
Fe’* and F& bulk solutions respectively. Prior to taking X¢rmeasurements, an
isotherm, in which the film was compressed at cdt&A? per molecule per min in a
Langmuir trough maintained at 20°C, was determimedrder to make the film
maximally compact. X-ray studies were carried@uthe Ames Laboratory Liquid
Surface Diffractometer at Advanced Photon SourceJA7.3 KeV). A beam of
monochromatic x-ray selected by a downstream Sbi@ocrystal monochromator is
deflected onto the liquid surface to a desired deot anglea; by a second
monochromator Ge (111). When the incident aangis less than the critical angle
for total external reflection, the x-ray penetratitepth is ~60A at the most. Also the
photon energy of x-ray is sufficient to excite Heneents to fluoresce @Kand Kj).
The x-ray fluorescence intensity from the film wadlected by a Vortex energy
dispersive detector (EDD) at scattering vec@granging from 0.01 A to 0.03 A!
(Q=4 = sinai/A, A being x-ray wavelength). Shown are fluorescengeas below
the critical angle for 18 M FeCk (A) or 10° M FeCh (o) with the His-Mms6
monolayer. The signals were integrated ov€), &ange as indicated in the figures.

The results suggested that His-Mms6 specificaligliF&" not Fé*,
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Table 1: The retention efficiency of His-Mms6 by rrocellulose membranes.
To check how much protein was captured by the gmitrocellulose membrane,
500puL of 20 uM His-Mms6 in 20 mM Tris, 100 mM KCI, pH 3 was #@lted through
0.45 um nitrocellulose membranes followed by two conseeub mL volumes of
wash with 20 mM Tris, 100 mM KCI, pH 3. The flolhrobugh was collected and
concentrated to 500L.

The retention efficient of His-Mms6 hold by the m@ane was determined to be 89

123

The concentration of His-Mms6 was measured B$®RA

% 2 %.
Table 1
Before filter by Retention Standard
Flow through . Average L
membrane efficiency deviation
(volume:0.5mL) (%)
(volume: 0.5mL) (%) (%)
0.308 0.033 89
A280 0.291 0.026 91 89 2
0.287 0.037 87
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Table 2: N-terminal sequencing of the precipitate fter proteinase K digestion of
His-Mms6 for 24 h (Chapter 2, Fig. 3D, middle pangl The sample was
centrifuged atl4000 gfor 1hr. The pellet was then collected and resthby
SDS-PAGE gel and transferred to membrane. The baasl cut and sent for

N-terminal sequencing.

Sequence of His-Mms6 (Bold italic: mature Mms6 sequence):
GGSHHHHHHGMASMTGGQQMGRDLYDDDDKDPTLGGHMVGGTIWTGK
GLGLGLGLGLGAWGPIILGVVGAGAVYAYMKSRDIESAQSDEEVELRDAL

A

Table 2

Cycle # Amino Acid

1 G,D,Y

AW,L

A,

2
3 WG,
4
5

W,V
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