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Abstract 
 

Redox control of iron biomineralization in Magnetospirillum magneticum AMB-1 
by 

 Stephanie Rhianon Jones 
Doctor of Philosophy in Chemistry 
University of California, Berkeley 

Professor Michelle C. Y. Chang, Chair 
 

 
Magnetotactic bacteria have evolved complex subcellular machinery to construct linear chains 

of magnetite nanocrystals that allow the host cell to sense direction. Each mixed-valent iron 
nanoparticle is mineralized from soluble iron within a membrane-encapsulated vesicle termed the 
magnetosome, which serves as a specialized compartment that regulates the iron, redox, and pH 
environment of the growing mineral. In order to dissect the biological components that control this 
process, we have carried out genetic and biochemical studies of proteins proposed to function in 
iron mineralization in Magnetospirillum magneticum AMB-1. As iron biomineralization by 
magnetotactic bacteria represents a particularly interesting case for understanding how the 
production of nanomaterials can be programmed at the genetic level, we also apply synthetic 
biology techniques towards the production of new cellular materials and new cellular functions. 

As the production of magnetite requires both the formation of Fe(II) and Fe(III), the redox 
components of the magnetosome play an essential role in this process. Using genetic 
complementation studies, we show that the redox cofactors or heme sites of the two putative redox 
partners, MamP and MamT, are required for magnetite biomineralization in vivo and that removal 
of one or both sites leads to defects in mineralization. We develop and optimize a heterologous 
expression method in the E. coli periplasm to cleanly isolate fully heme-loaded MamP for 
biochemical studies. Spectrochemical redox titrations show that the reduction potential of MamP 
lies in a different range than other c-type cytochrome involved in either Fe(III) reduction or Fe(II) 
oxidation. Nonetheless, in vitro mineralization studies with MamP and Fe(II) show that it is able 
to catalyze the formation of mixed-valent Fe(II)/Fe(III) oxides such as green rust.  

Biomineralization also requires lattice-templating proteins that guide the growth of the 
functional crystalline material. We use in vitro binding and synthesis studies with putative 
magnetite-templating proteins, the Mms6 family proteins, to show that they are competent to bind 
and stabilize non-thermodynamically stable faces of magnetite. We also use in vitro iron 
mineralization to show that the Mms6 family proteins can work together with the redox protein 
MamP to produce mixed-valent iron oxides from soluble Fe(II) species and to control mineral 
structure. Further studies with Mms7ct indicate that it and other Mms6 family proteins may play 
a more significant role in controlling magnetite mineral structure than previously hypothesized. 
Beyond simple control of size and shape of magnetite, it may also template the crystal lattice of 
the mineral itself similar to what has been observed with calcium biomineralization, where 
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unstable crystal forms and phases of the mineral are stabilized by interaction with peptides and 
other macromolecules. 

We next set up and begin testing systems to engineer magnetotactic bacteria for the production 
of new functional materials. We replace the metal-binding C-terminus of native Mms6 family 
proteins in AMB-1 with peptides known to precipitate metal oxides in vitro under mild conditions. 
Initial characterization of the behavior of these constructs in AMB-1 has been carried out, although 
additional experiments are required to test whether they can enable formation of new materials in 
vivo. We also discuss developing a cellular biosensor based on the formation of a magnetic material 
in response to an analyte. 
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1.1. Introduction 
Living organisms are capable of carrying out many sophisticated and coordinated operations, 

such as sensing, directional movement, self-organization, and transformations of small molecules. 
However, the scope of innovation found in natural systems is typically limited to naturally 
abundant elements in their immediate environment. In contrast, human chemists have discovered 
many novel and tunable properties of matter by extending reaction space beyond the small subset 
of elements used in biology to the entire periodic table. This diversity in function and composition 
is especially striking for the chemistry of inorganic elements and materials, which have 
transformed society by harnessing d-block-accessible functions such as semiconduction and 
photon upconversion, functions that are currently orthogonal to biology. We seek to open new 
doors between synthetic biology and inorganic nanoscience with the overall goal of designing and 
exploiting novel hybrid functions for living cells at the biotic-abiotic interface.  

The transformation of soluble metal ions to form various biological nanostructures, from the 
intricately patterned diatom frustule to the unusually strong mollusk shell, provides important 
function at the organism level [1-3] and has inspired new methods for the preparation of synthetic 
materials [4-7]. The mineralization of calcium and silica is the best understood as it produces the 
largest classes of biominerals [8-12]. In these systems, biological macromolecules are self-
assembled to produce an array of functional groups that bind the material and shift the equilibrium 
from soluble ions to ion clusters while also templating product composition and lattice structure 
(Figure 1.1) [1, 13-17]. This model for biomineralization is based mainly on fixed oxidation-state 
biomineralization of calcium, which also takes place exterior to the cell. However, the controlled 
mineralization of redox-capable elements such as iron [18-20], copper [21, 22], and manganese 
[23-25] are also observed, although they are less broadly distributed. Of the latter group, iron 
biomineralization by magnetotactic bacteria represents a particularly interesting case for 
understanding how the production of nanomaterials can be programmed at the genetic level. 

Magnetotactic bacteria house a sophisticated system to sense the earth’s magnetic field for 
magnetoaerotaxis using linear chains of biological magnets, consisting of membrane-encapsulated 
magnetite (Fe2+Fe3+

2O4) nanoparticles of various sizes (35-120 nm) and shapes with several 
unusual properties [26]. First, these nanoparticles are generated as a single magnetic domain [27], 
suggesting that they have naturally evolved to maximize the magnetic contribution of each iron 
atom. In addition, the magnetite is synthesized as an internally pure material with surface-
passivating proteins [28] rather than as a composite material with organic layers, as is often 
observed in calcium-based biominerals [29]. Also, in contrast to the structural biomaterials built 
from calcium and silicon, the production of magnetite requires redox chemistry to produce the 
mixed-valent Fe(II)/Fe(III) product and could allow us to access large classes of functional 
transition metal-based materials using synthetic biology approaches.  

The genes encoding the formation of the membrane and its encapsulated nanoparticle, together 
called the magnetosome, are found on an island (~100 kB) bordered by repetitive DNA sequences 
[30, 31]. Previous work has showed that magnetosome formation in magnetotactic bacteria species 
Magnetospirillum magneticum AMB-1 proceeds by invagination of the inner membrane aided by 
actin-like proteins to align vesicles followed by mineralization of Fe within the vesicles [32-35]. 
Under iron starvation conditions, magnetosomes are produced as empty vesicles but are still 
competent to catalyze mineralization. Many classes of essential genes have been identified from a 
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detailed genetic knockout study of AMB-1 [36]. However, detailed biochemical characterization 
and functional analysis have yet to be performed on many of the protein products of the genes 
directly involved in controlling mineral composition and redox state. 

As a result of their materials properties and genetic characteristics, magnetotactic bacteria offer 
a genetic system for expanding the range of elements, oxidation states, and synthetic routes to 
inorganic materials while tuning nanoscale properties, such as size and shape homogeneity. Also, 
the magnetosome architecture results in embedding of the nanocrystals within the cell itself so that 
new hybrid cellular functions can be achieved (Figure 1.2).  
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Figure 1.1. Mechanism of templated biomineralization for composite nanomaterials. Biological macromolecules are self-assembled to 
produce an array of functional groups (organic matrix) that bind the material and shift the equilibrium from soluble ions to ion clusters 
while also templating product composition and lattice structure. The organic matrix remains embedded in the lattice structure in the fully 
mineralized structure. This imparts the ability for synthesis under mild conditions and the ability to grow and self-repair. 

Organic matrix

Inorganic
ions

Fully mineralized
structure

Biomolecules

               
 
 
 
 
Figure 1.2. Synthetic biology and hybrid inorganic-organic materials. We aim to combine the synthetic specificity of biological systems with 
the broad functionality of inorganic materials. As a result of their materials properties and genetic characteristics, magnetotactic bacteria 
offer a genetic system for expanding the range of elements, oxidation states, and synthetic routes to inorganic materials while tuning 
nanoscale properties, such as size and shape homogeneity. Also, the magnetosome architecture results in embedding of the nanocrystals 
within the cell itself, potentially allowing the cell to respond to bioorthogonal signals and thus gain new cellular function. 
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1.2. Biologically induced mineralization by iron-respiring bacteria 
Biologically induced mineralization. In magnetotactic bacteria, magnetite biominerals 

provide a critical function to the cell: they allow the microaerophilic cell to passively align to the 
earth’s magnetic field and limit the degrees of freedom of search for an ideal oxygen concentration. 
In order to maximize the utility of the product, magnetotactic bacteria tightly control the formation 
of the material. In contrast, inorganic biominerals can be deposited by adventitious precipitation, 
called biologically induced mineralization, which arises from secondary interactions between 
various metabolic processes and the surrounding environment. For example, bacteria and fungi 
can transform Mn3+ to insoluble Mn4+ minerals due to their extracellular generation of superoxides 
[25]. Other bacteria have the ability to precipitate uranium, lead, cadmium, or even gold ions as a 
detoxification mechanism [37]. As precipitation is a byproduct of cellular activities, mineralization 
is not under strict control. Therefore, the morphology, lattice structure, and composition of the 
inorganic particles are heterologous and poorly defined [38]. However, biologically-induced iron 
oxide mineralization by iron-respiring bacteria can provide valuable insight into how electron 
transfer in biological systems can precipitate nanomaterials from redox-capable precursors.  

Microorganisms from both Archaea and Bacteria are capable of metabolically exploiting the 
favorable redox potential of the Fe3+ / Fe2+ redox couple and various electron donors or acceptors 
[19]. Iron-oxidizing organisms under both aerobic and anaerobic conditions can use Fe2+ as an 
electron source for producing the reducing equivalents necessary for biomass production. Iron-
reducing organisms under anaerobic conditions can use Fe3+ as a terminal electron acceptor in 
energy-generating electron transport chains. As a byproduct of these electron-transfer 
metabolisms, soluble and insoluble iron substrates can be transformed into new iron-based 
materials. The utilization of iron as an electron source or sink and the formation of these materials 
is subject to both thermodynamic and kinetic constraints.  

Biologically-accessible aqueous iron chemistry. The standard reduction potential of the 
Fe3+ / Fe2+ couple (+ 770 mV) only applies in strongly acidic solutions in which both oxidation 
states have high solubility [39]. The reducing power of ferrous iron increases dramatically at 
neutral pH due to the formation of insoluble iron oxides and oxyhydroxides, effectively removing 
Fe3+ from solution. For example, values for amorphous and more soluble ferrihydrite and the 
Fe(OH)3 / Fe2+ couple are reported between -200 mV to + 100 mV whereas the potentials for less 
soluble crystalline iron oxides reside between -88 mV (lepidocrocite) and -314 mV (magnetite) 
(Figure 1.3) [19, 23, 39]. Indeed, the reduction potential values for iron oxides decrease by ~ 59 
mV per unit increase in pH [23]. The reduction potential also decreases with increasing size of 
solid iron oxide particulates, with the most dramatic effects for sub-micron grain sizes [40, 41]. 
Also, both Fe2+ and Fe3+ form complexes with species other than H2O and OH-, which can 
drastically change the redox potential of the complexed iron due to the preferential chelation of 
one oxidation state [42]. This wide variation in iron redox potential due to solubility, pH, 
nanoparticle size, and complexation affects the thermodynamic feasibility of bacterial 
oxidation/reduction of specific iron compounds for metabolic purposes. 

Iron-reducing bacteria. Shewanella putrifaciens and Geobacter metallireducens are two 
well-studied iron-reducing bacteria that produce magnetite as a by-product of respiring upon iron. 
Under anaerobic conditions, the bacteria utilize poorly crystalline ferric oxyhydroxides such as 
ferrihydrite as a terminal electron acceptor, reducing Fe3+ to Fe2+ [19, 39]. The mechanism of 
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magnetite formation in this manner is well-characterized: after reduction of ferrihydrite Fe3+ to 
soluble Fe2+, the Fe2+ aquo species binds the surface of the excess ferric oxides, mixed-valent 
hydroxo-complexes dissolute and are released off the surface, and then the complexes 
subsequently reprecipitate as the mixed-valent magnetite material [19, 43, 44]. This mineralization 
is not regulated, and subsequently the magnetite nanoparticles are irregular in shape and size, have 
poor magnetic properties, and often remain in close contact with the host cell.  

However, the biochemistry and physiology of electron transfer to iron oxides is well 
characterized in these organisms. Both Geobacter and Shewanella are able to grow 
heterotrophically by conserving energy from the catabolism of organic molecules [19, 39]. The 
electrons from the carbon source are passed to a redox-active small molecule such as NAD+. The 
redox-active small molecule then passes the electrons to the proton-translocating complex 
NADH1, which generates a proton gradient for energy production. The electrons next enter the 
menaquinone pool and then travel through the periplasm and the outer membrane through a series 
of multiheme cytochromes with overlapping midpoint reduction potentials around 0 to -350 mV, 
delivering electrons to the terminal electron acceptor Fe3+ [45-49].  

This last step, the transfer of electrons from a biomolecule embedded in a bacterial membrane 
to a solid substrate, is non-trivial. Several mechanisms have been proposed, though none are 
mutually exclusive. The observations that Geobacter metallireducens must be in direct contact 
with iron oxides to grow and form pili that attach to the iron oxide lead to the theory that electrons 
are passed directly from outer-membrane c-type cytochromes to the iron oxide substrate [50, 51]. 
When the genes for pili formation were deleted, Geobacter could no longer reduce insoluble metal 
oxides but could reduce soluble forms of Fe3+ such as Fe3+-citrate. Though mutants could not grow 
on the iron oxides, they could still attach to them [50]. Follow-up studies showed that OmcS, the 
most abundant cytochrome required for Fe3+ reduction and one with the lowest measured reduction 
potential, was localized to the pili [51]. However, other critical cytochromes to the iron-reduction 
pathway were not. In both Shewanella and Geobacter, pili are able to conduct electrons [52]. A 
second mechanism for electron transfer to solid iron minerals is based on the observation that 
secreted flavins and riboflavins are critical to growth on iron oxides in Shewanella species [53, 
54]. These exogenous electron shuttles are reduced at the cell surface by membrane-bound 
cytochromes and oxidized extracellularly by Fe3+. Geobacter species have not been shown to 
produce endogenous electron shuttles, but Fe(III) reduction can be greatly stimulated by the 
addition of exogenous electron shuttles such as flavins or humic substances [55]. A third and final 
mechanism suggests that the secretion of organic chelators allows for the solubilization of Fe3+ for 
easy transfer of electrons from the cell surface [56].  

Iron-oxidizing bacteria. Bacteria can also transform iron materials by using Fe2+ as an 
electron source for producing the reducing equivalents necessary for biomass production. Iron-
oxidizing bacteria transform iron minerals by precipitating insoluble iron oxides rather than by the 
dissolution of iron oxides and re-precipitation of mixed-valent species (as in the case of iron-
reducing bacteria). Iron(II) oxidation can be coupled to O2 reduction at acidic pH, to O2 (aerobic) 
or nitrate/perchlorate (anaerobic) reduction at neutral pH, or even coupled to CO2 reduction in 
photosynthetic organisms. Iron oxidation has particular challenges, as organisms must be able to 
oxidize various forms of Fe2+ found at neutral pH, transfer electrons (potentially uphill) to redox-
capable small molecules, and deal with the rapid precipitation of the Fe3+ products [19, 39]. 
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The biomolecular details of iron oxidation are not well understood, though some progress has 
been made to elucidate iron oxidation by phototrophic bacteria. A three-gene operon (pioABC) 
from the phototrophic iron(II)-oxidizer Rhodopseudomonas palustris has been found to be critical 
for iron oxidation [57]. These genes encode a periplasmic decaheme cytochrome c-type protein, 
an outer membrane porin, and a periplasmic high-potential iron protein (~0 to +0.4 V). It is the 
high-potential iron protein and the cytochrome transfer electrons from Fe2+ to their destination in 
the cell, whereas the outer-membrane porin could be involved in Fe transport. A three-gene operon 
(foxEYZ) from another phototrophic iron(II)-oxidizer Rhodobacter ferrooxidans SW2 has also 
been characterized [58]. The genes encode a decaheme c-type cytochrome (FoxE), an inner 
membrane transport protein, and a quinone-binding protein. The hemes of FoxE have positive 
reduction potentials (+207 and +270 mV at pH 7) that could allow downhill electron transfer from 
many geochemically relevant ferrous iron forms to the photosynthetic reaction center [59]. 

Iron oxidation coupled to anaerobic nitrate (NO3
-) reduction is of particular interest due to its 

ability to form mixed-valent iron oxides in vivo and in vitro as well as its potential metabolic 
similarity to magnetotactic bacteria. The oxidation of Fe2+ (soluble and insoluble) coupled to 
nitrate reduction is energetically favorable at neutral pH and should yield enough energy to support 
carbon fixation and microbial growth [19, 39]. However, only a couple pure bacterial cultures have 
been isolated that are nitrate-dependent iron-oxidizers. Therefore, it has been postulated that 
nitrate-reduction coupled to iron-oxidation is primarily an adventitious process or detoxification 
strategy [60]. In fact, several such strains, including Acidovorax strain BoFeN1, has been shown 
to precipitate intracellular iron minerals in the periplasm. Evidence supports the suggestion that 
the important site of Fe(II) oxidation is the same as the site of NO2

−, NO, and N2O reduction (i.e., 
the redox-active proteins Nar, Nir, Nor, and Nos and other redox-active components of the 
periplasm) and thus the periplasmic components of all nitrate-reducers should be capable of iron 
oxidation [60, 61]. 

 

 

                                
 
 
Figure 1.3. Common reduction potentials for iron species in water at pH 7.0 and their accessibility by redox-active proteins from iron 
respiring bacteria. 
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1.3. Models for magnetite formation in magnetotactic bacteria 
A conserved set of magnetosome-associated genes is organized in a large genomic island called 

the Magnetosome Island (MAI). Many classes of essential genes have been identified from a 
detailed genetic knockout study of the MAI in Magnetospirillum magneticum AMB-1 [36]. The 
study suggests a stepwise assembly of the magnetosome, with a set of gene products responsible 
for each part of the process acting to (1) invaginate the cell membrane and form the magnetosome 
membrane, (2) sort and process proteins responsible for magnetite formation, (3) align the 
magnetosomes into a chain, and (4) take up iron, prime the environment of the magnetosome, and 
mineralize the magnetic material [36, 62]. In recent years, incredible progress has been made in 
detailing the functions of individual genes as well as in describing the overall chemical 
transformation of the iron material. In this section, current knowledge on the chemical mechanism 
of magnetite crystallization in magnetotactic bacteria is summarized. 

Mechanisms for magnetite synthesis. There exists experimental evidence for two distinct 
and mutually exclusive mechanisms for magnetite synthesis in magnetotactic bacteria (Figure 1.4) 
[26]. The first mechanism is similar to the transformation of iron oxides by iron-reducing bacteria, 
in which Fe3+ accumulates in the magnetosome and forms an amorphous high-density hydrous 
ferric oxide (ferrihydrite) precursor, which is then partially reduced to Fe2+Fe2

3+O4 (magnetite). In 
a detailed study by Frankel et al. in 1983 [63], Mössbauer spectroscopy was performed on whole 
and fractionated early-growth (red cell pellets) versus late-growth (black cell pellets) 
Magnetospirillum magnetotacticum MS-1 cells. The study identified a low-density ferrous 
hydroxide followed by a high-density ferrous hydroxide (ferrihydrite) and then magnetite. The 
authors suggested the Fe3+-quinate added to solution was taken up by the cell, reduced to Fe2+, and 
the chelator released. Fe2+ is then re-oxidized in the magnetosome and accumulates as a low-
density hydrous iron oxide. Dehydration of the low-density hydrous iron oxide results in a high-
density hydrous iron oxide (ferrihydrite). Finally, partial reduction and further dehydration results 
in magnetite. This mechanism is analogous to the better-understood mineralization mechanisms of 
calcium or silica, which often make use of amorphous precursor phases that are molded into the 
final morphology before crystallization [1, 12, 38]. The mechanism also falls in line with what is 
known of iron biomineralization in chiton teeth [20, 64, 65]. Chiton are molluscs with rows of iron 
oxide teeth used to scrape microscopic algae off of rocks. The teeth are built in a sequential process 
involving ferritin delivering iron to the cells that build the tooth, the deposition of ferrihydrite on 
a pre-formed organic matrix, and the formation of an outer layer of magnetite by partial reduction 
of the ferrihydrite. Though the analogous biomineralization mechanism lends even more credence 
to this mechanism of formation, it has become clearer in recent years that cellular fractionation of 
magnetotactic bacteria is non-trivial in terms of both separations of components as well as abiotic 
oxidation of iron species. Also, modern tools in molecular biology can allow for better 
characterization of the early-growth and mutant cells. 

The partial reduction mechanism has also been used to explain the layer of hematite (α-Fe2O3) 
discovered by a combination of electron microscopy and real-time X-ray magnetic circular 
dichroism in immature (though full-sized) magnetite crystals within 15 min of transferring iron-
depleted Magnetospirillum gryphiswaldense MSR-1 cells into Fe-containing media [66]. The 
crystalline ferric oxide hematite is considered the precursor material, which surrounds and protects 
the magnetite which grows from it. However, a recent study using electron microscopy in 
combination with Fe K-edge X-ray absorption near edge structure found that iron is accumulated 
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in Magnetospirillum gryphiswaldense MSR-1 in the form of a high-phosphorus-content 
ferrihydrite from bacterioferritin cores and is subsequently rapidly transformed to crystalline 
magnetite [67]. Therefore, both the presence of the precursor material and its identification have 
yet to be confirmed. 

The second proposed mechanism for magnetite synthesis in magnetotactic bacteria, the co-
precipitation mechanism, is the controlled transport and rapid mixing of Fe2+ and Fe3+ in the 
magnetosome. In a study by Faivre et al. [68], Mössbauer spectroscopy was also performed on 
whole and fractionated early-growth versus late-growth Magnetospirillum gryphiswaldense MSR-
1 cells. However, early-growth versus late-growth magnetite can be analyzed more carefully: 
magnetite mineralization is induced by transferring iron-depleted cells into Fe-containing media. 
In this study, no precursor phase was identified. The group found that MSR-1 cells took up either 
or both Fe2+ or Fe3+, an observation validated by microbiological experiments. Iron is then 
converted to a ferrous high-spin species predominantly located in the membrane and a membrane-
associated ferritin, and magnetite crystallization proceed by rapid co-precipitation of Fe2+ and Fe3+ 
ions in the correct 1 Fe2+: 2 Fe3+ ratio for the magnetite lattice. At all stages, magnetosome particles 
consisted exclusively of magnetite, although the authors suggest that ferrihydrite might have 
escaped detection by electron diffraction owing to its poor crystallinity. As synthesis by co-
precipitation lacks an amorphous precursor phase, crystalline magnetite can be built ion by ion to 
yield crystals with well-defined facets consistent with the underlying crystal structure [69]. 
Although biological systems often rely on their ability to mold amorphous precursor phases into 
the final crystalline material, co-precipitation might better explain the materials properties that 
distinguish magnetotactic bacteria from other biomineralizing organisms: defectless crystal 
lattices and the lack of lattice-embedded biomolecules.  

A recent report has attempted to reconcile the conflicting experimental evidence by 
characterizing material transformation with several modern microscopy techniques for both Fe and 
phosphorus in time-resolved experiments where magnetite mineralization is induced by 
transferring iron-depleted cells into Fe-containing media [70]. The study found that upon uptake, 
Fe is stored in a phosphate-rich ferric hydroxide phase which also contained some particles of 
another poorly crystalline iron oxyhydroxide phase as well as of hematite. The study suggests that 
Fe and P are separated during the transfer to the magnetosome vesicle, leading to the formation of 
nanometric ferrihydrite, which can then be transformed into magnetite upon partial reduction of 
Fe3+ to Fe2+. However, ferrihydrite is again not directly observed, though it is suggested that the 
irregular morphology of the nascent magnetite crystals supports the notion of a solid-phase 
transformation from the precursor, despite the lack of a bulk amorphous phase as is the case in 
calcium or silica biomineralization. 

In all mechanisms of formation, redox-active proteins are necessary to regulate and monitor 
the oxidation state of iron species within the magnetosome. 

Regulation of pH in the magnetosome. A potential-pH diagram, or Pourbaix diagram, can 
be used to map out thermodynamically stable phases of iron in an aqueous electrochemical system. 
At an environmentally-relevant iron concentration (10 µM) and standard temperature and pressure, 
the chemical stability of magnetite is limited to small region centered at pH = 10 and a standard 
electrode potential of -0.5 V [26]. This suggests that the product of magnetite biosynthesis, 
however it is formed, only exists stably at limited redox potential and pH values. Consequently, 
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the magnetosome must also control pH in addition to metal ion transport into the vesicle and 
shuttling of redox equivalents during synthesis. The magnetosome must also regulate pH during 
the formation of magnetite. In all mechanisms of formation, protons are released due to the 
formation of the oxide bridges in magnetite, which are known to be derived from water rather than 
from molecular oxygen [71]. The putative Na+/H+ antiporter MamN, whose genetic knockout 
produces enormous defects in cellular magnetization, is currently believed to pump protons out of 
the magnetosome to maintain the pH of the compartment [72]. However, detailed biochemical 
studies have yet to determine the function of the protein. 

 

 
 
 
 

      

           
 
 
 
Figure 1.4. Models for magnetite mineralization in magnetotactic bacteria. In the partial reduction mechanism, Fe(III) accumulates as 
a low-density hydrous iron oxide in the magnetsome. Dehydration of the low-density hydrous iron oxide results in a high-density 
hydrous iron oxide (ferrihydrite). Fe(II)-aquo species bind the surface of the magnetite and mixed-valent compounds dissolute off the 
surface. Finally, re-precipitation and further dehydration results in magnetite. In the co-precipitation mechanism, Fe(II) and Fe(III) 
accumulates in the correct ratio (1:2) in the magnetosome for the ion-by-iron crystallization of magnetite. Both mechanisms result in 
the formation of protons which need to be removed from the magnetosome to maintain a pH at which magnetite is thermodynamically 
stable. 
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1.4. Control of iron redox state in magnetotactic bacteria 
A class of essential genes have been identified from a detailed genetic knockout study of 

Magnetospirillum magneticum AMB-1 that are necessary for the precipitation of magnetite but do 
not affect membrane biogenesis or chain alignment [36, 73]. These genes encode putative ion 
transporters such as MamM which has homology to the cation diffusion facilitator protein family 
as well as the potential pH-controlling Na+/H+ antiporter MamN [36]. Another set of genes, 
mamCFDC and the mms6 cluster, encode proteins which have been implicated in size and shape 
control of the magnetite nanocrystals [74]. Two genes implicated in protein sorting due to their 
homology to HtrA/DegP family proteases as well as their lack of magnetite formation are mamE 
and mamO [75, 76]. There are also several genes that are critical for magnetite biomineralization 
but have no homology to characterized proteins: mamT, mamP, mamS, and mamR [36]. Genetic 
knockouts of the magnetosome island genes mamH, mamX, and mamZ also appear to have some, 
though mild, defects in crystal formation [73]. 

In contrast to biomaterials built from calcium and silicon, the production of magnetite requires 
redox chemistry to produce the mixed-valent Fe2+ / Fe3+ product. Therefore, it has been suggested 
that one or more of these proteins of unknown function are capable of electron transfer to or from 
the growing iron mineral. Of these proteins, MamE, MamT, MamP, and MamX have two c-type 
cytochrome heme-binding CXXCH motifs in domains that are homologous to each other but not 
to other c-type cytochromes, leading to the proposal that they constitute a new class of heme-
binding electron transfer proteins termed “magnetochromes” [77]. The C-terminal domain of 
MamZ is also postulated to be involved in redox chemistry as it exhibits similarities to a ferric 
reductase-like transmembrane protein [78]. Since many of these genes have protein-interaction 
motifs in the form of PDZ domains, it has been suggested that they assemble into an electron 
transport chain in the magnetosome membrane and magnetosome space [77]. 

The magnetochrome MamE is a critical player in magnetite formation. The deletion of mamE 
results in the mislocalization of other proteins and severe downstream magnetic defects [36, 75, 
76]. MamE consists of two closely-spaced CXXCH heme-binding motifs flanked by an N-terminal 
HtrA/DegP protease domain and two C-terminal PDZ domains. Time-course experiments showed 
that although the MamE heme-binding mutant is capable of synthesizing large fixed single-domain 
magnetite crystals, this process is slowed from wild type and forms a significant number of smaller 
crystals similar to those found in the MamE protease mutant [75]. Due to this data, it was suggested 
that this MamE’s CXXCH motifs may serve to activate or enhance proteolysis required for crystal 
size transition or they may act independently of the protease domain in another electron transfer 
function [75]. 

MamP and MamT are also magnetochromes as interest [77, 79]. MamP consists of a N-
terminal signal or transmembrane sequence followed by a PDZ domain with a C-terminal di-heme 
magnetochrome domain. A genetic knockout of mamP reveals small, flaky particles in the 
magnetosomes with 1-2 wild type or larger than wild type crystals per cell [36]. MamT is a small 
magnetochrome protein with a N-terminal transmembrane segment, which may interact with PDZ 
domains through a putative PDZ-binding C-terminal segment.  A genetic knockout of mamT shows 
small, elongated crystals of wild type number [36]. Recent progress has been made in determining 
the iron oxidoreductase functions of these proteins (Chapter 2) [79, 80].  

11 
 



A tempting explanation is that magnetite formation in AMB-1 is a controlled inside-out Fe2+ 
oxidation similar to anaerobic nitrate-dependent iron-oxidizing bacteria. It is known that 
Magnetosprillum gryphiswaldense MSR-1 has a complete denitrification (nitrate reduction) 
pathway and that the pathway is necessary for the anaerobic growth of MSR-1 [81]. It has been 
postulated that the periplasmic components of all nitrate-reducing bacteria are innately capable of 
ferrous iron oxidation and that their growth is dependent on overcoming toxicity of iron and radical 
byproducts [60, 61]. In fact, several such non-biomineralizing strains, including Acidovorax strain 
BoFeN1, have been shown to precipitate intracellular iron minerals in the periplasm. A nitrite 
reductase from magnetotactic bacteria species Magnetospirillum magnetotacticum MS-1 has also 
been shown to oxidize Fe2+ in vitro [82]. Indeed, over the last decade several periplasmic protein 
components from Magnetospirillum species have been isolated and implicated in iron redox 
control [83, 84]. 

The denitrification pathway is also linked to proper magnetite formation in species of 
magnetotactic bacteria. For example, deletion of the magnetochrome mamX or its heme-binding 
domains as well as mamZ or is C-terminal ferric-reductase domain resulted in mild mineralization 
defects with mostly wild type crystals flanked by small, flaky crystals. However, the severity of 
the defects increased markedly in the absence of nitrate in the solution or in the absence of the 
periplasmic nitrate reductase Nap [78].  
 

1.5. Lattice templation of magnetite in magnetotactic bacteria 

Magnetite nanocrystals are co-localized in the magnetosome vesicle with several 
magnetosome island-derived proteins, including a set of tightly bound small proteins that can only 
be removed from the mineral upon boiling under denaturing conditions [85]. This set of proteins, 
called the Mms proteins are located within two adjacent gene clusters (mamCDFG and mms6) in 
the Magnetospirillum species’ magnetosome island [86]. Sequence analysis of the Mms proteins 
indicate that several of these proteins share common properties including an N-terminal 
hydrophobic portion comprising a putative transmembrane segment and self-assembly related 
sequence as well as a C-terminal acidic portion that likely interacts with the mineral (Figure 1.5). 
In vitro magnetite synthesis studies with Mms6 have shown that the inclusion of the Mms6 protein 
in a colloidal synthesis leads to tighter size distributions of nanocrystals [87]. Changes in crystal 
size and morphology compared to purely synthetic magnetite can be observed with high-resolution 
TEM [88, 89]. The critical function of the Mms proteins in magnetite biomineralization is also 
supported by genetic studies, which have demonstrated that disruption of these genes lead to shape 
and size defects in mineralization [36, 74]. It has been suggested that members of the family share 
some redundant function and control the morphology of the crystal in a cumulative manner [90], 
a theory which recently has been confirmed by expressing different subsets of the mms genes in 
vivo and analyzing their crystal facets by HRTEM [91]. Based on their sequence characteristics 
and in vitro and in vivo mineralization function, it seems likely that the Mms proteins play an 
analogous role to templating proteins involved in calcium or silica biomineralization, which can 
self-assemble using one domain to provide a multimeric array of functional groups on another 
domain to bind the growing mineral and stabilize its growth [92, 93].  

Through a careful genetic study, it has emerged that one gene, mmsF, is the major regulator of 
magnetite biomineralization in Magnetospirillum magneticum AMB-1 [74]. In the 8-gene deletion 
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mutant ΔR3 consisting of both mamCDFG and the mmsF-containing mms6 clusters, the expression 
of MmsF alone is sufficient to restore the synthesis of mature magnetite crystal. Deletion of the 
mmsF gene results in the stalling of magnetite crystal growth at smaller sizes than wild type. 
Though, some interesting differences between expressing mmsF in the ΔR3 background strain 
versus the mms6 cluster deletion strain suggests that one or several of the MamFDC proteins 
negatively regulate MmsF in the absence of Mms6. Examining the MmsF amino acid sequence 
reveals that MmsF does not have the same basic structure as Mms6 or other peptides found to be 
tightly bound to magnetite in vivo, but is thought to have three transmembrane helices as opposed 
to one. MmsF proteins assembles into large oligomeric structures in vitro which narrow and 
enlarge the crystal size distribution in magnetite precipitation reactions [94].  

It should be noted that the mamCDFG and mms6 clusters are not conserved among 
magnetotactic bacteria species. In fact, Desulfovibrio magneticus RS-1 contains neither clusters 
and forms unique bullet-shaped magnetite crystals [95-97]. Therefore, there must be overlapping 
factors that include the Mms proteins which stabilize crystal facets during magnetite synthesis. 

 

 
 
 
 

 

         

        
 
 
 
Figure 1.5. The structure of templating proteins from the MamCDFG and Mms6 clusters. Sequence analysis of the Mms proteins 
indicate that these proteins share common properties including an N-terminal hydrophobic portion comprising a putative 
transmembrane segment and self-assembly related sequence. The C-terminal segment is highly acidic and likely interacts with the 
mineral. 
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1.6. Specific aims and thesis organization 
In order to explore new strategies for inorganic nanoparticle synthesis and engineering 

biorthogonal cellular functions, we have initiated studies aimed at the discovery and 
characterization of magnetosome protein components critical for the formation of the mixed-valent 
magnetite biomaterial. We have focused on studying the magnetotactic bacteria species 
Magnetospirillum magneticum AMB-1 as a model for redox-controlled biomineralization of 
transition metal-based materials.  

Towards this goal, this thesis will be structured as follows: Chapter 2 discusses the genetic and 
biochemical characterization of two heme-containing proteins, MamP and MamT, which are 
thought to be involved in controlling Fe(II):Fe(III) ratio and which are encoded by the 
magnetosome island of M. magneticum AMB-1. Chapter 3 describes the purification of putative 
iron mineral-templating peptides from magnetotactic bacteria and their interaction with magnetite 
and magnetite precursors. Finally, Chapter 4 discusses using synthetic biology approaches to build 
new cellular nanomaterials and new cellular functions in AMB-1. 
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2.1. Introduction 

The unparalleled ability of living systems to evolve new chemistry taps into both organic and 
inorganic reaction space as well homogeneous and heterogeneous catalysis. Indeed, the 
transformation of soluble metal ions to form various biological nanostructures, from the intricately 
patterned diatom frustule to the unusually strong mollusk shell, provides important function at the 
organism level [1-6] and has inspired new methods for the preparation of synthetic materials [7-
11]. The mineralization of calcium is the most well understood as it produces perhaps the largest 
class of biominerals [12-16]. However, the controlled mineralization of elements such as silicon 
[17-19], iron [20-26], copper [27, 28], and manganese [29-32] are also observed although less 
broadly distributed. Of the latter group, iron biomineralization by magnetotactic bacteria 
represents a particularly interesting case for understanding how the production of nanomaterials 
can be programmed at the genetic level. 

Magnetotactic bacteria house a sophisticated system to sense the earth’s magnetic field for 
magnetoaerotaxis using linear chains of biological magnets, consisting of membrane-encapsulated 
magnetite (Fe(II)Fe(III)2O4) nanoparticles of various sizes (35-120 nm) and shapes with several 
unusual properties [33]. First, these nanoparticles are generated as a single magnetic domain [34], 
suggesting that they have naturally evolved to maximize the magnetic contribution of each iron 
atom. In addition, the magnetite is synthesized as an internally pure material with surface-
passivating proteins [35] rather than as a composite material with organic layers, as is often 
observed in calcium-based biominerals [4]. Also in contrast to the structural biomaterials built 
from calcium and silicon, the production of magnetite requires redox chemistry to produce the 
mixed-valent Fe(II)/Fe(III) product and could allow us to access large classes of functional 
transition metal-based materials using synthetic biology approaches.  

The magnetite nanocrystals are grown by the cell under genetically-controlled conditions 
within a subcellular vesicle, called the magnetosome, to produce defectless nanocrystals with a 
narrow size and shape distribution [36]. Based on its Pourbaix diagram, magnetite remains stable 
only at select redox potentials and pHs which thereby implies that the magnetosome forms a 
compartment that has been optimized for synthesis of these materials. Interestingly, an analysis of 
the magnetosome island (MAI) of Magnetospirillum magneticum AMB-1, which houses a large 
part of the genetic material encoding this process, reveals that several essential genes are annotated 
as potential iron transporters, proton transporters, and redox proteins and could serve to tune these 
different parameters. Our group is interested in identifying and characterizing the components 
involved directly in mineral synthesis to facilitate efforts to engineer the magnetosome for new 
synthetic functions. In this study, we focus on MamP and MamT, which are predicted c-type 
cytochromes in the MAI proposed to participate in redox reactions of iron in the magnetosome 
[37, 38]. We show that the double CXXCH heme motifs are essential for physiological function 
for both proteins, which supports a primary role in vivo involving redox chemistry. This finding is 
also consistent with the recently reported crystal structure of the MamP ortholog from the MO-1 
strain that shows that it comprises a novel “magnetochrome” fold involving the minimal 
association of 23 amino acids around each heme cofactor [39]. We further carry out in vitro 
biochemical experiments on purified MamP and demonstrate that it is competent to catalytically 
oxidize Fe(II) to Fe(III) despite its relatively unusual reduction potential compared to other 
cytochromes reported to carry out Fe(II) oxidation or Fe(III) reduction. Finally, in vitro iron 
mineralization show that MamP is capable of producing mixed-valent iron oxides from soluble 
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Fe(II) species and can work synergistically with mineral-templating proteins from the Mms family 
to control mineral structure. 

2.2. Materials and methods 
Reagent information. Luria-Bertani (LB) Broth Miller, 2 × YT Media, Terrific Broth, LB 

Agar Miller, sodium thiosulfate, sodium nitrate, and glycerol were purchased from EMD 
Biosciences (Darmstadt, Germany). Carbenicillin (Cb), isopropyl-β-D-thiogalactopyranoside 
(IPTG), phenylmethanesulfonyl fluoride (PMSF), tris(hydroxymethyl)aminomethane base (Tris), 
sodium chloride, dithiothreitol (DTT), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES), magnesium chloride hexahydrate, potassium chloride, potassium phosphate monobasic, 
potassium phosphate dibasic, D-sucrose, kanamycin (Km), ethylene glycol, ethylene diamine 
tetraacetic acid disodium dihydrate (EDTA), bromophenol blue sodium salt, anhydrous sodium 
acetate, methanol, L-ascorbic acid, sodium acetate, guanidine hydrochloride, and 30% hydrogen 
peroxide were purchased from Fisher Scientific (Pittsburgh, PA). Chloramphenicol (Cm), 
methylsulfoxide (DMSO), hydrochloric acid, glacial acetic acid, ammonium hydroxide, potassium 
hydroxide, and sodium hydroxide were purchased from EMD Millipore (Billerica, MA). β-
mercaptoethanol, ammonium bicarbonate, sodium dithionite, sodium phosphate dibasic 
hepthydrate, N,N,N',N'-tetramethyl-ethane-1,2-diamine (TEMED), ammonium iron(II) sulfate 
hexahydrate, 3,3′,5,5′-tetramethylbenzidine, toluylene blue, hexaammineruthenium(III) chloride, 
p-benzoquinone, methyl viologen, anthraquinone-2-sulfonic acid, 2-hydroxy-1,4-naphthoquinone, 
magnesium sulfate heptahydrate, manganese(II) sulfate monohydrate, cobalt(II) chloride 
hexahydrate, calcium chloride, zinc sulfate heptahydrate, copper(II) sulfate pentahydrate, 
aluminum potassium sulfate dodecahydrate, boric acid, sodium molybdate dehydrate, succinic 
acid, biotin, folic acid, pyridoxine hydrochloride, thiamine hydrochloride, riboflavin, calcium D-
(+)-pantothenate, vitamin B-12, p-aminobenzoic acid, thioctic acid, nicotinic acid, d-desthiobiotin, 
5-aminolevulinic acid (ALA) and diaminopimelic acid (DAP) were purchased from Sigma-
Aldrich (St. Louis, MO). Imidazole and formic acid were purchased from Acros Organics (Morris 
Plains, NJ). Nitrilotriacetic acid was purchased from Eastman Organic Chemicals. 3′-
chloroindophenol was purchased from TCI-SU (Tokyo, Japan). ODQ was purchased from Cayman 
Chemical Company (Ann Arbor, MI). Acrylamide/Bis-acrylamide (30%, 37.5:1), electrophoresis 
grade sodium dodecyl sulfate (SDS) and ammonium persulfate were purchased from Bio-Rad 
Laboratories (Hercules, CA). Restriction enzymes, T4 DNA ligase, Antarctic phosphatase, 
Phusion DNA polymerase, T5 exonuclease, and Taq DNA ligase were purchased from New 
England Biolabs (Ipswich, MA). Deoxynucleotides (dNTPs) and Platinum Taq High-Fidelity 
polymerase (Pt Taq HF) were purchased from Invitrogen (Carlsbad, CA). PageRuler™ Plus 
prestained protein ladder was purchased from Fermentas (Glen Burnie, Maryland). 
Oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA), 
resuspended at a stock concentration of 100 µM in 10 mM Tris-HCl, pH 8.5, and stored at either 
4°C for immediate use or -20°C for longer term use. DNA purification kits and Ni-NTA agarose 
were purchased from Qiagen (Valencia, CA). Recombinant RNAse-free DNAse I and Complete 
EDTA-free protease inhibitor were purchased from Roche Applied Science (Penzberg, Germany). 
TEV protease was purchased from the QB3 MacroLab at UC Berkeley. Amicon Ultra 3,000 
MWCO and 10,000 MWCO centrifugal concentrators and 5,000 MWCO and 10,000 MWCO 
regenerated cellulose ultrafiltration membranes were purchased from EMD Millipore (Billerica, 
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MA). Mass spectral analyses were carried out at the College of Chemistry Mass Spectrometry 
Facility at UC Berkeley. 

Bacterial strains. E. coli DH10B-T1R was used for DNA construction. E. coli BL21(DE3) 
and C43(DE3) were used for heterologous protein production of Mms7ct and MamP, respectively. 
E. coli WM3064 was used for conjugative transfer of plasmids into M. magneticum AMB-1 wild-
type (AK30) and knockout (ΔmamP, AK69; ΔR9, AK57; ΔmamTΔR9, AK155) strains as 
previously described [40]. Since the ∆mamT gene falls between two repeating regions of the 
mamQRB locus and its deletion frequently lead to mamQRB recombination, the ∆mamT strain was 
made in the ΔR9 genetic background in which the downstream mamQRB has been removed from 
the MAI without causing a detectable phenotype in wild-type M. magneticum AMB-1. 

Magnetospirillum magneticum AMB-1 cell culture. AMB-1 was grown using Magnetic 
Growth (MG) media [40] with Wolfe’s mineral solution omitting tartaric acid, Wolfe’s vitamin 
solution, and iron malate (100× stock made from 3 mM FeCl3 and 9 mM DL-malic acid). Solid 
media was generated by the addition of agar (0.7% w/v) to MG media. For antibiotic selection, 
kanamycin (Km) was supplied at a final concentration of 10 µg/mL in liquid cultures and 15 µg/mL 
in solid media. Carbenicillin (Cb) was used at a final concentration of 20 µg/mL in both liquid and 
solid media. Plasmids were introduced into AMB-1 strains by conjugative transfer with an E. coli 
WM3064 donor strain using literature methods as described [40]. Cultures for mutant screens, Cmag 
measurements, and TEM/HRTEM characterization were grown in MG media (10 mL) at 30°C 
without agitation in seal-capped anaerobic culture tubes (20 mL) after degassing the headspace 
with Ar. 

Plasmid construction. Standard molecular biology techniques were used to carry out plasmid 
construction. All PCR amplifications were carried out with Phusion DNA polymerase. For 
amplification of GC-rich sequences from M. magneticum AMB-1 (AMB-1), PCR reactions were 
supplemented with DMSO (5%) with primer annealing temperatures 8-10°C below the melting 
temperature (Tm) calculated using OligoCalc [41]. Plasmids were assembled either using the 
Gibson method [42] or restriction digest and ligation. All constructs were verified by sequencing 
(Quintara Biosciences; Berkeley, CA).  

Plasmids for mamP and mamT complementation studies. Plasmids for mamP and mamT 
complementation with AMB-1 were derived from the pAK22-derived plasmid pAK262 [43].  

pAK262Amp-MamP. To avoid known problems with magnetite formation related to the 
kanamycin resistance cassette (KmR) [43], the KmR marker was first replaced with the 
ampicillin marker (AmpR) to generate the mamP complementation plasmid pAK262Amp-
MamP. The plasmid backbone containing mamP and AmpR cassette were amplified 
respectively from pAK262 (pAK F1/R1 primers) and pCWori (pAK F2/R2 primers) for 
Gibson assembly.  

pAK262Amp-MamP∆heme1, pAK262Amp-MamP∆heme2, pAK262Amp-MamP∆heme. The 
mamP∆heme1 and mamP∆heme2 complementation plasmids were then constructed from 
pAK262Amp-MamP by QuikChange site-directed mutagenesis of the CXXCH motif to 
AXXAA. The residues C224, C227, and H228 were mutated to alanine to generate 
pAK262Amp-MamP∆hemel by amplification of pAK262Amp-MamP with the MamP QC F2/R2 
primers. The residues C268, C272, and H273 were mutated to alanine to generate 
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pAK262Amp-MamP∆heme2 using the MamP QC F1/R1 primers. The mamP∆heme 
complementation plasmid, pAK262Amp-MamP∆heme, was then generated from pAK262Amp-
MamP∆h2 by amplification with the MamP QC F2/R2 primers. 

pAK262Amp-MamT∆heme1, pAK262Amp-MamT∆heme2, pAK262Amp-MamT∆heme. 
pAK262Amp-MamT was constructed by Gibson assembly of mamT (residues 1-176) 
amplified from AMB-1 genomic DNA (MamT SF1/MamT SR1 primers) and the pAK262Amp 
backbone amplified from pAK262Amp-MamP plasmid (pAK MamT F1/R1 primers) to 
remove mamP.  

The mamT∆heme1 and mamT∆heme2 complementation plasmids were then constructed from 
pAK262Amp-MamT by QuikChange site-directed mutagenesis of the CXXCH to AXXAA as 
described above for MamP. Plasmid pAK262Amp-MamT∆hemel was constructed by 
mutagenesis of residues C103, C106, and H107 to alanine using the MamT QC F1/R1 primers. 
Plasmid pAK262Amp-MamT was constructed by mutagenesis of residues C154, C157, and 
H158 to alanine using the MamT QC F2/R2 primers. Finally, plasmid pAK262Amp-
MamT∆heme was generated by amplifying pAK262Amp-MamT∆heme2 with the MamT QC 
F1/R1 primers. 

pAK262Amp-MamP.FLAG. The pAK262Amp-MamP.FLAG plasmid was made by 
amplifying mamP from pAK262Amp-MamP with the primers MamP Flag F1/R1 and the 
pAK262Amp vector from pAK262Amp-MamP with the primers MamP Flag F2/R2 The two 
pieces were assembled by the Gibson method.  

pAK262Amp-FLAG.MamP. The pAK262Amp-FLAG.MamP plasmid was made by 
amplifying mamP from pAK262Amp-MamP with the primers Flag MamP F1/R1 and by 
amplifying the pAK262Amp vector from pAK262Amp-MamP with the primers Flag MamP 
F2/R2. The two pieces were assembled by the Gibson method. 

pAK262-MamP.GFPsf. The pAK262-MamP.GFPsf plasmid was made by amplifying 
MamP from pAK262Amp-MamP with primers P GFPsf F1/R1 and by amplifying GFPsf with 
P GFPsf F2/R2 from pBK-GFP-superfold plasmid (Molecular Foundry, Lawrence Berkeley 
National Laboratory) [44]. The genes were inserted into the EcoRI-SpeI restriction sites of 
pAK262 vector by Gibson assembly. 

pAK262-GFPsf.MamP. The pAK262-GFPsf.MamP plasmid was made by amplifying 
GFPsf from pBK-GFP-superfold with GFPsf P F1/R1 and by amplifying MamP from 
pAK262Amp-MamP with GFPsf P F2/R2. The genes were inserted into the EcoRI-SpeI 
restriction sites of pAK262 vector by Gibson assembly. 
Plasmids for heterologous expression of MamP in E. coli. The initial plasmid for the 

heterologous expression of MamP in E. coli was constructed in a series of steps designed to make 
intermediates for testing MamP expression.  

pCWori-OmpA.MamP. The sequence encoding the mature MamP sequence (residues 29-
275) predicted by TMHMM program [45] was amplified from pAK262 with the MamP Ex 
F1/R1 primers and inserted into the NcoI-HindIII site of pCWori-OmpA.sLipA, which 
contains an N-terminal ompA periplasmic targeting sequence between the NdeI and NcoI 
restriction sites. 
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pCWori-OmpA.His6.SUMOtev.MamP. The pCWori-OmpA.His6.SUMOtev.MamP vector 
was constructed by amplification of the His6.SUMOtev.MamP cassette from pSUMO-MamP 
with the MamP Ex F2/R2 primers and insertion into the NcoI-HindIII site of pCWori-
OmpA.MamP. The plasmid pSUMO-MamP was constructed by sequence and ligation 
independent cloning (SLIC). The SLIC-compatible pSUMO plasmid was linearized through 
SSpI digestion and assembled with MamP amplified from pAK262 with MamP LIC F1/R1 
(QB3 Macrolab, UC Berkeley). 

pCWori-OmpA.His6.NusAtev.MamP. The pCWori-OmpA.His6.NusAtev.MamP vector 
was constructed by amplification of the His6.NusAtev.MamP cassette from pNusA-MamP 
with the MamP Ex F3/R2 primers and insertion into the NcoI-HindIII site of pCWori-
OmpA.MamP. The plasmid pNusA-MamP was constructed by SLIC. The SLIC-compatible 
pNusA plasmid was linearized through SspI digestion and assembled with MamP amplified 
from pAK262 with MamP LIC F1/R1 (QB3 Macrolab, UC Berkeley). 

pCWori-OmpA.His6.MOCRtev.MamP. The pCWori-OmpA.His6.MOCRtev.MamP vector 
was made by amplifying the His6.MOCRtev.MamP cassette from pMOCR-MamP with the 
MamP Ex F4/R2 primers and inserting into the NcoI-HindIII site of pCWori-OmpA.MamP. 
The plasmid pMOCR-MamP was constructed by SLIC. The SLIC-compatible pMOCR 
plasmid was linearized through SspI digestion and assembled with MamP amplified from 
pAK262 with MamP LIC F1/R1 (QB3 Macrolab, UC Berkeley). 

pCWori-OmpA.His6.TRXtev.MamP. The pCWori-OmpA.His6.TRXtev.MamP vector was 
constructed by amplification of the His6.TRXtev.MamP cassette from pET-
His6.TRXtev.MamP with the MamP Ex F5/R2 primers and insertion into the NcoI-HindIII site 
of pCWori-OmpA.sLipA. The plasmid pET-His6.TRXtev.MamP was constructed by SLIC. A 
SLIC-compatible pTRX vector was linearized through SspI digestion and ligated with MamP 
was amplified from pAK262 from MamP LIC F1/R1. (QB3 Macrolab, UC Berkeley). 

pCWori-OmpA.His6.MBPtev.MamP. An MBP domain was fused to MamP by gene 
splicing by overlap extension (SOE). The His6.MBPtev fragment was amplified from 
pSV272.1 using the MamP Ex F6/R3 primers and the MamP fragment was amplified from 
pMocr-MamP using the MamP Ex F7/R1 primers. The individual pieces were assembled using 
the MamP Ex F6/MamP Ex R1 primers. The product was then inserted into the NcoI-HindIII 
site of the pCWOri-OmpA.MamP vector.  

pET29a-OmpA.His6.MOCRtev.MamP. The pET29a-OmpA.His6.MOCRtev.MamP vector 
was constructed by amplification of the OmpA.His6.Mocr.MamP cassette from pCWori-
OmpA.His6.MOCRtev.MamP with the MamP Ex F8/R4 primers and inserting into the XbaI-
XhoI site of pET29a.. 

pET29a-OmpA.His6.MBPtev.MamP. The pET29a-OmpA.His6.MBPtev.MamP vector was 
constructed by amplification of the OmpA.His6.MBPtev.MamP cassette from pCWori-
OmpA.His6.MBPtev.MamP with the MamP Ex F8/R4 primers and insertion into the XbaI-
XhoI site of pET29a-OmpA.His6.MOCRtev.MamP. 
Transformation of M. magneticum AMB-1. Plasmids for complementation or gene 

disruption were introduced into AMB-1 by conjugative transfer from an E. coli WM3064 donor 
strain using literature methods as described [40]. The plasmid to be transferred was first 
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transformed into E. coli WM3064 by electroporation and plated for growth overnight at 37ºC on 
LB agar supplemented with the appropriate antibiotic (Km, 100 µg/mL; Cb, 100 µg/mL) and DAP 
(300 µM). Individual colonies were inoculated into LB (5 mL) containing antibiotic and DAP and 
grown overnight at 37ºC with rotary shaking (200 rpm). E. coli cell cultures (500 µL) were then 
pelleted by brief centrifugation (14,000 × g) for 1 min at room temperature. The pellets were 
washed twice with LB DAP (0.5 mL) before resuspending in LB DAP (200 µL). The AMB-1 
recipient strain was prepared by inoculation of cells from a freezer stock into a sealed-cap conical 
tube (50 mL) containing Magnetic Growth media (MG media, 50 mL). All MG media described 
in this document is prepared according to literature methods and supplemented with iron malate 
solution (100× stock made from 3 mM FeCl3 and 9 mM DL-malic acid) and Wolfe’s vitamin 
solution [40]. After 2 d growth at 30ºC without agitation, the entire culture volume was pelleted 
by centrifugation (14,000 × g) for 15 min at 4ºC and resuspended in MG (600 µL). One-third of 
the resuspended AMB-1 pellet was added to the resuspended E. coli pellet (200 µL), the cells were 
mixed gently, pelleted by brief centrifugation (14,000 × g) for 10 min at room temperature, and 
resuspended in MG (200 µL). The cells were plated together onto MG DAP agar. The plates were 
first incubated at room temperature for 1 h before transferring into a sealed microaerobic jar 
(Oxoid, Ltd.; Basingstoke, UK) at 30ºC for an additional 2-4 h. The jar was evacuated with vacuum 
until the pressure valve read -0.6 bar and was then refilled with N2 to a pressure of +0.2 bar. The 
positive pressure was relieved by venting before the jar was sealed at 0 bar. After this incubation, 
cell mixtures were scraped off the MG DAP agar plates with a sterile inoculating loop and streaked 
onto fresh MG agar plates supplemented with the appropriate antibiotic (Km, 15 µg/mL; Cb, 20 
µg/mL). These plates were incubated in the microaerobic jar for 4-6 d until colonies could be 
visualized. Single colonies were inoculated into microcentrifuge tubes (1.5 mL, Eppendorf) 
completely filled with MG (1.5 mL) and supplemented with the appropriate antibiotic (Km, 10 
µg/mL; Cb, 20 µg/mL) to yield primary cultures within 4-8 d of growth at 30ºC with no agitation. 
After a cell pellet developed in the primary culture, an aliquot of the primary culture (10 µL) was 
diluted (1:1000) into sealed anaerobic tubes (20 mL) with MG containing 20 mM HEPES pH 7.2 
supplemented with the appropriate antibiotic (10 mL) and grown at  30ºC with no agitation until 
OD400 nm = 0.1-0.25 (approximately 2 d) for the secondary culture. 

Construction of M. magneticum AMB-1 ∆mamT∆R9. The ∆mamT gene falls between two 
repeating regions of the mamQRB locus, which is known to cause recombination and subsequent 
loss from from the magnetosome island. Since the deletion of mamT alone appeared unstable to 
complementation, the ∆mamT∆R9 strain (AK155) was used for further experiments in this study. 
The ∆mamT∆R9 strain was generated by introduction of the non-replicating pAK334 gene 
disruption plasmid [46] via conjugative transfer from E. coli WM3064 in the ΔR9 genetic 
background (AK57) [43]), in which the downstream mamQRB has been removed from the MAI 
without causing a detectable phenotype in wild-type AMB-1. After initial selection of parental 
strains on kanamycin, primary cultures containing kanamycin and secondary cultures without 
antibiotic were prepared. For counterselection using the sacB gene, aliquots of the secondary 
cultures (100 µL and 1 mL) were plated on MG supplemented with sucrose (1% w/v) without 
antibiotic by spreading with glass beads on MG plates. After incubation for 4-6 d at 30ºC, 
individual colonies were inoculated into new primary cultures and screened for deletion of gene 
of interest without loss of the MAI using colony PCR [46].  
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Characterization of cellular magnetization (Cmag). Secondary AMB-1 cultures were grown 
in MG (10 mL) containing 20 mM HEPES pH 7.2 without agitation at 30°C in seal-capped 
anaerobic culture tubes (20 mL) with Ar-evacuated headspace to OD400 nm = 0.2 (~2 d). The culture 
Cmag was determined as previously described [47]. Briefly, OD400 nm was measured on an Agilent 
8000 UV-Visible spectrophotometer with a magnet parallel or perpendicular to the spectrometer 
beam and the ratio (Cmag = A400 nm, perpendicular/A400 nm, parallel) was calculated. The Cmag measurements 
were performed in biological triplicates with two technical replicates per colony using cultures 
from three independent growths or conjugations.  

Transmission electron microscopy. Secondary AMB-1 cultures were grown in MG (10 mL) 
containing 20 mM HEPES pH 7.2 without agitation at 30°C in seal-capped anaerobic culture tubes 
(20 mL) with the headspace evacuated with Ar to OD400 nm = 0.25–0.3 (~2-3 d). An aliquot of cell 
culture (100–500 μL) was pelleted by brief centrifugation (14,000 × g) for 10 min aerobically at 
room temperature and resuspended in MG (~10 μL). The cells were adsorbed onto 400-mesh 
copper grid coated with Formvar/Carbon (TedPella Inc.) and analyzed using a TECNAI 12 TEM 
(FEI) operating at 120 kV with a charge-coupled device camera (Gatan UltraScan, University of 
California at Berkeley Electron Microscope Laboratory). In each case, 20–50 cells, each 
containing 1–20 crystals, were analyzed. For each strain, >300 particles from >20 cells was 
analyzed for three different colonies from each biological replicate.  

Fluorescence microscopy. Secondary AMB-1 cultures were grown in MG (10 mL) 
containing 20 mM HEPES pH 7.2 without agitation at 30°C in seal-capped anaerobic culture tubes 
(20 mL) with an Ar-evacuated headspace to OD400 nm = 0.1–0.2 (~ 1.5 d). An aliquot of cell culture 
(0.5 – 1.0 mL) was pelleted by brief centrifugation (14,000 × g) for 5 min aerobically at room 
temperature and resuspended in MG (~200 μL). The cells were adsorbed onto pads of MG agarose 
(2% w/v) and GFP fluorescence was imaged on an API DeltaVision Elite deconvolution 
microscope (Applied Precision; Issaquah, WA) using the 100× oil objective with the FITC filter 
sets.  

Immunostaining. Antibodies to MamP were raised by ProSci Inc. (Poway, CA) in rabbits 
using a synthetic peptide from MamP (QLEGAPMILAGPRPHGYR) conjugated to a carrier 
protein. Testing of these antibodies indicated that MamP could be detected to < 20 ng/lane using 
a 1:1000 dilution (Figure 2.5). AMB-1 cultures were grown without agitation in MG (10 mL) 
containing 20 mM HEPES pH 7.2 at 30°C in seal-capped anaerobic culture tubes (20 mL) 
evacuated with Ar to OD400 nm = 0.2 (~ 2d). Cells were pelleted by centrifugation (9,800 × g) for 
15 min and resuspended in 2×Laemmli buffer containing BME (5% v/v) (125 µL for 10 mL of 
culture at OD400 nm = 0.2). The cell suspension was heated at 70ºC for 15 min and centrifuged 
(14,000 × g) for 10 min at room temperature to remove particulate matter. Samples (15 uL) were 
run on a 12% Bis-Tris SDS-PAGE gel at 150 V at 4ºC for 45-80 min. The gel was equilibrated in 
transfer buffer (50 mM Tris, 192 mM glycine, 20% v/v methanol, 0.05% w/v SDS) for 25 min 
before transferring at 50 V for 2 h to a pre-wetted PVDF membrane (Bio-Rad) using a BioRad 
Trans-Blot. All subsequent steps utilized a rocking agitator to provide mixing. The membrane was 
blocked for 2 h at room temperature in 5% w/v milk (Apex BioResearch Products, Research 
Triangle Park, NC) in TBST buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 0.1% w/v Tween-20) 
followed by incubation with MamP primary antibodies (1:1000 dilution in TBST containing 5% 
w/v milk) at room temperature for 1.5 h. The membrane was washed in TBST (3 × 15 min) before 
incubating with Goat Anti-Rabbit IgG-HRP (Bio-Rad Laboratories,1:5000) at room temperature 
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for 1 h. The membrane was washed again TBST (3 × 15 min) before visualization with a Western 
Lightning Plus ECL kit (PerkinElmer; Waltham, MA) using a Bio-Rad Mini Trans-Blot Cell and 
Quantity One software. 

Immunostaining of MamP.FLAG and FLAG.MamP was performed by growing ΔmamP + 
pAK262Amp-MamP.FLAG and ΔmamP  + pAK262Amp-FLAG.MamP AMB-1 cultures without 
agitation in MG (1 L) containing 20 mM HEPES pH 7.2 and 20 µg/mL Cb at 30°C in seal-capped 
buffer bottle (1 L) evacuated with Ar to OD400 nm = 0.2 (~ 2d). Cells were pelleted by centrifugation 
(9,800 × g) for 15 min for a total of 0.5 g of cells. The cells were resuspended in AMB-1 lysis 
buffer (5 mL of 50 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.1% Triton X-100, 0.1 mM 
PMSF, 1 Complete tablet). The cells were passed twice through a French Pressure cell (Thermo 
Scientific; Waltham, MA) at 14,000 psi. The lysate was centrifuged at 15,300 × g for 20 min at 
4°C to separate the soluble and insoluble fractions. The soluble fraction was applied to ANTI-
FLAG M2 affinity gel (Sigma-Aldrich, 100 µL) equilibrated with ANTI-FLAG resin wash buffer 
(50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA) and incubated with gentle shaking at 4ºC 
for 1 hr. The resin was washed with 3 × 1 mL of wash buffer by spinning and resuspending in 1.5 
mL microfuge tubes for 1 min at 5,000 × g. Protein was eluted from the column by incubating for 
10 min in 3× FLAG peptide (Sigma-Aldrich, 150 ng/μL in ANTI-FLAG resin wash buffer). 
Samples were resuspended in 2× Laemmli buffer containing BME (5% v/v). The cell suspension 
was heated at 70ºC for 15 min and centrifuged (14,000 × g) for 10 min at room temperature to 
remove particulate matter. Samples (15 uL) were run on a 12% Bis-Tris SDS-PAGE gel at 150 V 
at 4ºC for 45-80 min. The gel was equilibrated in transfer buffer (50 mM Tris, 192 mM glycine, 
20% v/v methanol, 0.05% w/v SDS) for 25 min before transferring at 50 V for 2 h to a pre-wetted 
PVDF membrane (Bio-Rad) using a BioRad Trans-Blot. All subsequent steps utilized a rocking 
agitator to provide mixing. The membrane was blocked for 2 h at room temperature in 5% w/v 
milk (Apex BioResearch Products, Research Triangle Park, NC) in TBST buffer (50 mM Tris, pH 
8.0, 150 mM NaCl, 0.1% w/v Tween-20) followed by incubation with Monoclonal ANTI-FLAG 
M2 (Sigma-Aldrich, 1:8500 dilution) in TBST containing 5% w/v milk at room temperature for 
1.5 h. The membrane was washed in TBST (3 × 15 min) before incubating with Goat Anti-Mouse 
IgG-HRP (Bio-Rad Laboratories,1:5000 dilution) at room temperature for 1 h. The membrane was 
washed again TBST (3 × 15 min) before visualization with a Western Lightning Plus ECL kit 
(PerkinElmer; Waltham, MA) using a Bio-Rad Mini Trans-Blot Cell and Quantity One software. 

Heterologous expression of His6.MBP.MamP. 2 × YT (4 × 1 L) containing Km (50 µg/mL) 
and Cm (35 µg/mL) in a 2.8 L Fernbach baffled shake flask was inoculated with 10 mL of an 
overnight 50 mL LB culture of freshly transformed E. coli C43(DE3) containing the appropriate 
overexpression plasmid and the cytochrome c maturation plasmid, pEC86 [48]. The cultures were 
grown at 30°C and 200 rpm to OD600 = 0.8 to 0.9, at which point cultures were induced to express 
protein with IPTG (10-50 µM) and shaken overnight at 30°C and 200 rpm. Cell pellets were 
harvested by centrifugation at 5,524 × g for 7 min at 4ºC and immediately lysed for protein 
purification. 

Purification of MamP. Harvested cell pellets were thoroughly resuspended (5 mL/g wet cell 
paste) by gentle pipetting in Periplasmic Lysis Buffer (20% w/v sucrose, 1 mM EDTA, 50 mM 
potassium phosphate, pH 8.0) supplemented with a Complete EDTA-free protease inhibitor 
cocktail (1 tablet/50 mL buffer, Roche) and PMSF (0.5 mM). A combined lysozyme/osmotic 
shock strategy was employed to prepare the periplasmic fraction by addition of lysozyme (0.5 
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mg/mL) and incubation at room temperature for 15 min, followed by the addition ice-cold water 
(1 vol) and mild shaking (100 rpm) for 15 min in tubes resting horizontally on ice. The soluble 
periplasmic fraction was separated from the remaining cellular debris by centrifugation at 10,414 
× g for 15 min at 4°C. All subsequent steps were carried out at 4°C. 

Isolation of the His6.MBPtev.MamP fusion. Periplasmic fractions from the different flasks 
were then pooled and stirred with DNase (~ 3 units/g wet cell paste) for 1 h. MgCl2 (5 mM) 
was added to the combined periplasmic fraction to reduce stripping of the Ni-NTA resin by 
EDTA, while sodium chloride (150 mM) was added to minimize non-specific binding. The 
periplasmic lysate was applied to Ni-NTA Agarose (Qiagen, 20-25 mL), equilibrated with Ni-
NTA Buffer A (50 mM potassium phosphate, pH 8.0, 300 mM NaCl, 10 mM imidazole), by 
batch binding for 30 min on a rocking agitator. The resin was then transferred into a column 
(2.5 × 10 cm, BioRad) and washed with Ni-NTA Buffer A (3 column vol), with subsequent 
elution with Ni-NTA Buffer B (50 mM potassium phosphate, pH 8.0, 300 mM NaCl, 250 mM 
imidazole; 2-3 column vol). The eluate was concentrated to <10 mL in an Amicon 
Ultrafiltration Stirred Cell (Millipore) fit with a 10 kD MWCO YM regenerated cellulose 
membrane (Millipore).  

TEV cleavage. To the concentrated Ni-NTA eluate, His-tagged TEV protease (~ 1 mg TEV 
per 40-50 mg of His6-MBP-MamP fusion) and the resulting mixture was dialyzed (Spectra/Por 
Biotech Cellulose Ester Dialysis Membrane, 3,500-5,000 MWCO; Spectrum Laboratories) 
against 50 mM potassium phosphate, 300 mM NaCl, 1 mM DTT, pH 8.0 overnight (3 × 1:75 
dilution).  

MamP isolation. The dialyzed mixture was then applied to the same Ni-NTA agarose 
column, washed and re-equilibrated with Ni-NTA Buffer A (~ 10 column vol). MamP was 
washed from the column with Ni-NTA Buffer A (3 column vol) and concentrated to <10 mL 
in an Amicon Ultrafiltration Stirred Cell using a 10 kD MWCO YM regenerated cellulose 
membrane (Millipore). To remove residual and endogenous untagged MBP, the MamP sample 
was then applied to an Amylose column (2 mL), equilibrated with 50 mM potassium 
phosphate, 300 mM NaCl, 1 mM EDTA, pH 8.0. MamP was recovered from this column by 
washing with the same buffer (3-5 column vol). The MamP solution was concentrated further 
(<2 mL) in a 3 kD MWCO Amicon Ultra-15 Centrifugal Filter Unit (Millipore) by 
centrifugation  (5,000 × g) at 4°C before loading onto a HiLoad 16/20 Superdex 200 column 
(GE Healthcare) attached to an ÄKTApurifier FPLC (1 mL/min; GE Healthcare). The column 
was equilibrated with and run in 50 mM potassium phosphate, pH 8.0, 150 mM NaCl. Fractions 
(2 mL) were monitored by A407 nm and those with A407 nm > 0.1 were further characterized by 
their Rz value (A407 nm/A280 nm) using a Beckman Coulter DU-800 spectrophotometer before 
pooling. Fractions with Rz ≥ 7.0 were concentrated five-fold using 3 kD MWCO Amicon 
Ultra-0.5 Centrifugal Filter Unit and stored at -80°C with the addition of glycerol (60% v/v 
stock) to a final concentration to 10% v/v without further purification. Those fractions with Rz 
values between 5.0 and 7.0 were pooled and exchanged into Q buffer (100 mM Tris, pH 8.0) 
by overnight dialysis (Spectra/Por Biotech Cellulose Ester Dialysis Membrane, 3,500-5,000 
MWCO, 3 × 1:75 dilution). for an additional purification step. The sample (~5 mL) was 
chromatographed on a HiTrap Q HP column (GE Healthcare, 5 mL) using a linear gradient 
from 0 to 0.5 M NaCl over 40 column volumes (1 mL/min). These fractions were then 
concentrated and stored at -80°C as described above. The extinction coefficient of the MamP 
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monomer (Rz = 7.1) at 280 nm was measured to be 46,100 M-1cm-1 (AAA Service Laboratory; 
Damascus, OR) and is used to calculate the MamP concentration. The extinction coefficient 
for the Soret peak of the diheme-loaded MamPox monomer was measured to be 331,100 M-

1cm-1 at 407 nm using the protein concentration determined by acidolysis. 
Heme staining of SDS-PAGE gels. Samples were prepared for loading onto a gel by 

incubation for 15 min at room temperature with a Laemmli sample buffer with β-mercaptoethanol 
omitted (4× stock: 0.25 M Tris-HCl, 2% SDS, 40% glycerol, 0.04% bromophenol blue). The 
sample was analyzed by SDS-PAGE at room temperature following literature protocol [10] on a 
standard 12 w/v% acrylamide gel at 150 V for approximately 60-80 min. The gel was then soaked 
at room temperature in the dark with 3,3´,5,5´-tetramethylbenzidine (2 mM) in 0.25 M sodium 
acetate, pH 5.0 containing 30% v/v methanol for 2 h on an orbital shaker. H2O2 (60 mM) was 
added to initiate the development of blue bands within 15 min and stopped by rinsing with ddH2O. 
The gels were then stained with Coomassie using standard protocols to visualize total protein 
content. 

Preparation of MamP for nanoelectrospray ionization mass spectroscopy (Nano-ESI-
MS). Purified MamP (10-15 µM; 15 µL) was exchanged into 50 mM ammonium bicarbonate, pH 
8.0, by repeated concentration/dilution cycles in an 3 kDa MWCO Amicon Ultra-0.5 Centrifugal 
Filter Unit (14,000 × g) at 4°C, until the estimated non-volatile salt concentration was in the sub-
micromolar range (typically 10-12 cycles). On the final concentration/dilution cycle, ddH2O was 
used to dilute the protein to a final ammonium bicarbonate concentration of 10 mM before 
concentrating MamP to a final concentration of ~5 µM. The buffer-exchanged protein samples 
were immediately submitted for nano-ESI-MS analysis in the QB3/Chemistry Mass Spectrometry 
Facility at UC Berkeley. The samples were acidified just prior to collecting spectra by addition of 
10× formic acid stock to a final concentration of 1% v/v.  

Inductively-coupled plasmon resonance-atomic emission spectroscopy (ICP-AES) of 
MamP. Serial dilutions of a ferric nitrate stock solution (1,000 mg/L) in ddH2O were used to 
prepare six solutions between 50 μg/L and 1,000 μg/L, from which a standard curve was generated. 
MamP was dialyzed (3 × 10-2, for a 10-6 final dilution of the original buffer) overnight in 50 mM 
potassium phosphate, 150 mM NaCl, pH 7.5 at 4°C. The protein was diluted to a concentration 
intended to yield ~300 μg iron/L (assuming 100% cofactor occupancy). Samples were analyzed 
on an Optima 7000 DV ICP-OES (Perkin Elmer; Fremont, CA) using Ar as the carrier gas at a 
sample flow rate of 1 mL/min (RF power, 1200 watts; plasma gas flow, 15 L/min; auxiliary gas 
flow; 0.2 L/min; nebulizer gas flow, 0.8 L/min). From this experiment, the extinction coefficient 
of the Soret band for the diheme-loaded MamPox monomer was determined to be 348,700 M-1cm-

1 at 407 nm and the extinction coefficient for the protein absorption band was determined to be 
48,200 M-1cm-1 at 280 nm. 

Structural comparison between MamP from AMB-1 and homolog from MO-1. Phyre2 
[49] was used to predict the structure of MamP based on the structure of the MO-1 homolog [39]. 
UCSF Chimera was used to visualize the protein structural comparison [50]. Protein BLAST was 
used to compare the full length structure of both proteins (MamP AMB-1, 275 residues; MamP 
MO-1, 260 residues) [51] and determine the percent homology of the proteins. 

Spectrochemical titration of MamP. Spectrochemical titrations were carried out on MamP 
in a 1.6 mL cell consisting of a 1 cm semi-micro quartz magnetic stir cell with an anaerobic seal 
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and cap (Starna Cells, Inc; Atascadero, CA) and stir bar using literature methods [52]. MamP was 
deoxygenated in an anaerobic glove box (Controlled Atmosphere Chamber; Plas Labs; Lansing, 
MI) under a 90:10 Ar:H2 atmosphere by passing an aliquot of protein (400 μL) over a PD-10 
desalting column (GE Healthcare Life Sciences) equilibrated with titration buffer (Ar-sparged 20 
mM Tris, 50 mM KCl, 5% (v/v) ethylene glycol, pH 7.5). MamP (1 mL of ~ 22 µM) was 
transferred into the cell followed by the Ar-sparged redox mediator cocktail (toluylene blue, 5 μM; 
hexaammineruthenium(III) chloride, 16.5 μM; p-benzoquinone, 16.5 μM; 3´-chloroindophenol, 
10 μM; methyl viologen, 7.5 μM; anthraquinone-2-sulfonic acid, 10 μM; 2-hydroxy-1,4-
naphthoquinone, 10 μM). The cuvette was then outfitted with the electrodes and sealed from air 
before removing from the glove box. The reaction was maintained under N2 (g) for the duration of 
the experiment. The oxidant solution was prepared in the glove box by dissolving solid ODQ in 
Ar-sparged DMSO (10 mM) and then diluting into titration buffer (0.5 mM). The potential of the 
protein solution was measured using an oxidation-reduction potential microelectrode (MI-800, 
Microelectrodes, Inc.; Bedford, NH) and Ag/AgCl reference microelectrode (MI-402, 
Microelectrodes, Inc.) connected to a basic pH/mV/ORP meter (Orion 420Aplus, Thermo 
Scientific; Waltham, MA). Protein was initially reduced step-wise using excess sodium dithionite 
introduced via syringe until the potential stabilized and UV-Vis spectrum showed the protein to 
be fully reduced. After reduction, ODQ (0.2-1 μL; 0.5 mM) was titrated in with stirring to oxidize 
MamP. The reaction was allowed to equilibrate for 15 min after each addition. UV-visible spectra 
were collected at each potential on an Agilent 8453 diode-array spectrophotometer equipped with 
an Agilent 8909A stirring module (Santa Clara, CA). The fraction of reduced MamP was 
monitored by ΔA 551 nm, and the midpoint reduction potential was determined by fitting to the 
following equation [53]: 
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Titration of MamPred with oxygen. Oxygen titration of MamP was carried out in a 1.6 mL 
cell consisting of a 1 cm semi-micro quartz magnetic stir cell with an anaerobic seal and cap 
(Starna Cells, Inc; Atascadero, CA) and stir bar. MamP was deoxygenated in an anaerobic glove 
box (Controlled Atmosphere Chamber; Plas Labs; Lansing, MI) under a 90:10 Ar:H2 atmosphere 
by passing an aliquot of protein (90 μL) over a PD-10 desalting column (GE Healthcare Life 
Sciences) equilibrated with titration buffer (Ar-sparged 50 mM HEPES, pH 7.5). The protein 
solution was brought up to a volume of 1 mL with titration buffer to a final concentration of 1.3 
µM (based on heme content). The protein was transferred to the cell and sealed from air before 
removing from the glove box. The reaction was maintained under N2 for the duration of the 
experiment. Protein was initially reduced step-wise using excess sodium dithionite introduced via 
syringe until the potential stabilized and UV-Visible spectrum showed the protein to be fully 
reduced. After reduction, air-saturated 50 mM HEPES, pH 7.5 solution (O2 concentration 260 µM) 
was titrated in with stirring to oxidize MamP. The reaction was allowed to equilibrate for 1 min 
after each addition. UV-visible spectra were collected at each addition on an Agilent 8453 diode-
array spectrophotometer equipped with an Agilent 8909A stirring module (Santa Clara, CA). The 
MamP was considered completely oxidized when the A551 nm and A407 nm bands remained 
unchanged with the addition of O2. 
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Reduction of MamPox by iron(II). Resting MamP (MamPox) was deoxygenated in an 
anaerobic glove box (Controlled Atmosphere Chamber; Plas Labs; Lansing, MI) under a 90:10 
Ar:H2 atmosphere by passing an aliquot of protein (23 µM based on heme content, 100 μL) over 
a PD-10 desalting column (GE Healthcare Life Sciences) equilibrated with buffer (Ar-sparged 50 
mM HEPES, pH 7.5). Ammonium iron(II) sulfate (25 mM) was dissolved in the glove box in the 
same buffer and used as the stock solution for iron(II) addition. MamP was diluted to a final 
volume of 1 mL and transferred into an anaerobic quartz cuvette. The MamP and iron(II) solutions 
were sealed from air before removing from the glove box. The UV-Visible spectrum of MamPox 
was collected on an Agilent 8453 diode-array spectrophotometer before collecting the UV-visible 
spectrum of MamPred after the addition of the iron solution to a final concentration of 1 mM. 

In vitro iron mineralization. MamP (5-25 µM, 500 µL) was exchanged from the phosphate 
storage buffer into HEPES reaction buffer (50 mM HEPES pH 8.0, 100 mM NaCl) by 
concentrating and diluting the protein five times in 3,000 MWCO Amicon centrifuge filters (0.5 
mL) for a total dilution of ~1:3,125 of the original buffer, as the autooxidation of Fe(II) in 
phosphate buffer is high [54]. Additional reaction buffer (15 mL) was transferred into a 20 mL 
borosilicate scintillation vial (Fisherbrand), sealed with a septum (Sigma-Aldrich Suba-Seal #33), 
and degassed by bubbling Ar gently through the solution with a needle (21G × 1.5 in, BD 
PrecisionGlide) with a second needle as a purge. Evaporation was minimized by passing Ar 
through a bubbler filled with ddH2O between the gas tank and the reaction vial. Ammonium Fe(II) 
sulfate hexahydrate (125 mg) was used the ferrous iron source because of its air stability in salt 
form and transferred as a solid into a glass vial (15 × 45 mm borosilicate threaded vials, 
Fisherbrand) and sealed with a septum (Sigma-Aldrich Suba-Seal #13). The headspace of the vial 
was then evacuated with Ar using a needle. After 80 min of degassing both the reaction buffer and 
the solid Fe(II), degassed reaction buffer (2 mL) was introduced to the vial containing the 
ammonium Fe(II) sulfate solid using an argon-purged glass syringe to a final concentration of 160 
mM and dissolved with gentle agitation.  

Empty glass reaction vials (15 × 45 mm borosilicate threaded vials, Fisherbrand) were sealed 
with septa (Sigma-Aldrich Suba-Seal #9) and degassed with Ar for 30 min using a needle. Reaction 
buffer (425 µL) was then added with an Argon-purged airtight glass syringe, followed by Fe(II) 
(150 µL, 40 mM final concentration). All vials were kept under partial Ar pressure after 
introduction of Fe(II) by delaying the removal of the Ar needle for an additional min after removal 
of the venting needles from the reaction vials. At this time, undegassed MamP (25 µL) or reaction 
buffer (25 µL) was immediately introduced via Ar-purged glass syringe to a final concentration of 
2.5 µM to initiate the reaction (t = 0 min) and agitated gently to mix. Over the course mineralization 
reaction, the vials were agitated gently at 10 min intervals and with ambient air (20 µL) was 
introduced via a glass syringe at t = 10 min and 20 min to turn over MamP. 

Mineralization reactions at different pH values (6.0, 7.5, 9.0) were performed exactly as 
described above with the following modification: MamP for all three reactions was buffer 
exchanged into pH 7.5 reaction buffer and subsequently distributed into HEPES reaction buffer at 
pH 6.0, 7.5, or 9.0. 

2.3. Results and discussion 

Genetic characterization of the physiological function of mamP and mamT in AMB-1. 
The genetic analysis of the MAI of AMB-1 implicate both mamP and mamT as key components 
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involved in the mineralization of iron [46]. Based on the essential but distinct roles of the MamP 
and MamT proteins revealed by these knockout studies [43], we were interested in further 
exploring their physiological and biochemical function. Towards this goal, we sought to probe the 
in vivo role of the heme-binding sites of MamP and MamT, which are proposed to enable the 
transfer of redox equivalents to or from mineralizing iron species within the magnetosome [38]. 
As such, each of the two CXXCH c-type cytochrome motifs found within both MamP and MamT 
were either individually or doubly mutated to AXXAA by sequential site-directed mutagenesis to 
remove the two cysteines required for covalent heme attachment as well as the coordinating 
histidine. The corresponding mamP∆heme1, mamP∆heme2, mamP∆heme, mamT∆heme1, mamT∆heme2, and 
mamT∆heme mutants were then expressed from a constitutive tac promoter on a pAK(AmpR)-
derived plasmid in the appropriate ∆mamP or ∆mamT∆R9 background.  

Initial characterization of the mamP and mamT heme mutant strains was carried out using a 
qualitative assay for cellular magnetization (Cmag), which measures the ability of an oblong cell to 
turn in the presence of an external magnetic field using the ratio of light scattered when this field 
is placed parallel or perpendicular to the axis of the spectrophotometric cell. The parental ∆mamP 
and ∆mamT∆R9 strains exhibit a strong magnetic defect with Cmag measurements of 1.2 ± 0.1 and 
1.2 ± 0.05 respectively, where 1.0 indicates no cellular magnetization  and 2.0 represents the 
characteristic Cmag observed for wild-type M. magneticum AMB-1 with full magnetite chains [47] 
(Figure 2.1). Complementation of the chromosomal deletion of mamP or mamT with the 
corresponding plasmid-borne wild-type gene subsequently rescues cellular magnetization to wild-
type levels (∆mamP + mamP, Cmag = 2.0 ± 0.2; ∆mamT∆R9 + mamT, Cmag = 1.97 ± 0.04). In 
contrast, we found that deletion of one or both of the hemes was sufficient to impair magnetite 
formation with little to no recovery of magnetic response compared to wild-type upon 
complementation (Figure 2.1). 

Transmission electron microscopy (TEM) was then used to analyze the iron oxide particles 
produced by these strains in more detail. Previous studies have shown that deletion of either mamP 
or mamT from AMB-1 causes a severe iron mineralization defect, although the expected number 
of magnetosome vesicles are observed and remain arranged in a linear fashion [46]. Interestingly, 
the morphology of the crystals formed in ΔmamP and ΔmamT cells differ considerably, suggesting 
that these two redox proteins play different roles in magnetosome biogenesis [37, 38]. Ablation of 
one or more of the heme sites of MamP yields a phenotype indistinguishable from the ΔmamP 
strain with mostly small, flake-like crystals of uncertain iron oxide phase along with 1-2 wild type 
or larger-sized crystals per cell (Figure 2.2 and Figure 2.3). Although the MamT heme mutants 
behave similarly to the corresponding MamP mutants with respect to cellular magnetization, the 
TEM images reveal key differences with regard to iron mineralization as the crystals observed 
only in the MamT mutants are small, elongated, and dumbbell-shaped, which suggests twinning 
(Figure 2.2 and Figure 2.3). Overall, these results are consistent with a model where the heme 
redox sites of both MamP and MamT are critical for mineralization as the mutation of a single site 
yields a phenotype that cannot be differentiated from the deletion strain. The difference in the 
crystal morphologies between the MamP and MamT heme mutants further suggests that the 
changes in mineralization behavior related to the ablation of the heme sites is related more to the 
loss of MamP or MamT function, respectively, rather than a more general defect in magnetosome 
biogenesis. 
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As the loss of MamP and MamT function could lead to a variety of complex biological 
outcomes, we have carried out additional control experiments as a simple check for large-scale 
changes in magnetosome resulting from these mutations. For example, the deletion of certain 
magnetosome proteins, such as MamE, can result in the mislocalization of other proteins and 
severe downstream magnetic defects in the deletion strains [55]. To test whether the mamP or 
mamT deletions cause a similar mislocalization of key magnetosome proteins, C-terminal GFP 
fusions of MamC, MmsF, MamF, and MamI were expressed in wild type, ΔR9, ΔmamP, and 
ΔmamTΔR9 strains. Fluorescence microscopy studies showed that all GFP fusions localized as a 
filament at midcell in ΔmamP and ΔmamTΔR9 as consistent with wild-type M. magneticum AMB-
1, which suggests that localization of these proteins to the magnetosome is not altered (Figure 2.4). 
In addition, variation in MamP expression levels has been observed to lead to differences in iron 
mineralization [56]. To examine this possibility, antibodies to MamP were raised for 
immunostaining experiments, which indicated that MamP mutants are expressed at levels 
consistent with or higher than wild-type protein (Figure 2.5). While we cannot eliminate the 
possibility that removal of the heme sites of MamP and MamT results in misprocessing, 
mislocalization, or structurally destabilization of MamP, MamT, or other essential magnetosome 
components, we hypothesize that the CXXCH motifs serve a critical function in the mineralization 
process of AMB-1. 

 
 

 

  
 

Figure 2.1. Analysis of the magnetic response (Cmag) of MamP and MamT heme mutants in vivo. (A) Cmag measurements of M. 
magneticum AMB-1 wild-type (2.0 ± 0.1) and ΔmamP (1.2 ± 0.1) strains compared to the ΔmamP strains complemented with wild-
type mamP (2.0 ± 0.2), mamPΔheme1 (1.2 ± 0.1), mamPΔheme2 (1.3 ± 0.2), and mamPΔheme (1.1 ±  0.1) plasmids. (B) Cmag measurements 
of M. magneticum AMB-1 ΔR9 (2.1 ± 0.1) and ΔmamTΔR9 (1.2 ± 0.05) strains compared to the ΔmamTΔR9 strains complemented 
with wild-type mamT (1.97 ± 0.04), mamTΔheme1 (1.18 ± 0.03), mamTΔheme2 (1.16 ± 0.06), and mamTΔheme (1.23 ± 0.05) plasmids. All 
data are reported as the mean ± s.d. of three biological replicates of technical duplicates (n = 6). 
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Figure 2.2. TEM images of iron oxide particles produced by MamP and MamT heme mutants in vivo. (A) Representative TEM images 
of M. magneticum AMB-1 wild-type and ΔmamP strains compared to the ΔmamP strain complemented with wild-type mamP, 
mamPΔheme1, mamPΔheme2, and mamPΔheme genes. (B) Representative TEM images of M. magneticum AMB-1 wild-type and ΔmamP 
strains compared to the ΔmamTΔR9 strain complemented with wild-type mamT, mamTΔheme1, mamTΔheme2, and mamTΔheme genes. 
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Figure 2.3. Statistical analysis of iron oxide particles produced by MamP and MamT heme mutants in vivo. (A) Histograms of crystal 
sizes observed in the M. magneticum AMB-1 control strains (wild-type, 455 particles in 30 cells; ΔmamP, 425 particles in 38 cells; 
ΔmamP + mamP, 469 particles in 40 cells) strains compared to the ΔmamP mutant complemented with the different MamP heme 
variants (ΔmamP + mamPΔheme1; 389 particles, 31 cells; ΔmamP + mamPΔheme2; 638 particles, 41 cells; ΔmamP + mamPΔhemes, 332 
particles, 34 cells). Histograms are separated into two different plots for clarity. (B) Histograms of crystal sizes observed in the M. 
magneticum AMB-1 control strains (ΔR9, 346 particles in 28 cells; ΔmamTΔR9, 452 particles in 21 cells; ΔmamTΔR9 + mamT, 589 
particles in 35 cells) compared to the ΔmamTΔR9 mutant complemented with the different MamT heme variants (ΔmamTΔR9 + 
mamTΔheme1, 545 particles in 34 cells; ΔmamT + mamTΔheme2 , 583 particles in 37 cells; ΔmamTΔR9 + mamTΔhemes, 629 particles in 31 
cells).  Histograms are separated into two different plots for clarity. 
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Figure 2.4. Monitoring the localization of key magnetosome proteins in M. magneticum AMB-1 deletion strains using fluorescence 
microscopy of GFP fusions. Plasmids expressing MmsF-GFP, MamI-GFP, MamF-GFP, and MamC-GFP were introduced into M. 
magneticum AMB-1 wild type, ΔmamP, ΔR9 and ΔmamTΔR9 strains by conjugation. Secondary cultures were imaged by 
fluorescence microscopy to visualize the GFP fusion proteins. The midcell localization of these proteins as a filament is consistent 
with localization to the magnetosome. 
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Figure 2.5. Analysis of MamP expression in M. magneticum AMB-1 by immunostaining with αMamP. (A) Characterization of the 
αMamP serum with His6.MBPtev.MamP. Periplasmic preparation (lane 1), Ni-NTA eluate (lane 2). Based on the concentrations 
of these samples estimated using the absorption of the Soret peak, the detection limit is < 20 ng per lane for the MamP fusion. 
(B) Western blot comparing expression of MamP in wild type, ΔmamP, and ΔmamP complemented with wild-type MamP strains.  
Wild-type undiluted (lane 1), wild type 1:1 dilution (lane 2), wild-type 1:3 dilution (lane 3), ΔmamP + mamP undiluted (lane 4), 
ΔmamP + mamP 1:1 dilution (lane 5), ΔmamP + mamP 1:3 dilution (lane 6), ΔmamP undiluted (lane 7), ΔmamP 1:1 dilution (lane 
8), ΔmamP 1:3 dilution (lane 9). (C) Western blot comparing expression of MamP in wild-type, ΔmamP, ΔmamT, and ΔmamP 
complemented with wild-type MamP and different heme mutants. Wild-type (lane 1), ΔmamT (lane 2), ΔmamP 1 (lane 3), ΔmamP 
colony 2 (lane 4), ΔmamP + mamPΔheme1 (lane 5), ΔmamP + mamPΔheme2 colony  (lane 6), ΔmamP + mamPΔheme2 colony 2 (lane 
7), ΔmamP + mamPΔheme (lane 8), ΔmamP + mamP 1:2 dilution (lane 9). 

 
 

 
Figure 2.6. Analysis of MamP localization and processing in M. magneticum AMB-1. (A) Fluorescence microscopy of GFP fusion 
with MamP: ΔmamP + mamP.GFPsf and ΔmamP + GFPsf.mamP. Both constructs were imaged the same way but the GFPsf.MamP 
image was processed for color while MamP.GFPsf  was not processed for color. (B) Immunostaining of FLAG-tagged MamP native 
AMB-1 expression and purification. FLAG-tagged MamP was partially purified from both ΔmamP + mamP.FLAG and ΔmamP + 
FLAG.mamP and immunostained with anti-FLAG antibodies. ΔmamP + mamP.FLAG lysate (lane 1), ΔmamP + mamP.FLAG 
soluble fraction (lane 2), ΔmamP + mamP.FLAG insoluble fraction (lane 3), ΔmamP + mamP.FLAG anti-FLAG affinity gel eluate 
(lane 4), ΔmamP + FLAG.mamP lysate (lane 5), ΔmamP + FLAG.mamP soluble fraction (lane 6), ΔmamP + FLAG.mamP 
insoluble fraction (lane 7), ΔmamP + FLAG.mamP anti-FLAG affinity gel eluate (lane 8). All samples (18 µL) were loaded without 
dilution. 
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We also made an attempt to determine the localization of MamP by constructing N-terminal 

and C-terminal GFP superfold (GFPsf) fusions of the protein and expressing the constructs in 
ΔmamP. It has been suggested that MamP could be a component of the periplasm, a component 
of the magnetosome, or a component of both [38, 56]. In our experiments, fluorescence 
localization in neither construct indicated MamP localization at midcell, but showed widespread 
cellular distribution, possibly with higher accumulation in the periplasm or cell membrane (Figure 
2.6A). However, we still cannot eliminate the possibility that functional MamP is localized to the 
magnetosome. Fluorescence analysis of GFPsf fusions to MamP are complicated by indications 
that MamP is processed in vivo. We first noticed such processing in comparing ΔmamP with wild 
type and ΔmamP + mamP AMB-1 pellets in Western blots immunostained with αMamP (Figure 
2.5B). The expected MamP band appeared at 28.9 kDa as well as a lower molecular weight band. 
In order to further investigate this processing, we sought to isolate MamP from its native host. 
Therefore, we expressed MamP.FLAG and FLAG.MamP, respectively, from constitutive tac 
promoters on a pAK(AmpR)-derived plasmid in the ∆mamP background and partially isolated the 
tagged MamP with a small amount of anti-FLAG affinity resin (Figure 2.6B). Immunostaining 
shows only the full length form of FLAG.MamP is isolated by the resin while both full length and 
processed forms of MamP.FLAG are isolated, suggesting that processing occurs close to the N-
terminus of MamP (Figure 2.6B, lanes 4 and 8).  

Using genetic complementation studies, we have shown that the redox cofactors or heme sites 
of the two putative redox partners, MamP and MamT, are required for this process in vivo and that 
removal of one or both sites leads to defects in mineralization that are nearly indistinguishable 
from the phenotypes of the mamP and mamT deletion strains. Although we cannot rule out other 
effects caused by mutation of the heme sites, TEM studies show the heme mutants retain the 
crystallization phenotypes that are a signature of either mamP or mamT loss of function while 
controls indicate both that the processed forms of the mutant proteins are present in the 
complementation strains and that key magnetosome proteins retain their proper localization. The 
difference in the defects does suggest that MamP and MamT do not have redundant functions in 
magnetite formation. 

Heterologous expression and isolation of MamP. Based on the essential role of the heme 
redox sites of these two cytochromes in vivo, we turned our attention to the in vitro biochemical 
characterization of MamP, which is both predicted to be localized to the magnetosome as well as 
proposed to directly interact with the iron oxide particle [38, 56]. Towards this goal, we constructed 
a series of plasmids for the heterologous expression of the MamP protein from AMB-1 in 
Escherichia coli (E. coli). All of these plasmids contain the native mamP gene encoding the 
predicted mature sequence of MamP (residues 29-275) as well as an N-terminal OmpA tag [57] to 
direct the protein to the periplasm of E. coli, which provides an oxidizing compartment needed for 
the maturation of c-type cytochromes [58]. These constructs also included a solubilization tag 
consisting of a fused protein (NusA; TRX, thioredoxin; SUMO, small ubiquitin-like modifier; 
MOCR, monomeric Ocr protein; MBP, maltose-binding protein) flanked by an N-terminal His6-
affinity tag and C-terminal Tobacco Etch Virus (TEV) protease cleavage site (Appendix 1). MamP 
expression was initially screened in pCWori backbone, in which the protein is expressed from a 
double tac promoter with a dual ribosome-binding site that has been found to frequently increase 
the functional expression of heme proteins [59]. Overall, we found that proteolysis of MamP was 
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problematic in many of these variants, which could possibly be related to the accompanying 
observation that the second heme site was often unoccupied. 

After significant optimization, we found that the OmpA.His6.MBPtev.MamP fusion protein 
could be produced as the full-length protein with high heme content and that total MamP levels 
could be improved using a T7 promoter to drive its expression without losing significant heme 
incorporation. The optimal strain determined from these screens consisted of E. coli c43(DE3) 
[60] co-expressing the pEC86 cytochrome c maturation plasmid [48] with pET29a-
OmpA.His6.MBPtev.MamP. Since lower inducer concentrations ([IPTG] ~ 10-50 µM) have been 
reported to improve yields of c-type cytochromes expressed from a T7 promoter [61], we further 
screened IPTG levels in this range to optimize production of the heme-loaded His6.MBPtev.MamP 
fusion (Figure 2.7). In this study, we found that IPTG concentrations between 25 and 40 µM 
yielded the highest levels of heme incorporation as determined by the intensity of the Soret 
absorbance band in the periplasmic lysate (Figure 2.7). Thus, we chose a concentration in the 
middle of this range (35 µM IPTG) for all subsequent expressions.  

The His6.MBPtev.MamP fusion protein (~73 kD) was isolated along with contaminating 
His6.MBP (~45 kD) from the periplasmic lysate using a Ni-NTA affinity column (Supporting 
Appendix Fig. S5). After cleaving the His6.MBPtev.MamP fusion by incubation with His6.TEV 
protease, the sample was subjected to a second passage over a Ni-NTA column and an amylose 
column to remove His6.TEV, His6.MBP, and other cellular proteins enriched by Ni-NTA affinity 
chromatography. The lingering minor contaminants were then removed by size-exclusion 
chromatography, yielding MamP which is >95% pure as judged by an overloaded reducing gel 
(Figure 2.8A). More importantly, the size-exclusion step allows the separation of MamP of 
differential heme content. MamP was found to elute from the size-exclusion column in a single 
asymmetric peak, with fractions exhibiting Reinheitzahl ratios (Rz = ASoret, 407 nm/A280 nm) ranging 
between 2 and 8. The fractions at the leading edge to the center of the peak exhibit the highest Rz 
values (typically 7.0-7.2) and are then collected and pooled for downstream biochemical 
experiments (Figure 2.8B).  

The heme content of the heterologously expressed MamP was characterized by a combination 
of protein acidolysis, inductively-coupled plasma atomic emission spectroscopy (ICP-AES), and 
electrospray ionization mass spectrometry (ESI-MS). Based on the low expected molar extinction 
coefficient of MamP and overlap with the heme absorption bands at 280 nm (Figure 2.8B), protein 
acidolysis was used to measure MamP concentration and determine ε280 nm after amino acid 
analysis (46,100 M-1 cm-1 per MamP monomer, Figure 2.9) MamP was then subjected to iron 
analysis by ICP-AES, which revealed that, within error, each MamP monomer contained two 
equivalents of iron as expected for diheme-loaded MamP (2.0 ± 0.4, Figure 2.9). The molar 
extinction coefficients calculated by these two methods are in good agreement with each other 
despite being based on different measurements of either protein or iron content, suggesting that 
both experiments provide fairly accurate quantification (Figure 2.9). MamP was also analyzed by 
ESI-MS as the hemes should be covalently attached via the cysteines in the c-type cytochrome 
CXXCH motif. The major peak in the ESI mass spectrum of MamP is centered at 27,503 Da 
(Figure 2.8C), as expected for the diheme-loaded protein (calculated: 27,505 Da). The other minor 
peak in the spectrum corresponds to half of the weight of the major peak, and is an artifact of the 
deconvolution process from the raw mass-to-charge data. Finally, size exclusion chromatography 
compared to standards shows that MamP forms a stable dimer in solution, giving a value of 75 ± 
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24 kD (Figure 2.8DE). This is consistent with the crystal structure of the ortholog from Marine 
magnetotactic ovoid bacterium MO-1 (Figure 2.10) [39]. 

To gain more insight into the structural character of MamP, we built a structural homology 
model in Phyre2 with the MamP homolog crystallized from Marine magnetotactic ovoid bacterium 
MO-1 (Figure 2.10). The N-termini of the proteins are quite different, possibly due to the fact that 
the putative transmembrane segment at the N-terminus are residing in two very different species. 
The PDZ domains have 42% identity while the c-type cytochrome motifs and their linker region 
have 57% identity. This is reflected in the similarity of our structural model. Two main differences 
occur in the extra four-residue loop (loop 2) surrounding the second heme in AMB-1, as well as 
several differences in the PDZ domain (loop 1) which could contribute to species-specific protein-
protein interactions. Interestingly, despite the structural similarity at the putative functional end of 
the protein, the MO-1 MamP fails to complement the ΔmamP phenotype when expressed off a 
pAK262-Amp plasmid in M. magneticum AMB-1 [39]. We attempted to express both the full MO-
1 MamP homolog in AMB-1 as well as a MO-1 MamP fusion where the AMB-1 N-terminus is 
substituted for the MO-1 N-terminus. However, we cannot eliminate the possibility that the MO-
1 MamP is poorly expressed in AMB-1 or that critical protein-protein interactions necessary for 
localization or processing are eliminated by expressing a protein from a highly divergent species. 
Therefore, based on the similar structure and c-type cytochrome domains, it is likely that the MO-
1 and AMB-1 MamPs are functionally equivalent. 

Biochemical characterization of MamP from M. magneticum AMB-1. In order to 
investigate the electron transfer capabilities of MamP, spectroelectrochemical titrations were 
performed to measure the Fe(III)/Fe(II) redox couple in both the oxidative and reductive 
directions. The Fe(III)-MamP resting state was initially reduced stepwise with sodium dithionite 
until the potential stabilized and the UV-visible spectrum showed the protein to be fully reduced 
to the Fe(II) state. Reduced MamP was then titrated with an oxidant and absorbance spectra were 
collected at each potential so that the fraction of reduced and oxidized MamP could be quantified 
(Figure 2.11A). Because of the steepness of the potential curve at the midpoint, the fully oxidized 
MamP was subsequently re-reduced to collect the reductive curve, with MamP demonstrating 
reversible, Nernstian behavior in both directions. The average Fe(III)/Fe(II) midpoint reduction 
potential was fit to a value of -89 ± 11 mV at pH 7.5, where the width of the transition predicts a 
two-electron redox process with very similar if not identical redox potentials for each of the heme 
sites within the MamP monomer (Figure 2.11B). This observation is consistent with the crystal 
structure, which shows that the cofactors are bound to a minimal domain of approximately 23 
amino acids and likely enables rapid and reversible electron transfer to and from the iron center 
without significant perturbation from the protein environment [62]. 

Interestingly, the measured midpoint reduction potential for MamP is quite different from other 
putative iron oxidoreductases and falls between the ranges of the measured potentials for iron-
reducing and iron-oxidizing cytochromes known to be involved in iron transformations. For 
example, the Fe(III)/Fe(II) couple for iron oxidases from either Rhodobacter ferrooxidans SW2 
[63] or Ferrobacillus ferrooxidans [64, 65] were reported to be in the +200 to +300 mV range. In 
contrast, iron-reducing organisms, such as Shewanella oneidensis, contain c-type cytochromes 
such as OmcA with reduction potentials ranging from -234 to -324 mV [66]. However, some c-
type cytochromes do have more positive reduction potentials, such as an extracellular electron 
carrier found in Geobacter sulfurreducins (-167 mV) [67].  
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While different, the MamP Fe(III)/Fe(II) couple remains slightly higher than the reduction 
potentials for various reactions between insoluble iron oxides and soluble, complexed Fe(II) [68]. 
For example, values for ferrihydrite and the Fe(III)(OH)3/Fe(II) couple are between -200 mV to + 
100 mV whereas the potentials for crystalline iron oxides reside between -88 mV (lepidocrocite) 
and -314 mV (magnetite). The standard reduction potential of the Fe(III)/Fe(II) couple (+770 mV) 
applies only to strongly acidic solutions in which both oxidation states have high solubility [69]. 
Indeed, the reducing power of ferrous iron increases dramatically at neutral pH due to the 
formation of insoluble iron oxides and oxyhydroxides [70]. As such, the measurement of reduction 
potentials of insoluble iron minerals is quite complex, as chelated iron oxide forms have higher 
potentials than ferric iron oxides and are dependent on pH and even particle size [71, 71, 70]. Thus, 
at circumneutral pH, reduction potentials for these species can range from -300 mV to +400 mV 
and the MamP couple is found in the middle of this range. This could suggest that MamP is tuned 
to transform very specific iron species at specific pH values. 

As the reduction potential of MamP falls directly in between characterized iron-reducing and 
iron-oxidizing cytochromes, we decided to investigate its chemical competence to carry out redox 
chemistry with iron. In the absence of additional mediators, we found that the resting Fe(III)-
MamP could be reduced by the addition of iron(II) salts (Figure 2.11C). Interestingly, this reaction 
introduced scattering into the spectroscopic measurements by the precipitation of iron species 
resulting from the formation of Fe(III) in solution. Reduced Fe(II)-MamP could further be rapidly 
and stoichiometrically oxidized by the titration of one equivalent of molecular oxygen (Figure 
2.11C). These results demonstrate that Fe(II) and oxygen enable the formation of a closed catalytic 
cycle for overall oxidation of Fe(II) to Fe(III) catalyzed by MamP. 

The ability of MamP to oxidize Fe(II) at a lower overpotential provides a mechanism for the 
generation of Fe(II) and Fe(III) within the magnetosome for magnetite formation, while preventing 
the re-reduction of Fe(III) to Fe(II). In this manner, MamP could be optimized for controlling the 
stoichiometry of Fe(II) and Fe(III) so that the magnetite nanoparticle can be grown without defects. 

 

 
 
 
Figure 2.7. Optimization of induction conditions for heterologous MamP expression. (A) Preliminary optimization. (B) Final 
optimization. In these experiments, E. coli C43(DE3) cells co-expressing pET29a-OmpA.His6.MBP.MamP and pEC86 were induced 
at various concentrations of IPTG. After preparation of the periplasmic lysate, UV-visible spectra were collected to visualize the relative 
level of the MamP Soret peak. 
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Figure 2.8. Purification and characterization of heterologously-expressed MamP (A) Coomassie-stained gel using samples prepared 
under reducing conditions (right) and heme-stained gel with the same samples prepared under non-reducing conditions. Pre-induction 
sample (lane 1), post-induction sample (lane 2), periplasmic lysate (lane 3), Ni-NTA eluate (lane 4), amylose-purified (lane 5) SEC-
purified (lane 6). Molecular weights: His6-MBPtev-MamP, 73 kDa; His6-MBP, 45 kDa; MamP, 27.5 kDa. (B) UV-Visible spectrum of 
MamP with the Soret peak at 407 nm. (C) ESI mass spectrum of MamP showing covalent modification by two heme prosthetic groups 
(MWcalc = 27,505 Da). (D) Size-exclusion chromatogram of MamP compared to standards monitoring A280 nm. (E) Standard curve 
generated from a linear fit of the log molecular weight of the protein standards versus their elution parameter Kav where Kav = (Ve - 
V0)/(Vcol – V0). The MWapp of MamP was estimated to be 75 ± 24 kD based on a linear fit to the molecular weight standards. 
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Figure 2.9. Determination of the extinction coefficient of MamP. (A)  Analysis of MamP amino acid composition after acidolysis. For 
predicted amino acid concentrations, N and Q were converted to D and E, respectively. Please note that error in Y and F is expected 
based on the small number of amino acids per protein molecule. (B) ICP-AES analysis of MamP. The calibration curve was generated 
with standard solution of Fe(NO3)3 (black squares) and the value measured for MamP (red square). Based on a linear fit of the 
standards, the concentration of Fe in the MamP sample was calculated to be 137 ± 29 µg/L. (C) Comparison of the extinction 
coefficients measured for the protein absorption and Soret peaks of Fe(III)-MamP by acidolysis and ICP-AES. The extinction coefficient 
at 280 nm for the MamP protein absorption (Δ280 nm) was calculated directly from acidolysis data with A280 nm and the 
experimentally-determined MamP concentration. The extinction coefficient for the Soret peak at 407 nm (Δ407 nm) was then calculated 
from A407 nm of the same sample using the concentration of MamP and the assumption of 100% heme occupancy. The extinction 
coefficient for the Soret peak of a single diheme-loaded Fe(III)-MamP monomer was calculated directly from concentration of Fe in 
the MamP sample. The Δ280 nm was then calculated from A280 nm and the assumption of 100% heme occupancy. The expected Rz 
value for diheme-loaded MamP is calculated to be 7.2 based on the ratio of Δ407 nm and Δ280 nm. 
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Figure 2.10. Structural comparison of MamP from marine magnetic ovoid MO-1 and Magnetospirillum magneticum AMB-1. (A) View 
of the MO-1 MamP dimer (blue) with the Phyre2 AMB-1 MamP dimer model overlaid (yellow). (B) Structural model of protein looking 
down between the dimer and heme sites. The MamP MO-1 structure is in blue and the MamP AMB-1 model is in yellow. (C) BLAST 
comparison of the MO-1 and AMB-1 amino acid sequences with extra loops in AMB-1 structure marked with *. 

46 
 



 
 
 
 
 
 
 
 
 
 
 

 
 
 
Figure 2.11. Characterization of MamP redox behavior. (A)  Changes in the electronic absorption spectrum showing the stepwise 
oxidation of Fe(II)–MamP (MamPred, red) to Fe(III)–MamP (MamPox, black). (B) Three individual redox titrations of MamP monitored 
by ∆A551 nm. The curve fit is shown as a red line. (C) Redox cycle of MamP-catalyzed oxidation of Fe(II). Changes in the electronic 
absorption spectrum of MamP showing the reduction of Fe(III)-MamP by ammonium iron(II) sulfate followed by re-oxidation of Fe(II)-
MamP by titration of one equivalent of molecular oxygen. 
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Mineralization of iron oxides from Fe(II) with MamP. The ability of MamP to rapidly 
generate Fe(III) from Fe(II) should also enable catalysis of the formation of mixed-valent iron 
oxides related to magnetite since they can be made by mixing of Fe(II) and Fe(III) salts [72]. 
Indeed, we observed that reaction of Fe(II) with resting Fe(III)-MamP, while introducing oxygen 
as the terminal oxidant, led to the formation of a green mineral within 10 min and reached high 
levels within 20 min (Figure 2.12A). In comparison, little to no mineralization takes place above 
background in the control reaction with no MamP, as it was not observed to significantly increase 
within the timeframe of the reaction (30 min, Figure 2.12A). Furthermore, the mineralization 
reaction catalyzed by MamP is significantly faster than the formation of iron(III) oxides or 
hydroxides in the reaction with no MamP, even with the introduction of oxygen (Figure 2.12A). 
The formation of a green rust-like mineral in the MamP reaction is consistent with a mixed Fe(II)-
Fe(III) oxyhydroxide green rust (2-4 Fe(II): 1 Fe(III)), which is a possible precursor to magnetite 
(1 Fe(II): 2 Fe(III)) that is incompletely oxidized [72]. Given the variation of the reduction 
potential of green rust with Fe(II):Fe(III) ratio (-210 to +270 mV) [73], the rates of mineralization 
and Fe(II) oxidation can affect the identity of the mineral formed as MamP would be competent 
to further oxidize some of these species. Thus, the bulk formation of green rust rather than 
magnetite under these in vitro conditions may indicate that the stoichiometry of Fe(II) to MamP 
may be controlled in vivo such that Fe(II) and Fe(III) are formed in the appropriate ratio for direct 
formation of magnetite or that other components could be involved in the oxidation of green rust 
to magnetite.  

It has been suggested that magnetotactic bacteria tightly control the pH as well as the reducing 
potential of the magnetosome in order to crystallize thermodynamically-stable magnetite [36]. In 
order to investigate the extent of environmental control over MamP-induced mineralization, we 
performed similar mineralization reactions at pH 6.0, environmental conditions well below the 
thermodynamic stability of magnetite, as well as at pH 9.0, a pH in the middle of the range for the 
thermodynamic stability of magnetite but well above typical cellular conditions. We saw rapid 
mineralization of green rust at pH 7.5 and pH 9.0 and slow mineralization of fully oxidized 
ferrihydrite at pH 6.0 (Figure 2.12B). Mineralization conditions above pH 7.5 will lead to the 
formation of magnetic material after a significant amount of time (> 60 min) (Figure 2.12C). 
However, it has not been determined whether this is due to the slow introduction of O2 through the 
caps or due to the action of MamP. As pH contributes to both solubility and solubility differences 
between Fe(II) and Fe(III) as well as to the stability of different iron oxide species, it seems likely 
that the magnetosome has specific proteins which control pH as well as proteins which control 
redox potential, such as MamP and other magnetochromes. 

In vitro mineralization studies with MamP and Fe(II) show that it is able to catalyze the 
formation of mixed-valent Fe(II)/Fe(III) oxides such as green rust. While we utilize oxygen as the 
terminal oxidant for this reaction, other small-molecule oxidants, such as nitrate or perchlorate, 
could also be used for anaerobic mineralization based on the MamP reduction potential. The 
formation of the incompletely oxidized mineral under these conditions is likely a result of kinetic 
competition between the rates of mineralization versus Fe(II) oxidation and could be controlled in 
vivo by local Fe(II) concentration, iron:MamP stoichiometry, or pH inside the magnetosome.  
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Figure 2.12. In vitro mineralization of iron by MamP. (A) In vitro iron mineralization reactions containing ammonium Fe(II) sulfate 
(40 mM) in 50 mM HEPES pH 8.0, 100 mM NaCl with and without MamP (2.5 µM). Air was introduced through undegassed MamP 
or reaction buffer (for the no MamP control) by syringe at 10 and 20 min to provide oxygen as a terminal oxidant at an approximate 
final concentration of 2.5 µM. (B) In vitro iron mineralization reactions performed at pH 6.0, 7.5, and 9.0 with and without MamP 
after 30 minutes of reaction.. (C) In vitro mineralization reaction at pH 9.0 after 90 minutes. After more than an hour, reactions at 
pH 7.5 and above develop iron oxides in solution that are attracted to a magnet. 
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2.4. Conclusion 

Magnetotactic bacteria have evolved a remarkable organelle that serves to genetically control 
the size, shape, and identity of the iron oxide nanoparticles that are used for passive sensing of 
direction. As the production of magnetite requires both the formation of Fe(II) and Fe(III), the 
redox components of the magnetosome play an essential role in this process.  

Using genetic complementation studies, we have shown that the redox cofactors or heme sites 
of the two putative redox partners, MamP and MamT, are required for this process in vivo and that 
removal of one or both sites leads to defects in mineralization that are nearly indistinguishable 
from the phenotypes of the ∆mamP and ∆mamT deletion strains, respectively. Although we cannot 
rule out other effects caused by mutation of the heme sites, controls indicate both that the processed 
forms of the mutant proteins are present in the complementation strains and that key magnetosome 
proteins retain their proper localization. We have developed and optimized a heterologous 
expression method in the E. coli periplasm to cleanly isolate fully heme-loaded MamP for 
biochemical studies, as shown by amino acid analysis, iron analysis, and MALDI-TOF MS. 
Spectrochemical redox titrations show that the reduction potential of MamP (-89 ± 11 mV) lies in 
a different range than other c-type cytochrome involved in either Fe(III) reduction or Fe(II) 
oxidation. Nonetheless, Fe(III)-MamP remains competent to oxidize soluble Fe(II) species and can 
be re-oxidized to the Fe(III)-resting state in order to form a closed catalytic cycle leading to overall 
formation of Fe(III) from Fe(II). In vitro mineralization studies with MamP and Fe(II) show that 
it is able to catalyze the formation of mixed-valent Fe(II)/Fe(III) oxides such as green rust. The 
formation of the incompletely oxidized mineral under these conditions is likely a result of kinetic 
competition between the rates of mineralization versus Fe(II) oxidation and could be controlled in 
vivo by local Fe(II) concentration, iron:MamP stoichiometry, or pH inside the magnetosome.  

Our results suggest that the biological mechanism for iron mineralization in M. magneticum 
AMB-1 involves the transport of iron into the magnetosome in the Fe(II) oxidation state and its 
subsequent oxidation to Fe(III) to form magnetite in a process that is controlled by magnetosome 
redox (MamP and MamT) and components (Figure 2.13). Biomineralization in magnetotactic 
bacteria may be directly related to Fe(II) oxidation by anaerobic nitrate-dependent bacteria and by 
analogy, ultimately coupled to the respiratory chain. In this regard, it has been postulated that 
periplasmic components of these nitrate-reducing bacteria enable Fe(II) oxidation in order to 
overcome toxicity of iron and radical byproducts [74] based on the observation that several strains 
can precipitate iron minerals within the periplasm. Furthermore, nitrate reduction has been shown 
to be linked to biomineralization in other species of magnetotactic bacteria and is mediated by key 
periplasmic proteins [37, 75, 76]. Since the magnetosome is ultimately derived from the 
periplasmic compartment of the host, it would be interesting to hypothesize that magnetite 
nanoparticle formation represents an inside-out respiratory process, in which the electron transport 
chain provides not only energy to the cell but also oxidizing equivalents to the tightly-controlled 
biomineralization process. 
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Figure 2.13. Model for redox-controlled magnetite formation in M. magneticum AMB-1. Soluble Fe(II) is oxidized to Fe(III) either 
in the periplasm or magnetosome through a redox chain involving magnetosome-specific cytochromes, MamP and MamT (and 
potentially MamE and MamX), as well as other general electron transport proteins in the periplasmic compartment. The overall 
oxidation of Fe(II) leads to the formation of 4 reducing equivalents per MamP dimer, which could potentially be passed to the 
respiratory chain for energy metabolism. The localization of MamP and MamT to either the periplasm or magnetosome have yet 
to be determined, but their respective sequences are predicted to contain a signal sequence and transmembrane segment. A 
mixture of Fe(II) and Fe(III) is generated in the magnetsome either by direct oxidation with a magnetosome-localized MamP or 
MamT or through transport from the periplasm (Fe(II) or Fe(III)) or cytoplasm (Fe(II)) via predicted cation diffusion facilitors (MamB 
and/or MamM). The Fe(II) and Fe(III) ions are templated by Mms6 family proteins to form the magnetite (Fe(II)Fe(III)2O4) mineral 
lattice with oxide bridges derived from water. Based on our data, we hypothesize that the Fe(II):Fe(III) ratio in the magnetosome 
is set by MamP while the Fe(II):Fe(III) ratio in the mineral lattice may be further controlled by templating components (Mms6 family 
proteins). The in vivo product of MamP has yet to be determined and could possibly be magnetite itself or a Fe(II)-Fe(III) oxide 
precursor that is further oxidized by other redox components while being stabilized and protected by Mms6 family proteins from 
over-oxidation to Fe(III) oxides. The protons lost during mineralization from the bridging water molecules are concomitantly 
transported out of the magnetosome by a predicted Na+/H+ antiporter (MamN) to maintain the pH required for stable magnetite 
formation. 
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Chapter 3: Purification of putative iron mineral-templating peptides 
and their interaction with magnetite and magnetite precursors 
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3.1. Introduction 
Magnetite nanocrystals are co-localized in the magnetosome vesicle with several 

magnetosome island-derived proteins, including a set of tightly bound small proteins that can only 
be removed from the mineral upon boiling under denaturing conditions [1]. This family of proteins, 
called the Mms proteins, includes Mms5 (MamG), Mms6, Mms7 (MamD), MmsF, and Mms13 
(MamC) and are located within two adjacent clusters (mamCDFG and mms6) in the 
Magnetospirillum magneticum AMB-1 island [2]. Sequence analysis of the Mms6 family proteins 
indicate that these proteins share common properties including an N-terminal hydrophobic portion 
comprising a putative transmembrane segment and self-assembly related sequence as well as a C-
terminal acidic portion that could interact with the mineral. The critical function of the Mms6 
family proteins in magnetite biomineralization are supported by genetic studies, which have 
demonstrated that disruption of these genes lead to shape and size defects in mineralization [3, 4]. 
It has been suggested that members of the family share some redundant function and control the 
morphology of the crystal in a cumulative manner [5], a theory which recently has been confirmed 
by careful analysis of mms genetic knockout strains [6]. Further in vitro magnetite synthesis studies 
with Mms6 have shown that the inclusion of the Mms6 protein in a colloidal synthesis leads to 
tighter size distributions of nanocrystals [7] and that changes in crystal size and morphology 
compared to purely synthetic magnetite can be observed with high-resolution TEM [8, 9].  

Based on their sequence characteristics and in vitro and in vivo mineralization function, it 
seems likely that the Mms proteins play an analogous role to templating proteins involved in 
calcium or silica biomineralization, which can self-assemble using one domain to provide a 
multimeric array of functional groups on another domain that can stabilize mineral growth by 
binding interactions [10, 11] (Figure 3.1). Therefore, control over magnetite size and shape should 
be dependent on both N- and C-terminal sequences of the Mms6 family proteins: the C-terminal 
domain interacts directly with the mineral to template its formation and the N-terminal segment 
self-assembles to control how the mineral-binding sequence is presented to the growing 
nanocrystal. We have therefore focused on establishing an in vitro biochemical system to study 
interactions between Mms proteins and magnetite in order to elucidating the design principles that 
determine size and shape of the nanocrystals. As metal-binding peptides can control the size, 
shape, crystallinity, and ion composition of nanocrystals, understanding the design principles of 
the Mms6 family proteins would facilitate efforts to engineer the magnetosome for new synthetic 
functions.  

Despite the challenge of isolating different Mms6 family protein constructs due to their 
unusual sequence and small size, we have been able to purify many of these proteins to 
homogeneity for in vitro mineral-binding and mineral synthesis studies. In particular, we focused 
on cloning and purifying the metal-binding C-terminal segment of Mms6 family proteins from 
species of magnetotactic bacteria that crystallize magnetite with different habits in order to explore 
the molecular basis for stabilization of different magnetite faces. We also constructed several N-
terminal fusions of short amino acids sequences with defined quaternary structure based on either 
α-helix or β-sheet motifs with the C-terminal mineral binding domain of Mms6 in order to examine 
the role of the N-terminal sequence in in vitro size and shape control. To characterize these protein 
constructs, we have developed in vitro binding studies with purified Mms6 family proteins to show 
that they are capable of binding and stabilizing non-(111) faces of magnetite and that the N-
terminus plays a role in binding to magnetite. We have also used in vitro iron mineralization 
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reactions to show that the Mms6 family proteins can work synergistically with the redox protein 
MamP to produce mixed-valent iron oxides from soluble Fe(II) species and to control mineral 
structure.  

 
 

 

 

 

 

 

 

 

 

         

        
 
 
 
 
Figure 3.1. The structure of templating proteins from the MamCDFG and Mms6 clusters. Sequence analysis of the Mms proteins 
indicate that these proteins share common properties including an N-terminal hydrophobic portion comprising a putative 
transmembrane segment and self-assembly related sequence. The C-terminal segment is highly acidic and likely interacts with the 
mineral. 
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3.2. Materials and methods 
Reagent information. Luria-Bertani (LB) Broth Miller, Terrific Broth, LB Agar Miller, 

sodium thiosulfate, and glycerol were purchased from EMD Biosciences (Darmstadt, Germany). 
Carbenicillin (Cb), isopropyl-β-D-thiogalactopyranoside (IPTG), phenylmethanesulfonyl fluoride 
(PMSF), tris(hydroxymethyl)aminomethane base (Tris), sodium chloride (NaCl), dithiothreitol 
(DTT), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), magnesium chloride 
hexahydrate, potassium chloride, potassium phosphate monobasic, potassium phosphate dibasic, 
D-sucrose, kanamycin (Km), ethylene glycol, ethylene diamine tetraacetic acid disodium dihydrate 
(EDTA), bromophenol blue sodium salt, anhydrous sodium acetate, methanol, L-ascorbic acid, 
sodium acetate, guanidine hydrochloride, and 30% hydrogen peroxide were purchased from Fisher 
Scientific (Pittsburgh, PA). Chloramphenicol, methylsulfoxide (DMSO), hydrochloric acid, 
glacial acetic acid, sodium nitrate, potassium nitrate, ammonium hydroxide, potassium hydroxide, 
and sodium hydroxide (NaOH) were purchased from EMD Millipore (Billerica, MA). β-
mercaptoethanol, ammonium bicarbonate, sodium dithionite, sodium phosphate dibasic 
hepthydrate, N,N,N',N'-tetramethyl-ethane-1,2-diamine (TEMED), ammonium iron(II) sulfate 
hexahydrate, iron (II) chloride, magnesium sulfate heptahydrate, manganese(II) sulfate 
monohydrate, cobalt(II) chloride hexahydrate, calcium chloride, zinc sulfate heptahydrate, 
copper(II) sulfate pentahydrate, aluminum potassium sulfate dodecahydrate, boric acid, sodium 
molybdate dehydrate, succinic acid, biotin, folic acid, pyridoxine hydrochloride, thiamine 
hydrochloride, riboflavin, calcium D-(+)-pantothenate, vitamin B-12, p-aminobenzoic acid, 
thioctic acid, nicotinic acid, d-desthiobiotin, diaminopimelic acid (DAP), and sinapic acid were 
purchased from Sigma-Aldrich (St. Louis, MO). Imidazole and formic acid were purchased from 
Acros Organics (Morris Plains, NJ). Nitrilotriacetic acid was purchased from Eastman Organic 
Chemicals. Acrylamide/Bis-acrylamide (30%, 37.5:1), electrophoresis grade sodium dodecyl 
sulfate (SDS) and ammonium persulfate were purchased from Bio-Rad Laboratories (Hercules, 
CA). Restriction enzymes, T4 DNA ligase, Antarctic phosphatase, Phusion DNA polymerase, T5 
exonuclease, and Taq DNA ligase were purchased from New England Biolabs (Ipswich, MA). 
Deoxynucleotides (dNTPs) and Platinum Taq High-Fidelity polymerase (Pt Taq HF) were 
purchased from Invitrogen (Carlsbad, CA). PageRuler™ Plus prestained protein ladder was 
purchased from Fermentas (Glen Burnie, Maryland). Oligonucleotides were purchased from 
Integrated DNA Technologies (Coralville, IA), resuspended at a stock concentration of 100 µM in 
10 mM Tris-HCl, pH 8.5, and stored at either 4°C for immediate use or -20°C for longer term use. 
DNA purification kits and Ni-NTA agarose were purchased from Qiagen (Valencia, CA). 
Recombinant RNAse-free DNAse I and Complete EDTA-free protease inhibitor were purchased 
from Roche Applied Science (Penzberg, Germany). TEV protease was purchased from the QB3 
MacroLab at UC Berkeley. Amicon Ultra 3,000 MWCO and 10,000 MWCO centrifugal 
concentrators and 5,000 MWCO and 10,000 MWCO regenerated cellulose ultrafiltration 
membranes were purchased from EMD Millipore (Billerica, MA). Mass spectral analyses were 
carried out at the College of Chemistry Mass Spectrometry Facility at UC Berkeley. 

Bacterial strains. E. coli DH10B-T1R was used for DNA construction. E. coli BL21(DE3) 
was used for heterologous protein production of Mms6 family proteins. E. coli WM3064 was used 
for conjugative transfer of plasmids into M. magneticum AMB-1 wild-type (AK30) and knockout 
ΔmamP (AK69) [3, 12]. 

Plasmid construction. Standard molecular biology techniques were used to carry out plasmid 
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construction. All PCR amplifications were carried out with Phusion DNA polymerase. For 
amplification of GC-rich sequences from M. magneticum AMB-1 (AMB-1), PCR reactions were 
supplemented with DMSO (5%) with primer annealing temperatures 8-10°C below the melting 
temperature (Tm) calculated using OligoCalc [13]. Plasmids were assembled either using the 
Gibson method [14] or restriction digest and ligation. All constructs were verified by sequencing 
(Quintara Biosciences; Berkeley, CA). 

Plasmids for heterologous expression of Mms6 family proteins in E. coli. The plasmids 
for heterologous expression of Mms6 family proteins in E. coli were constructed as follows:  

pCR2.1-MBPtev.sMms7mat. The sequence for the synthetic gene encoding mature Mms7 
(MamD; Mms7mat, residues 260-314 [1]) was optimized for E. coli class II codon usage using 
Gene Designer from DNA 2.0 [15]. The sMms7mat fragment was assembled for a SOE 
reaction with MBP by extension of two overlapping primers (sMms7.Nt F1/sMms7.Ct R1) in 
a reaction that included that included the SOE primers (sMms7.SOE F1/sMms7 R1) primers. 
The MBP fragment was amplified from pSV272.1 with the MBP F1/sMms7.SOE R1 primers. 
The two individual fragments were then combined in a SOE reaction to produce 
MBPtev.sMms7mat by rescue with the MBP F1/sMms7 R1 primers. The product was then gel 
purified and inserted into the pCR2.1 plasmid by TA cloning (Invitrogen). 

pET16sx-Strep.MBPtev.sMms7mat. The pET16sx-Strep.MBPtev.sMms7mat plasmid was 
constructed by amplification of the MBPtev.sMms7mat cassette from pCR2.1-
MBPtev.sMms7mat using the MBP F1/sMms7 R1 primers and insertion into the NdeI-SpeI 
site of pET16sx. 

pET16sx-Strep.MBPtev.Mms7ct. The plasmid pET16sx-Strep.MBPtev.Mms7ct was 
constructed by nested PCR by amplification of the sequence encoding the Mms7 C-terminus 
(Mms7ct, residues 290-314 [1]) from AMB-1 genomic DNA with the Mms7ct linker/Mms7ct 
R1 primers followed by amplification of the PCR product with the Mms7ct F1/R1 primers. 
The product of the second PCR was then inserted into the SacI-SpeI site of pET16sx-
Strep.MBPtev.sMms7mat to yield pET16sx-Strep.MBPtev.Mms7ct. 

pSV272.1-His6.MBPtev.Mms6mat. The sequence for the synthetic gene encoding mature 
Mms6 (Mms6mat, residues 98-157 [1]) was optimized for E. coli class II codon usage using 
Gene Designer from DNA 2.0 [15]. The Mms6mat fragment was assembled for a SOE reaction 
in two pieces. The N-terminal fragment was amplified by primer extension with the primers 
Mms6mat F1/Mms6mat R1. The C-terminal fragment was amplified by primer extension with 
the primers Mms6mat F2/Mms6mat R2. The two individual fragments were then combined in 
a SOE reaction to produce Mms6mat by rescue with the 6mat rescue F1/6mat rescue R1 
primers. 

pSV272.1-His6.MBPtev.Mms6ct. The sequence for the synthetic gene encoding the putative 
metal-binding peptide Mms6ct (Mms6ct, residues 128-157 [1]) was optimized for E. coli class 
II codon usage using Gene Designer from DNA 2.0 [15]. The pSV272.1-His6.MBPtev.Mms6ct 
plasmid was constructed by using primer extension to construct the Mms6 C-terminus with 
6ct.AMB1 F1/R1. The gene was inserted in the pSV272.1 expression vector through the KasI-
BamHI restriction site. 
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pSV272.1-His6.MBPtev.Mms6ct.MSR-1. The sequence for the synthetic gene encoding the 
C-terminal 30 residue putative metal-binding region of Mms6 from Magnetospirillum 
gryphiswaldense MSR-1 (Mms6ct.MSR-1, residues 130-159 [16]) was optimized for E. coli 
class II codon usage using Gene Designer from DNA 2.0 [15]. The pSV272.1-
His6.MBPtev.Mms6ct.MSR-1 plasmid was constructed by amplifying Mms6ct.MSR-1 by 
primer extension with 6ct.MSR1 F1/6ct.MSR1 R1 and inserting into pSV272.1 at the SfoI site. 

pSV272.1-His6.MBPtev.Mms7ct.MSR-1. The sequence for the synthetic gene encoding the 
C-terminal 27 residue putative metal-binding region of Mms7 from Magnetospirillum 
gryphiswaldense MSR-1 (Mms7ct.MSR-1, residues 288-314 [16]) was optimized for E. coli 
class II codon usage using Gene Designer from DNA 2.0 [15]. The pSV272.1-
His6.MBPtev.Mms7ct.MSR-1 plasmid was constructed by amplifying Mms7ct.MSR-1 by 
primer extension with 7ct.MSR1 F1/7ct.MSR1 R1 and inserting into pSV272.1 at the SfoI site. 

pSV272.1-His6.MBPtev.Mms6ct.MV-1. The sequence for the synthetic gene encoding the 
C-terminal 30 residue putative metal-binding region of Mms6 from Magnetovibrio blakemorei 
MV-1 (Mms6ct.MV-1, residues 48-77 [17]) was optimized for E. coli class II codon usage 
using Gene Designer from DNA 2.0 [15]. The pSV272.1-His6.MBPtev.Mms6ct.MV-1 plasmid 
was constructed by amplifying Mms6ct.MV-1 by primer extension with 6ct.MV1 F1/6ct.MV1 
R1 and inserting into pSV272.1 at the SfoI site. 

pSV272.1-His6.MBPtev.Mms7ct.MV-1. The sequence for the synthetic gene encoding the 
C-terminal 28 residue putative metal-binding region of Mms7 from Magnetovibrio blakemorei 
MV-1 (Mms7ct.MV-1, 188-215 [17]) was optimized for E. coli class II codon usage using 
Gene Designer from DNA 2.0 [15]. The psv272.1-His6.MBPtev.Mms7ct.MV-1 plasmid was 
constructed by amplifying Mms7ct.MV-1 by primer extension with 7ct.MV1 F1/7ct.MV1 R1 
and inserting into pSV272.1 at the SfoI site. 

pSV272.1-His6.MBPtev.Mms6ct.MC-1. The sequence for the synthetic gene encoding the 
C-terminal 26 residue putative metal-binding region of Mms6 from Magnetococcus marinus 
MC-1 (Mms6ct.MC-1, 169-194 [16]) was optimized for E. coli class II codon usage using 
Gene Designer from DNA 2.0 [15]. The psv272.1-His6.MBPtev.Mms6ct.MC-1 plasmid was 
constructed by amplifying Mms6ct.MC-1 by primer extension with 6ct.MSR1 F1/6ct.MC1 R1 
and inserting into pSV272.1 at the SfoI site. 

pSV272.1-His6.MBPtev.Mms7ct.Fos001. The sequence for the synthetic gene encoding the  
C-terminal 29 residue putative metal-binding region of Mms7 from an uncultured 
magnetotactic bacterium (Mms7ct.Fos001, 117-146 [2]) was optimized for E. coli class II 
codon usage using Gene Designer from DNA 2.0 [15]. The psv272.1-
His6.MBPtev.Mms7ct.MV-1 plasmid was constructed by amplifying Mms7ct.Fos001 by 
primer extension with 7ct.Fos001 F1/7ct.Fos001 R1 and inserting into pSV272.1 at the SfoI 
site. 

pSV272.1-His6.MBPtev.Mms6ct.ΔE. In order to mutate the putative metal-binding 
glutamate residues to alanines, the pSV272.1-His6.MBPtev.Mms6ct.ΔE plasmid was 
constructed by amplifying Mms6ct.ΔE by primer extension with 6ct.ΔE F1/6ct.ΔE R1 and 
inserting into pSV272.1 at the SfoI site. 
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pSV272.1-His6.MBPtev.Mms7ct.ΔE. In order to mutate the putative metal-binding 
glutamate residues to alanines, the pSV272.1-His6.MBPtev.Mms7ct.ΔE plasmid was 
constructed by amplifying Mms7ct.ΔE by primer extension with 7ct.ΔE F1/7ct.ΔE R1 and 
inserting into pSV272.1 at the SfoI site. 

pSV272.1-His6.MBPtev.FF1.Mms6. The sequence for the synthetic gene encoding a β-
sheet fibril-forming peptide (FF1, NSGAITIG [18]) was optimized for E. coli class II codon 
usage using Gene Designer from DNA 2.0 [15] and fused to the N-terminus of Mms6ct. The 
pSV272.1-His6.MBPtev.FF2.Mms6 plasmid was constructed by amplifying the pSV272.1-
His6.MBPtev.Mms6mat vector with overlapping primers FF1 F1/FF1 R1 and assembling by 
the Gibson method [14]. 

pSV272.1-His6.MBPtev.FF2.Mms6. The sequence for the synthetic gene encoding a β-
sheet fibril-forming peptide (FF2, QQRFQWQFEQQ [19]) was optimized for E. coli class II 
codon usage using Gene Designer from DNA 2.0 [15] and fused to the N-terminus of Mms6ct. 
The pSV272.1-His6.MBPtev.FF2.Mms6 plasmid was constructed by amplifying the 
pSV272.1-His6.MBPtev.Mms6mat vector with overlapping primers FF2 F1/FF2 R1 and 
assembling by the Gibson method [14]. 

pSV272.1-His6.MBPtev.Melittin.Mms6. The sequence for the synthetic gene encoding an 
α-helix-forming peptide (truncated Melittin, GIGAVLKVLTTGLPALISWI [20, 21]) was 
optimized for E. coli class II codon usage using Gene Designer from DNA 2.0 [15] and fused 
to the N-terminus of Mms6ct. The pSV272.1-His6.MBPtev.Melittin.Mms6 plasmid was 
constructed by amplifying the pSV272.1-His6.MBPtev.Mms6mat vector with overlapping 
primers Mel F1/Mel R1 and assembling by the Gibson method [14]. 
Plasmids for expression of Mms proteins in M. magneticum AMB-1. The plasmids for 

expression of Mms6 family proteins in M. magneticum AMB-1 were constructed as follows: 
pAK262Amp-MmsF.Mms6. The pAK262Amp-MmsF.Mms6 plasmid was constructed by 

amplifying mmsF and mms6 from AMB-1 genomic DNA with the primers MmsF6 F1/MmsF6 
R1 and MmsF6 F2/MmsF6 R2, respectively, and inserting into pAC262Amp-MamP at the 
EcoRI-SpeI site with the Gibson assembly method [14]. 

pAK262Amp-MmsF. The pAK262Amp-MmsF plasmid was constructed by amplifying 
mmsF from the pAK262Amp-MmsF.Mms6 plasmid with the primers MmsF F1/MmsF R1 and 
the pAK262Amp backbone from pAK262Amp-MamP with the primers MmsF F2/MmsF R2 
and inserting into pAC262Amp-MamP at the EcoRI-SpeI site with the Gibson assembly 
method [14]. 

pAK262Amp-Mms6. The pAK262Amp-Mms6 plasmid was constructed by amplifying 
mms6 from the pAK262Amp-MmsF.Mms6 plasmid with the primers Mms6 F1/Mms6 R1 and 
the pAK262Amp backbone from pAK262Amp-MamP with the primers Mms6 F2/Mms6 R2 
and inserting into pAC262Amp-MamP at the EcoRI-SpeI site with the Gibson assembly 
method [14]. 
Heterologous expression of Mms proteins. TB (5 × 1 L) containing Cb (50 µg/mL) for 

pET16sx vectors or Km (50 µg/mL) for pSV272 vectors and glucose (0.1% w/v) in a 2.8 L 
Fernbach baffled shake flask was inoculated to OD600 = 0.05 with an overnight TB culture of 
freshly-transformed E. coli BL21(DE3) with the Mms6 family protein expression vector. The 
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cultures were grown at 37°C at 200 rpm to OD600 = 0.6 to 0.8 at which point cultures were cooled 
on ice for 20 min, followed by induction of protein expression with 1 mM IPTG and overnight 
growth at 16°C. Cell pellets were harvested by centrifugation at 9,800 × g for 7 min at 4ºC and 
stored at -80ºC.  

Purification of Mms6 family protein constructs. A subset of Mms6 family protein 
constructs were purified for studies. Frozen cell pellets were thawed and resuspended at 5 mL/g 
cell paste with lysis buffer (50 mM Tris base pH 8.0, 200 mM NaCl, 1 mM EDTA, 5 mM DTT) 
supplemented with Complete EDTA-free protease inhibitor cocktail (1 tablet/50 mL, Roche) and 
PMSF (1 mM). The cell paste was homogenized and DNase I (1 uL/10 mL cell resuspension) was 
added before lysis by passage through a French Pressure cell (Thermo Scientific; Waltham, MA) 
at 14,000 psi. The lysate was centrifuged at 15,300 × g for 20 min at 4°C to separate the soluble 
and insoluble fractions.  

The soluble lysate was loaded onto an amylose column (NEB, 1 mL resin/g cell paste) by 
gravity flow. The column was washed with Buffer A (50 mM Tris base pH 8.0, 200 mM NaCl, 1 
mM EDTA, 1 mM PMSF) until the eluate reached an A280 nm < 0.05 or was negative for protein 
content by Bradford assay (Bio-Rad). The column was eluted with Buffer B (20 mM Tris base pH 
8.0, 100 mM NaCl, 0.5 mM EDTA, 10 mM maltose, 1 mM PMSF). The eluate was concentrated 
to 25-40 mL in a 350 mL Amicon Ultrafiltration Stirred Cell (Millipore) fit with a 10 kDa MWCO 
YM regenerated cellulose membrane. 

To the concentrated amylose eluate, His6-tagged TEV protease (1 mg TEV per 80-100 mg of 
MBP fusion) was added. After cleaving overnight at 4ºC, guanidine-HCl (6 M) was added to the 
solution and the pH was adjusted to 10. The sample was then filtered using a 350 mL Amicon 
Ultrafiltration Stirred Cell with a 10 kDa MWCO YM regenerated cellulose membrane to partially 
remove Strep-MBP and His6-TEV. When the volume in the Amicon cell reached ~5 mL, additional 
buffer (50 mM Tris pH 10.0 containing 6 M guanidine-HCl, 150 mL) was added to wash the 
membrane of adsorbed Mms7ct. Both filtrates were collected and pooled for purification by HPLC. 
As the chemical character of the Mms6 family proteins differ, the HPLC column purification was 
optimized for each protein 

Isolation of Mms7ct and Mms7ct homologs. The Zorbax SB C18 column (21.2 × 250 mm, 
7 µm, Agilent) was equilibrated with 5% v/v HPLC Buffer B (acetonitrile containing 0.1% v/v 
TFA) in HPLC Buffer A (ddH20 containing 0.1% v/v TFA). Acetonitrile was added directly 
to the sample to a final concentration of 5% v/v before manual loading of the entire filtrate 
(~500 mL) onto the column through the Buffer A line (10 mL/min). The column was then 
washed with 5% v/v HPLC Buffer B until the A260 nm returned to baseline before applying the 
following steps (22 mL/min): a 5-10% solvent B gradient for 10 min, a 10-40% solvent B 
gradient for 40 min, a 40-100% solvent B gradient for 5 min and then hold at 100% solvent B 
for 5 min. The samples corresponding to peaks in the A280 nm chromatogram were collected and 
lyophilized. The lyophilized sample was resuspended in ddH2O. The extinction coefficient of 
Mms7ct was calculated to be 6990 cm-1 M-1 at 280 nm by ExPasy ProtParam [22] and used to 
estimate the concentration. The extinction coefficients for Mms7ct homologs were calculated 
in the same way (Mms7ct.MSR-1, 6990 cm-1 M-1; Mms7ct.MV-1, 5960 cm-1 M-1; 
Mms7ct.Fos001, 4470 cm-1 M-1; Mms7ct.ΔE, 6990 cm-1 M-1). Because Mms7ct was unable to 
be visualized by Coomassie staining due to its composition and small size, analytical HPLC 
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and mass spectrometry were used to confirm the identity and purity of the protein. For Mms7ct 
from AMB-1, the calculated [M-H+] m/z was 2826.1 and the found [M-H+] m/z was 2826.4. 

Isolation of Mms7mat. The Zorbax SB C18 column (21.2 × 250 mm, 7 µm, Agilent) was 
equilibrated with 5% v/v HPLC Buffer B (acetonitrile containing 0.1% v/v TFA) in HPLC 
Buffer A (ddH20 containing 0.1% v/v TFA). Acetonitrile was added directly to the sample to 
a final concentration of 5% v/v before manual loading of the entire filtrate (~500 mL) onto the 
column through the Buffer A line (10 mL/min). The column was then washed with 5% v/v 
HPLC Buffer B until the A260 nm returned to baseline before applying the following steps (22 
mL/min): a 5-30% solvent B gradient for 10 min, a 30-60% solvent B gradient for 40 min, a 
60-100% solvent B gradient for 5 min and then hold at 100% solvent B for 15 min. The samples 
corresponding to peaks in the A280 nm chromatogram were collected and lyophilized. The 
lyophilized sample was resuspended in ddH2O. The extinction coefficient of Mms7mat was 
calculated to be 12,490 cm-1 M-1 at 280 nm by ExPasy ProtParam [22] and used to estimate the 
concentration. Because Mms7mat was unable to be visualized by Coomassie staining due to 
its composition and small size, analytical HPLC and mass spectrometry were used to confirm 
the identity and purity of the protein. For Mms7mat from AMB-1, the calculated [M-H+] m/z 
was 5542.3 and the found [M-H+] m/z was 5542.0. 

Isolation of Mms6ct and Mms6ct homologs. The Zorbax SB C18 column (21.2 × 250 mm, 
7 µm, Agilent) was equilibrated with 5% v/v HPLC Buffer B (acetonitrile containing 0.1% v/v 
TFA) in HPLC Buffer A (ddH20 containing 0.1% v/v TFA). Acetonitrile was added directly 
to the sample to a final concentration of 5% v/v before manual loading of the entire filtrate 
(~500 mL) onto the column through the Buffer A line (10 mL/min). The column was then 
washed with 5% v/v HPLC Buffer B until the A260 nm returned to baseline before applying the 
following steps (22 mL/min): a 5-10% solvent B gradient for 10 min, a 10-40% solvent B 
gradient for 40 min, a 40-100% solvent B gradient for 5 min and then hold at 100% solvent B 
for 5 min. The samples corresponding to peaks in the A280 nm chromatogram were collected and 
lyophilized. The lyophilized sample was resuspended in ddH2O. The extinction coefficient of 
Mms6ct was calculated to be 2,980 cm-1 M-1 at 280 nm by ExPasy ProtParam [22] and used to 
estimate the concentration. The extinction coefficients of the Mms6ct homologs were 
estimated with the same technique (Mms6ct.MSR-1, 2980 cm-1 M-1; Mms6ct.MV-1, 2980 cm-

1 M-1; Mms6ct.MC-1, 1490 cm-1 M-1; Mms6ct.ΔE, 2980 cm-1 M-1). Because Mms6ct was 
unable to be visualized by Coomassie staining due to its composition and small size, analytical 
HPLC and mass spectrometry were used to confirm the identity and purity of the protein. For 
Mms6ct from AMB-1, the calculated [M-H+] m/z was 3342.5 and the found [M-H+] m/z was 
3342.7. 

Isolation of Mms6mat. The Zorbax SB C18 column (21.2 × 250 mm, 7 µm, Agilent) was 
equilibrated with 5% v/v HPLC Buffer B (acetonitrile containing 0.1% v/v TFA) in HPLC 
Buffer A (ddH20 containing 0.1% v/v TFA). Acetonitrile was added directly to the sample to 
a final concentration of 5% v/v before manual loading of the entire filtrate (~500 mL) onto the 
column through the Buffer A line (10 mL/min). The column was then washed with 5% v/v 
HPLC Buffer B until the A260 nm returned to baseline before applying the following steps (22 
mL/min): a 5-30% solvent B gradient for 10 min, a 30-60% solvent B gradient for 40 min, a 
60-100% solvent B gradient for 5 min and then hold at 100% solvent B for 15 min. The samples 
corresponding to peaks in the A280 nm chromatogram were collected and lyophilized. The 

65 
 



lyophilized sample was resuspended in ddH2O. The extinction coefficient of Mms6mat was 
calculated to be 13,980 cm-1 M-1 at 280 nm by ExPasy ProtParam [22] and used to estimate the 
concentration. Silver-stained SDS-PAGE gel electrophoresis, analytical HPLC, and mass 
spectrometry were used to confirm the identity and purity of the protein. For Mms6mat from 
AMB-1, the calculated [M-H+] m/z was 5959.8 and the found [M-H+] m/z was 5959.7. 
MALDI-MS of Mms proteins. The matrix was prepared by dissolving sinapic acid (10 mg/mL) 

in 70% v/v acetonitrile containing 0.1% TFA. The lyophilized sample was resuspended in ddH2O 
and an aliquot (1 µL) was mixed with the matrix solution (10 µL) and spotted on a MALDI plate 
for analysis after drying in air. The MALDI spectra were collected in positive ion mode. 

SDS-PAGE gels. Samples were prepared for loading onto a gel by incubation for 15 min at 
room temperature with a Laemmli sample buffer with β-mercaptoethanol (4× stock: 0.25 M Tris-
HCl, 2% SDS, 40% glycerol, 0.04% bromophenol blue). The sample was analyzed by SDS-PAGE 
at room temperature following literature protocol [23] on a standard 12 w/v% acrylamide gel at 
150 V for approximately 60-80 min. The gels were then stained with Coomassie using standard 
protocols to visualize total protein content. 

Synthesis of Fe(II)Fe(III)2O4 magnetite. The protocol for the synthesis of magnetite was 
adapted from literature protocols [24]. A solution of sodium hydroxide (21 mM) in ddH20 (475 
mL) was deaerated with Ar in a 1 L sealed three-neck flask through a glass bubbler with single 
needle gas outlet (21G × 1.5 in, BD PrecisionGlide). The solution was heated to 37°C under Ar, 
solid sodium nitrate (0.75 g) was added under argon back pressure, and the resulting solution was 
deaerated for 1.5 h. Iron (II) chloride (0.380 g) was prepared in a separate round-bottom flask with 
a stir-bar. The solid was deaerated by 3 × evacuation and refilling by N2 gas. Deaerated ddH20 (30 
mL) was added to the iron (II) chloride and mixed by stirring. Iron (II) chloride was transferred to 
the bubbling NaOH solution dropwise via air-tight syringe. The nanoparticles were allowed to 
mature for 12 h at 37°C before isolation by spinning down in a centrifuge for 15,300 × g for 20 
min. The nanoparticles were washed with 2 × 300 mL deaerated ddH2O and resuspended in 100 
mL ddH20. The resuspended particles were frozen in liquid nitrogen and dried on a lyophilizer. 
The resulting powder was then transferred to anaerobic tubes (15 mL) in single-use batches and 
deaerated with Ar for storage at -20°C. 

Transmission electron microscopy of magnetite samples. Magnetite was resuspended in 
ddH2O and the particles were adsorbed onto 400-mesh copper grid coated with Formvar/Carbon 
(TedPella Inc.) and analyzed using a TECNAI 12 TEM (FEI) operating at 120 kV with a charge-
coupled device camera (Gatan UltraScan, University of California at Berkeley Electron 
Microscope Laboratory). Over 75 nanoparticles were analyzed for each synthesis. 

Powder x-ray diffraction of magnetite samples. Powder x-ray diffraction (XRD) samples 
were characterized on a Bruker AXS D8 Advance diffractometer, which uses an incident Co Kα 
radiation of 1.79026 Å. The output of the diffractometer is 2Ɵ or 2 × the angle between the incident 
ray and the scattering planes. Bragg’s Law was used to solve for d, the spacing between the planes 
in the atomic lattice, with the equation λ = 2dsinƟ. The American Mineralologist Crystal Structure 
Database [25] was compare the d-spacings of the magnetite synthesis to magnetite and maghemite.  

Dynamic light scattering (DLS). DLS determined hydrodynamic size was performed at 25°C 
by dissolving samples in ddH2O or 0.2 mM potassium phosphate buffer pH 8.5. After brief 
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sonication of magnetite (0.5 mg/mL) to resuspend, the samples were allowed to aggregate for a set 
amount of time before briefly resuspending by inversion. The samples were analyzed by a 
Zetasizer Nanoseries ZS (Malvern Instruments, UK).  

Pull-down of Mms6 family proteins by magnetite. Mms proteins were resuspended from 
lyophilized powder in Magnetite Pull-down Buffer (0.2 mM potassium phosphate pH 8.0) to a 
stock concentration of 400-800 µM. As Mms7mat and Mms6mat had a tendency to precipitate 
from solution, all Mms6 family protein solutions were centrifuged at 15,300 × g for 5 min to 
remove aggregates before introducing protein to the magnetite. Magnetite (8.7 mg/mL) was 
resuspended in Magnetite Pull-down Buffer and sonicated for 20 min to break up aggregates before 
immediately distributing to reaction solutions (1 mL) in microcentrifuge tubes (1.5 mL, 
Eppendorf). Microcentrifuge tubes containing magnetite were sonicated for an additional 20 min 
before Mms6 family protein or Magnetite Pull-down Buffer was distributed to the tubes to a final 
concentration of 30 µM. In order to control for the possibility Mms6 family protein self-
aggregation over time, it was also added to a tube containing Magnetite Pull-down Buffer without 
magnetite. The reaction tubes were incubated at 25ºC with rotary shaking (200 rpm) for 3 h and 
resuspended by inversion every 20 min. After incubation, the reaction tubes were centrifuged at 
15,300 × g for 10 min, the supernatant was removed, and the supernatant was re-centrifuged at 
15,300 × g for another 10 min. 

The absorbance spectra of the supernatant was collected between 200-600 nm on a Beckman 
Coulter DU800 UV-VIS spectrophotometer fitted with a microcell single-cell holder and a Peltier 
temperature controller set at 25ºC. The absorbance of the supernatant (100 µL) was measured in a 
quartz microcell (50 µL; Beckman Coulter, Brea, CA). For each concentration of magnetite, the 
cell was blanked on the supernatant of the respective magnetite-only reaction tube. The amount of 
Mms6 family protein bound to magnetite was calculated by subtracting the amount of Mms6 
family protein added to the reaction tube from the amount of Mms6 family protein determined 
from the A280 nm of the supernatant be left in solution. The experiment was performed in triplicate 
for the same magnetite synthesis and thus same iron oxide surface area. The averages and their 
standard deviations are reported (n = 3). 

Synthesis of magnetite in the presence of Mms6 family proteins. A protocol to synthesize 
magnetite by partial oxidation in the presence of the Mms6 family proteins was adapted from two 
literature protocols [9, 24]. The pH and redox environment was controlled by potassium hydroxide 
added to a final concentration of 100 mM and potassium nitrate added to a final concentration of 
400 mM in reaction (1 mL total volume) sealed in a glass vial (15 × 45 mm borosilicate threaded 
vials, Fisherbrand) with a septum (Sigma-Aldrich Suba-Seal #13). Mms6 family protein (150 
µg/mL) was added to the reaction before sealing. The solution was deaerated with Ar by bubbling 
through a needle (21G × 1.5 in, BD PrecisionGlide) for 20 min. Evaporation was minimized by 
passing Ar through a bubbler filled with ddH2O between the gas tank and the reaction vial. The 
glass reaction vials were then heated to 42°C under Ar back pressure and deaerated iron (II) sulfate 
heptahydrate (30 mM) was added through an air-tight glass syringe. After 12 h incubation without 
agitation, the reactions were transferred to a microcentrifuge tube and were centrifuged at 15,300 
× g for 5 min. The pellets were washed with 3 × 1 mL deaerated ddH2O by spinning down the 
pellet at 15,300 × g for 5 min and resuspending. The pellet was resuspended in ddH2O (200 µL) 
and an aliquot (2 µL) was deposited and dried onto 400-mesh copper grid coated with 
Formvar/Carbon (TedPella Inc.) for transmission electron microscopy. 
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In vitro iron mineralization. MamP (5-25 µM, 500 µL) was exchanged from the phosphate 
storage buffer into HEPES reaction buffer (50 mM HEPES pH 8.0, 100 mM NaCl) by 
concentrating and diluting the protein five times in 3,000 MWCO Amicon centrifuge filters (0.5 
mL) for a total dilution of ~1:3,125 of the original buffer, as the autooxidation of Fe(II) in 
phosphate buffer is high. Additional reaction buffer (15 mL) was transferred into a 20 mL 
borosilicate scintillation vial (Fisherbrand), sealed with a septum (Sigma-Aldrich Suba-Seal #33), 
and degassed by bubbling Ar gently through the solution with a needle (21G × 1.5 in, BD 
PrecisionGlide) with a second needle as a purge. Evaporation was minimized by passing Ar 
through a bubbler filled with ddH2O between the gas tank and the reaction vial. Ammonium Fe(II) 
sulfate hexahydrate (125 mg) was used the ferrous iron source because of its air stability in salt 
form and transferred as a solid into a glass vial (15 × 45 mm borosilicate threaded vials, 
Fisherbrand) and sealed with a septum (Sigma-Aldrich Suba-Seal #13). The headspace of the vial 
was then evacuated with Ar using a needle. After 80 min of degassing both the reaction buffer and 
the solid Fe(II), degassed reaction buffer (2 mL) was introduced to the vial containing the 
ammonium Fe(II) sulfate solid using an Ar-purged glass syringe to a final concentration of 160 
mM and dissolved with gentle agitation.  

Empty glass reaction vials (15 × 45 mm borosilicate threaded vials, Fisherbrand) were sealed 
with septa (Sigma-Aldrich Suba-Seal #9) and degassed with Ar for 30 min using a needle. Reaction 
buffer (425 µL) was then added with an Ar-purged airtight glass syringe, followed by Fe(II) (150 
µL, 40 mM final concentration). All vials were kept under partial Ar pressure after introduction of 
Fe(II) by delaying the removal of the Ar needle for an additional min after removal of the venting 
needles from the reaction vials. At this time, undegassed MamP (25 µL) or reaction buffer (25 µL) 
was immediately introduced via Ar-purged glass syringe to a final concentration of 2.5 µM to 
initiate the reaction (t = 0 min) and agitated gently to mix. Over the course mineralization reaction, 
the vials were agitated gently at 10 min intervals and with ambient air (20 µL) was introduced via 
a glass syringe at t = 10 min and 20 min to turn over MamP. 

The conditions were modified slightly for Mms7ct reactions. The final Fe(II) concentration 
was reduced from 40 mM to 20 mM and the final MamP concentration from 2.5 µM to 1.2 µM . 
The pH of the reaction buffer was also changed to pH 7.5. The Mms7ct protein was resuspended 
in reaction buffer (pH 7.5, 100-200 µL) and added to a final concentration of 45 µM to the empty 
reaction vial prior to sealing with a septum and degassing with Ar using a needle for 30 min. Buffer 
and Fe(II) was added as described previously before the vial was removed from the Ar tank. 
Finally, MamP was added to initiate the reaction and ambient air (20 µL) was introduced at t = 5 
min and 10 min. The septa were removed at 20 min and replaced with screw tops, which were 
closed loosely to allow air to circulate freely for the remaining time of the reaction. These were 
the conditions for all in vitro mineralization reaction with Mms6 family proteins unless otherwise 
noted in the text. 

Magnetospirillum magneticum AMB-1 cell culture. AMB-1 was grown using Magnetic 
Growth (MG) media [3] with Wolfe’s mineral solution omitting tartaric acid, Wolfe’s vitamin 
solution, and iron malate (100× stock made from 3 mM FeCl3 and 9 mM DL-malic acid). Solid 
media was generated by the addition of agar (0.7% w/v) to MG media. For antibiotic selection, 
carbenicillin (Cb) was used at a final concentration of 20 µg/mL in both liquid and solid media. 
Plasmids were introduced into AMB-1 strains by conjugative transfer with an E. coli WM3064 
donor strain using literature methods as described [26]. Cultures for mutant screens, Cmag 
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measurements, and TEM characterization were grown in MG media (10 mL) at 30°C without 
agitation in seal-capped anaerobic culture tubes (20 mL) after degassing the headspace with Ar. 

Transformation of M. magneticum AMB-1. Plasmids for complementation or gene 
disruption were introduced into AMB-1 by conjugative transfer from an E. coli WM3064 donor 
strain using literature methods as described [26]. The plasmid to be transferred was first 
transformed into E. coli WM3064 by electroporation and plated for growth overnight at 37ºC on 
LB agar supplemented with the appropriate antibiotic (Cb, 100 µg/mL) and DAP (300 µM). 
Individual colonies were inoculated into LB (5 mL) containing antibiotic and DAP and grown 
overnight at 37ºC with rotary shaking (200 rpm). E. coli cell cultures (500 µL) were then pelleted 
by brief centrifugation (14,000 × g) for 1 min at room temperature. The pellets were washed twice 
with LB DAP (0.5 mL) before resuspending in LB DAP (200 µL). The AMB-1 recipient strain 
was prepared by inoculation of cells from a freezer stock into a sealed-cap conical tube (50 mL) 
containing Magnetic Growth media (MG media, 50 mL). All MG media described in this 
document is prepared according to literature methods and supplemented with iron malate solution 
(100× stock made from 3 mM FeCl3 and 9 mM DL-malic acid) and Wolfe’s vitamin solution [3]. 
After 2 d growth at 30ºC without agitation, the entire culture volume was pelleted by centrifugation 
(14,000 × g) for 15 min at 4ºC and resuspended in MG (600 µL). One-third of the resuspended 
AMB-1 pellet was added to the resuspended E. coli pellet (200 µL), the cells were mixed gently, 
pelleted by brief centrifugation (14,000 × g) for 10 min at room temperature, and resuspended in 
MG (200 µL). The cells were plated together onto MG DAP agar. The plates were first incubated 
at room temperature for 1 h before transferring into a sealed microaerobic jar (Oxoid, Ltd.; 
Basingstoke, UK) at 30ºC for an additional 2-4 h. The jar was evacuated with vacuum until the 
pressure valve read -0.6 bar and was then refilled with N2 to a pressure of +0.2 bar. The positive 
pressure was relieved by venting before the jar was sealed at 0 bar. After this incubation, cell 
mixtures were scraped off the MG DAP agar plates with a sterile inoculating loop and streaked 
onto fresh MG agar plates supplemented with the appropriate antibiotic (Cb, 20 µg/mL). These 
plates were incubated in the microaerobic jar for 4-6 d until colonies could be visualized. Single 
colonies were inoculated into microcentrifuge tubes (1.5 mL, Eppendorf) completely filled with 
MG (1.5 mL) and supplemented with the appropriate antibiotic (Cb, 20 µg/mL) to yield primary 
cultures within 4-8 d of growth at 30ºC with no agitation. After a cell pellet developed in the 
primary culture, an aliquot of the primary culture (10 µL) was diluted (1:1000) into sealed 
anaerobic tubes (20 mL) with MG containing 20 mM HEPES pH 7.2 supplemented with the 
appropriate antibiotic (10 mL) and grown at 30ºC with no agitation until OD400 nm = 0.1-0.25 
(approximately 2 d) for the secondary culture. 

Characterization of cellular magnetization (Cmag). Secondary AMB-1 cultures were grown 
in MG (10 mL) containing 20 mM HEPES pH 7.2 without agitation at 30°C in seal-capped 
anaerobic culture tubes (20 mL) with Ar-evacuated headspace to OD400 nm = 0.2 (~2 d). The culture 
Cmag was determined as previously described [27]. Briefly, OD400 nm was measured on an Agilent 
8000 UV-Visible spectrophotometer with a magnet parallel or perpendicular to the spectrometer 
beam and the ratio (Cmag = A400 nm, perpendicular/A400 nm, parallel) was calculated. The Cmag measurements 
were performed in biological triplicates with two technical replicates per colony using cultures 
from three independent growths or conjugations.  

Transmission electron microscopy of AMB-1 samples. Secondary AMB-1 cultures were 
grown in MG (10 mL) containing 20 mM HEPES pH 7.2 without agitation at 30°C in seal-capped 
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anaerobic culture tubes (20 mL) with the headspace evacuated with Ar to OD400 nm = 0.25–0.3 (~2-
3 d). An aliquot of cell culture (100–500 μL) was pelleted by brief centrifugation (14,000 × g) for 
10 min aerobically at room temperature and resuspended in MG (~10 μL). The cells were adsorbed 
onto 400-mesh copper grid coated with Formvar/Carbon (TedPella Inc.) and analyzed using a 
TECNAI 12 TEM (FEI) operating at 120 kV with a charge-coupled device camera (Gatan 
UltraScan, University of California at Berkeley Electron Microscope Laboratory). In each case, 
20–50 cells, each containing 1–20 crystals, were analyzed. For each strain, >300 particles from 
>20 cells was analyzed for three different colonies from each biological replicate.  
 

3.3. Results and discussion 

Comparison of Mms proteins across species.  The Mms6 family proteins were first 
identified from the analysis of proteins tightly bound to magnetite particles in Magnetospirillum 
magneticum AMB-1 species [28]. Additional members of the family were then subsequently 
identified by bioinformatic approaches using the sequences of Mms6 and Mms7 (MamD) from 
AMB-1 [29]. The sequences obtained from this BLAST search were aligned by Clustal W2 
(Figure 3.2A). All Mms6 family proteins contain an N-terminal hydrophobic portion comprising 
a putative signal sequence/transmembrane segment which is thought to be removed by in vivo 
processing [1]. The mature portion of the Mms6 family proteins includes a self-assembly related 
sequence with an unusual LGLG repeat motif (hereafter referred to as the N-terminus or N-
terminal segment) as well as a C-terminal acidic portion that could interact with the mineral by 
chelating iron atoms. A short conserved motif of positively charged residues are located between 
the aggregating segment and the mineral binding segment, and could assist in self-assembly [10, 
19, 30]. The LGLG repeat motif and motif of positive charged residues are highly conserved in 
amino acid identity and spacing. However, the metal-binding segment, though acidity is 
maintained, contains considerable diversity in the number, type, and spacing of amino acids, 
suggesting that the metal-binding segment could be primed to interact with different lattice 
spacings and thus different facets of the magnetite.  

The sequence diversity of the C-terminal metal-binding segment of the Mms family proteins 
across different species of bacteria is particularly intriguing, as different species of bacteria 
crystallize magnetite with different crystal parameters (Figure 3.2B). For example, 
Magnetospirillum magneticum AMB-1 crystallizes cubo-octahedral magnetite with (111) and 
(100) facets while Magnetovibrio blakemorei MV-1 crystals have (111) and (110) facets. Where 
AMB-1 is symmetrical, MV-1 is elongated along an axis, implying that there is some further 
mechanism of kinetic control over mineral faces to introduce anisotropy. 
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Figure 3.2. Comparison of Mms proteins and crystal habits in different species of magnetotactic bacteria (A) Mms6 and Mms7 
aggregation and mineral-binding sequences found in BLAST and aligned using ClustalW2. (B) Different species of magnetotactic 
bacteria crystallize magnetite with different morphologies. Synthetic magnetite has octahedral shape and reveals the 
thermodynamically stable (111) lattice face. Kinetic control over biominerals formation allows non-thermodynamically favorable faces 
to be revealed and anisotropy in the growth of those faces to elongate crystals in one direction. 
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Heterologous expression and purification of Mms proteins. We sought to express and 
purify Mms6 family variants that allow us to investigate their size and shape control of magnetite 
as well as to explore the diversity of magnetite habits by engineering both the N- and C-terminal 
self-assembly and mineral binding functions. We built constructs to test the following variants: (1) 
native and well-studied Mms6 family proteins from the genetically-tractable AMB-1 species, (2) 
Mms proteins from AMB-1 in which the acidic residues are mutated to alanine or arginine to test 
the hypothesis that Asp and Glu are the key residues for mineral binding, (3) Mms proteins from 
other magnetotactic species with known differences in crystal size and morphology to explore the 
basis for diversity of crystal habits across species, and (4) synthetic Mms hybrids incorporating 
engineered N-terminal self-assembly domains with naturally-occurring C-terminal sequences to 
potentially access different crystal shapes or sizes. 

We have developed a heterologous expression platform in E. coli that allows us to obtain 
purified metal-free preparations of Mms proteins either as full N-terminal and C-terminal fusions 
or individual C-terminal domains (Figure 3.3). Since proteins <10-15 kD are often degraded in E. 
coli, the Mms6 family protein variants are expressed as a fusion with maltose-binding protein 
(MBP). Overall, the Mms6 family fusion constructs expressed quite well after induction with IPTG 
(500 µM) and overnight incubation. Problematic constructs for expression included the highly 
hydrophobic Mms6ct.ΔE and Mms6ct.ΔE variants, in which all putative metal-binding acidic 
residues were mutated to alanine.  

Maltose-binding protein can also be used as an affinity tag to isolate the His6.MBP-tagged 
Mms proteins on an amylose column, allowing us to avoid using the metal-based NiNTA column 
for isolation of our putative metal-binding peptides. Due to the tendencies to aggregate and 
solubility issues, especially of Mms6mat and Mms7mat, guanidine hydrochloride (6 M) was added 
to the protein mixture after cleaving the His6.MBPtev.Mms and Strep.MBPtev.Mms fusions by 
incubation with His6.TEV protease. To partially remove the His6.MBP (~45 kDa) or Strep.MBP 
(~44 kDa) and His6.TEV (~27 kDa) from the small Mms proteins (2-6 kDa), the protein was then 
applied to a 10 kDa MWCO and the eluate collected for preparative HPLC purification. The eluate 
was loaded on a preparative reverse-phase HPLC column under aqueous conditions (1) to allow 
all salt and guanidine to be washed completely off the column before running the column into 
organic solvent and (2) to minimize band widening from the large volume loaded on the column 
as the relatively hydrophobic peptides would remain stacked up at the front of the column until 
organic solvent (acetonitrile) is applied. The C-terminal peptides such as Mms7 eluted quite 
cleanly from the column due to their lack of aggregation and ability to be separated more easily 
from the larger contaminants (Figure 3.3B). However, Mms7mat and Mms6mat needed to be 
separated on the preparative reverse-phase HPLC from MBP and TEV contaminants (Figure 3.4). 

The Mms6 family protein variants were then characterized by analytical HPLC and MALDI-
TOF MS (Figure 3.5). Truncation was an unresolved problem with some variants, such as 
Mms6ct.MC-1. However, in the case of Mms6ct.MC-1, the charged metal-binding segment was 
left intact despite truncation, and therefore the purified variant was collected for downstream in 
vitro mineralization experiments. Mms7ct, Mms7mat, Mms6ct, and Mms6mat are the Mms 
variants were the focus of our studies. A full list of cloned Mms6 family variants and the results 
of their expression, purification, and characterization can be found in Table 3.1.  
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Figure 3.3. Characterization of Mms7ct purification. (A) SDS-PAGE of a representative Mms7ct purification. Pre-induction of 
Strep.MBPtev.Mms7ct (lane 1), post-induction (lane 2), post-NiNTA purification of Strep.MBPtev.Mms7ct fusion (lane 3), post TEV 
cleavage (lane 4). The samples were run on a 12% acrylamide Bis-Tris gel and stained with Coomassie. Please note that Mms7ct is 
not visualized on this gel due to its size and is instead characterized by HPLC analysis. Molecular weights: Strep.MBPtev.Mms7ct, 49 
kD; Strep.MBP, 46 kD, His6.Tev, 27 kD. (B) Preparative HPLC chromatogram of the crude Mms7ct sample monitoring A280 nm. (C) 
Analytical HPLC trace of purified Mms7ct monitoring A280 nm. The lyophilized sample was resuspended in ddH2O and chromatographed 
on a Zorbax Eclipse XDB-C18 column (3.0 × 150 mm, 3.5 µm, Agilent) using several different steps (0.8 mL/min): a linear gradient of 
5-10% Solvent B over 2.5 min, a linear gradient of 10-60% Solvent B over 12.5 min, a linear gradient of 60-100% Solvent B gradient 
over 1 min, hold at 100% Solvent B for 2 min (Solvent A, 0.1% v/v TFA in ddH2O; Solvent B, acetonitrile containing 0.1% TFA). (D) 
MALDI-MS of Mms7ct. 
 
 
 

 
 
Figure 3.4. Preparative HPLC of  Mms6mat and Mms7mat. Preparative HPLC separates the Mms proteins from His6.TEV (TEV) and 
His6.MBPtev or Strep.MBPtev. The lyophilized sample was resuspended in ddH2O and chromatographed on a Zorbax SB C18 column 
(21.5 × 250 mm, 7 µm, Agilent) using several different steps (22 mL/min): a linear gradient of 5-30% Solvent B over 10 min, a linear 
gradient of 30-60% Solvent B over 40 min, a linear gradient of 60-100% Solvent B gradient over 5 min, hold at 100% Solvent B for 15 
min (Solvent A, 0.1% v/v TFA in ddH2O; Solvent B, acetonitrile containing 0.1% TFA). 
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Figure 3.5. Purification and characterization of key Mms proteins. SDS-PAGE of representative purifications: pre-induction of 
His6.MBPtev.Mms6mat (lane 1), post-induction (lane 2), post-NiNTA purification of His6.MBPtev.Mms6mat fusion (lane 3), post TEV 
cleavage (lane 4), pre-induction of His6.MBPtev.Mms6ct (lane 5), post-induction (lane 6), post-NiNTA purification of 
His6.MBPtev.Mms6ct fusion (lane 7), post TEV cleavage (lane 8), pre-induction of His6.MBPtev.Mms6ct.MC-1 (lane 9), post-induction 
(lane 10), post-NiNTA purification of His6.MBPtev.Mms6ct.MC-1 fusion (lane 11), post TEV cleavage (lane 12), pre-induction of 
Strep.MBPtev.Mms7mat (lane 13), post-induction (lane 14), post-NiNTA purification of Strep.MBPtev.Mms7ct fusion (lane 15), post 
TEV cleavage (lane 14). The samples were run on a 12% acrylamide Bis-Tris gel and stained with Coomassie. Please note that Mms 
proteins are not visualized on this gel due to their size and are instead characterized by analytical HPLC and MALDI. MALDI MS of 
Mms6mat, Mms6ct, Mms6ct.MC-1, and Mms7mat are shown. Analytical HPLC trace of purified Mms proteins monitoring A280 nm. The 
lyophilized sample was resuspended in ddH2O and chromatographed on a Zorbax Eclipse XDB-C18 column (3.0 × 150 mm, 3.5 µm, 
Agilent) using several different steps (0.8 mL/min): a linear gradient of 5-10% Solvent B over 2.5 min, a linear gradient of 10-60% 
Solvent B over 12.5 min, a linear gradient of 60-100% Solvent B gradient over 1 min, hold at 100% Solvent B for 2 min (Solvent A, 0.1% 
v/v TFA in ddH2O; Solvent B, acetonitrile containing 0.1% TFA).  
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Protein Expresses well 
in E. coli 

[M-H+]calc [M-H+]obs Completed 

Mms7mat Yes 5542.3 5542.0 Purified 

Mms7ct Yes 2826.1 2826.4 Purified 

Mms6mat Yes 5959.8 5959.7 Purified 

Mms6ct Yes 3244.5 3244.7 Purified 

Mms6ct.MSR-1 Yes TBD TBD Expressed 

Mms7ct.MSR-1 Yes TBD TBD Expressed 

Mms6ct.MV-1 Yes 3196.5 3197.0 Purified 

Mms7ct.MV-1 Yes TBD TBD Expressed 

Mms6ct.MC-1 Yes 1983.1 1983.9 Purified, truncated 

Mms7ct.Fos001 Yes TBD TBD Expressed 

Mms6ct.ΔE No TBD TBD Expression needs 
optimization 

Mms7ct.ΔE Poorly TBD TBD Expression needs 
optimization 

FF1.Mms6 TBD TBD TBD Cloned 

FF2.Mms6 Yes 4779.1 4778.6 Purified 

Melittin.Mms6 Yes TBD TBD Expressed 

 
 

Table 3.1. Expression and purification of Mms constructs 
 

75 
 



Pull down of Mms proteins by synthetic magnetite. We developed a protocol to investigate 
the strength of Mms6 family protein interaction with magnetite by incubation and pull-down with 
synthetic magnetite. As Mms6 family proteins are a set of tightly bound small proteins that can 
only be removed from the mineral upon boiling under denaturing conditions [1], it is likely that 
they bind magnetite with a high degree of specificity. This assay also allows us to compare Mms6 
family proteins from the same species, from different species, with a mutation to the engineered 
N-terminal domain, or with mutations to C-terminal chelating residue mutants in order to 
determine how spacing and presentation of acidic/hydrogen-bonding residues affects lattice 
binding and metal ion selection, which ultimately determines mineral identity. 

In order to have a standard magnetite surface area for comparison of binding of different Mms6 
family proteins, the same batch of synthesized magnetite was used in all pull down experiments. 
Bare magnetite was synthesized by partial oxidation of Fe(II) [24] in the absence of chelating 
ligands and characterized by TEM and powder XRD (Figure 3.6).  As size is important to the 
mode of peptide binding to nanocrystals and can influence affinity, we chose a synthetic method 
that crystallizes magnetite nanoparticles within the biological size regime of 20-60 nm [31-33]. 
Analysis of particle size from TEM images showed an average diameter of 36 ± 16 nm, which 
falls within the range of sizes for magnetite particles biomineralized by Magnetospirillum species 
(Figure). However, close inspection of the TEM images reveals mostly octahedral habits, which 
suggests the lattice face presented to the Mms6 family proteins for binding will be mostly 
thermodynamically stable (111) facets (Figure). As biological magnetite formation is likely 
controlled by peptides binding to and stabilizing unstable facets, this is not ideal and ground 
geological magnetite should be considered in comparison for further studies [34]. Powder XRD d-
spacings were consistent with magnetite or with a mixture of magnetite and some maghemite, 
which has a similar lattice structure as magnetite but is fully oxidized to Fe(III) (Figure 3.6).  

In order to conduct binding experiments, we set out to find conditions in which the size of the 
magnetite particles remained on the nanoscale and suspended in solution over the time course of 
the binding experiment. Bare magnetite nanoparticles have a tendency to aggregate due to van der 
Waals interactions and weak magnetic forces [35]. Traditional strategies to prevent aggregation 
involve passivating the surface of the particles with capping agents and/or tailoring the surface 
charges to increase the electrostatic repulsion between particles [36]. However, for binding studies, 
the magnetite must be passivated to prevent aggregation without (1) dramatically changing the 
surface chemistry of the magnetite or (2) preventing Mms proteins direct interaction with the 
surface. We used dynamic light scattering (DLS) to monitor the aggregation of magnetite in 
minimal concentrations of biological buffers over time (Figure 3.7). Only 20 min after sonication 
in ddH2O, magnetite aggregation had a predicted particle radius far outside of the nanoscale regime 
(>1000 nm). In 0.2 mM potassium phosphate at pH 8.5, magnetite aggregates monitored by DLS 
were minimized (~100 nm), and magnetite remained suspended in solution. We also tested 5 mM 
HEPES at pH 8.0 with similar results and found that Mms7ct binding to magnetite was comparable 
to its binding in 0.2 mM potassium phosphate at pH 8.0 (Figure 3.7). 
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Figure 3.6. Characterization of magnetite synthesis.  (A) Transmission electron microscopy images of synthesized magnetite and 
histogram of crystal sizes observed in magnetite synthesis (81 nanoparticles with a mean diameter of 36 ± 16 nm). (B) Powder x-ray 
diffraction of synthesized magnetite from a Bruker AXS D8 Advance diffractometer with an incident Co Kα radiation of 1.79026 Å. The 
lattice d-spacing (d) of the synthesized iron oxide was calculated using Bragg’s law λ= dsinƟ where λ is 1.79026 Å and 2Ɵ is the 
output from the diffractometer. The standard d-spacing for magnetite and the closely related fully oxidized maghemite lattice is from 
the American Mineralogist Crystal Structure Database. The notation (hkl) corresponds to the Miller index of the observed lattice.  
 
 

          

                    
 
 
Figure 3.7. Characterization of magnetite aggregation by dynamic light scattering. DLS determined hydrodynamic size was performed 
at 25 °C by dissolving samples in ddH2O or 0.2 mM potassium phosphate buffer pH 8.5. After brief sonication of 0.5 mg/mL magnetite 
to resuspend, the samples were allowed to aggregate for a set amount of time before resuspended briefly by inversion. The samples 
were analyzed by a Zetasizer Nanoseries ZS (Malvern Instruments, UK). The samples were not analyzed for hydrodynamic radius but 
used as a qualitative measurement to find a buffer in which magnetite particles were passivated from extensive aggregation. 
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With nanoscale magnetite and buffer conditions in hand, we set out to compare the Mms6 
family proteins’ ability to bind magnetite. We suspended solutions of magnetite by sonication in 
0.2 mM potassium phosphate pH 8.0 and serially diluted the magnetite into different 
concentrations. We then added an equal amount of buffer (UV-Vis blank and aggregation control) 
or Mms6 family protein to each dilution of magnetite. As Mms6 family proteins are predicted to 
aggregate or self-assemble [8, 28], a protein-only control experiment was also performed: total 
protein in solution was measured by absorbance at 280 nm (A280) after centrifuging to remove 
aggregates at the beginning and end of the incubation time. The protein-magnetite solutions were 
agitated for several hours on a rotary shaker with periodic manual agitation to resuspend particles. 
The protein-magnetite, magnetite only, and protein only solutions were then spun down carefully 
and the supernatant collected. The A280 of the supernatant was measured to determine the molar 
amount of protein left in solution. The relative amount of protein pulled down was determined by 
subtracting the protein in the supernatant at the end of the incubation time from the total protein 
added to solution and dividing by the total protein added to solution.  

We found that Mms7ct binds magnetite with higher affinity than BSA in both 0.2 mM 
potassium phosphate and 5 mM HEPES buffers at pH 8.0 (Figure 3.8A). We further found that 
Mms6ct binds magnetite comparably to Mms7ct at concentrations of magnetite below 0.5 mg/mL 
(Figure 3.8B). While the binding curve looks different above a magnetite concentration of 0.5 
mg/mL, this result may be an artifact of the low A280 measurements for Mms6ct given the low 
extinction coefficient of Mms6ct and small amount of protein left in solution. Interestingly, we 
found that Mms7mat, containing both the aggregating N-terminus and metal-binding C-terminus, 
binds magnetite quite differently than the metal-binding C-terminus Mms7ct (Figure 3.8C). 
Mms7mat appears to bind magnetite in a linear fashion up to 80% protein bound by magnetite. At 
first glance, it appears that it reaches saturation at a nearly four-fold higher concentration of 
magnetite when compared to the total amount of protein added to solution. However, the protein-
only control of Mms7mat revealed a significant amount of protein self-aggregates and can be 
pulled down without magnetite. Adjusting for this fact, Mms7mat reaches 80% of protein bound 
by magnetite at the same concentration as Mms7ct. This suggests that Mms7mat has a different 
mechanism of binding than Mms7ct; for example, Mms7mat could first self-assemble and orient 
the metal-binding C-termini before binding in cluster to the magnetite surface. Self-assembly of 
proteins and biomolecules to build a matrix prior to metal ion deposition is a common theme in 
biomineralization, and could introduce another tier of control over magnetite size, shape, and 
lattice composition [10, 37-40].  
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Figure 3.8. Pull down assays of Mms proteins by magnetite. (A) Comparison of Mms7ct pull down (black squares) by magnetite in 0.2 
mM potassium phosphate buffer versus 5 mM HEPES pH 8.0 buffer at pH 8.0. Bovine serum albumin (BSA) binding to magnetite was 
also evaluated (open blue circles). (B) Comparison of Mms7ct pull down (black squares) and Mms6ct (gray squares) in 0.2 mM 
potassium phosphate buffer pH 8.0. (C) Comparison of Mms7ct pulled down to Mms7mat protein (red circles normalized to total protein 
added to solution, open red circles normalized to non-self-aggregating total protein)  containing the aggregating segment fused to the 
N-terminus of Mms7ct in 0.2 mM potassium phosphate buffer pH 8.0.  
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Synthesis of magnetite in the presence of Mms proteins. In order to monitor the effect of 
Mms proteins on in vitro mineralization, we prepared synthetic magnetite by partial oxidation of 
Fe2+ [9, 24, 41, 42] in the presence and the absence of Mms protein variants and monitored the 
growth of the crystal with transmission electron microscopy (Figure 3.9A). We observe that 
synthetic magnetite tends to grow as octahedral crystals of irregular size while Mms6 family 
protein-templated synthesis appears to produce nanocrystals of more uniform size with a rounded 
appearance by low-resolution TEM. These observations are consistent with previous reports that 
use high-resolution TEM to show that the rounded appearance at low resolution created by Mms6 
family proteins is caused by the introduction new mineral faces to synthetic magnetite, which is 
otherwise octahedral and fully terminated with the thermodynamically-preferred (111) surfaces [8, 
43]. This suggests that Mms proteins are capable of binding and stabilizing non-(111) faces of 
magnetite, thereby initiating the formation of new mineral facets for shape control. However, we 
see no obvious size or shape differences between magnetite synthesized in the presence of AMB-
1 Mms6 family proteins (cubo-octahedral magnetite habit) versus MV-1 Mms6 family proteins 
(rectangular, elongated magnetite habit). This does not preclude the possibility that different 
crystal faces would be identified by observing lattice fringes with high-resolution transmission 
microscopy or that a full species’ set of Mms6 family proteins are necessary to build a recognizable 
crystal habit, but the effects of Mms6 family proteins on growing magnetite under non-
environmental conditions (pH > 12, small molecule oxidants, high temperatures) appear to be 
subtle [6, 8, 43].  

 

 

      
 
Figure 3.9. Comparison of magnetite synthesized in vitro and in vivo. (A) In vitro magnetite synthesis by partial oxidation of Fe(II) in 
the absence and presence of Mms proteins from AMB-1. (B) The knockout of the mms proteins in AMB-1 reveals defects in the shape 
and size of magnetite crystals. Complementing the knockout with mms6 and mmsF recovers the wild type phenotype. 
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In vitro mineralization of iron oxides by MamP in the presence of Mms proteins. Given 
the competence of MamP to transform soluble iron(II) species to mixed valent Fe(II)/Fe(III) oxide 
minerals (Chapter 2), we were interested to see how the Mms6 family templating proteins might 
interact with the growing material in the presence of MamP. This experiment was of particular 
interest given the effects (though subtle) of Mms6 family proteins on in vitro magnetite synthesis 
by partial oxidation under harsh conditions (pH > 12) with powerful small molecule oxidants. In 
addition to redox partners that are necessary to generate both Fe(II) and Fe(III) to form magnetite, 
templating proteins such as the Mms6 family proteins could help determine the crystallinity, size, 
shape, or thermodynamic or kinetic stability of the material.  

To explore possible synergy between redox catalysis and structural templating provided by 
MamP and Mms7, respectively, in vitro iron mineralization reactions were run in the presence of 
both proteins (Figure 3.10). In the absence of MamP, the addition of Mms7Ct to soluble Fe(II) 
and introduction of oxygen did not lead to immediate mineralization. Furthermore, reactions 
containing both MamP and Mms7ct proceeded similarly to those with MamP alone, with rapid 
formation of green rust on the same timescale. However, an interesting change in behavior was 
induced by Mms7ct after mineralization. If the reactions were opened to air, those that did not 
contain Mms7ct quickly turned orange, which signifies the formation of fully oxidized Fe(III) 
oxide red rusts and represents the typical endpoint for reactions of Fe(II) with oxygen. In contrast, 
the green rust remained mostly intact in reactions containing Mms7ct after direct exposure to air, 
indicating that the mixed-valent Fe(II)/Fe(III) material was somehow being protected from further 
oxidation (Figure 3.10A). This behavior is sensitive to the Fe(II):Mms7ct ratio based on the 
observation that full protection can be lost at large excess of Fe(II) (>1:1,000). These results 
suggest that both the redox potential of MamP as well as the structural templating of the Mms 
proteins control the identity of the mineral being formed. This also suggests that Mms7ct and other 
Mms proteins may play a more significant role in controlling magnetite mineral structure than 
previously hypothesized [5, 44]. Beyond simple control of size and shape of magnetite, it may also 
template the crystal lattice of the mineral itself similar to what has been observed with calcium 
biomineralization, where unstable crystal forms and phases of the mineral are stabilized by 
interaction with peptides and other macromolecules [45]. In fact, acidic residues in magnetite-
mineralizing peptides have been hypothesized to be nucleation inhibitors, stabilizing an 
amorphous intermediate through the coordination of iron [46]. The Mms peptides also could be 
critical to stabilizing a mixed-valent amorphous material, preventing further oxidation before the 
material’s transformation into a functional, magnetic crystal. 
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Figure 3.10. Mineralization of iron oxides with Mms proteins. (A) In vitro iron mineralization reactions containing ammonium Fe(II) 
sulfate (20 mM) and MamP (1.2 µM) in 50 mM HEPES pH 7.5, 100 mM NaCl with and without Mms7ct (45 µM). After the end of the 
mineralization reaction, reaction vials were opened to air for 20 min. (B) Reactions with and without Mms7ct proceed at a similar 
reaction rate and contain no iron precipitates in solution after 3 h at pH 7.5. Reactions with MamP oxidize soluble Fe(II) quickly to 
green rust, though the reaction containing Mms7ct stops the reaction at a green rust stage. The reactions are performed as described 
except that no additional injections of air or agitation were carried out after the addition of either MamP or MamP buffer. (C) Reactions 
were purged with Ar and left without agitation to slowly oxidize over 8 d and highlight the protective ability of the Mms proteins 
(Mms6mat; Mms7ct). 
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3.4. Conclusions 

In summary, we developed a system for the heterologous expression and purification of Mms 
proteins and their variants. In particular, we focused on cloning and purifying the metal-binding 
C-terminal segment of Mms6 family proteins from species of magnetotactic bacteria that 
crystallize magnetite with different habits in order to explore the molecular basis for stabilization 
of different magnetite faces. We also constructed several N-terminal fusions of short amino acids 
sequences with defined quaternary structure based on either α-helix or β-sheet motifs with the C-
terminal mineral binding domain of Mms6 in order to examine the role of the N-terminal sequence 
in in vitro size and shape control. Given the in vivo and in vitro behavior of these proteins, new 
magnetite crystal sizes and shapes can be accessed in vivo by engineering the Mms6 family 
proteins to self-assemble and interact with magnetite lattices in different ways. 

We use in vitro binding and synthesis studies with Mms6 family proteins to show that they are 
competent to bind and stabilize non-(111) faces of magnetite and that the N-terminus appears to 
play a role in controlling binding to magnetite. We also use in vitro iron mineralization to show 
that the Mms6 family proteins can work synergistically with the redox protein MamP to produce 
mixed-valent iron oxides from soluble Fe(II) species and to control mineral structure. Further 
studies with Mms7ct indicate that it and other Mms6 family proteins may play a more significant 
role in controlling magnetite mineral structure than previously hypothesized. Beyond simple 
control of size and shape of magnetite, it may also template the crystal lattice of the mineral itself 
similar to what has been observed with calcium biomineralization, where unstable crystal forms 
and phases of the mineral are stabilized by interaction with peptides and other macromolecules. 
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4.1. Introduction 
Living organisms are capable of carrying out many sophisticated and coordinated operations, 

such as sensing, directional movement, self-organization, and transformations of small molecules.. 
However, the scope of innovation found in natural systems is typically limited to naturally 
abundant elements in their immediate environment. In contrast, human chemists have discovered 
many novel and tunable properties of matter by extending reaction space beyond the small subset 
of elements used in biology to the entire periodic table. This diversity in function and composition 
is especially striking for the chemistry of inorganic elements and materials. We seek to open new 
doors between synthetic biology and inorganic nanoscience with the overall goal of designing and 
exploiting novel hybrid functions for living cells at the biotic-abiotic interface. In this chapter, we 
discuss directions we have explored in utilizing magnetotactic bacteria as a platform for 
engineering the production of cellular nanomaterials, and we look towards applications to the 
synthesis and discovery of new nanoscale materials as well as the implantation of novel 
intracellular devices to alter or control cell behavior. 

Magnetospirillum magneticum AMB-1 is a natural host to access transition-metal based 
biomaterials and functions: it is already competent to mineralize Fe via magnetosome chemistry, 
encapsulates the functional material in a self-contained compartment, does not require stringent 
growth conditions, and has methods worked out for gene deletion and replacement [1]. In 
particular, we are interested in and encouraged by the observation that AMB-1 is competent to 
control the redox state of metal ions to form a mixed-valent material, a competency necessary to 
form advanced functional materials from transition metal building blocks. Our specific target is 
the large superfamily of metal oxides (XnOm) and spinels (XZYO4) to which magnetite belongs 
because their structures should be chemically accessible via magnetosome-based chemistry and 
they also possess a broad range of electronic, magnetic, and optical properties at the nanoscale and 
macroscale [2-9]. Towards this goal, we constructed chimeras of native tightly-bound, templating 
peptides, Mms6 family proteins, with alternative mineral-binding sequences reported in the 
literature for other metal oxide minerals [10-12]. We also attempted to identify new mineral-
binding and mineral-precipitating peptides for target spinels using used established phage display 
methods [13-16]. With new metal oxide-precipitating constructs in hand, we look for new ways to 
allow non-iron metal ions access to the magnetosome. Previous studies have shown that 
prokaryotes are able to transport a wide variety of metal ions and main group elements [17], but 
that M. magneticum AMB-1 can easily exclude non-specific metal ions from the magnetosome 
[18, 19]. Therefore, we suggest that ionophores can also be used increase the bioavailability of 
non-iron metal ions [20]. The first part of this chapter discusses our efforts in establishing a system 
to build new metal oxides in AMB-1. 

We also seek to take advantage of the natural transition-metal based function of magnetotactic 
bacteria, response to an external magnetic field. As most biological samples exhibit negligible 
magnetic susceptibility, magnetic nanoparticles can be used in various biosensing applications 
from magnetic resonance imaging (MRI) to biomolecule detection with extremely low detection 
limits and an even lower background signal [21-23]. Magnetic biosensors are based on changes in 
the magnetic properties of a material to detect an analyte and involve functionalized nanostructured 
materials fabricated at high financial, effort, and energy cost. However, a cell-based magnetic 
sensor which turns on magnetism with response to an analyte would eliminate both the need for 
an external nanomaterial synthesis step as well as allow for characterization instrumentation as 
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simple as a bar magnet. Therefore, the second part of this chapter discusses our efforts towards 
inducing a magnetic function in AMB-1 in response to an analyte.  

 
4.2. Materials and methods 

Reagent information. Luria-Bertani (LB) Broth Miller, LB Agar Miller, sodium thiosulfate, 
sodium nitrate, and glycerol were purchased from EMD Biosciences (Darmstadt, Germany). 
Carbenicillin (Cb), isopropyl-β-D-thiogalactopyranoside (IPTG), sodium chloride, 
tris(hydroxymethyl)aminomethane base (Tris), dithiothreitol (DTT), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), magnesium chloride hexahydrate, potassium chloride, 
potassium phosphate monobasic, potassium phosphate dibasic, D-sucrose, kanamycin (Km), 
ethylene glycol, ethylene diamine tetraacetic acid disodium dihydrate (EDTA), bromophenol blue 
sodium salt, anhydrous sodium acetate, methanol, ethanol, and L-ascorbic acid were purchased 
from Fisher Scientific (Pittsburgh, PA). Methylsulfoxide (DMSO), hydrochloric acid, glacial 
acetic acid, ammonium hydroxide, potassium hydroxide, and sodium hydroxide were purchased 
from EMD Millipore (Billerica, MA). β-mercaptoethanol, ammonium bicarbonate, sodium 
dithionite, sodium phosphate dibasic hepthydrate, N,N,N',N'-tetramethyl-ethane-1,2-diamine 
(TEMED), ammonium iron(II) sulfate hexahydrate, magnesium sulfate heptahydrate, 
manganese(II) sulfate monohydrate, cobalt(II) chloride hexahydrate, calcium chloride, zinc sulfate 
heptahydrate, copper(II) sulfate pentahydrate, aluminum potassium sulfate dodecahydrate, boric 
acid, sodium molybdate dehydrate, succinic acid, biotin, folic acid, pyridoxine hydrochloride, 
thiamine hydrochloride, riboflavin, calcium D-(+)-pantothenate, vitamin B-12, p-aminobenzoic 
acid, thioctic acid, nicotinic acid, d-desthiobiotin, diaminopimelic acid (DAP), arabinose, Tween-
20, glycine-HCl, bovine serum albumin (BSA), pyrrolidine dithiocarbamate (PDTC), manganese 
(II) chloride tetrahydrate, zinc (II) chloride, iron (III) chloride hexahydrate, and lithium manganese 
(III, IV) oxide were purchased from Sigma-Aldrich (St. Louis, MO). Formic acid was purchased 
from Acros Organics (Morris Plains, NJ). Nitrilotriacetic acid was purchased from Eastman 
Organic Chemicals. Acrylamide/Bis-acrylamide (30%, 37.5:1), electrophoresis grade sodium 
dodecyl sulfate (SDS) and ammonium persulfate were purchased from Bio-Rad Laboratories 
(Hercules, CA). Restriction enzymes, T4 DNA ligase, Antarctic phosphatase, Phusion DNA 
polymerase, T5 exonuclease,, Taq DNA ligase, and the Ph.D. 7 phage display peptide library kit 
were purchased from New England Biolabs (Ipswich, MA). Deoxynucleotides (dNTPs) and 
Platinum Taq High-Fidelity polymerase (Pt Taq HF) were purchased from Invitrogen (Carlsbad, 
CA). PageRuler™ Plus prestained protein ladder was purchased from Fermentas (Glen Burnie, 
Maryland). Oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA), 
resuspended at a stock concentration of 100 µM in 10 mM Tris-HCl, pH 8.5, and stored at either 
4°C for immediate use or -20°C for longer term use. DNA purification kits was purchased from 
Qiagen (Valencia, CA).  

Bacterial strains. E. coli DH10B-T1R was used for DNA construction. E. coli WM3064 was 
used for conjugative transfer of plasmids into M. magneticum AMB-1 wild-type (AK30) and 
knockouts (ΔmamP, AK69; ΔR3, AK36; Δmms6cl, AK124; Δmms6, AK103) strains as previously 
described [24, 25, 26]. E. coli ER2738 was used for phage display [13].  

Plasmid construction. Standard molecular biology techniques were used to carry out plasmid 
construction. All PCR amplifications were carried out with Phusion DNA polymerase. For 
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amplification of GC-rich sequences from M. magneticum AMB-1 (AMB-1), PCR reactions were 
supplemented with DMSO (5%) with primer annealing temperatures 8-10°C below the melting 
temperature (Tm) calculated using OligoCalc [27]. Plasmids were assembled using the Gibson 
method [28]. All constructs were verified by sequencing (Quintara Biosciences; Berkeley, CA). 

Plasmids for complementation for new materials. The plasmids for expression of Mms6 
peptides with mutated metal-binding segments in M. magneticum AMB-1 were constructed as 
follows: 

pAK262Amp-MmsF.MmsTiO2. The pAK262Amp-MmsF.MmsTiO2 plasmid was 
constructed by whole vector amplification of pAK262Amp-MmsF.Mms6 with overlapping 
primers MmsFTi F1/MmsFTi R1 to change the metal-binding C-terminus of the Mms6 protein 
to a peptide known to precipitate TiO2 in vitro under mild, aqueous conditions (Ti-1; 
RKKRTKNPTHKL) [29]. The vector was assembled by in a one-piece Gibson reaction [28]. 

pAK262Amp-MmsTiO2. The pAK262Amp-MmsTiO2 plasmid was constructed by 
amplifying MmsF.MmsTiO2 from pAK262Amp-MmsF.Mms6 with MmsTi F1/R1 and by 
amplifying the pAK262Amp vector from pAK262Amp-MamP. The two pieces were 
assembled in a Gibson reaction [28]. 

pAK262Amp-MmsF.MmsZnO. The pAK262Amp-MmsF.MmsZnO plasmid was 
constructed by amplifying MmsF.MmsZnO from pAC-MmsF.Mms6 with MmsZn F1/R1 to 
change the magnetite-binding C-terminus of Mms6 to a peptide known to precipitate ZnO in 
vitro (ZnO-1; EAHVMHKVAPRPGGSC) [30-32]. The pAK262Amp vector was amplified 
from pAK262Amp-MamP with MmsZn F2/R2, and the two pieces were assembled in a Gibson 
reaction [28]. 

pAK262Amp-MmsF.MmsAu. The pAK262Amp-MmsF.MmsAu plasmid was constructed 
by amplifying MmsF.MmsAu from pAK262Amp-MmsF.Mms6 with overlapping primers 
MmsAu F1/R1 to change the metal-binding C-terminus of Mms6 to a well-studied peptide 
known to precipitate gold nanoparticles (A3; AYSSGAPPMPPF) [33, 34]. The pAK262Amp 
vector from pAK262Amp-MamP with MmsAu F2/R2 and the two pieces were assembled in a 
Gibson reaction [28]. 
Plasmids for complementation for inducible magnetite formation. The plasmids for 

inducible magnetite formation in M. magneticum AMB-1 were constructed as follows: 
pAK262Amp-LacIq.(T5)MamP. The pAK262Amp-LacIq.(T5)MamP plasmid was 

constructed by amplifying the repressor gene lacIq and the T5 promoter from pT533-dsbAC 
with the primers LacR(T5)P F1/F2 and inserting into the SphI-EcoRI restriction site of 
pAK262Amp-MamP by Gibson assembly [28]. 

pAK262Amp-AraC.(ara)MamP. The pAK262Amp-AraC.(ara)MamP plasmid was 
constructed by amplifying araC and the pBAD promoter from the pBAD18 vector [35] with 
the primers AraR(ara)P F1/F2 and inserting into the SphI-EcoRI restriction site of 
pAK262Amp-MamP by Gibson assembly [28]. 

pAK262Amp-(ara)MamP. The pAK262Amp-(ara)MamP plasmid was constructed by 
amplifying the pBAD promoter from the pBAD18 vector [35] with primers araP F1/ araR(ara)P 

90 
 



R1 and inserting into the SphI-EcoRI site of the pAK262Amp-MamP vector by Gibson 
assembly [28]. 

pAK262Amp-golTSB.MamP. The pAK262Amp-golTSB.MamP plasmid was constructed 
by amplifying the gold-inducible golTSB operon from the genome of Salmonella enterica 
serovar typhimurium [36, 37] with primers golMamP F1/R1 and the gold-inducible promoter 
with golMamP F2/R2 and inserting into the SphI-EcoRI site of the pAK262Amp-MamP vector 
by Gibson assembly [28]. 

pAK262Amp-(gol)MamP. The pAK262Amp-(gol)MamP plasmid was constructed by 
amplifying the gold-inducible promoter from the genome of Salmonella enterica serovar 
typhimurium [36, 37] with primers golMamP F2/R2 and inserting into the SphI-EcoRI site of 
the pAK262Amp-MamP vector by Gibson assembly [28]. 

pAK262Amp-LacIq.(T5)MamP.GFPsf. The pAK262Amp-LacIq.(T5)MamP.GFPsf plasmid 
was constructed by amplifying GFPsf from pAK262Amp-MamP.GFPsf with P GFPsf F3/R3 
and inserting into the pAK262Amp-LacIq.(T5)MamP vector at the SpeI restriction site. 

pAK262Amp-AraC.(ara)MamP.GFPsf. The pAK262Amp-AraC.(ara)MamP.GFPsf 
plasmid was constructed by amplifying GFPsf from pAK262Amp-MamP.GFPsf with P GFP sf 
F3/P GFPsf R3 and inserting into the pAK262Amp-AraC.(ara)MamP vector at the SpeI 
restriction site. 

pAK262Amp-LacIq.(T5)GFPsf. The pAK262Amp-LaqIq.(T5)GFPsf plasmid was 
constructed by amplifying GFPsf from pAK262Amp-MamP.GFPsf with lacGFP F1/P GFPsf 
R3 and inserting into pAK 262Amp-LacIq.(T5)MamP at the NdeI-SpeI restriction site. 

pAK262Amp-AraC.(ara)GFPsf. The pAK262Amp-AraC.(ara)GFPsf plasmid was 
constructed by amplifying GFPsf from pAK262Amp-MamP.GFPsf with araGFP F1/P GFPsf 
R3 and inserting into pAK262Amp-AraC.(ara)MamP at the NdeI-SpeI restriction site. 
Transformation of M. magneticum AMB-1. Plasmids for complementation or gene 

disruption were introduced into AMB-1 by conjugative transfer from an E. coli WM3064 donor 
strain using literature methods as described [1]. The plasmid to be transferred was first transformed 
into E. coli WM3064 by electroporation and plated for growth overnight at 37ºC on LB agar 
supplemented with the appropriate antibiotic (Km, 100 µg/mL; Cb, 100 µg/mL) and DAP (300 
µM). Individual colonies were inoculated into LB (5 mL) containing antibiotic and DAP and 
grown overnight at 37ºC with rotary shaking (200 rpm). E. coli cell cultures (500 µL) were then 
pelleted by brief centrifugation (14,000 × g) for 1 min at room temperature. The pellets were 
washed twice with LB DAP (0.5 mL) before resuspending in LB DAP (200 µL). The AMB-1 
recipient strain was prepared by inoculation of cells from a freezer stock into a sealed-cap conical 
tube (50 mL) containing Magnetic Growth media (MG media, 50 mL). All MG media described 
in this document is prepared according to literature methods and supplemented with iron malate 
solution (100× stock made from 3 mM FeCl3 and 9 mM DL-malic acid) and Wolfe’s vitamin 
solution [25]. After 2 d growth at 30ºC without agitation, the entire culture volume was pelleted 
by centrifugation (14,000 × g) for 15 min at 4ºC and resuspended in MG (600 µL). One-third of 
the resuspended AMB-1 pellet was added to the resuspended E. coli pellet (200 µL), the cells were 
mixed gently, pelleted by brief centrifugation (14,000 × g) for 10 min at room temperature, and 
resuspended in MG (200 µL). The cells were plated together onto MG DAP agar. The plates were 
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first incubated at room temperature for 1 h before transferring into a sealed microaerobic jar 
(Oxoid, Ltd.; Basingstoke, UK) at 30ºC for an additional 2-4 h. The jar was evacuated with vacuum 
until the pressure valve read -0.6 bar and was then refilled with N2 to a pressure of +0.2 bar. The 
positive pressure was relieved by venting before the jar was sealed at 0 bar. After this incubation, 
cell mixtures were scraped off the MG DAP agar plates with a sterile inoculating loop and streaked 
onto fresh MG agar plates supplemented with the appropriate antibiotic (Km, 15 µg/mL; Cb, 20 
µg/mL). These plates were incubated in the microaerobic jar for 4-6 d until colonies could be 
visualized. Single colonies were inoculated into microcentrifuge tubes (1.5 mL, Eppendorf) 
completely filled with MG (1.5 mL) and supplemented with the appropriate antibiotic (Km, 10 
µg/mL; Cb, 20 µg/mL) to yield primary cultures within 4-8 d of growth at 30ºC with no agitation. 
After a cell pellet developed in the primary culture, an aliquot of the primary culture (10 µL) was 
diluted (1:1000) into sealed anaerobic tubes (20 mL) with MG containing 20 mM HEPES pH 7.2 
supplemented with the appropriate antibiotic (10 mL) and grown at  30ºC with no agitation until 
OD400 nm = 0.1-0.25 (approximately 2 d) for the secondary culture. 

Characterization of cellular magnetization (Cmag). Secondary AMB-1 cultures were grown 
in MG (10 mL) containing 20 mM HEPES pH 7.2 without agitation at 30°C in seal-capped 
anaerobic culture tubes (20 mL) with Ar-evacuated headspace to OD400 nm = 0.2 (~2 d). The culture 
Cmag was determined as previously described [38]. Briefly, OD400 nm was measured on an Agilent 
8000 UV-Visible spectrophotometer with a magnet parallel or perpendicular to the spectrometer 
beam and the ratio (Cmag = A400 nm, perpendicular/A400 nm, parallel) was calculated. The Cmag measurements 
were performed in biological triplicates with two technical replicates per colony using cultures 
from three independent growths or conjugations.  

Transmission electron microscopy. Secondary AMB-1 cultures were grown in MG (10 mL) 
containing 20 mM HEPES pH 7.2 without agitation at 30°C in seal-capped anaerobic culture tubes 
(20 mL) with the headspace evacuated with Ar to OD400 nm = 0.25–0.3 (~2-3 d). An aliquot of cell 
culture (100–500 μL) was pelleted by brief centrifugation (14,000 × g) for 10 min aerobically at 
room temperature and resuspended in MG (~10 μL). The cells were adsorbed onto 400-mesh 
copper grid coated with Formvar/Carbon (TedPella Inc.) and analyzed using a TECNAI 12 TEM 
(FEI) operating at 120 kV with a charge-coupled device camera (Gatan UltraScan, University of 
California at Berkeley Electron Microscope Laboratory). In each case, 20–50 cells, each 
containing 1–20 crystals, were analyzed. For each strain, >300 particles from >20 cells was 
analyzed for three different colonies from each biological replicate.  

Immunostaining. Antibodies to MamP were raised by ProSci Inc. (Poway, CA) in rabbits 
using a synthetic peptide from MamP (QLEGAPMILAGPRPHGYR) conjugated to a carrier 
protein. AMB-1 cultures were grown without agitation in MG (10 mL) containing 20 mM HEPES 
pH 7.2 at 30°C in seal-capped anaerobic culture tubes (20 mL) evacuated with Ar to OD400 nm = 
0.2 (~ 2d). Cells were pelleted by centrifugation (9,800 × g) for 15 min and resuspended in 
2×Laemmli buffer containing BME (5% v/v) (125 µL for 10 mL of culture at OD400 nm = 0.2). The 
cell suspension was heated at 70ºC for 15 min and centrifuged (14,000 × g) for 10 min at room 
temperature to remove particulate matter. Samples (15 µL) were run on a 12% Bis-Tris SDS-
PAGE gel at 150 V at 4ºC for 45-80 min. The gel was equilibrated in transfer buffer (50 mM Tris, 
192 mM glycine, 20% v/v methanol, 0.05% w/v SDS) for 25 min before transferring at 50 V for 2 
h to a pre-wetted PVDF membrane (Bio-Rad) using a BioRad Trans-Blot. All subsequent steps 
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utilized a rocking agitator to provide mixing. The membrane was blocked for 2 h at room 
temperature in 5% w/v milk (Apex BioResearch Products, Research Triangle Park, NC) in TBST 
buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 0.1% w/v Tween-20) followed by incubation with 
MamP primary antibodies (1:1000 dilution in TBST containing 5% w/v milk) at room temperature 
for 1.5 h. The membrane was washed in TBST (3 × 15 min) before incubating with Goat Anti-
Rabbit IgG-HRP (Bio-Rad Laboratories,1:5000) at room temperature for 1 h. The membrane was 
washed again TBST (3 × 15 min) before visualization with a Western Lightning Plus ECL kit 
(PerkinElmer; Waltham, MA) using a Bio-Rad Mini Trans-Blot Cell and Quantity One software. 

Synthesis of MnFe2O4. The spinel ferrite MnFe2O4 was synthesized by a co-precipitation 
protocol adapted from literature protocol [39]. In a round-bottom flask (500 mL) with a stir bar, 
iron (III) chloride hexahydrate (32.44 g) and manganese (II) chloride tetrahydrate (19.79 g) was 
added and purged of oxygen by applying vacuum and refilling with N2 three times. Next, ddH2O 
(250 mL) degassed with Ar was added via syringe to the solution and the metal salts were mixed 
until dissolved. In another round-bottom flask (1 L) with a stir bar, sodium hydroxide (60 g) was 
dissolved in ddH2O (250 mL) which had been degassed by Ar. The FeCl3/MnCl2 solution was then 
added dropwise via syringe to the stirring sodium hydroxide solution. Once the metal mixture was 
added, the flask was heated to 100°C. After 2 h, the flask was cooled and the nanoparticles were 
isolated by a magnet and washed with 3 × 500 mL ddH2O. The particles were then resuspended in 
ddH2O (50 mL), frozen in liquid nitrogen, and lyophilized to obtain a dry powder. 

Phage panning against spinel materials. Ph.D. 7 phage display peptide library kit (New 
England Biolabs; Ipswitch, MA) was used to select for peptides that can strongly bind spinel 
materials MnFe2O4 (synthesized as described in previous section) and LiMn2O4 (uncoated powder, 
purchased from Sigma-Aldrich) in vitro. Standard protocols were followed closely and are 
summarized below [16]: 

Negative selection panning against polystyrene. The polystyrene 6-well (diameter=34.8 
mm) Corning Co-star cell culture dish was used as a panning plate (Sigma-Aldrich; St.Louis, 
MO). In order to eliminate phage peptides that bind nonspecifically to the panning plate, we 
performed a negative selection against the plate. The well was washed with 0.5% TBST (50 
mM Tris-HCl pH 7.5, 150 mM NaCl with 0.5% Tween-20) and then rinsed with 3 × 1 mL TBS 
(50 mM Tris-HCl pH 7.5, 150 mM NaCl). An aliquot of phage (10 µL) from the Ph.D. 7 phage 
display peptide library kit (New England Biolabs; Ipswitch, MA) in 0.5 mL TBS was added to 
the plate and incubated for 15 min with agitation on a rotary shaker at 150 rpm. The unbound 
phage was removed and added directly to E. coli ER2738 cells to be amplified (see below) for 
positive selections against peptide libraries. The plate was washed with 5 × 0.5 mL 0.5% 
TBST. Each of these washes was then subsequently added to the same E. coli for positive 
selection. For the negative control, the bound phage were eluted with 0.5 mL of Elution Buffer 
(0.2 M glycine-HCl, pH 2.2, 1 mg/mL Bovine Serum Albumin) by incubation for 5 min on a 
rotary shaker followed by neutralization with 150 µL Neutralization Buffer (1 M Tris-HCl pH 
9.1). These phage were added to a new aliquot of E. coli ER2738 cells (20 mL) grown from an 
overnight to OD600 ~ 0.05 to be propagated as the negative control. Cultures containing the 
infected cells were grown for 37°C for 4.5 h at 300 rpm. Phage amplification, isolation, and 
titering yielded a library of 1 × 1011 plaque-forming units per 10 µL (pfu) amplified eluate for 
phage panning experiments against spinel materials. 
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Phage amplification and isolation. For amplification of phage, E. coli ER2738 was plated 
on LB agar containing tetracycline (Tc, 20 µg/mL) and grown overnight at 37°C. A single 
colony was picked and inoculated into a culture tube containing 10 mL LB Tc, which was 
grown overnight at 37°C with shaking at 200 rpm. The overnight culture was then used to seed 
a 20 mL LB in a 250 mL baffled flask to OD600 = 0.001. After growing at 37°C at 200 rpm to 
OD600 ~ 0.01 – 0.05, eluate from the panning studies was added and the culture was propagated 
at 37°C with vigorous shaking (300 rpm) for an addition 4.5 h. The culture was then transferred 
to a 50 mL centrifuge tube and pelleted at 12,000 × g for 10 min at 4°C. The supernatant was 
collected, transferred to a new tube, and recentrifuged at 12,000 × g for 10 min at 4°C. The 
upper 80% of the supernatant was transferred to a new tube and the phage was precipitated 
overnight by addition of 1/6 vol of 20% (w/v) polyethylene glycol (PEG) in 2.5 M NaCl at 4°C. 
The precipitated phage was pelleted at 12,000 × g for 15 min at 4°C. The supernatant was 
removed and discarded before recentrifuging the pellet at 12,000 × g for 1 min at 4°C to remove 
residual supernatant by pipetting, while carefully avoiding the white phage pellet on the side 
of the tube. The phage pellet was then resuspended in 1 mL of TBS (50 mM Tris-HCl pH 7.5, 
150 mM NaCl), transferred to a microcentrifuge tube (1.5 mL), and centrifuged at 16,500 × g 
for 5 min at 4°C. The supernatant containing the resuspended phage was transferred to a new 
microcentrifuge tube (1.5 mL) and the phage were reprecipitated by the addition of 1/6 vol of 
20% (w/v) PEG in 2.5 M NaCl and incubation on ice for 30 min. The phage pellet was collected 
by centrifuging at 16,500 × g for 10 min at 4°C. The supernatant removed and discarded while 
the dry pellet was resuspended in 200 µL TBS and centrifuged at 16,500 × g for 1 min at 4°C 
to remove additional insoluble material. The supernatant was then transferred to a clean tube 
to be used as the amplified eluate for additional rounds of panning.  

Phage titering. An accurate determination of the number of phage in the amplified eluate 
is necessary to determine the amount of eluate to add to the next round of panning. E. coli 
ER2738 was inoculated from a plate into LB (5 mL containing 20 µg/mL Tc) and grown at 
37°C at 200 rpm to OD600  ~ 0.5. The cell suspension (200 µL) was aliquoted into three 
individual microcentrifuge tubes for tittering (1.5 mL). For infection, the phage solution (10 
µL of 10-, 100-, and 1000-fold dilutions of the unamplified phage eluate or 108-, 109-, and 
1010-fold dilutions of amplified phage eluate) was to this aliquot, vortexed briefly, and 
incubated at room temperature for 5 min. The cells were then transferred to individual culture 
tubes (50 mL) containing Top Agar (10 g/L Bacto-Tryptone, 5 g/L yeast extract, 0.5 g/L NaCl, 
7 g/L Bacto-Agar autoclaved before the addition of 0.5 mM MgCl2 and 2 mM glucose) at 45°C. 
The Top Agar was then plated on a LB agar plate containing IPTG (50 µg/mL) and X-gal (40 
µg/mL) and warmed to 37°C. After overnight incubation at 37°C, plates containing ~100 well-
spaced plaques were counted to obtain plaque-forming units (pfu) in 10 µL eluate. 

Panning against spinel materials. MnFe2O4 and LiMn2O4 (0.5 mg) were added in separate 
wells and allowed to air dry. The powders were washed once with 0.1% TBST (1 mL) for 10 
min on a rotary shaker at 100 rpm. Amplified phage from the negative selection against 
polystyrene (11 µL) was added in 0.1% TBST (0.5 mL) and incubated for 10 min on a rotary 
shaker at 100 rpm. The phage was removed by pipet and the powders were washed with 5 × 
0.5 mL of 0.1% TBST. Bound phage was eluted with Polystyrene Elution Buffer (0.5 mL) and 
neutralized with Neutralization Buffer (150 µL). Phage amplification and isolation was 
performed as described above on the eluted phage before titering. The first panning round with 
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MnFe2O4 yieldedan eluted phage titer of 80 × 109 pfu, while the first panning round with 
LiMn2O4 gave an amplified phage titer of 192 × 109 pfu. 

A second round of panning was performed using the amplified eluate from the first panning 
round as the starting library. The dried MnFe2O4 and LiMn2O4 (0.5 mg) powders were washed 
once in their individual wells with 0.2% TBST (1 mL) for 10 min on a rotary shaker at 100 
rpm. Amplified phage from the first panning (MnFe2O4, 90 µL; LiMn2O4, 20 µL) was added 
in 0.1% TBST (0.5 mL) and incubated for 20 min on a rotary shaker at 100 rpm. The phage 
was removed by pipet and the powders were washed with 10 × 0.5 mL 0.2% TBST for 1 min 
per wash on a rotary shaker at 100 rpm. Bound phage was eluted with Polystyrene Elution 
Buffer (0.5 mL) and neutralized with Neutralization Buffer (150 µL). The second panning 
round on MnFe2O4 yielded an eluted phage titer of 6 × 1011 pfu, while the second panning 
round on LiMn2O4 gave an amplified phage titer of 3 × 1011 pfu. These libraries were used for 
the third round of panning. 

A third round of panning was performed using an analogous protocol to the second round 
except that TBST was increased from 0.2% to 0.5% in all steps (MnFe2O4, 10 µL amplified 
phage; LiMn2O4, 10 µL amplified phage). Bound phage from this round (Pan 3) were isolated 
as individual plaques and submitted for sequencing. 

Stringency was increased for the fourth and last round of panning by addition of 50 mM 
sodium acetate to 0.5% TBST in all steps and performed using an analogous protocol to the 
third round (From Pan 3 libraries: MnFe2O4, 10 µL amplified phage; LiMn2O4, 10 µL amplified 
phage). Bound phage from this round (Pan 4) were isolated as individual plaques and submitted 
for sequencing. 

Phage sequencing. From a titering plate containing fewer than 100 plaques, individual blue 
phage plaques were picked with sterile pipette tips and transferred to a culture tube (10 mL) 
containing 1 mL of E. coli ER2738 overnight culture diluted 100-fold in LB and subsequently 
incubated for 4.5 h at 37°C with shaking at 300 rpm. To isolate phage DNA for sequencing, 
the culture was centrifuged at 16,500 × g for 30 s in 1.5 mL microcentrifuge tubes. A portion 
of the supernatant (500 µL) was transferred to a fresh tube and 20% (w/v) PEG in 2.5 mM 
NaCl (200 µL) was added and mixed by inversion. The tubes were incubated at room 
temperature for 10 min to preferentially precipitate single-stranded phage DNA and then 
centrifuged at 16,500 × g for 10 min at 4°C. After removing the supernatant, the pellet was 
washed with ice-cold 70% (v/v) ethanol (0.5 mL) and air dried briefly before resuspending in 
TBS buffer (30 µL). The phage peptide tails were sequenced by Quintara Biosciences using 
the -96 gIII sequencing primer included in the Ph.D. 7 phage display peptide library kit (New 
England Biolabs; Ipswitch, MA). 
Growth curves of M. magneticum AMB-1. Single colonies were inoculated into 

microcentrifuge tubes (1.5 mL, Eppendorf) completely filled with MG (1.5 mL) and supplemented 
with the appropriate antibiotic (Km, 10 µg/mL; Cb, 20 µg/mL) to yield primary cultures within 4-
8 d of growth at 30ºC with no agitation. After a cell pellet developed in the primary culture, an 
aliquot of the primary culture (10 µL) was diluted (1:1000) into sealed anaerobic tubes (20 mL) 
with MG containing 20 mM HEPES pH 7.2 supplemented with the appropriate antibiotic (10 mL) 
and the compound being tested. Zinc (II) chloride or the pyrolidine dithiocarbamate (PDTC) 
ionophore were added in concentrations from 50-150 µM or 0.5-10 µM, respectively. The 
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secondary cultures were then degassed by evacuating the headspace with Ar for 15 min and grown 
at 30ºC with no agitation. The OD400 was measured by removing 500 µL via syringe periodically 
after 24 h of growth using an Agilent 8453 UV-Vis spectrophotometer.  

Inducible magnetic response. Experiments for inducible magnetic response were performed 
on secondary cultures, prepared as described for the transformation of M. magneticum AMB-1. 
After a cell pellet developed in the primary culture, an aliquot of the primary culture (10 µL) was 
diluted (1:1000) into sealed anaerobic tubes (20 mL) with MG containing 20 mM HEPES pH 7.2 
supplemented with the appropriate antibiotic (10 mL). The secondary cultures were then degassed 
by evacuating the headspace with Ar for 15 min and grown at 30ºC with no agitation. The inducer 
IPTG (500 µM) was added to the secondary culture of ΔmamP containing the plasmid  
pAK262Amp-LacIq.(T5)MamP once the culture was grown to OD400 = 0.08. The inducer 
arabinose (10 mM) was added to the secondary culture of ΔmamP containing the plasmid  
pAK262Amp-AraC.(ara)MamP once the culture was grown to OD400 = 0.08. Western and Cmag 
for each strain as well as for a control strain to which no inducer was added was performed as 
described above. 

4.3. Results and Discussion 
Design of constructs for the synthesis of new materials in vivo. Magnetotactic bacteria 

have a complex system of controls to prevent the uptake of non-iron metal ions into the 
magnetosome as well as to prevent the precipitation of new materials in the magnetosome [18, 19]. 
Therefore, we have taken several steps to simplify our approach. First, our specific target is the 
large superfamily of metal oxides (XnOm) and spinels (XZYO4) to which magnetite belongs 
because their structures could be chemically accessible via magnetosome-based chemistry. They 
also possess a broad range of electronic, magnetic, and optical properties at the nanoscale and 
macroscale, and thus are of great interest in a wide range of applications [8, 9, 40, 41]. Second, 
though we are interested in the unique control over the valence of metal ions incorporated into the 
crystalline lattice, for the sake of synthetic simplicity, we chose to first focus on metal oxides that 
rely on a redox-neutral synthetic approach. For example, titanium dioxide (TiO2) excites intense 
interest in its functional properties in different forms as a photocatalyst, semiconductor, solar cell 
material, and optoelectronic material (LCD and data storage), to name a few [42]. As a result, there 
are many synthetic routes to its synthesis, including biologically-templated [29, 43-48] along with 
redox-neutral and redox-dependent chemical approaches [42]. In particular, an aqueous-based 
synthesis of TiO2 relies on Ti4+ hydrolysis chemistry to arrive at the crystalline product over a wide 
range of pH and redox conditions. Another interesting metal oxide with redox-neutral synthesis 
from simple zinc salts is zinc oxide (ZnO) [32, 49-51], a common additive to commercially 
important materials as well as a semiconductor with favorable properties for applications in liquid 
crystal displays and electronics. Third, we chose materials whose formation can potentially be 
monitored or screened by optical approaches. For example, though nanoscale Au(0) requires redox 
chemistry to form from a soluble salt, its formation can easily be monitored by eye due to the 
intense color of nanoscale Au [52]. Thus, many different conditions can be screened quickly.  

 Fourth but most critically, we chose materials that can be precipitated by a well-
characterized peptide. Namely, a peptide sequence has been identified that binds and precipitates 
the material in water at biological pH or, better yet, robustly over a wide range of conditions. We 
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chose the Ti-1 peptide (RKKRTKNPTHKL), which can form crystalline anatase titanium dioxide 
over pH 2-8, for in vivo TiO2 precipitation [29]. We chose the Zn-binding peptide 
(EAHVMHKVAPRPGGSC), which precipitates zinc oxide at room temperature in water, for in 
vivo ZnO crystallization [30]. We also included the A3 peptide (AYSSGAPPMPPF) in our study 
to test for in vivo Au(0) formation because it has shown to reduce Au salts in aqueous conditions 
to form nanoparticles [33, 34]. We then replaced the mineral-binding C-terminus of the Mms6 
protein with each peptide to form MmsTiO2, MmsZnO, and MmsAu, respectively (Figure 4.1). 
The chimeric protein was cloned behind the lac promoter in pAK262Amp for native expression in 
AMB-1. A second set of constructs with the fusion proteins as well as mmsF cloned behind the lac 
promoter in in pAK262Amp for native expression of both proteins in AMB-1, as mmsF is shown 
to be critical for the formation of full-sized magnetic particles in AMB-1 [26]. In fact, in the 
Δmms6cl knockout, mmsF was found to be the most critical gene in recovering a wild type 
phenotype, with mms6 having a more subtle finishing effect in wild type sized and shaped 
nanoparticles [26]. However, MmsF was not found to be bound tightly to magnetite particles in 
vivo [53]. Therefore, it is unclear what the physiological function is of MmsF and whether it would 
assist or inhibit the formation of non-magnetite materials.  
 
 

 
 

 
 

 
 
 
 
Figure 4.1. Mms6 mutants for precipitation of new materials in the magnetosomes of Magnetospirillum magneticum AMB-1. The 
mineral-binding C-terminus of the Mms6 protein was replaced withTiO2-, ZnO-, and Au-precipitating peptides (a black box was placed 
around the residues) to form MmsTiO2, MmsZnO, and MmsAu, respectively. The chimeric protein was cloned behind the lac promoter 
in pAK262Amp for native expression in AMB-1.  
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Expression and characterization of Mms6 chimeras in M. magneticum AMB-1. To test 
the potential ability of non-native mineral-precipitating peptides to inhibit the formation of 
magnetite in vivo, the corresponding mmsF.mms6, mmsF.mmsTiO2, and mmsF.mmsZnO as well 
as mmsTiO2 fusions were then expressed from a constitutive tac promoter on a pAK(AmpR)-
derived plasmid in the AMB-1 ∆mms6cl background [26]. Initial characterization of the mms6 
chimeras was carried out using a qualitative assay for cellular magnetization (Cmag), which 
measures the ability of an oblong cell to turn in the presence of an external magnetic field using 
the ratio of light scattered when this field is placed parallel or perpendicular to the axis of the 
spectrophotometric cell. The parental ∆mms6cl strain exhibits a strong magnetic defect with Cmag 
measurement of 1.1, where 1.0 indicates no cellular magnetization  and 2.0 represents the 
characteristic Cmag observed for wild-type M. magneticum AMB-1 with full magnetite chains [38]. 
This observation is in line with the values for the strain measured by Murat et al., as is the 
measurements for the complementation of the chromosomal deletion of mms6cl with the 
corresponding plasmid-borne wild-type mmsF and mms6 genes, which rescues cellular 
magnetization to wild-type levels (Cmag = 2.2). In contrast, initial characterization suggests that the 
MmsTiO2 and MmsZnO peptides lead to some defects in magnetite mineralization, as 
complementation of mms6cl with plasmid borne mmsF with mmsTiO2 or mmsZnO mutants leads 
to Cmag values of 1.6 and 1.4, respectively.  

Transmission electron microscopy (TEM) analysis of AMB-1 Δmms6cl and AMB-1 Δmms6cl 
+ mmsF + mms6 iron oxide particle size also corresponded well to previously reported values 
(Figure 4.2) [26], with a higher percentage of small particles due to imaging the cells at mid-log 
phase rather than stationary phase. Though iron oxide particles AMB-1 Δmms6cl + mmsF + 
mmsTiO2 appears to mineralize quite well in TEM with few size or shape defects, it does have a 
minor defect in Cmag value, suggesting that there is a defect other than shape and size leading to 
imperfect magnetite, such as a defect in crystallinity or redox regulation. Iron oxide particles do 
not appear to appear to recover wild type size and shape in AMB-1 Δmms6cl + mmsF + mmsTiO2 
(Figure 4.2). These observations are interesting generalizations, but biological replicates need to 
be performed for convincing evidence of defects. 

 
 
 
 

98 
 



 
 

 
 

   
 
 
Figure 4.2. Transmission electron microscopy of M. magneticum AMB-1 expressing Mms fusions for new materials. Representative 
TEM images of M. magneticum AMB-1 Δmms6cl strains and Δmms6cl complemented with mmsF + mms6, mmsF + mmsTiO2, mmsTiO2, 
and mmsF + ZnO. Histograms of crystal sizes observed in the M. magneticum AMB-1 control strains (Δmms6cl, 137 particles; Δmms6cl 
+ mmsF + mms6, 207 particles) strains compared to Δmms6cl complemented with the different Mms metal-binding variants (Δmms6cl 
+ mmsTiO2, 67 particles; Δmms6cl + mmsF + mmsTiO2, 54 particles; Δmms6cl + mmsF + mmsZnO, 43 particles).  
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Selection of MnFe2O4 and LiMn2O4-binding peptide sequences using phage display. Our 
specific target for forming new materials in the magnetosome is the superfamily of metal oxides 
(XnOm) and spinels (XZYO4) to which magnetite belongs because their structures should be 
chemically accessible via magnetosome-based chemistry. We focused on accessing TiO2 and ZnO 
by because these materials can be precipitated by well-characterized peptides under biological 
conditions. However, though TiO2 and ZnO are metal oxides, they are not conservative choices 
for new material formation in magnetosomes: their lattice structures and their incorporated cations 
are quite different than magnetite [29, 40]. Therefore, our next step was to attempt to identify 
peptides that can bind spinel lattices. We chose MnFe2O4 as our most conservative option for a 
spinel lattice, where Mn2+ is substituted for Fe2+ in the crystal lattice. Manganese is also one of the 
few metal ions that is known to be incorporated into the magnetite lattice in magnetotactic bacteria 
[54]. We also chose to seek peptides that can bind the spinel LiMn2O4 due to its importance as a 
cathode material in low-cost, renewable batteries [55, 56]. We used commercially-available phage-
displayed peptide libraries for selection of motifs that bind tightly and specifically to MnFe2O4 
and LiMn2O4 spinel lattices (New England Biosciences; Ipswitch, MA). 

Phage display is a technique that allows for selection of peptides that bind strongly to inorganic 
materials, organic molecules, biomolecules, or whole cells by panning phage displaying a 7-
residue peptide library on the protein coat against the material of interest [13, 16]. The technique 
allows for selection of strong binding in specific conditions; for inorganic materials, selecting 
strong binders under aqueous conditions allows for the development of new synthetic methods that 
eliminate the harsh pressures, temperatures, and solvents often necessary for functional inorganic 
nanocrystals [10, 13, 16]. 

In order to remove non-specific binders from the phage library, phage display was first 
performed against the polystyrene dishes that would serve as the substrate for LiMn2O4 and 
MnFe2O4 nanoparticles in subsequent panning experiments. Phage was applied to the polystyrene 
and incubated with rotated to allow phage to bind the polystyrene. The polystyrene was washed 
with 5 × 0.5% Tween-20 detergent in Tris-buffered saline, and the phage from the washes were 
amplified in E. coli ER2738. The phage was eluted from the polystyrene with an acid wash 
containing the non-specific protein BSA (0.2 M glycine-HCl, pH 2.2, 1 mg/mL BSA) and these 
strong polystyrene-binders were removed from the phage library, leaving a library of 1 × 1011 
plaque-forming units (pfu) per 10 µL amplified eluate for phage panning experiments against 
spinel materials. 

In order to find peptides that strongly bind nanoscale LiMn2O4 and MnFe2O4, the nanoparticles 
were dried down onto polystyrene dishes and washed with panning buffer before the phage library 
was applied. After the phage library was incubated with the nanomaterials, the nanomaterials were 
washed with increasingly stringent conditions to remove phage that bind weakly or bind non-
specifically. The strongest binders were eluted with an acidic wash buffer containing a high 
concentration of bovine serum albumin to help compete bound peptides off the material. The eluted 
phage was then amplified in cells and isolated from cells to provide the phage library for the next 
round of panning. The stringency of the washing conditions was increased for each round of 
panning: 0.1% Tween-20 was used in the first round of panning, 0.2% Tween-20 was used in the 
second round of panning, and 0.5% Tween-20 was used in the third round of panning. To the 
fourth round of panning, in addition to washing with 0.5% Tween-20, sodium acetate (50 mM) 
was added in order to provide additional competition for non-specific binders.  
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After four rounds of panning, we saw changes in the distribution of amino acids towards polar 
residues and proline (Figure 4.3). Though proline can be very important for setting binding 
topology [57, 58], it has also been suggested that the abundance of proline in phage-displayed 
peptides originates from the phage secretion mechanism [59]. Therefore, binding studies need to 
be performed to attribute the dramatic increase (up to 12.8%) in proline residues from the original 
library to specific interactions with the spinels. Phage sequences from the third and fourth pannings 
also show a 1.2% to 5.0% increase in polar residues compared to the original library. This is 
interesting in that hydrophobic sequences are prone to non-specifically bind metal oxide 
nanoparticles under aqueous conditions [33]. The emergence of polar motifs suggests specific 
binding. However, we saw no evidence of amplification of charged residues, which are expected 
to bind strongly and specifically to metal oxides [60]. We theorize that the strongest binders may 
not have eluted from the materials even under harsh eluting conditions, as transition metal oxides 
adsorb many different molecules and reagents under biological conditions [61]. For example, the 
Mms6 family proteins could only be removed from magnetite in vivo by boiling the particles in 
detergent [53]. The lack of emergence of a consensus sequence also suggests that we are not 
selecting for the strongest binders and that the wash or elution conditions or both need to be much 
more stringent. 
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Figure 4.3. Sequencing results of phage display against spinel nanomaterials MnFe2O4 and LiMn2O4. Phage display was performed 
against MnFe2O4 and LiMn2O4 nanoparticles. Non-specific or weakly binding phage were washed off the nanoparticles with increasing 
concentrations of Tween-20 detergent culminating in 0.5% Tween-20 washes in pan 3 and 0.5% Tween-20 washes containing 50 mM 
sodium acetate in pan 4. Strongly bound phage was eluted from the material with 0.2 M glycine-HCl pH 2.2 with 1 mg/mL BSA. Eluted 
phage were amplified, and individual plaques were picked and sequenced (19-21 sequences per experiment) for round 3 and 4 of 
panning.  
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Optimizing the growth of M. magneticum AMB-1 in the presence of zinc(II) and a zinc(II) 
ionophore. Though prokaryotes are able to transport a wide variety of metal ions and main group 
elements [17], Magnetospirillum magneticum AMB-1 appears to exclude metal ions other than 
iron from the magnetosome [18, 19]. In fact, even when flooded with near-lethal concentrations 
of toxic heavy metals, magnetotactic bacteria will tightly control of the entrance of ions into the 
magnetosome resulting in different outcomes based primarily on the concentration of iron in 
solution: (1) in the presence of iron, MTB will precipitate magnetite only, (2) in the presence of 
low levels of iron, MTB will precipitate magnetite with some small incorporation of certain non-
iron cations in the outer sphere of the magnetite crystal [19] or (3) precipitate highly toxic ions in 
the cytoplasm, such as in the case of tellurium, leaving the magnetosome free to crystallize 
magnetite [18], and (4) in the presence of no iron, magnetosomes remain empty. Therefore, it 
seems that either extensive protein engineering of putative magnetosome ion transporters or an 
alternate method that bypasses the native machinery is required to mobilize non-iron ions across 
the magnetosome membrane. We suggest that ionophores, small lipid-soluble molecules that 
selectively transport ions across bacterial membranes, can also be used increase the bioavailability 
of non-iron metal ions [20].  

With a zinc oxide-mineralizing peptide in hand, we chose to focus on utilizing the zinc(II) 
ionophore, pyrrolidine dithiocarbamate (PDTC), to bypass the magnetosome’s tight control of 
metal uptake. PDTC can inhibit bacterial growth at concentrations as low as 1 µM in sensitive 
strains and has been used at concentrations up to 400 µM to inhibit growth of Escherichia coli in 
the presence of trace zinc(II) [62, 63]. With the addition of ZnCl2 to growth media, inhibitory 
effects are dramatic, while the addition of FeCl2 or FeCl3 has little to no effect on bacterial growth. 
In order to evaluate growing conditions for AMB-1 for zinc uptake, we tested the growth effect of 
PDTC and ZnCl2 on wild type Magnetospirillum magneticum AMB-1. We found no inhibition of 
growth from 1 to 10 µM PDTC, suggesting that AMB-1 grows robustly in the presence of PDTC 
with trace Zn (Figure 4.4A). However, addition of ZnCl2 has an unexpectedly dramatic effect on 
AMB-1. While previously tested bacteria grow with mild defects in the presence of 100 µM ZnCl2, 
this concentration of zinc inhibited the growth of magnetotactic bacteria over 48 h (Figure 4.4B). 
At 50 µM ZnCl2, AMB-1 showed no growth defect. However, the magnetic response of the cells 
(Cmag) peaked at 1.55 as opposed to AMB-1 cells grown without zinc (peak Cmag ~ 2.0), suggesting 
that zinc may play an inhibitory role in magnetite biogenesis (Figure 4.4B). The next step is be to 
determine growth curves of AMB-1 in the presence of 50 µM ZnCl2 with various concentrations 
of PDTC to find concentrations in which Zn-PDTC has an effect on growth without killing the 
cells. 

Next, the AMB-2 Δmms6cl + mmsZnO strain will be grown in the presence of Zn-PDTC and 
in both the presence and absence of iron. These cells can be characterized by TEM for their ability 
to grow nanocrystals and the material subject to more detailed physical analysis to determine 
mineral identity.  There are also small molecules which inhibit the efflux of metal ions [64]. 
Introduction of these efflux inhibitors could increase the effectiveness of Zn-PDTC complexes, 
giving the zinc time to accumulate and be deposited in the magnetosome. 
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Figure 4.4. Growth curves for wild type AMB-1 in the presence of zinc and a zinc ionophore. The OD400 and the Cmag of wild type 
AMB-1 was monitored for 48-82 hr. (A) AMB-1 were grown in 0.5-10 µM of the zinc ionophore, pyrrolidine dithiocarbamate (PDTC): 
0.5 µM (black squares), 1 µM PDTC (light gray triangles), 5 µM PDTC (red diamonds), 10 µM PDTC (dark gray circles). (B) AMB-1 
were grown in 50-150 µM of zinc (II) chloride: 50 µM ZnCl2 (black circles), 100 µM ZnCl2 (dark gray squares), 150 µM ZnCl2 (red 
triangles). 
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Inducible magnetic response in AMB-1. We also seek to take advantage of the natural 
transition-metal based function of magnetotactic bacteria, response to an external magnetic field, 
to build a cellular biosensor with an inducible magnetic output. By all indications, the protein 
components of the magnetosome membrane necessary to magnetite biomineralization are pre-
assembled and primed to begin biomineralization immediately when the necessary environmental 
conditions (i.e. the presence of iron) are achieved [25, 65]. Therefore, magnetotactic bacteria 
provide a unique system for a simple biosensor: turning on a key biomineralization gene upstream 
of the membrane-forming process could also turn on a magnetic moment, an output detected by 
instrumentation as simple as a bar magnet. 

We began by testing promoter-repressor pairs to find a set of responsive elements that are 
active in M. magneticum AMB-1. We began by using mamP as an inducible gene due to both the 
large dynamic range of magnetic response between AMB-1 ΔmamP (Cmag ~ 1.2) and AMB-1 
ΔmamP + mamP (Cmag ~ 2.0) as well as our access to αMamP antibodies and several constructs 
for MamP expression in AMB-1 (Chapter 2). To this end, we expressed mamP from bacterial 
inducible promoters and their cognate respressors on pAK(AmpR)-derived plasmids in an AMB-1 
∆mamP background. We chose to test the common T5 and araBAD promoters, which are responsive 
to IPTG and arabinose, respectively [66]. We are also interested in testing promoters that can be 
induced by common environmental contaminants such as heavy metals or steroids, and chose to 
examine the promoter from the Au-responsive golTSB operon in AMB-1 [36, 37]. We found that 
the expression levels of mamP in the AMB-1 ΔmamP strain background were negligible from the 
pAK262Amp-LacIq.(T5)MamP and the pAK262Amp-AraC.(ara)MamP plasmids. However, 
MamP expression from the gol promoter in the AMB-1 ΔmamP + pAK262Amp-golTSB.MamP 
strain was high, suggesting that either the promoter has leaky expression or the repressor is not 
well-expressed/active in AMB-1. The construct also showed a near wild-type Cmag of 1.85 
(compared to a wild type Cmag ~ 2.0), also indicating that MamP expression is high enough to make 
magnetite particles with a wild type phenotype.  

We then tested the ability to induce the expression of MamP (Figure 4.5). We added the 
inducers IPTG (500 µM) to AMB-1 ΔmamP + pAK262Amp-LacIq.(T5)MamP and arabinose (10 
mM) to ΔmamP + pAK262Amp-AraC.(ara)MamP. We found that MamP expression was 
negligible under the pBAD promoter, suggesting that the promoter is not active in AMB-1 and that 
higher concentrations of arabinose inducer should be tested. Expression of MamP was induced 
from the T5 promoter. However, though the expression of MamP was inducible, we were unable 
to achieve a magnetic response upon complemnetation. Both cells expressing MamP after 
induction and cells not expressing MamP after induction showed a Cmag around 1.30. These results 
may indicate that the timing of MamP expression could be an important factor in its ability to 
complement the corresponding genetic knockout and that other genes may be better candidates for 
biosensor development. 

Though mamP is a convenient gene for monitoring inducible protein expression in AMB-1, 
other genes which are critical for the early stages of magnetite formation but do not interfere with 
magnetosome membrane formation could provide a larger dynamic range of inducible magnetic 
response. For example, mamM and mamB are thought to encode cation diffusion facilitator family 
proteins and probably are involved in iron transport into the magnetsome, while mamN is thought 
to encode a Na+/H+ antiporter, also critical in the early stages of magnetite formation. Knockouts 
of all three of these genes result in a Cmag of 1.0 (no magnetic response) [25]. Thus, even poor 
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formation of magnetite with the induction of these genes could provide a detectable induced 
magnetic response.  

 
 

 
 
 
4.4. Conclusions 

In summary, we have set up and begun testing systems to engineer magnetotactic bacteria for 
the production of new functional materials. We have replaced the metal-binding C-terminus of 
native Mms6 family proteins in AMB-1 with peptides known to precipitate metal oxides in vitro 
under mild conditions. Initial characterization of the behavior of these constructs in AMB-1 has 
been carried out although additional experiments are required to test whether they can enable 
formation of new materials in vivo. Towards this goal, we tested the tolerance of AMB-1 to the 
first row transition metal Zn, and we suggest that the zinc ionophore pyrrolidine dithiocarbamate 
could be conducive in bypassing the tightly-regulated metal-uptake systems in AMB-1 to allow 
transport of different metal ions into the magnetosome for formation of non-iron materials. In a 
separate goal, we have also discussed developing a cellular biosensor based on the formation of a 
magnetic material in response to an analyte. We tested common inducible bacterial promoters T5 
and pBAD for the expression of magnetosome proteins, and discovered that IPTG can induce 
MamP expression under the control of the T5 promoter. We believe that inducible magnetism 
might be achieved by the inducible expression of magnetosome proteins involved in iron uptake.  
 
 
 
 
 
 

 
 
 
Figure 4.5. Westerns for inducible expression of MamP in AMB-1 by immunostaining with αMamP. We compared the expression 
of MamP in complemented with wild-type MamP strains under the control of inducible promoters T5, pBAD, and gol with and 
without their respective inducer. The strain ΔmamP containing the plasmids pAK262Amp-LacIq.(T5)MamP (pre-induction lane 
T5), pAK262Amp-AraC.(ara)MamP (pre-induction lane pBAD), and pAK262Amp-golTSB.MamP (pre-induction lane gol) were 
tested for MamP exrpression without induction. The strain ΔmamP containing the plasmids pAK262Amp-LacIq.(T5)MamP (post-
induction lanes T5) and, pAK262Amp-AraC.(ara)MamP (post-induction lane pBAD) were tested for MamP expression by inducing 
at OD400 = 0.08 with 500 µM IPTG or 10 mM arabinose, respectively. The Cmag was measured at OD400 = 0.18-0.20 before the 
cells were prepared for immunostaining.  
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Table A1.1. Plasmid constructs. 

Plasmid Description Source 

pAK344 mamT disruption plasmid ref. 1 

pAK262 mamP (tac), mob+, KmR, pBBR1 replicon ref. 1 

pAK262Amp-MamP mamP (tac), mob+, AmpR, pBBR1 replicon  Ch. 2 

pAK262Amp-MamPΔheme1 mamPΔheme1 (tac), mob+, AmpR, pBBR1 replicon Ch. 2 

pAK262Amp-MamPΔheme2 mamPΔheme2 (tac), mob+, AmpR, pBBR1 replicon Ch. 2 

pAK262Amp-MamPΔheme mamPΔheme (tac), mob+, AmpR, pBBR1 replicon Ch. 2 

pAK262Amp-MamT mamT (tac), mob+, AmpR, pBBR1 replicon Ch. 2 

pAK262Amp-MamTΔheme1 mamTΔheme1 (tac), mob+, AmpR, pBBR1 replicon Ch. 2 

pAK262Amp-MamTΔheme2 mamTΔheme2 (tac), mob+, AmpR, pBBR1 replicon Ch. 2 

pAK262Amp-MamTΔheme mamTΔheme (tac), mob+, AmpR, pBBR1 replicon Ch. 2 

pAK262Amp-MamP.FLAG mamP.FLAG (tac), mob+, AmpR, pBBR1 
replicon Ch. 2 

pAK262Amp-FLAG.MamP FLAG.mamP (tac), mob+, AmpR, pBBR1 
replicon Ch. 2 

pAK262-MamP.GFPsf mamP.GFPsf (tac), mob+, KmR, pBBR1 replicon Ch. 2 

pAK262-GFPsf.MamP GFPsf.mamP (tac), mob+, KmR, pBBR1 replicon Ch. 2 

pCWOri-OmpA.MamP ompA.mamP (double tac), AmpR, ColE1 
replicon Ch. 2 

pCWOri-OmpA.His6.SUMOtev.MamP ompA.His6.SumoTev.mamP (double tac), AmpR, 
ColE1 replicon Ch. 2 

pCWOri-OmpA.His6.NusAtev.MamP ompA.His6.NusATev.mamP (double tac), AmpR, 
ColE1 replicon Ch. 2 

pCWOri-OmpA.His6.MOCRtev.MamP ompA.His6.MocrTev.mamP (double tac), AmpR, 
ColE1 replicon Ch. 2 

pCWOri-OmpA.His6.TRXtev.MamP ompA.His6.TrxTev.mamP (double tac), AmpR, 
ColE1 replicon Ch. 2 

pCWOri-OmpA.His6.MBPtev.MamP ompA.His6.MBPTev.mamP (double tac), AmpR, 
ColE1 replicon Ch. 2 

pET29a-OmpA.His6.MOCRtev.MamP ompA.His6.MOCRtev.mamP (T7), KmR, ColE1 
replicon Ch. 2 

pET29a-OmpA.His6.MBPtev.MamP ompA.His6.MBPtev.mamP (T7), KmR, ColE1 
replicon Ch. 2 

pCR2.1-MBPtev.sMms7mat MBPtev.mms7mat, AmpR, ColE1 replicon Ch. 3 
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pET16sx-Strep.MBPtev.sMms7mat strepII.MBPtev.mms7mat (T7), AmpR, ColE1 
replicon Ch. 3 

pET16sx-Strep.MBPtev.Mms7ct strepII.MBPtev.mms7ct (T7), AmpR, ColE1 
replicon Ch. 3 

pSV272.1-His6.MBPtev.Mms6mat his6.MBPtev.mms6mat (T7), KmR, f1 replicon Ch. 3 

pSV272.1-His6.MBPtev.Mms6ct his6.MBPtev.mms6ct (T7), KmR, f1 replicon Ch. 3 

pSV272.1-His6.MBPtev.Mms6ct.MSR-1 his6.MBPtev.mms6ct.MSR-1 (T7), KmR, f1 
replicon Ch. 3 

pSV272.1-His6.MBPtev.Mms7ct.MSR-1 his6.MBPtev.mms7ct.MSR-1 (T7), KmR, f1 
replicon Ch. 3 

pSV272.1-His6.MBPtev.Mms6ct.MV-1 his6.MBPtev.mms6ct.MV-1 (T7), KmR, f1 
replicon Ch. 3 

pSV272.1-His6.MBPtev.Mms7ct.MV-1 his6.MBPtev.mms7ct.MV-1 (T7), KmR, f1 
replicon Ch. 3 

pSV272.1-His6.MBPtev.Mms6ct.MC-1 his6.MBPtev.mms6ct.MC-1 (T7), KmR, f1 
replicon Ch. 3 

pSV272.1-His6.MBPtev.Mms7ct.Fos001 his6.MBPtev.mms7ct.Fos001 (T7), KmR, f1 
replicon Ch. 3 

pSV272.1-His6.MBPtev.Mms6ct.ΔE his6.MBPtev.mms6ct.ΔE (T7), KmR, f1 replicon Ch. 3 

pSV272.1-His6.MBPtev.Mms7ct.ΔE his6.MBPtev.mms6ct.ΔE (T7), KmR, f1 replicon Ch. 3 

pSV272.1-His6.MBPtev.FF1.Mms6ct his6.MBPtev.FF1.mms6ct (T7), KmR, f1 replicon Ch. 3 

pSV272.1-His6.MBPtev.FF2.Mms6ct his6.MBPtev.FF2.mms6ct (T7), KmR, f1 replicon Ch. 3 

pSV272.1-His6.MBPtev.Melittin.Mms6ct his6.MBPtev.melittin.mms6ct (T7), KmR, f1 
replicon Ch. 3 

pAK262Amp-MmsF.Mms6 mmsF.mms6 (tac), mob+, AmpR, pBBR1 
replicon Ch. 3 

pAK262Amp-MmsF mmsF (tac), mob+, AmpR, pBBR1 replicon Ch. 3 

pAK262Amp-Mms6 mms6 (tac), mob+, AmpR, pBBR1 replicon Ch. 3 

pAK262Amp-MmsF.MmsTiO2 mmsF.mmsTiO2 (tac), mob+, AmpR, pBBR1 
replicon Ch. 4 

pAK262Amp-MmsTiO2 mmsTiO2 (tac), mob+, AmpR, pBBR1 replicon Ch. 4 

pAK262Amp-MmsF.MmsZnO mmsF.mmsZnO (tac), mob+, AmpR, pBBR1 
replicon Ch. 4 

pAK262Amp-MmsF.MmsAu mmsF.mmsAu (tac), mob+, AmpR, pBBR1 
replicon Ch. 4 

pAK262Amp-LacIq.(T5)MamP. mamP (T5), lacIq, mob+, AmpR, pBBR1 replicon Ch. 4 

pAK262Amp-AraC.(ara)MamP mamP (ara), araC, mob+, AmpR, pBBR1 replicon Ch. 4 

pAK262Amp-(ara)MamP mamP (ara), mob+, AmpR, pBBR1 replicon Ch. 4 
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pAK262Amp-golTSB.MamP mamP (gol), golTSB, mob+, AmpR, pBBR1 
replicon Ch. 4 

pAK262Amp-(gol)MamP mamP (gol), mob+, AmpR, pBBR1 replicon Ch. 4 

pAK262Amp-LacIq.(T5)MamP.GFPsf MamP.GFPsf (T5), lacIq, mob+, AmpR, pBBR1 
replicon Ch. 4 

pAK262Amp-AraC.(ara)MamP.GFPsf MamP.GFPsf (ara), araC, mob+, AmpR, pBBR1 
replicon Ch. 4 

pAK262Amp-LacIq.(T5)GFPsf GFPsf (T5), lacIq, mob+, AmpR, pBBR1 replicon Ch. 4 

pAK262Amp-AraC.(ara)GFPsf. GFPsf (ara), araC, mob+, AmpR, pBBR1 replicon Ch. 4 

pET29a-OmpA.MamT.strepII ompA.mamT.strepII (T7), KmR, ColE1 replicon App. 2 

pET29a-OmpA.His6.MBPtev.MamT ompA.His6.MBPtev.mamT (T7), KmR, ColE1 
replicon App. 2 
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Table A1.2. Primers used in the construction of plasmids in Table A1.1. 

Name Sequence 
pAK MamP F1 gattaagcattggtaactgtcagcgggactctggggttcgaaatgaccgaccaagcg 

pAK MamP R1 caggaaggcaaaatgccgcaaaaaagggaataagggcgacacggaaatgttgaatactcatgcgaaacgatcctcatcct
g 

pAK MamP F2 gaggatcgtttcgcatgagtattcaacatttccgtgtcgcccttattcccttttttgcggcattttgccttcctg 

pAK MamP R2 ccccagagtcccgctgacagttaccaatgcttaatcagtgaggcacctatctcagcgatctgtctatttcgttcatccat
agttgcc 

MamP QC F1 cgtcaatcctcacgaagtgcgcgggccggcggaagccgcggcggtcataaagtgaactagttctagagcggccgccaccg
cgg 

MamP QC R1 ccgcggtggcggccgctctagaactagttcactttatgaccgccgcggcttccgccggcccgcgcacttcgtgaggattg
acg 

MamP QC F2 ccccacggctatcgcggcgccgcaaccgatgcggcgcccatcggccaggggttcgagttgacccc 

MamP QC R2 ggggtcaactcgaacccctggccgatgggcgccgcatcggttgcggcgccgcgatagccgtgggg 

MamP Ex F1 gtagcgcaggccatggcacaggccacgaatacgcag 

MamP Ex R1 acagcttatcatcgataagctttcactttatgacgtggcaggc 

MamP Ex F2 gagaccatgggtcatcatcatcatcatcatcacgagctctcttctatggctagcatgtcggactcagaag 

MamP Ex R2 gagaaagctttcactttatgacgtggcaggcttcgcacggccc 

MamP Ex F3 gagaccatgggtcatcatcatcatcatcatcacgagctctcttctatgaaatcttctcaccatcaccatc 

MamP Ex F4 gagaccatgggtcatcatcatcatcatcatcacgagctctcttctatgagcaacatgacatacaataatgttttcgac 

MamP Ex F5 gagaccatgggtcatcatcatcatcatcatcacgagctctcttctatgagcgataaaattattcacctgac  

MamP Ex R5 gagactcgagtcactttatgacgtggcaggcttcgcacggccc 

MamP Ex F6 gagaccatgggccatcatcatcatcatcatcatcatcatcacggtgcatccggcgg  

MamP Ex R3 caccgcctgggactgcgtattcgtggcctgggcgccctgaaaatacaggttttcctcgatcccgaggttgttg  

MamP Ex F7 caggccacgaatacgcagtcccaggcggtg 

MamP Ex F8 gagatctagaaataattttgtttaactttaagaaggagatatacatatgaaaaagacagctatcgcgattgcagtggcac
tggctggtttcgc 

MamP Ex R4 gagactcgagtcactttatgacgtggcaggcttcgcacggccc 

MamP LIC F1 tacttccaatccaatgcacaggccacgaatacgcag 

MamP LIC R1 ttatccacttccaatgttattatcactttatgacgtggcag 

pAK MamT F1 gacaagaaaggcggcatgagatggcaattatgaactagttctagagcggccgccaccgcg 

pAK MamT R1 cgcggtggcggccgctctagaactagttcataattgccatctcatgccgcctttcttgtc 

MamT SF1 atgagcatggaggcgccgcg 
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MamT SR1 gacatcgtggtcaaggtgccgg 

MamT QC F1 gaagccaggaaccggaatgccgcatccctatgtaggcgatgcaatccaggcagcactgatggtgggcggcccggc 

MamT QC R1 gccgggccgcccaccatcagtgctgcctggattgcatcgcctacatagggatgcggcattccggttcctggcttc 

MamT QC F2 cgcatccgccggccggacgagcaatcaaagcagcagacatcgtggtcaaggtgccggtggacaagaaaggcg 

MamT QC R2 cgcctttcttgtccaccggcaccttgaccacgatgtctgctgctttgattgctcgtccggccggcggatgcg 

MamP Flag F1 caatttcacacaggaaacagaattcatgaatagcaaggtggcgcttctggtcgtgggactggc 

MamP.Flag R1 tcacttgtcatcgtcatccttgtagtcgatgtcatgatctttataatgaccgtcatggtctttgtagtcctttatgacgt
ggcaggcttcgcacggccc 

MamP Flag F2 gatcatgacatcgactacaaggatgacgatgacaagtgaactagttctagagcggccgccaccgcggtg 

MamP Flag R2 catgaattctgtttcctgtgtgaaattgttatccgctc 

Flag MamP F1 cgactacaaggatgacgatgacaagatgaatagcaaggtggcgcttctggtc 

Flag MamP R1 caccgcggtggcggccgctctagaactagttcactttatgacgtggcaggcttcgcacggccc 

Flag MamP F1 tgaactagttctagagcggccgccaccgcggtg 

Flag MamP R2  catcttgtcatcgtcatccttgtagtcgatgtcatgatctttataatgaccgtcatggtctttgtagtccatgaattctg
tttcctgtgtg 

P GFPsf F1 caatttcacacaggaaacagaattcatgaatagcaaggtggcgcttctggtcgtgggactggc 

P GFPsf R1 gttcttcacctttagacatggatccctttatgacgtggcaggcttcgcacggccc 

P GFPsf F2 cgtgcgaagcctgccacgtcataaagggatccatgtctaaaggtgaagaactgttcaccggtgttgttccgatcctggtt
gaactggatggtg 

P GFPsf R2 caccgcggtggcggccgctctagaactagttcatttgtagagctcatccatgccgtgcgtgatacctgctgcagtaacga
actc 

GFPsf P F1 caatttcacacaggaaacagaattcatgtctaaaggtgaagaactgttcaccggtgttgttccgatcctggttgaactgg
atggtg 

GFPsf P R1 gccaccttgctattcatggatcctttgtagagctcatccatgccgtgcgtgatacctgctgcagtaacgaactc 

GFPsf P F2 gagctctacaaaggatccatgaatagcaaggtggcgcttctggtcgtgggactggc 

GFPsf P R2 caccgcggtggcggccgctctagaactagtcactttatgacgtggcaggcttcgcacggccc 

MamT Ex F1 tatacatatgaaaaagacagctatcgcgattgcagtggcactggctggtttcgctaccgtagcgcaggccatggcgatcg
ggctgggactctattgggaccagctgtcc 

MamT Ex R1 gagaggatcctcacttttcgaactgcgggtggctccatgcgctgccacctaattgccatctcatgccgcctttcttgtcc
ac 

MamT Ex F2 tttgtttaactttaagaaggagatatacatatgaaaaagacagctatcgcgattgcagtggcactggc 

MamT Ex R2 tggtttcgctaccgtagcgcaggccatggcgatcgggctgggactctattgggaccagc 

MamT Ex F3 tgggaccagctgtccacg 

MamT Ex R3 cataattgccatctcatgccg 

MamT Ex F4 cggtggacaagaaaggcggcatgagatggcaattatgaggatccgaattcgagctccg 
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MamT Ex R4 ggcgttatgccggacggcgtggacagctggtcccaggcgccctgaaaatacaggtttt 

MBP F1 gagatatacatatgggttcttctatgaaaatcgaagaaggtaaactggtaatctggattaacggcgataaaggctataac
ggtctcgctg 

sMms7.Nt F1 gagatatacatatggctaaaggtctgggtctgggtctgggtctgggtctgggtgcttggggccctttcctgctgggtgca
gctggcctggcaggtgcgg  

sMms7.Ct R1 tatggatccttattcctcacccgccgcagccagcagtgcatcgtcgctcagatcaggggtgccgtgacgacgacgagccc
aaacgtacagagccgccgcacctgccaggccagctgc  

sMms7 SOE F1 acctgtttcagggcgccgaaaacctgtattttcagggcgctaaaggtctgggtctgggtctgggtctgggtc 

sMms7.SOE R1 gacccagacccagacccagacccagacctttagcgccctgaaaatacaggttttcggcgccctgaaacagg 

sMms7 R1 aatactagtatgcatttattcctcacccgccgcagccagcagtgcatcg 

Mms7ct F1 ctctgagctcgaacaacaacaacaataacaataacaacaacctcgggatcgaggaaaacctgtttcagggcgccgaaaac
ctgtattttcagggc 

Mms7ct R1 attactagtatgcatttattcctcacccgccgcagccagcag 

Mms7ct linker gaggaaaacctgtttcagggcgccgaaaacctgtattttcagggctacgtttgggctcgtcgtcgtcacggcacc 

6mat.AMB1 F1 attggcgccgaaaacctgtattttcagggcggtacgatctggacgggcaaaggtctgggtctgggtctg 

6mat.AMB1 R1 acaacgcccaggataatcgggccccaggcaccgagacccaggcccagacccagacccagacctttgc 

6mat.AMB1 F2 atcctgggcgttgtgggtgccggtgcggtgtacgcttacatgaaaagccgtgatattgaaagcgcaca 

6mat.AMB1 R2 attggatcctcacgccagggcgtcgcgcagctcaacttcctcgtcgctctgtgcgctttcaatatcacggc 

6mat rescue F1 attggcgccgaaaacctgtattttca 

6mat rescue R1 attggatcctcacgccagggc 

6ct.AMB1 F1 gagatataggcgccgaaaacctgtattttcagggtgccggtgcggtgtacgcttacatgaaaagccgtgatattgaaagc
gcacagagcgacgagg 

6ct.AMB1 R1 attggatcctcacgccagggcgtcgcgcagctcaacttcctcgtcgctctgtgcgctttcaatatcacggc 

6ct.MSR1 F1 gggatcgaggaaaacctgtattttcagggcgccggtgcggtgtacgcttatatgaaaagccgtgatattgaggcggccca
atctgatgaagaggtcgag 

6ct.MSR1 R1 gcgcggggagaggcggtttgcgtattgggcgccttagctcagcgcatcacgcagctcgacctcttcatcagattgggccg
cctcaatatcacggctttt 

7ct.MSR1 F1 gggatcgaggaaaacctgtattttcagggcgcctacacgtgggcgcgtcgtcgtcatggtgcaccggacgtgagcgatga
cgcg 

7ct.MSR1 R1 gcgcggggagaggcggtttgcgtattgggcgccttattcctcaccaaccgccgccagcagcgcgtcatcgctcacgtccg
gtgc 

6ct.MV1 F1 gggatcgaggaaaacctgtattttcagggcgccgtgtatggttatgtccgtagccgtaaggcggaacagagccagaccga
ggaggagctgg 

6ct.MV1 R1 gcgcggggagaggcggtttgcgtattgggcgccttatgcacctgcgatcaccgcagccagttccagctcctcctcggtct
ggctctgttccgcctta 

7ct.MV1 F1 gggatcgaggaaaacctgtattttcagggctattacctgtacaatcgtagcaaaaattccgccacgacggatgaggacct
gcaa 

7ct.MV1 R1 gcgcggggagaggcggtttgcgtattgggcgccttacgccagcgcaccggccagttcattttgcaggtcctcatccgtcg
tggc 

6ct.MC1 F1 gggatcgaggaaaacctgtattttcagggcgccgttggctacggtatctatgcgtatatgaagaatcgtggtgagcaggc
agatgag 

6ct.MC1 R1 gcgcggggagaggcggtttgcgtattgggcgccttagctaatggcctcctccaactcatctgcctgctcaccacgattct
tcat 
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7ct.Fos001 F1 gggatcgaggaaaacctgtattttcagggcgcctatggttatatgcgtcgccgtaaagccgcaggcggtgaatatgacca
cagcgaaaccgac 

7ct.Fos001 R1 gcgcggggagaggcggtttgcgtattgggcgccttagctcagtgcctcctggatggcgatgtcggtttcgctgtggtcat
attcaccgcct 

6ct.ΔE F1 gggatcgaggaaaacctgtattttcagggcgccggtgcaggcgcggtttatgcctatatgaaaagccgtgcgattgcgag
cgcacaaag 

6ct.ΔE R1 gcgcggggagaggcggtttgcgtattgggcgccttacgccagtgctgcacgcagcgccactgccgccgcgctttgtgcgc
tcgcaatcgcacggctt 

7ct.ΔE F1 gggatcgaggaaaacctgtattttcagggctatgtttgggcgcgtcgtcgtcatggcaccccggcgttgtctgcggcggc
cctg 

7ct.ΔE R1 gcgcggggagaggcggtttgcgtattgggcgccttaggccgcacccgccgcggccagcagggccgccgcagacaacgccg
ggg 

FF1 F1 ccaacagcggcgcgatcaccattggcggtgcggtgtacgcttacatgaaaagc 

FF1 R2 gccaatggtgatcgcgccgctgttggcgccctgaaaatacaggttttcc 

FF2 F1 caacgctttcagtggcagttccaacagcagggtgcggtgtacgcttacatgaaaag 

FF2 R1 ctgctgttggaactgccactgaaagcgttgctgggcgccctgaaaatacaggttttc 

Mel F1 ctgacgacgggtctgccggcactgatttcttggatcggtgcggtgtacgcttacatgaaaag 

Mel R1 tcagtgccggcagacccgtcgtcagcactttcagcaccgcaccgataccggcgccctgaaaatacaggttttcc 

MmsF6 F1 attgtgagcggataacaatttcacacaggaaacagaattcatgactgaagctatccttcgcagcacgctcggtg 

MmsF6 R1 actccgttggcgatctgagctggcatggatcctgtttccttcagatccggtgggcgacccagctgatcag 

MmsF6 F2 tcagctgggtcgcccaccggatctgaaggaaacaggatccatgccagctcagatcgccaacggag 

MmsF6 R2 tggagctccaccgcggtggcggccgctctagaactagttcatcaggccagcgcgtcgcgcagttcgacttc 

MmsF F1 atgactgaagctatccttcgcagca 

MmsF R1 tcagatccggtgggcgac 

MmsF F2 ctgcccctgatcagctgggtcgcccaccggatctgaactagttctagagcggccgcca 

MmsF R2 cgcaccgagcgtgctgcgaaggatagcttcagtcatgaattctgtttcctgtgtgaaattgttatcc 

Mms6 F1 agcggataacaatttcacacaggaaacagaattcatgccagctcagatcgccaa 

Mms6 R1 tggagctccaccgcggtggcggccgctctagaactagttcatcaggccagcgcgtcgcgcagttcgacttc 

Mms6 F2 tgaactagttctagagcggccgc 

Mms6 R2 gaattctgtttcctgtgtgaaattgttatcc 

MmsTi F1 attgtgagcggataacaatttcacacaggaaacagaattcatgccagctcagatcgccaacggagttatttgcccc 

MmsTi R1 agagcttgtgggtggggttcttcgtgcgcttcttccgctgcgccgattcgatatcacggctcttcatatacgcg 

MmsTi F2 cacgaagaaccccacccacaagctctgatgaactagttctagagcggccgccaccgcg 

MmsTi R2 gaattctgtttcctgtgtgaaattgttatccgctcacaattccacacattatacgagc 
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MmsFTi F1 cacgaagaaccccacccacaagctctgatgaactagttctagagcggccgccaccgcg 

MmsFTi R1 agagcttgtgggtggggttcttcgtgcgcttcttccgctgcgccgattcgatatcacggctcttcatatacgcg 

MmsFZn F1 attgtgagcggataacaatttcacacaggaaacagaattcatgactgaagctatccttcgcagcacgctcggtg 

MmsFZn R1 cctccgggacgcggagccactttgtgcatcacgtgggcctcatcacggctcttcatatacgcgtaaaccgcccc 

MmsFZn F1 aggcccacgtgatgcacaaagtggctccgcgtcccggaggtggctcctgctgatgaactagttctagagcggccgccacc
gcg 

MmsFZn R2 gaattctgtttcctgtgtgaaattgttatccgctcacaattccacacattatacgagc 

MmsFAu F1 attgtgagcggataacaatttcacacaggaaacagaattcatgactgaagctatccttcgcagcacgctcggtg 

MmsFAu R1 agggggcatagggggagcaccgctggagtaagcctgcgccgattcgatatcacggctcttcatatacgc 

MmsFAu F2 atcggcgcaggcttactccagcggtgctccccctatgccccctttctgatgaactagttctagagcggccgccaccgcg 

MmsFAu R2 gaattctgtttcctgtgtgaaattgttatccgctcacaattccacacattatacgagc 

lacR(lac)P F1 aatgcttaatgaattacaacagtttttatgcatgcagataaaatatttgctcatgagcccgaagt 

lacR(lac)P R1 cccacgaccagaagcgccaccttgctattcatcatatgtatatctccttcttgagctctgtgtgaa 

araR(ara)P F1 aatgcttaatgaattacaacagtttttatgcatgccgccagcaaccgcacctgtggc 

araR(ara)P R1 gtcccacgaccagaagcgccaccttgctattcatattagttgattttttcgaactggtg 

araP F1 aatgcttaatgaattacaacagtttttatgcatgccagacattgccgtcactgcgtc 

golMamP F1 gtcgccttgcgtataatatttgccgctctagaaattttgaatgttctac 

golMamP R1 catgctggagttcttcgcccaccccgaggatccctgcatagtgaactcc 

golMamP F2 cttaatgaattacaacagtttttatgcatgcctagtctagatatccagaacatgc 

golMamP R2 cagaagcgccaccttgctattcatgaattcgaggatccctgcatagtgaactcc 

P GFPsf F3 gggccgtgcgaagcctgccacgtcataaagggatccatgagtaaaggagaagaacttttcact 

P GFPsf R3 gagctccaccgcggtggcggccgctctagaactagtctatttgtatagttcatccatgccatgtgtaatcc 

lacGFP F1 atttcacacagagctcaagaaggagatataggatccatgagtaaaggagaagaacttttcact 

araGFP F1 ttttgggctagcgaattcgagctcggtaccgttttagccaccagttcgaaaaaatcaactaatatgagtaaaggagaaga
acttttcactggagtt 
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Table A1.3. Strains used in this work. 

Name Genotype Source 
Escherichia coli   
DH10B 
 

F– mcrA Δ(mrr-hsdRMS-mcrBC) Φ80lacZΔM15 ΔlacX74 
recA1 endA1 araD139 Δ(ara leu) 7697 galU galK rpsL nupG 
λ– tonA 

Invitrogen 

WM3064 thrB1004 pro thi rpsL hsdS lacZΔM15 RP4-1360 
Δ(araBAD)567 ΔdapA1341::[erm pir] 

W. Metcalf, 
UIUC 

C43(DE3) F – ompT hsdSB (rB- mB-) gal dcm (DE3) ref. 2 
BL21(DE3) fhuA2 [lon] ompT gal (λ DE3) [dcm] ∆hsdS Novagen 
   
M. magneticum AMB-1   
Wild type AK30 ref. 1  
ΔmamP AK69 ref. 1 
ΔR9 AK57 ref. 1 
ΔmamTΔR9 AK155 Ch. 2 
ΔR3 AK36 ref. 1 
Δmms6cl AK124 ref. 3 
Δmms6 AK103 ref. 3 
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Supplementary methods 
 

Plasmid construction. Standard molecular biology techniques were used to carry out plasmid 
construction. All PCR amplifications were carried out with Phusion DNA polymerase. For 
amplification of GC-rich sequences from M. magneticum AMB-1 (AMB-1), PCR reactions were 
supplemented with DMSO (5%) with primer annealing temperatures 8-10°C below the melting 
temperature (Tm) calculated using OligoCalc [1]. Plasmids were assembled either using the Gibson 
method [2] or restriction digest and ligation. All constructs were verified by sequencing (Quintara 
Biosciences; Berkeley, CA).  

Plasmids for heterologous expression of MamT in E. coli. The initial plasmid for the 
heterologous expression of MamT in E. coli was constructed in a series of steps designed to make 
intermediates for testing MamT expression.  

pET29a-OmpA.MamT.strepII. The sequence encoding the soluble MamT sequence 
(residues 21 - 176) predicted by TMHMM program [3] was amplified from the AMB-1 
genome with MamT Ex F1/R1. The Gibson overlaps were added with nested PCR by 
amplifying the isolated mamT gene with the MamT Ex F2/R2 primers. The 
OmpA.MamT.strepII cassette was then inserted into the NdeI-BamHI site of pET29a.  
pET29a-OmpA.His6.MBPtev.MamTt. The sequence encoding a further-truncated soluble 

MamT (residues 29 - 176) was amplified from pAK262Ap-MamT with MamT Ex F3/R3 primers. 
The pET29a-OmpA.His6.MBPtev.MamT vector was constructed by amplifying the pET29a-
OmpA.His6.MBPtev cassette from pET29a-OmpA.His6.MBPtev.MamP with MamT Ex F4/R4 
primers, and using Gibson assembly [2] to insert the mamT gene into the vector backbone.  

Immunostaining for MamT. Antibodies to MamT were raised by ProSci, Inc. (Poway, CA) 
in rabbits using a synthetic peptide from MamT (CHDIVVKVPVDKKGGMRWQL) conjugated 
to a carrier protein. Testing of these antibodies indicated that MamT could be detected to < 20 
ng/lane using a 1:1000 dilution. AMB-1 cultures were grown without agitation in MG (10 mL) 
containing 20 mM HEPES pH 7.2 at 30°C in seal-capped anaerobic culture tubes (20 mL) 
evacuated with Ar to OD400 nm = 0.2 (~ 2d). Cells were pelleted by centrifugation (9,800 × g) for 
15 min and resuspended in 2× Laemmli buffer containing BME (5% v/v) (125 µL for 10 mL of 
culture at OD400 nm = 0.2). The cell suspension was heated at 70ºC for 15 min and centrifuged 
(14,000 × g) for 10 min at room temperature to remove particulate matter. Samples (15 uL) were 
run on a 12% Bis-Tris SDS-PAGE gel at 150 V at 4ºC for 45-80 min. The gel was equilibrated in 
transfer buffer (50 mM Tris, 192 mM glycine, 20% v/v methanol, 0.05% w/v SDS) for 25 min 
before transferring at 50 V for 2 h to a pre-wetted PVDF membrane (Bio-Rad) using a BioRad 
Trans-Blot. All subsequent steps utilized a rocking agitator to provide mixing. The membrane was 
blocked for 2 h at room temperature in 5% w/v milk (Apex BioResearch Products, Research 
Triangle Park, NC) in TBST buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 0.1% w/v Tween-20) 
followed by incubation with MamT primary antibodies (1:1000 dilution) in TBST containing 5% 
w/v milk at room temperature for 1.5 h. The membrane was washed in TBST (3 × 15 min) before 
incubating with Goat Anti-Rabbit IgG-HRP (Bio-Rad Laboratories,1:5000) at room temperature 
for 1 h. The membrane was washed again TBST (3 × 15 min) before visualization with a Western 
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Lightning Plus ECL kit (PerkinElmer; Waltham, MA) using a Bio-Rad Mini Trans-Blot Cell and 
Quantity One software. 

Heterologous expression and purification of MamT.strepII. 2 × YT (6 × 1 L) containing 
Cb (50 µg/mL) and Cm (35 µg/mL) in a 2.8 L Fernbach baffled shake flask was inoculated with 
10 mL of an overnight 50 mL LB culture of freshly transformed E. coli C43(DE3) containing the 
appropriate overexpression plasmid and the cytochrome c maturation plasmid, pEC86 [4]. The 
cultures were grown at 37°C and 200 rpm to OD600 ~ 0.7, at which point cultures were induced to 
express protein with IPTG (500 µM) and shaken for 6 h at 24°C and 200 rpm with the heme 
precursor 5-aminolevulinic acid (55 mg/mL). Cell pellets were harvested by centrifugation at 
5,524 × g for 7 min at 4ºC and immediately lysed for protein purification. 

Harvested cell pellets were thoroughly resuspended (5 mL/g wet cell paste) by gentle pipetting 
in MamT Periplasmic Lysis Buffer (20% w/v sucrose, 0.5 mM EDTA, 100 mM Tris, pH 8.0) 
supplemented with a Complete EDTA-free protease inhibitor cocktail (1 tablet/50 mL buffer, 
Roche). A combined lysozyme/osmotic shock strategy was employed to prepare the periplasmic 
fraction by addition of lysozyme (0.5 mg/mL) and incubation with gentle stirring at 4°C for 1.5 h 
followed by the addition of an equal volume of cold ddH2O. The soluble periplasmic fraction was 
separated from the remaining cellular debris by centrifugation at 10,414 × g for 15 min at 4°C. 
The soluble periplasmic fraction with added avidin (1 mg) was loaded onto a Strep-Tactin 
Superflow column (IBA GmbH, 6 mL) equilibrated with Strep Resin Wash Buffer (50 mM Tris 
pH 8.0, 150 mM NaCl, 1 mM PMSF). The resin was washed with 20 CV of Strep Resin Wash 
Buffer and eluted with 15 CV Strep Resin Elution Buffer (50 mM Tris pH 8.0, 150 mM NaCl, 2.5 
mM d-desthiobiotin). The eluate was concentrated to <10 mL in an Amicon Ultrafiltration Stirred 
Cell (Millipore) fit with a 5 kD MWCO YM regenerated cellulose membrane (Millipore) and then 
further concentrated to <2 mL in a 3 kD MWCO Amicon Ultra-15 Centrifugal Filter Unit 
(Millipore) by centrifugation  (5,000 × g) at 4°C. 

Heterologous expression and purification of MamT from His6.MBP.MamT. 2 × YT (4 × 1 
L) containing Km (50 µg/mL) and Cm (35 µg/mL) in a 2.8 L Fernbach baffled shake flask was 
inoculated with 10 mL of an overnight 50 mL LB culture of freshly transformed E. coli C43(DE3) 
containing the appropriate overexpression plasmid and the cytochrome c maturation plasmid, 
pEC86 [4]. The cultures were grown at 30°C and 200 rpm to OD600 = 0.6 to 0.7, at which point 
cultures were induced to express protein with IPTG (250 µM) and shaken overnight at 30°C and 
200 rpm. Cell pellets were harvested by centrifugation at 5,524 × g for 7 min at 4ºC and 
immediately lysed for protein purification. 

The fusion was purified as described for the His6.MBP.MamP until the TEV cleavage step, 
using 100 mM NaCl in buffers as opposed to 300 mM. As the cleaved MamT concentrates poorly 
due to sticking to dialysis membranes and spin filters, steps were taken to eliminate these steps. 
First, His6.MBP.MamT was concentrated to < 4 mL and then was buffer-exchanged by G25 
column (GE Healthcare; 50 mL in 50 mM potassium phosphate pH 8.0, 50 mM NaCl, 10 mM 
imidazole, 10% glycerol) prior to TEV cleavage. To the G25 eluate, His-tagged TEV protease (~ 
1 mg TEV per 20-30 mg of His6.MBP.MamT fusion) and the resulting mixture was loaded onto a 
DEAE-Sepharose column. The column (~ 20 mL) was run in 4 CV Buffer A and then in a gradient 
into Buffer B over 5 CV and then in 1 CV in Buffer B (Buffer A, 50 mM potassium phosphate pH 
8.0, 50 mM NaCl, 10 mM imidazole, 10% glycerol; Buffer B, 50 mM potassium phosphate pH 
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8.0, 800 mM NaCl, 10% glycerol). Fractions with high Rz were used as needed or concentrated in 
filters with very small surface area, losing up to 80% of the protein but leaving enough for analysis 

Silver staining of SDS-PAGE gels. Samples were prepared for loading onto a gel by 
incubation for 15 min at room temperature with a Laemmli sample buffer with β-mercaptoethanol 
omitted (4× stock: 0.25 M Tris-HCl, 2% SDS, 40% glycerol, 0.04% bromophenol blue). The 
sample was analyzed by Tricine SDS-PAGE at room temperature following literature protocol [5] 
on a 15 w/v% acrylamide gel. The gel was stained using a SilverQuest Silver Staining Kit 
(Invitrogen; Carlsbad, CA).  

 

Supplementary results 
 

Expression, isolation, and heme content of MamT from M. magneticum AMB-1. Based 
on the essential role of the heme redox sites of these two cytochromes in vivo, we also attempted 
to confirm the in vitro biochemical characterization of MamT, which is both predicted to be 
anchored to the magnetosome via a transmembrane segment [6, 7]. Towards this goal, we 
constructed two plasmids for the heterologous expression of the MamT protein from AMB-1 in 
Escherichia coli (E. coli) based on our successful MamP expression plasmids. These two plasmids 
contain the native mamT gene encoding the predicted mature sequence of MamT (residues 29 - 
176) as well as an N-terminal OmpA tag [8] to direct the protein to the periplasm of E. coli, which 
provides an oxidizing compartment needed for the maturation of c-type cytochromes [9]. The first 
construct also consists of a C-terminal strepII tag, while the second construct includes a 
solubilization tag consisting of a fused protein (MBP, maltose-binding protein) flanked by an N-
terminal His6-affinity tag and C-terminal Tobacco Etch Virus (TEV) protease cleavage site 
(Appendix 1). Overall, we found that the solubility of MamT was problematic in both variants, 
though the small amounts we were able to purify confirms that MamT is a heme-loaded c-type 
cytochrome by UV-VIS and ESI-MS.  

MamT.strepII is >90% clean by SDS-PAGE gel electrophoresis, but so little protein was 
obtained that a silver stain was necessary to visualize the total protein content. The purification gel 
of MamT from the MBP fusion show partially pure MamT. The UV-VIS shows a characteristic 
heme absorption Soret peak at 407 nm with an Rz of 5.6. The pure MamT Soret peak should have 
an Rz greater than or equal to 7.2 or that of MamP’s, showing that MamT has not been fully isolated 
(Figure A2.1). The ESI-MS spectrum confirms this. The peak in the ESI mass spectrum for 
truncated MamT isolated from His6.MBP.MamT is centered at 17,441 Da, as expected for the 
diheme-loaded protein (calculated: 17,443 Da). The other peak in the spectrum is a contaminant 
centered at 26,249 kDa and is likely a contaminant from the periplasm of E. coli. Despite the 
problems purifying MamT, in vitro analysis does suggest that MamT is a diheme-loaded c-type 
cytochrome that can act as an electron transfer protein in vivo. 

Immunostaining for MamT. Antibodies to MamT were raised by ProSci, Inc. (Poway, CA) 
in rabbits using a synthetic peptide from MamT (CHDIVVKVPVDKKGGMRWQL) conjugated 
to a carrier protein. Testing of these antibodies indicated that MamT could be detected to < 20 
ng/lane using a 1:1000 dilution. However, immunostaining of AMB-1 cell pellets did not detect 
very high levels of the protein (Figure A2.2). It is possible that MamT is not very highly expressed, 
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that is it highly associated with the magnetite and thus difficult to solubilize to run on the gel, or 
simply that the protocol has not been optimized well for MamT detection. 

 
 

 
 
 

                 
 
Figure A2.1. Heterologous expression and purification of two MamT constructs. (A) Purification of MamT.strepII.Silver-stained 
SDS-PAGE gel: pre-induction (lane 1), post-induction (lane 2), periplasm (lane 3), spheroblast (lane 4), strep resin eluate 2x 
dilution (lane 5), strep resin eluate (lane 6). UV-VIS spectrum of MamT.strepII  (B) Purification of MamT from His6.MBP.MamT. 
Heme-stained and Coomassie-stained SDS-PAGE gel: post-TEV cleavage (lane 1), DEAE eluate MamT peak  (lane 2), DEAE 
eluate MBP peak (lane 3), DEAE eluate MamT peak after a second NiNTA clean-up  (lane 4). UV-VIS spectrum of MamT. 

127 
 



 
 
 
References 

 
 
1. W. A. Kibbe (2007) OligoCalc: an online oligonucleotide properties calculator. Nucleic 

Acids Res. 35(Web Server issue):W43-46. 
2. D. G. Gibson, L. Young, R. Y. Chuang, J. C. Venter, C. A. Hutchison, and H. O. Smith 

(2009) Enzymatic assembly of DNA molecules up to several hundred kilobases. Nat. 
Methods 6(5):343-345. 

3. A. Krogh, B. Larsson, G. von Heijne, and E. L. Sonnhammer (2001) Predicting 
transmembrane protein topology with a hidden Markov model: application to complete 
genomes. J. Mol. Biol. 305(3):567-580. 

4. E. Arslan, H. Schulz, R. Zufferey, P. Kunzler, and L. Thony-Meyer (1998) Overproduction 
of the Bradyrhizobium japonicum c-type cytochrome subunits of the cbb3 oxidase in 
Escherichia coli. Biochem. Biophys. Res. Commun. 251(3):744-747. 

5. H. Schagger (2006) Tricine-SDS-PAGE. Nat. Protoc. 1(1):16-22. 
6. M. I. Siponen, G. Adryanczyk, N. Ginet, P. Arnoux, and D. Pignol (2012) Magnetochrome: 

a c-type cytochrome domain specific to magnetotatic bacteria. Biochem. Soc. Trans. 
40(6):1319-1323. 

7. A. Taoka, Y. Eguchi, S. Mise, Z. Oestreicher, F. Uno, and Y. Fukumori (2014) A 
magnetosome-associated cytochrome MamP is critical for magnetite crystal growth during 
the exponential growth phase. FEMS Microbiol. Lett. 

8. M. P. Pritchard, R. Ossetian, D. N. Li, C. J. Henderson, B. Burchell, C. R. Wolf, and T. 
Friedberg (1997) A general strategy for the expression of recombinant human cytochrome 
P450s in Escherichia coli using bacterial signal peptides: expression of CYP3A4, 
CYP2A6, and CYP2E1. Arch. Biochem. Biophys. 345(2):342-354. 

                 
 
 
Figure A2.2. Immunostaining of AMB-1 cell pellets with αMamT. (A) Characterization of the αMamT serum with 
His6.MBPtev.MamP. Periplasmic preparation (lane 1), Ni-NTA eluate (lane 2). Based on the concentrations of these samples 
estimated using the absorption of the Soret peak, the detection limit is < 20 ng per lane for the MamT fusion. (B) Western blot 
comparing expression of MamP in wild type, ΔmamT, and ΔmamP.  Wild-type undiluted (lane 3), wild type (lane 4), ΔmamT (lane 
5), ΔmamP (lane 6). 
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