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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. To dissect the biological components that
control this process, we have carried out a genetic and biochemical
study of proteins proposed to function in iron mineralization. In this
study, we show that the redox sites of c-type cytochromes of the
Magnetospirillum magneticum AMB-1 magnetosome island, MamP
and MamT, are essential to their physiological function and that
ablation of one or both heme motifs leads to loss of function,
suggesting that their ability to carry out redox chemistry in vivo
is important. We also develop a method to heterologously express
fully heme-loaded MamP from AMB-1 for in vitro biochemical stud-
ies, which show that its Fe(lll)-Fe(ll) redox couple is set at an un-
usual potential (-89 + 11 mV) compared with other related
cytochromes involved in iron reduction or oxidation. Despite its
low reduction potential, it remains competent to oxidize Fe(ll) to
Fe(lll) and mineralize iron to produce mixed-valent iron oxides.
Finally, in vitro mineralization experiments suggest that Mms min-
eral-templating peptides from AMB-1 can modulate the iron redox
chemistry of MamP.
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he unparalleled ability of living systems to evolve new chem-

istry taps into both organic and inorganic reaction space as
well as 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, 2) and has inspired new methods for the
preparation of synthetic materials (3). The mineralization of cal-
cium is the most well understood as it produces perhaps the
largest class of biominerals (1, 2). However, the controlled min-
eralization of elements such as silicon (4), iron (5, 6), copper
(7), and manganese (8) is 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 magne-
tite [Fe(II)Fe(III),04] nanoparticles of various sizes (35-120 nm)
and shapes with several unusual properties (9-11). First, these
nanoparticles are generated as a single magnetic domain, suggesting
that they have naturally evolved to maximize the magnetic contri-
bution of each iron atom. In addition, the magnetite is synthesized
as an internally pure material with surface-passivating proteins
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rather than as a composite material with organic layers, as is often
observed in calcium-based biominerals. Also in contrast with the
structural biomaterials built from calcium and silicon, the pro-
duction of magnetite requires redox chemistry to produce the
mixed-valent Fe(IT)-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 geneti-
cally controlled conditions within a subcellular vesicle, called the
magnetosome, to produce defectless crystals with a narrow size
and shape distribution. Based on its Pourbaix diagram, magnetite
remains stable only at select redox potentials and pHs, implying that
the magnetosome forms a compartment that has been optimized
for synthesis of these materials (11). 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 (10, 11). Our
group is interested in identifying and characterizing the compo-
nents 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 (12, 13). A recent crystal structure of
the MamP ortholog from the Marine magnetotactic ovoid bacte-
rium MO-1 shows that it comprises a novel “magnetochrome” fold
involving the minimal association of 23 amino acids around each
c-type heme cofactor (13). In this work, we demonstrate that the
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double CXXCH heme motifs of MamP and MamT are essential
for magnetotaxis function, which supports a physiological role in
redox chemistry. In vitro biochemical experiments on purified
MamP demonstrate that it is competent to catalytically oxidize
Fe(II) to Fe(III) despite its relatively unusual reduction potential
compared with other iron-metabolizing cytochromes. Finally, in
vitro iron mineralization experiments show that MamP is capable
of producing mixed-valent iron oxides from soluble Fe(II) species
under several different pH and redox environments and that its
behavior can be modulated by a putative lattice-templating peptide
from the Mms family (Mms7) to control both mineral structure
and redox state.

Results

Genetic Characterization of the Physiological Function of mamP and
mamT in AMB-1. The genetic analysis of the AMB-1 MAI impli-
cates both mamP and mamT as essential but distinct components
involved in the mineralization of iron based on differences in iron
nanoparticle morphology that arise upon genetic deletion (12). To
further explore their physiological function, we used low-resolu-
tion transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) to probe minerali-
zation defects in genetic knockouts of mamP and mamT. The
mamT deletion was found to be unstable in a wild-type strain
background and was thus generated in the AR9 strain, in which
a repeated sequence is eliminated to increase genetic stability with
no apparent effect on iron mineralization (12). Wild-type AMB-1
produces 15-25 cubooctahedral magnetite nanoparticles per cell
with a size distribution centered around 40-60 nm (Fig. 1 and S7
Appendix, Figs. S1 and S2). In contrast, the AmamP strain pro-
duces mostly small, flake-like crystals along with 1-2 wild-type or
larger-sized crystals per cell. HRTEM analysis of these small
flakes proved to be difficult, due to either their poor crystallinity
or their small size. Crystals observed in the AmamTARSY strain are
small, elongated, and dumbbell-shaped.

Interestingly, HRTEM shows that all flakes and particles with
resolved 2D lattices produced in the AmamP, AmamTARY, and

wild-type strains are consistent with a magnetite structure (Fig. 1
and SI Appendix, Fig. S3), indicating that mamP and mamT are not
required for magnetite production although they are needed
for magnetotaxis. The ability of the AmamP strain to produce
a limited number of wild-type crystals per cell may be surprising
but could arise from redundant control of the iron biomineraliza-
tion process, both with respect to iron redox chemistry itself or
other magnetosome properties such as pH. Indeed, magnetite
nanoparticles can also be produced abiotically by simple mixing
of Fe(II) and Fe(III) at the appropriate pH and it is unusual to
observe the formation of iron oxides other than magnetite in
magnetotactic bacteria, even with severe cell and magnetite
growth disadvantages from deleterious genetic knockouts or
incubation with toxic concentrations of metal ions (14).

We sought to further 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 iron species within the
magnetosome (13). Therefore, each of the two CXXCH c-type
cytochrome motifs found within both MamP and MamT was either
individually or doubly mutated to AXXAA to remove the co-
ordinating histidine and two cysteines for covalent heme attach-
ment and expressed from a constitutive fac promoter in the
appropriate AmamP or AmamTAR9 background (SI Appendix,
Table S1). Initial characterization of the mamP and mamT heme
mutant strains was carried out using a qualitative assay for cellular
magnetization (Cpag), Which measures the ability of cells to turn in
the presence of an external magnetic field. The parental AmamP
and AmamTARO strains exhibit a strong magnetic defect with Crag
measurements of 1.2 + 0.1 and 1.2 + 0.05, respectively, where 1.0
indicates no cellular magnetization and 2.0 is the characteristic Crag
observed for wild-type AMB-1 (12) (Fig. 2). Complementation of
the chromosomal deletion of mamP or mamT with the corre-
sponding plasmid-borne wild-type gene rescues Cpyg to wild-type
levels. 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 (Fig. 2). TEM was then used to
analyze the size and shape of iron oxide particles produced by these
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TEM images and statistical analysis of nanoparticles produced by AMB-1 MamP and MamT heme mutants in vivo. For each strain, >300 particles from >20

cells from three different growths were analyzed. (A) Representative images of wild-type and AmamP strains compared with complemented strains. (B) Histo-
grams of crystal sizes observed in the MamP strains. (C) Representative image of HRTEM image and derived fast Fourier transform (FFT) lattice for AmamP crystals.
(D) Representative images of AR9 and AmamTAR9 strains compared with complemented strains. (E) Histograms of crystal sizes observed in the MamT strains.
(F) Representative image of HRTEM image and derived FFT lattice for AmamTAR9 crystals. (AP, AmamP, ATAR9, AmamTAR9; h1, heme1; h2, heme2; h, heme).
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Fig. 2. Magnetic response of AMB-1 MamP and MamT heme mutants in vivo.
(A) Wild-type and AmamP strains compared with AmamP complemented with
MamP heme variants. (B) AR9 and AmamTAR9 strains compared with
AmamTAR9 complemented with MamT heme variants. All data are reported as
the mean + SD of three biological replicates with technical duplicates (n = 6).
(Ah1, mamPapemer; Ah2, MamPpemea; Aheme, mamPpeme.)

mutants. Ablation of one or more of the heme sites of either MamP
or MamT yields a phenotype indistinguishable from the parental
AmamP and AmamTAR9 strains based on the nanoparticle his-
tograms (Fig. 1 and SI Appendix, Fig. S1). Overall, these results are
consistent with a model where the heme redox sites of both MamP
and MamT are critical for magnetite growth as the mutation of
a single site yields a phenotype that cannot be differentiated from
the deletion strain. The difference in the crystal morphologies be-
tween the MamP and MamT heme mutants further suggests that
the changes in mineralization behavior related to the ablation of the
heme sites are related to the loss of MamP or MamT function
rather than a more general defect in magnetosome biogenesis.

As the loss of MamP and MamT function could lead to a va-
riety of complex biological outcomes, we carried out additional
control experiments to check for other large-scale changes in
magnetosome function. For example, the deletion of certain
MALI genes, such as mamkE, can result in the mislocalization of
other proteins and downstream magnetic defects in the deletion
strains (15). To test whether the mamP or mamT deletions cause
a similar mislocalization of key magnetosome proteins, C-ter-
minal GFP fusions of MamC, MmsF, MamF, and Maml were
expressed in AmamP and AmamTAR9 deletion strains and
control strains. Fluorescence microscopy studies showed that all
GFP fusions localized as a filament at midcell in AmamP and
AmamTARD9 as consistent with wild-type AMB-1, suggesting that
localization of these proteins to the magnetosome is not altered
(81 Appendix, Fig. S4). Because variation in MamP expression
levels has been observed to lead to differences in iron minerali-
zation (16), 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 (SI Ap-
pendix, Fig. S5). Although we cannot eliminate the possibility that
removal of the heme sites of MamP and MamT results in mis-
processing, mislocalization, or structural destabilization of MamP,
MamT, or other essential magnetosome components, we hy-
pothesize that the CXXCH motifs serve a critical function in the
mineralization process of AMB-1.

Heterologous Expression and Isolation of MamP. We then turned our
attention to in vitro characterization of MamP, which is proposed to
be localized to the magnetosome and to directly interact with iron
(13, 16). A series of plasmids for the expression of MamP in
Escherichia coli was constructed that contained the native mamP
gene encoding the predicted mature sequence with an N-terminal
OmpA tag for periplasmic localization as needed for the maturation
of c-type cytochromes. These constructs also included various solu-
bilization tags flanked by an N-terminal Hise-affinity tag and protease
cleavage site (S Appendix, Table S1). MamP expression was initially
screened in a pCWori backbone, which has been found to frequently
increase the functional expression of heme proteins (17). Overall, we
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found that proteolysis of MamP was problematic in many of these
variants, which could possibly be related to the accompanying ob-
servation that the second heme site was often unoccupied. After
significant screening, the optimal system was identified to be E. coli
C43(DE3) coexpressing the pEC86 cytochrome ¢ maturation
plasmid with pET29a-OmpA.Hiss. MBPtev.MamP (18) with low
inducer concentration (SI Appendix, Fig. S6).

The Hise.MBPtev.MamP fusion protein was isolated from the
periplasmic lysate using a nickel-nitrilotriacetic acid (Ni-NTA) af-
finity column. After proteolytic digestion, the sample was subjected
to a second passage over a Ni-NTA column and an amylose col-
umn to remove Hisg. TEV protease, Hiss. MBP, and other cellular
proteins enriched by Ni-NTA chromatography. The lingering
minor contaminants were then removed by size-exclusion chro-
matography, yielding MamP which is >95% pure as judged by an
overloaded reducing gel (SI Appendix, Fig. S7). Furthermore,
MamP was found to elute in a single asymmetric peak with fractions
exhibiting Reinheitzahl ratios (Rz = Agret, 407 nm/A280 nm) ranging
between 2 and 8. The fractions at the leading edge to the center of
the peak exhibited the highest heme content (Rz ~ 7.0-7.2) and
were then collected and pooled for downstream biochemical ex-
periments (Fig. 34).

The heme content of 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 (Fig. 34), protein
acidolysis was used to measure MamP concentration and determine
€80 nm after amino acid analysis (ST Appendix, Table S2). MamP
was then subjected to iron analysis by ICP-AES, which revealed that
each MamP monomer contained two equivalents of iron as
expected for diheme-loaded MamP (2.0 + 0.4; SI Appendix, Fig.
S8). The molar extinction coefficients calculated by protein and
metal content are in good agreement with each other, indicating
that both methods provided fairly accurate quantification (SI Ap-
pendix, Table S3). The major peak in the ESI mass spectrum of
MamP is centered at 27,503 Da, also as expected for the diheme-
loaded protein (Fig. 3B). Finally, size-exclusion chromatography
coupled to multiangle light scattering and dynamic light scattering
suggest that MamP preferentially forms a dimer in solution, which is
consistent with the crystal structure of the ortholog from MO-1
(Fig. 3C and SI Appendix, Figs. S9-S11) (13).

Biochemical Characterization of MamP from AMB-1. 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 reduced with sodium dithionite and then
titrated with an oxidant while quantifying the fraction of reduced
and oxidized MamP (Fig. 44). The oxidized MamP was sub-
sequently rereduced to collect the reductive curve, with MamP

Am B C«z 150
407 nm 2100f  MWea = 27,505 Da MWalc = 49.2 + 5.9 kD =z
0.8 < 1.0 1258
g 2 75 100 8
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2 a
<02 529 nm 2 25 I
555 nm % 13, 7151 Da . ‘monomer 2% =
0.0 & 0 0.0 0 S
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Fig. 3. Characterization of heterologously expressed MamP. (A) UV-visible
spectrum of MamP. (B) ESI mass spectrum of MamP showing covalent modi-
fication by two heme prosthetic groups. The minor peak in the spectrum is an
artifact of the deconvolution process. (C) Size-exclusion chromatogram cou-
pled to multiangle light scattering yields a derived molecular weight of 49.2 +
5.9 kDa, consistent with a dimer (MW ,onomer = 27.5 kDa).
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Fig. 4. Characterization of MamP redox behavior. (A) Changes in the elec-
tronic absorption spectrum showing the stepwise oxidation of Fe(ll)-MamP
(red) to Fe(lll)-MamP (black). (B) Three individual redox titrations of MamP
monitored by AAss; nm With the curve fit for a one-electron (red line) or two-
electron process (black line). (C) Redox cycle of MamP-catalyzed oxidation of
Fe(ll) showing reduction of Fe(ll)-MamP by ammonium iron(ll) sulfate fol-
lowed by reoxidation of Fe(ll)-MampP by titration of 1 eq of O,.

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 tran-
sition predicts a one-electron redox process with very similar if not
identical redox potentials for each of the heme sites within the
MamP monomer (Fig. 4B). This observation is consistent with
the crystal structure of the MO-1 ortholog, which shows that the
cofactors are exposed, likely enabling rapid and reversible electron
transfer to and from the iron center without significant pertur-
bation from the protein environment. Furthermore, the redox
potentials of the MamP orthologs fall within a similar range de-
spite their divergence in sequence (SI Appendix, Fig. S11).
Interestingly, the measured midpoint reduction potential for
MamP is quite different from other 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 (19) or
Ferrobacillus ferrooxidans (20, 21) was 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 mV to —324 mV (22).
However, some c-type cytochromes do have more positive re-
duction potentials, such as an extracellular electron carrier found
in Geobacter sulfurreducins (—167 mV) (23). Although 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) (24). For example, values for
ferrihydrite and the Fe(III)(OH)s-Fe(II) couple are between
—200 mV and +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(IIT)-Fe(II)
couple (+770 mV) applies only to strongly acidic solutions in
which both oxidation states have high solubility (25). Indeed, the
reducing power of ferrous iron increases dramatically at neutral
pH due to the formation of insoluble iron oxides and oxyhydroxides.
Therefore, the measurement of reduction potentials of insoluble
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iron minerals is quite complex, as chelated iron oxides have higher
potentials than ferric iron oxides and are dependent on pH and
even particle size (26). 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 controlled 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 re-
dox 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 (Fig. 4C). Reduced Fe(II)-MamP could
further be rapidly and stoichiometrically oxidized by the titration
of one equivalent of molecular oxygen (Fig. 4C). These results
demonstrate that Fe(IT) and O, enable the formation of a closed
catalytic cycle for overall oxidation of Fe(II) to Fe(III) catalyzed
by MamP.

Mineralization of Iron Oxides from Fe(ll) with Magnetosome Proteins.
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. Indeed, we observed that reaction of Fe(II)
with resting Fe(III)-MamP, while introducing oxygen as the ter-
minal oxidant, led to the formation of a green mineral within 10 min
and reached high levels within 20 min at pH 8.0 (Fig. 54). In
comparison, little to no mineralization takes place above back-
ground in the control reaction with no MamP, as it was not ob-
served to significantly increase within the timeframe of the reaction
(30 min; Fig. 54). Furthermore, the mineralization reaction cata-
lyzed 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 (Fig. 54). Studies of the pH dependence of
this reaction show that orange rust or fully oxidized ferrihydrite is
formed at pH 6.0, where magnetite is thermodynamically unstable,
and that green rust formation appears to be accelerated when
the pH is increased to 9.0, which accesses the middle of pH range
of magnetite stability (SI Appendix, Fig. S12). The formation of
a green rust-like mineral in the MamP reaction at pH >7.5 is
consistent with a mixed Fe(II)-Fe(IlI) 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. Given the varia-
tion of the reduction potential of green rust with Fe(II):Fe(III)
ratio (—210 mV to +270 mV) (27), the rates of mineralization and
Fe(II) oxidation can affect the identity of the mineral formed,

A 0 min B Before air

10 min

Fig. 5. In vitro mineralization of iron by MamP. (A) Reactions containing
ammonium Fe(ll) sulfate (40 mM) in 50 mM Hepes pH 8.0, 100 mM NaCl with
(+) and without (=) 2.5 uM MamP. (B) Reactions containing ammonium Fe(ll)
sulfate (20 mM) and MamP (1.2 pM) in 50 mM Hepes pH 7.5, 100 mM Nacl
with (+) and without (-) 45 uM Mms7ct. After the end of the mineralization
reaction, reaction vials were opened to air for 20 min.
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Fig. 6. Model for redox-controlled magnetite formation in AMB-1. Soluble
Fe(ll) is oxidized to Fe(lll) either in the periplasm or magnetosome through
a redox chain involving magnetosome-specific cytochromes, such as MamP and
MamT, as well as other general electron transport proteins in the periplasmic
compartment. The overall oxidation of Fe(ll) leads to the formation of 4 re-
ducing eq per MamP dimer, which could potentially be passed to the re-
spiratory 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 trans-
membrane segment. A mixture of Fe(ll) and Fe(lll) is generated in the mag-
netosome either by direct oxidation with a magnetosome-localized MamP or
MamT or through transport from the periplasm [Fe(ll) or Fe(lll)] or cytoplasm
[Fe(ll)] via predicted cation diffusion facilitors (MamB/MamM). The Fe(ll) and
Fe(lll) ions are templated by Mms proteins to form the Fe(ll)Fe(ll)O4 mineral
lattice with oxide bridges derived from H,0. We hypothesize that the Fe(ll):Fe(lll)
ratio in the magnetosome is set by MamP, whereas the Fe(ll):Fe(lll) ratio in
the mineral lattice may be further controlled by Mms proteins. The in vivo
product of MamP could possibly be magnetite itself or a Fe(ll)-Fe(lll) oxide
precursor that is further oxidized by other redox components while being
stabilized and protected by Mms family from overoxidation to Fe(lll) oxides.
The protons lost during mineralization from the bridging waters are trans-
ported out of the magnetosome by a predicted Na*/H" antiporter (MamN)
to maintain the pH required for stable magnetite formation.

as MamP would be competent to further oxidize some of these
species. Indeed, magnetic materials are formed with longer in-
cubation (>60 min) at pH >7.5 but could be caused by chemical
oxidation rather than a MamP-catalyzed process (SI Appendix,
Fig. S12). 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(Il) and Fe(Ill) 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. In addition to
possible functional redundancy in the redox chain, it is also pos-
sible that control over pH via predicted proton transporters may
play a role in modulating this behavior given the relationship
between pH and iron oxide stability as well as Fe(II) and Fe(III)
solubility and stability.

Given the competence of MamP to transform soluble iron(II)
species to mixed-valent Fe(II)-Fe(III) oxide minerals, we were
interested to see how other magnetosome proteins might interact
with the growing material. In addition to redox partners that are
necessary to generate both Fe(II) and Fe(III), there also exist small
magnetosome proteins proposed to template mineralization by
direct binding to the material (28) analogous to the more well-
understood mineralization of calcium. These Mms proteins were
identified by their tight association with the magnetite nano-
particles isolated from magnetotactic bacteria and have been
shown experimentally to be able to control mineral shape in vitro
through their highly acidic C-terminal sequences (29, 30). Similar

3908 | www.pnas.org/cgi/doi/10.1073/pnas.1417614112

to other magnetotactic bacteria, the MAI of AMB-1 contains
multiple mms genes, mms5 (mamG), mms6, and mms7 (mamD),
which have been previously shown to possess overlapping genetic
function as all genes must be deleted to observe the resulting
biomineralization defect (12). Consequently, we cloned, expressed,
and purified the acidic C terminus of the Mms7 protein (Mms7ct)
from AMB-1 as an N-terminal fusion with MBP. The Mms7ct
peptide resulting from cleavage of the fusion with TEV protease
was purified by reverse-phase HPLC and characterized by analyt-
ical HPLC and MALDI-TOF MS (SI Appendix, Fig. S13).

Using our in vitro mineralization assay, we set out to explore the
relationship between redox catalysis and structural templating, re-
spectively, provided by MamP and Mms7. In the absence of MamP,
the addition of Mms7Ct to soluble Fe(II) and introduction of ox-
ygen did not lead to immediate mineralization (SI Appendix, Fig.
S14). Furthermore, reactions containing both MamP and Mms7ct
proceeded similarly to those with MamP alone, with rapid forma-
tion 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 oxi-
dized Fe(III) oxide red rusts and represents the typical endpoint for
reactions of Fe(II) with oxygen (Fig. 5B). 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 (Fig.
5B). 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 setpoint
of MamP as well as the structural templating of the Mms proteins
control the identity of the mineral being formed.

Discussion

Magnetotactic bacteria have evolved a remarkable organelle that
serves to genetically control the size, shape, and structure of the
iron oxide nanoparticles that are used for passive sensing of di-
rection. As the production of magnetite requires both the formation
of Fe(Il) and Fe(III), the redox components of the magnetosome
play an essential role in this process. Using genetic complementa-
tion studies, we have shown that the redox cofactors or heme sites
of the two putative redox partners, MamP and MamT, are re-
quired 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, whereas controls indicate both that the
processed forms of the mutant proteins are present in the com-
plementation strains and that key magnetosome proteins retain
their proper localization. The difference in the defects does sug-
gest that MamP and MamT do not have redundant functions in
magnetite formation. The ability of MamP- and MamT-deficient
strains to produce magnetite may further imply that they are more
important in mineral growth rather than nucleation, although it is
also likely that the magnetosome possesses several complementary
mechanisms, including pH and redox control and structural tem-
plating, which help to maintain magnetite formation should a de-
fect arise in an individual pathway.

To further explore MamP function, we have developed and op-
timized a heterologous expression method to cleanly isolate fully
heme-loaded MamP for biochemical studies as shown by amino
acid analysis, iron analysis, and MS. Spectrochemical redox titra-
tions show that the reduction potential of MamP lies in a different
range than other c-type cytochromes involved in either Fe(III) re-
duction or Fe(II) oxidation. Nonetheless, Fe(III)-MamP remains
competent to oxidize soluble Fe(II) species and can be reoxidized to
the Fe(III) resting state to form a closed catalytic cycle leading
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to overall formation of Fe(III) from Fe(II). Indeed, the ability of
MamP to oxidize Fe(Il) 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
rereduction 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.
In vitro mineralization studies with MamP and Fe(II) show that
MamP is able to catalyze the formation of mixed-valent Fe(II)-
Fe(III) oxides at neutral pH within a short timescale that are
competent to be oxidized further to magnetic iron oxides.
Whereas we use 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) concen-
tration, iron:MamP stoichiometry, or pH inside the magnetosome.
Further studies with Mms7ct indicate that it and other Mms
proteins may play a more significant role in controlling magnetite
mineral structure than previously hypothesized. Beyond simple
control of size and shape of magnetite (29, 30), they 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 in-
teraction with peptides and other macromolecules (1, 2). In the
specific case of iron minerals, lattice stabilization could also affect
the redox potential of individual Fe atoms within the mineral.
Taken together, our results suggest that the biological mechanism
for iron mineralization in 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
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by magnetosome redox (MamP and MamT) and templating (Mms
proteins) components (Fig. 6). In this regard, 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 pos-
tulated that periplasmic components of these nitrate-reducing
bacteria enable Fe(II) oxidation to overcome toxicity of iron and
radical byproducts (31) based on the observation that several
strains can precipitate iron minerals within the periplasm. Fur-
thermore, nitrate reduction has been shown to be linked to bio-
mineralization in other species of magnetotactic bacteria and is
mediated by key periplasmic proteins (32). Because the magneto-
some 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 pro-
cess, in which the electron transport chain provides not only energy
to the cell but also oxidizing equivalents to the tightly controlled
biomineralization process.

Methods

Detailed procedures for AMB-1 transformation, cell culture, and character-
ization are provided in S/ Appendix along with those for plasmid construction,
protein purification, and biochemical assays.
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