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Chapter 1

Structure and Function of Aligned
Magnetic Crystals in Magnetotactic
Bacteria

Azuma Taoka and Yoshihiro Fukumori

Abstract Magnetotactic bacteria swim along the magnetic field using a unique
bacterial organelle termed the magnetosome. Magnetosomes are comprised of
nano-sized crystals of magnetite or greigite enclosed within lipid bilayer membrane
vesicles and specifically associated proteins. The integration of magnetosomes in
motility allows magnetotactic bacteria to orient themselves to find a favorable
microaerobic habitat. Most of the magnetosome-associated proteins are encoded in
gene clusters within a “magnetosome island.” Additionally, these proteins are highly
conserved and essential for the synthesis and maintenance of magnetosomes. In this
chapter, we will briefly introduce general insight into magnetotactic bacteria, and
then, we will present recent research progress on magnetosome structure and
function.

1.1 Introduction

Magnetotactic bacteria are widespread aquatic eubacteria that utilize organelles
known as magnetosomes to navigate along Earth’s magnetic field (reviewed in
Bazylinski and Frankel 2004; Faivre and Schiiler 2008; Komeili 2012; Lin et al.
2013; Schiiler 2008). The unique properties of these bacteria regarding magnetic
sensing, magnetosome formation, and biomineralization have garnered much mul-
tidisciplinary interests from fields such as microbiology, geology, chemistry, phys-
ics, mineralogy, astrobiology, synthetic biology, bioengineering, materials science,
chemical engineering, medicine, and bionanotechnology. In this first section, we
will provide a general overview of magnetotactic bacteria.
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1.1.1 Discovery of Magnetotactic Bacteria

Two scientists, Richard Blakemore and Salvatore Bellini, independently and seren-
dipitously discovered magnetotactic bacteria (Frankel 2009). Magnetotactic bacte-
ria were first demonstrated by Salvatore Bellini, a medical doctor at the University
of Pavia in Italy. He found magnetotactic bacteria in freshwater samples collected
from Pavia and studied them from the late 1950s until 1963. His work was pub-
lished in 1963 but was not widely disseminated. However, his findings have recently
come to light, and his papers were translated to English and subsequently published
in an international journal (Bellini 2009a, b). Richard Blakemore rediscovered mag-
netotactic bacteria in 1974 (Blakemore 1975). While observing sediment samples
collected near Woods Hole, Massachusetts to study microbes enriched in sulfide
mud, he found a group of highly motile bacteria that swam continuously in the same
geographic direction (Blakemore 1982). These bacteria altered their swimming
direction by placing a bar magnet near the microscope slide, and he deduced that
these bacteria swam along the magnetic field. Blakemore demonstrated that these
bacteria contained chains of iron-rich magnetic crystals in their cells, thus providing
an explanation for their ability to respond to magnetic fields (Blakemore 1975). He
termed such cell motility directed by a magnetic field as “magnetotaxis” (Blakemore
1975).

1.1.2 Isolation of Magnetotactic Bacteria

Magnetotactic bacteria are ubiquitous, widely distributed in a diverse array of
aquatic environments such as fresh, marine, brackish, and hypersaline water or in
chemically stratified water columns (Lefévre and Bazylinski 2013). These bacteria
have also been found on all continents (Lin et al. 2013; Lefevre and Wu 2013).
Although most magnetotactic bacteria dwell in aquatic habitats at ambient tempera-
ture and neutral pH, some species are extremophiles. Lefevre et al. recently reported
moderately thermophilic magnetotactic bacteria in hot springs (Lefevre et al. 2010)
and obligate magnetotactic alkaliphiles magnetotactic bacteria living in alkaline
lakes (Lefevre et al. 2011b).

Magnetotactic bacteria are either microaerobes or anaerobes and are found at the
oxic-anoxic interface or anoxic region of aquatic habitats, respectively, in sediments
or at the bottom of water column. Here we briefly mention a simple method to iso-
late magnetotactic bacteria from freshwater sediments. Sediment (0-3 cm deep) and
surface water are collected from near the edge of a shallow freshwater pond using a
scooper and placed into tightly capped 0.5 L glass bottle. The magnetotactic bacte-
ria are concentrated by attaching a bar magnet to the outside of the bottle just above
the sediment/water interface. North-seeking magnetotactic bacteria (swimming
toward the magnetic S-pole) dominate in the Northern Hemisphere, while south-
seeking magnetotactic bacteria (swimming toward the magnetic N-pole) dominate



1 Structure and Function of Aligned Magnetic Crystals in Magnetotactic Bacteria 5

in the Southern Hemisphere. Therefore, for example, the S pole of the bar magnet is
attached to the glass bottle in case of observation in the North Hemisphere. The
bottle is kept in the dark for up to 3 h to allow magnetotactic cells to swim toward
the magnet. A pipet is then used to collect magnetotactic bacteria. A drop of the
magnetotactic bacteria is placed onto a slide, and the S-pole of bar magnet is placed
on the microscope stage near the drop. The magnetotactic bacteria will swim to the
edge of the drop near the magnet (Fig. 1.1a). When the bar magnet is rotated 180°,
the cells will rotate and swim away from the magnet. Figure 1.1b shows examples
of magnetotactic bacteria that were collected from a freshwater pond in Kanazawa,
Japan. Morphologically diverse magnetotactic bacteria were observed from this col-
lection, with chains of magnetosomes to help the bacteria move along the magnetic
field.

1.1.3 Magnetotactic Bacteria Diversity

Magnetotactic bacteria are a physiologically, morphologically, and phylogeneti-
cally diverse group of Gram-negative bacteria. Many bacteria from this group have
been isolated from various aquatic environments; however, the surface of magneto-
tactic bacteria diversity has barely been scratched due to difficulty in obtaining
axenic cultures. Despite their ubiquitous presence, magnetotactic bacteria are fas-
tidious and grow slowly. Recently, there has been much improvement in isolation
and culturing methods, and employing current genetic techniques, such as metage-
nomics and single-cell genome analysis, has substantially provided insight about
the diversity of magnetotactic bacteria. Known magnetotactic bacteria belong to
different Proteobacteria phylum subgroups, including at least alpha-, gamma-, and
delta-subgroups; the Nitrospirae phylum; and the OP3 of the PVC (Planctomycetes,
Verrucomicrobia, and Chlamydiae) superphylum (reviewed in Lefevre and
Bazylinski 2013) (Table 1.1). Thus, magnetotactic bacteria do not form a phyloge-
netically coherent group.

With over 40 years of sustained efforts to date, more than 20 species of axenic
cultures have been obtained. To note, species belonging to Alphaproteobacteria,
e.g., Magnetospirillum magnetotacticum MS-1, M. magneticum AMB-1, M. gry-
phiswaldense MSR-1, Magnetococcus marinus MC-1, and Magnetovibrio blake-
morei MV-1; Gammaproteobacteria, e.g., strain BW-2 and SS-5; and
Deltaproteobacteria, e.g., Desulfovivbrio magneticus RS-1, have been cultivated
(Table 1.1). Specifically, M. magneticun AMB-1 and M. gryphiswaldense
MSR-1 are used as model species for the genetic and biochemical dissection of
magnetosome formation and function. However, species belonging to Nitrospirae,
and the PVC superphylum have yet to be cultured.
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Fig. 1.1 Isolation of magnetotactic bacteria. (a) Phase contrast microscopic image of magnetotac-
tic bacteria in a water drop. The S-pole of the bar magnet was placed on the right side of the image.
Magnetotactic bacteria accumulated at the edge of the water drop. (b) Transmission electron
microscopic (TEM) images of isolated magnetotactic bacteria from a freshwater pond in Kanazawa,
Japan. Note that all of the cells possess chains of opaque structures, magnetosomes (arrows), to
facilitate navigations along the magnetic field. Bar: 1 pm
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Table 1.1 Isolated and characterized species of magnetotactic bacteria

Phyla (classes) Genus and species® References

Alphaproteobacteria | Magnetospirillum magneticum AMB-1 Matsunaga et al. (1991)
Magnetospirillum sp. WM-1 Li et al. (2007)
Magnetospirillum magnetotacticum MS-1 Blakemore et al. (1979)
Magnetospirillum gryphiswaldense MSR-1 Schleifer et al. (1991)
Magnetospirillum aberrantis Gorlenko et al. (2011)
Magnetospirillum bellicus Thrash et al. (2010)
Magnetospirillum sp. XM-1 Wang et al. (2015)
Magnetospirillum sp. VITRIS1 Revathy et al. (2016)
Magnetococcus marinus MC-1 Meldrum et al. (1993b)
Strain MO-1 Lefevre et al. (2009)
Magnetofaba australis 1T-1 Zhang et al. (2012)
Magnetovibrio blakemorei MV-1 Bazylinski et al. (1988)
Strain MV-2 Meldrum et al. (1993a)
Magnetospira thiophila MMS-1 Williams et al. (2012)
Magnetospira sp. QH-2 Zhu et al. (2010)

Gammaproteobacteria | Strain BW-2, and SS-5 Lefevre et al. (2012)

Strain GRS-1

Taoka et al. (2014)

Deltaproteobacteria

Ca. Magnetoglobus multicellularis

Abreu et al. (2007)

Ca. Magnetomorum litorale

Wenter et al. (2009)

Ca. Magnetananas tsingtaoensis

Zhou et al. (2012)

Desulfovibrio magneticus RS-1

Sakaguchi et al. (1993)

Strain ZZ-1, ML-1, AV-1

Lefévre et al. (2011b)

Desulfamplus magnetovallemortis BW-1, SS-2

Lefevre et al. (2011c¢)

Nitrospirae

Ca. Magnetobacterium bavaricum

Petersen et al. (1989)

Ca. Magnetobacterium bremense MHB-1

Flies et al. (2005)

Ca. Magnetobacterium casensis

Lin etal. (2014)

Ca. Thermomagnetovibrio paiutensis HSMV-1

Lefevre et al. (2010)

Ca. Magnetoovum mohavensis LO-1

Lefévre et al. (2011a)

Ca. Magnetoovum chiemensis CS-04

Kolinko et al. (2013)

Strain MWB-1

Lin etal. (2012)

PVC superphylum

Ca. Omnitrophus magneticus SKK-01

Kolinko et al. (2012)

4Ca. Candidatus

1.1.4 Magnetotaxis

Magnetotaxis is thought to facilitate cell location and maintenance cells within the
microaerobic zones on the bottom of chemically stratified natural waters or in sedi-
ments (Frankel et al. 1997). The intracellular magnetic dipoles of magnetosomes
enable bacteria to orient themselves to swim parallel to the geomagnetic field
(Fig. 1.2). Due to the inclination of the Earth’s magnetic field (white dash arrows,
Fig. 1.2), magnetotactic bacteria can swim unidirectionally along the vertical axis in
aquatic habitats. Interestingly, north-seeking bacteria occur predominantly in the
Northern Hemisphere, while south-seeking bacteria are predominantly in the
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Fig. 1.2 Magneto-aerotaxis model

Southern Hemisphere. In addition, the abundance of north- and south-seeking
bacteria is distributed equally at the equator (Blakemore 1975, 1982). As a conse-
quence, both of Northern Hemisphere magnetotactic bacteria and Southern
Hemisphere magnetotactic bacteria swim to regions of low oxygen. Thus, magneto-
tactic bacteria swim along the geomagnetic field by using magnetotaxis. These bac-
teria maintain their position within the microaerobic environment via aerotaxis.
This behavior is collectively termed “magneto-aerotaxis” (Frankel et al. 1997).

1.2 Magnetosome Structure and Protein Localization

Magnetosomes contain membrane-enclosed regular-sized magnetite (Fe;O,) or
greigite (Fe;S,) crystals. Individual magnetosome particles are aligned into one or
multiple chains and localize along the long axis of the cell, thereby facilitating cel-
lular orientation along the geomagnetic field and the search for a microaerobic envi-
ronment. Magnetosomes consist of the Mam and Mms proteins, which are
specifically localized. These proteins function in magnetosome formation and are
critical for precise control of the biomineralization of magnetite crystals and mag-
netic reception. In this section, we present our recent studies dissecting the roles of
magnetosome-associated proteins MamA and MamK in maintenance of magneto-
some structure.
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1.2.1 Magnetosome-Associated Proteins

Figure 1.3a shows magnetosomes isolated from M. magneticum AMB-1, and
Fig. 1.3b shows the SDS-PAGE gel profile of magnetosome-associated proteins. In
2004, Griinberg et al. identified key proteins to magnetosome function via pro-
teomics and found that magnetosome-associated proteins are encoded in a specific
genomic region called the magnetosome island (MAI) (Fig. 1.4) (Schiibbe et al.
2003; Ullrich et al. 2005; Jogler et al. 2009; Fukuda et al. 2006). All magnetotactic
bacterial genomes identified thus far have MAIs. The MAI of Magnetospirillum
species encodes magnetosome-associated proteins in four operons, mamGFDC,
mms6, mamAB, and mamXY (Fig. 1.4) (Matsunaga et al. 2005). Magnetosome-
associated proteins comprise various kinds of proteins, such as TPR protein, trans-
porter, PDZ domain-containing proteins, cytoskeletal proteins, heme proteins,
serine proteases, and hypothetical proteins. These proteins show no or very low
homology to known proteins and thus specific to magnetosome function, such as
magnetosome biogenesis (Richter et al. 2007).
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Fig. 1.3 Isolated magnetosomes. (a) TEM image of isolated magnetosomes. (b) SDS-PAGE gel
profile of extracted proteins from isolated magnetosomes. MamA (arrow) is one of the most abun-
dant proteins in the magnetosome
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Fig. 1.4 The genomic organization of the M. magneticum AMB-1 magnetosome island (MAI)
consists of four operons: mamGFDC, mms6, mamAB, and mamXY
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1.2.2 Tetratricopeptide Repeat (TPR) Protein MamA

MamA (Mam22) was the first identified magnetosome-associated protein (Okuda
et al. 1996; Okuda and Fukumori 2001). MamaA is also one of the most abundant
proteins and conserved in MAIs of all known magnetotactic bacteria (Lefevre et al.
2013). Taken together, MamA may have an essential role in the magnetosome. The
primary structure of MamA consists of five TPR motifs and one putative TPR motif
(Okuda and Fukumori 2001). A single TPR motif adopts a helix-turn-helix fold,
while several adjacent TPR motifs create antiparallel a-helices that form a superhe-
lix structure. This yields a pair of concave and convex curved surfaces that display
binding sites capable of forming a multiprotein complex (Zeytuni and Zarivach
2012). Yamamoto et al. and Zeytuni et al. determined that MamA proteins interact
with themselves to form an oligomeric complex (Yamamoto et al. 2010; Zeytuni
et al. 2011). According to atomic force microscopic (AFM) observation, MamA
forms spherical-shaped oligomers, and the size of the oligomer ranged from 4.5 to
6.5 nm in height and 14 to 20 nm in diameter (Yamamoto et al. 2010). Recently,
X-ray crystal structures of MamA from M. magneticum AMB-1 (Zeytuni et al.
2011), M. gryphiswaldense MSR-1 (Zeytuni et al. 2011), Ca. Magnetobacterium
bavaricum Candidatus Magnetobacterium bavaricum (Zeytuni et al. 2012), and
Desulfovibrio magneticus RS-1 (Zeytuni et al. 2015) were determined. Zeytuni
et al. proposed that MamA contains at least three protein binding sites: a putative
TPR binding site, a concave binding site, and a convex binding site (Zeytuni et al.
2011). MamA structural insight suggested that such protein-protein interactions are
critical to its function in the magnetosome.

1.2.3 MamA and the Magnetosome Matrix

We observed isolated magnetosomes chains via transmission electron microscopy
(TEM) and found that magnetosome vesicles are covered by a proteinaceous layer
known as the magnetosome matrix (Taoka et al. 2006). We investigated MamA
localization in magnetosomes using immunogold staining. Interestingly, MamA
proteins localized to the magnetosome matrix. To further understand magnetosome
structure and MamA localization, the use of AFM is employed. AFM is used to
visualize organic samples under physiological conditions (Dufréne 2008; Engel and
Muller 2000). In AFM, the surface profile of the sample is imaged by detecting the
interaction between the sample and the AFM stylus during the raster scanning of the
sample. Figure 1.5a, b show AFM images of isolated magnetosomes. Based on
AFM measurements, a magnetite crystal is surrounded by organic material with a
~7 nm thickness (Yamamoto et al. 2010). Upon labeling magnetosomes with anti-
MamA antibodies and visualizing via AFM, we observed dense packing of anti-
MamaA antibodies on the magnetosomes (Fig. 1.5¢c—f), which indicated that MamA
was located at the outermost layer of the magnetosomes to form the magnetosome
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Fig. 1.5 AFM observations of isolated magnetosome. (a, b) AFM images of magnetosomes
chains. (¢, d) AFM images of immunolabeled magnetosomes. Magnetosomes labeled with (¢) anti-
MamA antibodies and (d) preimmune serum. (e, f) Surface profiles along the lines indicated in
panels ¢ and d. (g) Model of magnetosome organization
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matrix (Fig. 1.5g). Moreover, we used AFM to observe chains of magnetosomes
with and without MamA, and we proposed that MamA is anchored to the magneto-
some membrane and may stabilize the structure of magnetosome chain (Yamamoto
et al. 2010). Figure 1.5g shows a proposed model of magnetosome organization.
In this model, MamA oligomers bind to the surface of magnetosome vesicles and
form a proteinaceous layer to stabilize magnetosome chain arrangement. Recently,
we reported that the magnetosome membrane protein Mms6 binds to MamA
oligomers in vitro, suggesting that MamA and Mms6 interact each other in the
magnetosome (Nguyen et al. 2016).

1.2.4 Cytoskeletal Filaments Associated with Magnetosome
Chains

In 2006, two research groups independently confirmed the existence of cytoskeletal
structures associated with magnetosome chains using cryo-electron tomography.
Scheffel et al. found a network of cytoskeleton-like filamentous structures extend-
ing up to the cell pole of M. gryphiswaldense MSR-1 (Scheffel et al. 2006). The
magnetosome vesicles were arranged along the filamentous structure located close
to the cytoplasmic membrane. Komeili et al. also found networks of filaments run-
ning parallel to individual M. magneticum AMB-1 magnetosomes (Komeili et al.
2006). Furthermore, based on a mamK deletion mutant, filaments appeared to be
comprised of MamK, a bacterial homolog of actin (Komeili et al. 2006).

MamK is found only in magnetotactic bacteria, unlike other well-known bacte-
rial actin-like proteins MreB and ParM (Shaevitz and Gitai 2010). MreB is gener-
ally conserved in rod- and spiral-shaped bacteria and associated with most spatially
organized cellular processes, including cell morphogenesis, cellular polarity, pro-
tein localization, cell division, cell differentiation, and chromosome segregation.
ParM is a plasmid-encoded actin-like protein and functions in the plasmid segrega-
tion process. MamK, MreB, and ParM are predicted to form phylogenetically and
functionally distinct groups of prokaryotic actin-like proteins (Derman et al. 2009).
The amino acid sequence similarity is >50% among the MamK proteins of different
magnetotactic bacteria species. On the other hand, amino acid identity between M.
magnetotacticum MS-1 MamK and MreB is 24% and 17% between M. magneto-
tacticum MS-1 MamK and human actin. The actin protein superfamily has five
conserved sequence motifs that form the ATP-binding pocket and the interdomain
hinge region (Bork et al. 1992). MamK proteins also have five conserved motifs,
suggesting that MamK has biochemical properties similar to those of other actin
homologs (Fig. 1.6). MamK is encoded by the mamAB operon of MAI (Fig. 1.4)
and is conserved in most identified magnetotactic bacterial genomes. The mamAB
operon is essential for magnetosome biosynthesis (Lohfe et al. 2011; Murat et al.
2010), suggesting that MamK is important for magnetosome organization.
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Fig. 1.6 Conserved motifs within the actin superfamily. (a) Schematic drawing of the five motifs
in MamK that exhibit similarity to conserved motifs in proteins with an actin fold. Numbers indi-
cated are amino acids in M. magnetotacticum MS-1 MamK. (b) Sequence alignments of the five
conserved MamK motifs with MreB and eukaryotic actin proteins. Conserved amino acids are
indicated in bold

1.2.5 MamK Localization

We compared the localization of MamK and MreB in early stationary phase M.
magnetotacticum MS-1 cells to further characterize this cytoskeletal protein. The
intracellular localization of MamK in M. magnetotacticum MS-1 was examined by
both immunofluorescence and immunoelectron microscopy. Immunofluorescence
microscopy with an anti-MamK antibody revealed a linear distribution of MamK
from pole to pole along the vertical axis of the cells (Fig. 1.7a, b). In contrast, immu-
nofluorescence microscopy using an anti-MreB antibody showed that MreB formed
either spiral filamentous structures (Fig. 1.7¢) or was located in the septa as paired
dots (Fig. 1.7d). This distribution of MreB is consistent with that of other bacteria,
such as Bacillus subtilis (Jones et al. 2001) and E. coli (Kruse et al. 2003). The
results demonstrated that two kinds of actin-like proteins assemble as different
filamentous structures in magnetotactic bacteria. Immunogold labeling of ultrathin
sections confirmed the locality of MamK as shown in Fig. 1.7e.

To assess whether MamK filament is comprised of a single or multi-arranged
protofilaments, the cellular abundance of the MamK protein was estimated by quan-
titative immunoblotting. The amount of MamK was estimated to be 26,000 = 6000
(n = 8) molecules per cell in early stationary phase. Because of amino acid similar-
ity and comparable molecular mass of MamK with MreB and ParM, the longitudi-
nal monomer spacing of the MamK protein may be approximately that of MreB
(51 A) (van den Ent et al. 2001) and ParM (49 A) (van den Ent et al. 2002). Thus,
enough MamK is most likely available to accommodate a double helical filament of
14-22 times the length of the cell (mean length: 3.6 pm). These findings strongly
suggest that MamK filaments exist as a bundle of multiple protofilaments or as a
network structure in the cell. Additionally, in our analyses, MreB was estimated to
be 5000 £ 1000 (n = 6) molecules per M. magnetotacticum cell. Thus, the difference
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Fig. 1.7 Localization of MamK. (a, b) Immunofluorescence images using the anti-MamK anti-
body. (¢, d) Immunofluorescence images using the anti-MreB antibody. (e) Immunogold labeling
of an ultrathin section using anti-MamK indicating that MamK is distributed from pole to pole
along the long axis of the cell (arrows indicate 15 nm gold particles). (f~h) Immunoelectron micro-
scopic images of purified magnetosomes using anti-MamK antibodies that indicates the 5 nm gold
particles (arrows) are distributed in a line along the surfaces of several magnetite particles (arrow-
heads). (h) Immunoelectron microscopic image of magnetosomes with negative staining (4% ura-
nyl acetate). Scale bars (a—d): 1 pm

in the estimated values of MamK and MreB molecules in a single cell suggested that
their expression is independently regulated.

To elucidate the localization of MamK in the magnetosome chain, we performed
immunogold staining with isolated magnetosomes from M. magnetotacticum MS-1.
Immunoelectron microscopy showed that the 5 nm gold particles were distributed
in a line along the surfaces of several magnetite particles and appeared to remain on
one side of the magnetosome chain with magnetite particles (Fig. 1.7f=h). These
linear distributions of the gold particles suggested that MamK is filamentous.

1.2.6 MamK Polymerization

Next, we characterized MamK protein from M. magnetotacticum MS-1 in vitro
(Taoka et al. 2007). The recombinant MamK protein was purified from E. coli and
was added at a final concentration of 10 pM in a total volume of 30 pl polymeriza-
tion buffer, which contained 100 mM Tris-HCI (pH 7.0), 14 mM MgCl, 100 mM
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Fig. 1.8 TEM images of in vitro polymerized MamK filaments. (a) Low magnification of a
MamK filamentous bundle. (b) Two filaments are indicated in the bundle. (¢) Scanning TEM
images of in vitro polymerized MamK filaments. A fine filament in the MamK filamentous bundle
demonstrates that the filament is made up of two smaller helical filaments. Crossovers of the two
helical filaments are indicated by the arrows. The mean crossover distance is 23 nm. The helical
filament is approximately 6 nm wide (Scale bars, a 200 nm; b 20 nm, ¢ 20 nm)

NaCl, and 30 mM KCI. The mixture was then centrifuged at 150,000 x g at 4 °C for
1 htoremove aggregated MamK. After the addition of 2 mM of the non-hydrolyzable
ATP analog ATP-y-S, the mixture was incubated at 30 °C for 5 min. The sample was
then loaded on Formvar- and carbon-coated grids and negatively stained with 4%
uranyl acetate for TEM observation. MamK polymerized into well-developed, fila-
mentous, straight bundles (Fig. 1.8). The bundles were comprised of fine filaments,
smaller than 20 nm wide. Scanning TEM images of the filaments revealed that each
filament was made up of two small helical filaments (Fig. 1.8). The mean crossover
distance of the two helical filaments was 23 nm, and the helical filament was
approximately 6 nm wide. Additionally, the helical filament was thus presumed to
be a protofilament constructed with a single strand of MamK molecules. In vitro
polymerized MamK filaments were observed using MamK protein from different
species, M. gryphiswaldense MSR-1 (Sonkaria et al. 2012), M. magneticum AMB-1
(Ozyamak et al. 2013), and Ca. Magnetobacterium casensis (Deng et al. 2016).
Recently, a high-resolution structure (~6.5 A) of the MamK filament was deter-
mined using cryo-electron microscopy. Accordingly, the MamK filament was of
double-stranded and non-staggered architecture, with monomeric MamK protein
contacts apparent (Bergeron et al. 2016). The longitudinal contacts along each
MamK strand most closely resembled those of eukaryotic actin; however, the cross-
strand interface is novel among actin-like proteins and is responsible for the non-
staggered architecture (Bergeron et al. 2016).
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1.2.7 Recent Advances in Understanding the MamK
Cytoskeleton

Scheffel et al. reported that M. gryphiswaldense MSR-1 cells in which the acidic
magnetosome protein MamJ was deleted did not assemble linear chains of magne-
tosomes. Rather, magnetosomes aggregated into three-dimensional clusters
(Scheffel et al. 2006). Furthermore, using cryo-electron tomography, they demon-
strated that in AmamJ cells, magnetosome vesicles were detached from cytoskeletal
filaments. These observations led to the development of a model in which MamJ
connects magnetosome vesicles to the MamK filament, which serves as a scaffold
for stabilizing magnetosome chains (Scheffel et al. 2006). The results of a bacterial
two-hybrid study indicated that MamJ interacts with MamK in vivo, and the C- and
N-terminal sequence regions of MamJ mediated these interactions (Scheffel and
Schiiler 2007).

Draper et al. demonstrated that M. magneticum AMB-1 cells deficient in both
MamlJ and Liml], a paralog of MamJ, formed a chain of magnetosomes in contrast
to the aggregated magnetosomes observed in M. gryphiswaldense MSR-1 (Draper
et al. 2011). Cryo-electron tomography observations of the AmamJ AlimJ strain
revealed chains with 100- to 250-nm gaps, which were devoid of magnetosomes
(Draper et al. 2011). Interestingly, the distribution of magnetosome-associated
MamK filaments was drastically altered in the AmamJ AlimJ strain. To note, the
filaments were observed as concentrated bundles within the gaps of the magneto-
some chains. Furthermore, using the fluorescence recovery after photobleaching
(FRAP) assay, they demonstrated that MamK forms dynamic filaments in M. mag-
neticum AMB-1 (Draper et al. 2011). MamK mutants of essential residues for ATP
hydrolysis activity (MamKP'®'A and MamX!'*4) did not display such dynamics,
thereby demonstrating that MamK ATPase activity is required for own dynamics.
Strikingly, in the AmamJ AlimJ strain, MamK-GFP was static as assessed by FRAP,
suggesting that MamJ and LimJ promote MamK filament dynamics. Taken together,
these results indicate that MamK dynamics require MamJ and LimJ for the assem-
bly and maintenance of the magnetosome chain.

Philippe and Wu, using a bimolecular fluorescence complementation assay, dem-
onstrated that Amb0994, the MAI-encoded methyl-accepting chemotaxis protein,
interacts with MamK at the cell poles where methyl-accepting chemotaxis proteins
usually cluster (Philippe and Wu 2010). They also demonstrated that Amb0994
impacts effective magnetic sensing of M. magneticum AMB-1 (Zhu et al. 2014).
They proposed that this interaction plays a key role in magnetotaxis. Moreover, two-
hybrid genomic screenings suggested that FliM, a flagella motor switch protein;
Amb0854, another methyl-accepting chemotaxis protein; and Amb3568 and
GGDEF domain-containing protein interact with MamK (Pan et al. 2012). These
findings may lead to a novel hypothesis for magnetotaxis.
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1.3 Conclusions

In the past, bacterial cells were thought of as “bags of enzymes.” However, bacteria
have been eloquently shown to possess highly ordered, compartmented organelles
purposed for specific functions such as photosynthesis, nitrogen metabolism, and
magnetic sensing. However, little is known about the molecular mechanisms gov-
erning the biogenesis and function of these bacterial organelles. Interestingly, the
magnetosome possesses many features of a eukaryotic organelle. Particularly, the
magnetosome is a membrane-enclosed subcellular compartment equipped with spe-
cialized proteins and cytoskeletal filaments to facilitate magnetic sensing.
Additionally, magnetosomes are passed on to daughter bacterial cells. Thus, the
magnetosome is an outstanding model to elucidate the molecular landscape of bac-
terial organelle organization. Further studies about the specific roles of magnetosome-
associated proteins are warranted to shed light on magnetosome biogenesis and
function.
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