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The recombinant actin-like protein MamK was purified from Escherichia coli and used as an antigen to
generate the anti-MamK antibody. Immunostaining studies showed a linear distribution of MamK in Magne-
tospirillum magnetotacticum cells and of MamK in association with magnetosomes. Moreover, we demonstrated
that MamK polymerizes into filamentous bundles in vitro.

Magnetic bacteria synthesize a unique prokaryotic organelle
called the magnetosome with which the organisms navigate
along the geomagnetic field (1). Magnetosomes consist of
membrane-enclosed magnetite crystal particles that are assem-
bled into a straight chain with some structures, such as a
magnetosomal matrix, and an interparticle connection (1, 6,
18). The magnetosome chain is positioned at the center of the
cell, along the long axis of the cell in the Magnetospirillum
species. A number of genes encoding magnetosome-associated
proteins were identified within the unstable genetic island,
referred to as the magnetosome island, in the genomes of the
Magnetospirillum species and the Magnetococcus sp. MC-1
strain (16). This magnetosome island is essential for magneto-
some formation and contains at least three operons (mamAB,
mamDC, and mms) (15). MamK, which is encoded by the
mamAB operon, is a new member of the bacterial actin ho-
mologue (3, 6, 7, 12, 17). Recently, networks of the cytoskel-
eton-like filamentous structures were observed along the
magnetosome chains of Magnetospirillum gryphiswaldense, M.
magneticum AMB-1, and M. magnetotacticum (6, 7, 9, 14).
Komeili et al. demonstrated that the �mamK strain of M.
magneticum AMB-1 abolishes the filamentous structure near
the magnetosomes; hence, the filamentous structure may be
composed of MamK (7). Furthermore, we reported that the
green fluorescent protein-fused M. magneticum AMB-1 MamK
protein forms a filamentous organization in the cells of Esch-
erichia coli (12). To understand the structure and function of
the MamK cytoskeletal filament as well as other bacterial actin
homologues, such as MreB and ParM, preparation of the
MamK filament in vitro and characterization of the features

are required. However, there have been no reports about po-
lymerization of MamK in vitro.

In this study, first, we cloned, expressed, and purified M.
magnetotacticum MamK from E. coli. Second, the localizations
of MamK in the wild-type M. magnetotacticum cell and in the
purified magnetosome chain were confirmed, using immuno-
chemical techniques. Finally, we demonstrated for the first
time that the recombinant MamK proteins polymerized into
filamentous bundles in vitro.

Localizations of MamK in the M. magnetotacticum cell and
in the purified magnetosomes. The intracellular localization of
MamK was examined and compared to that of MreB by using
immunofluorescence microscopy (IFM) with the wild-type
M. magnetotacticum cell. M. magnetotacticum MS-1 (ATCC
31632) was cultured in a chemically defined liquid medium (2)
under microaerobic condition at 25°C in the dark and then
harvested at the early stationary phase. The C-terminal His-
tagged recombinant M. magnetotacticum MamK and MreB
were overexpressed and purified from E. coli C41(DE3) (10) as
follows. For construction of the expression plasmids, both
genes were amplified by genomic PCR and cloned into pET-
29b (Novagen). The primers containing the restriction sites for
NdeI (shown underlined) and KpnI (shown with double un-
derlines), mamK-F (5�-GGAATTCCATATGAGTGAAGGT
GAAGGCC-3�) and mamK-R (5�-GGGGTACCCGAGCCG
GAGACGTCTCCAAGC-3�), were used for the mamK clon-
ing, while the primers mreB-F (5�-GGAATTCCATATGTTT
TCGAAACTGACGGG-3�) and mreB-R (5�-GGGGTACCG
TACATGCTGGTCAGCACGTTC-3�) were used for the
mreB cloning. The annotated sequences of both MamK
(accession no. ZP_00054405) and MreB (accession no.
ZP_00055538) in the database lacked the N-terminal residues
compared to that of their counterparts from M. magneticum
AMB-1. Therefore, to express the full-length proteins, DNA
sequences encoding the N-terminal 25 amino acids of MamK
and the N-terminal 8 amino acids of MreB were added. E. coli
C41(DE3) cells were transformed and grown at 30°C in LB
medium (13) containing 20 �g/ml kanamycin until an optical
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density at 600 nm of 0.6 was reached, and then the recombi-
nant proteins were induced with 0.1 mM isopropyl-�-D-thio-
galactopyranoside for 5 h. Both recombinant proteins were
purified from inclusion bodies for the generation of antigens,
using Ni2� affinity chromatography (Ni-nitrilotriacetic acid
agarose; Qiagen) under denaturing conditions, according to
the Qiagen technical manual (Fig. 1A). The anti-MamK and
anti-MreB polyclonal rabbit antibodies were raised against the
purified His-tagged MamK and MreB proteins, respectively.
Also, the cell extract of M. magnetotacticum was separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (8)
and then used for immunoblotting (18) or quantitative immu-
noblotting (11), as described previously. The immunoblotting
analyses using both antibodies showed that each single positive
band corresponded to the molecular mass deduced from the
mamK and mreB genes and also showed no cross-reactivities
(Fig. 1B). Furthermore, the quantitative immunoblotting anal-
yses estimated that the cellular amounts were 26,000 � 6,000
(n � 8) MamK molecules per cell and 5,000 � 1,000 (n � 6)
MreB molecules per cell. Because the longitudinal monomer
spacing of other actin-like proteins, such as MreB and ParM,
approximately 51 Å and 49 Å, respectively (19, 20), the M.
magnetotacticum cell seems to contain enough MamK mole-
cules to exist as a bundle of protofilaments or as a network
structure along the long axis of the cell.

IFM was performed as previously described (5), with slight
modifications. The anti-MamK and anti-MreB antisera were
used at a 1:100 dilution, and the secondary fluorescein isothio-
cyanate-conjugated anti-rabbit immunoglobulin G (EY Labo-
ratories) was used at a 1:1,500 dilution. IFM demonstrated that
MamK was distributed in a line from pole to pole along the
long axis of the M. magnetotacticum cells (Fig. 2A to E). This
is the first observation of the MamK localization in the cell of
M. magnetotacticum. The MamK distribution in the M. mag-
netotacticum cell was consistent with that of M. magneticum
AMB-1 as reported in previous studies (7, 12). Whereas, MreB
showed a spiral distribution in M. magnetotacticum cells (Fig.
2F to J), these results proved that two kinds of actin-like
proteins were assembled into different organizations in the M.
magnetotacticum cell.

Furthermore, immunoelectron microscopy of the purified
magnetosomes, using the anti-MamK antibody, which was per-
formed using a JEOL JEM 2000EX transmission electron mi-

FIG. 1. (A) Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis profile of the purified C-terminal His-tagged MamK and
MreB from E. coli C41(DE3). The protein bands were stained with
Coomassie brilliant blue G-250. (B) Immunoblotting analyses of M.
magnetotacticum cell extract with the anti-MamK and the anti-MreB
antibodies. The antibodies generated against MamK and MreB
showed monospecificities as single positive bands with apparent mo-
lecular masses of 38 kDa and 36 kDa, respectively. The apparent
molecular masses of the positive bands corresponded to the deduced
molecular masses from the mamK and mreB genes. Proteins (10 �g/
lane) extracted from M. magnetotacticum cells were loaded on each
lane. The molecular masses of the standards (Precision Plus protein
standards; Bio-Rad) are indicated on the left sides of the lanes.

FIG. 2. Localization of MamK in M. magnetotacticum cells and in
the purified magnetosomes. (A to E) IFM images using the anti-
MamK antibody show that MamK formed a linear filamentous struc-
ture from pole to pole along the long axis of the M. magnetotacticum
cells. Arrows show the linear distribution of MamK. (F to J) IFM
images using the anti-MreB antibody showing that MreB formed he-
lical filamentous structures in the M. magnetotacticum cells. Arrows
show the helical localizations of MreB. (K and L) Immunoelectron
microscopy images of the purified magnetosomes using the anti-
MamK antibody show that the 5-nm gold particles are distributed
along the surfaces of the magnetite particles in the magnetosome
chains. Arrows and arrowheads show 5-nm gold particles and magne-
tosomes, respectively. (M) Immunoelectron microscopy image as a
negative control experiment using serum prepared from a rabbit prior
to immunization showed that only a few gold particles were observed
on the magnetosomes. Panel A to J scale bars, 1 �m; panel K to M
scale bars, 100 nm.
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croscope (TEM) as previously described (18), showed that the
gold particles were distributed along the surfaces of the mag-
netite particles in the magnetosomes (Fig. 2K and L). This
result suggested that MamK is localized in the structure of the
magnetosome chain, whereas only a few gold particles were
observed in the negative control experiment using the serum
prepared from the rabbit prior to immunization (Fig. 2M).

Polymerization of MamK in vitro. The polymerization of
MamK was examined using electron microscopy. Soluble His-
tagged MamK was purified from the soluble fraction of E. coli
for the MamK polymerization experiment. The E. coli cells
were disrupted with sonication, and then the lysate was cen-
trifuged at 100,000 � g for 1 h. The supernatant was subjected

to Ni2� affinity chromatography (Ni-nitrilotriacetic acid aga-
rose; Qiagen) under native conditions, according to the Qiagen
technical manual. The purified MamK was added at a final
concentration of 10 �M in a total volume of 30 �l of polymer-
ization buffer containing 100 mM Tris-HCl (pH 7.0), 14 mM
MgCl2, 100 mM NaCl, and 30 mM KCl. The mixture was then
centrifuged at 150,000 � g for 1 h to remove the aggregates.
After the addition of 2 mM (final concentration) ATP or the
nonhydrolyzable ATP analogue adenosine-5�-(	-thio)triphos-
phate (ATP-	-S), the mixture was incubated at 30°C for 5 min.
Formvar- and carbon-coated grids were put on a drop of the
resulting mixture for 5 min. The grids were washed twice on a
drop of water for 2 min each time and then were negatively

FIG. 3. TEM images of negatively stained MamK polymers. (A and B) Filamentous bundles of MamK. Arrows show the synthesized
filamentous bundles of MamK. (C) The well-developed bundle of MamK. (D) Immunogold staining of the synthesized bundle using anti-MamK
antibody. The arrows show the 5-nm gold particles. Many gold particles are attached to the bundle; in contrast, few gold particles are attached to
the background. (E) The filamentous bundle ranged from 8 to 18 nm in width. (F) An enlargement of the box from panel E is shown. Each bundle
consisted of fine helical filaments. (G) A line profile P1 to P2 of intensity from the enlarged bundle shown in panel F. Double-head arrows show
the width of a single helical filament. The helical filament was about 6 nm in width. Panel A to C scale bars, 200 nm; panel D scale bar, 100 nm;
panel E scale bar, 50 nm.
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stained with 4% uranyl acetate. The products on the grids were
observed using a JEOL JEM 2000EX transmission electron
microscope (TEM) or a JEOL JEM-2010FEF TEM equipped
with an Advanced Scanning Imaging Device unit. Before the
MamK polymerization experiment, we used TEM to confirm
that there is no filamentous structure in the purified MamK
sample. In the case of the ATP addition, we could not observe
any filamentous structures on the grids. On the other hand, we
found that MamK was polymerized into long straight filamen-
tous bundles by adding ATP-	-S instead of ATP (Fig. 3A and
B). These results suggest that although the polymerized MamK
prepared by the addition of ATP-	-S is stable, the MamK
filaments with ATP might be depolymerized during the prep-
aration procedure. The well-developed bundles were more
than 100 �m in length and 100 nm in width (Fig. 3C). Immu-
nogold staining of the bundles with the anti-MamK antibody
confirmed that the bundles were composed of MamK proteins
(Fig. 3D). The smallest bundles were twisted, with total diam-
eters of 8 to 18 nm (Fig. 3E). Furthermore, the twisted bundles
were composed of fine helical filaments, which were about 6
nm in width (Fig. 3F and G). The fine helical filaments seemed
to be protofilaments.

The actin-like protein ParM polymer forms a gently twisted
double-helical filament, and the ParM filament is unlikely to be
bundled (19). The MreB polymer, which is observed as a
straight or curved protofilament, is arranged in a filamentous
bundle or a ring-like structure (4, 20). In contrast, the poly-
merized MamK appears as straight, long, filamentous bundles,
and the smallest MamK bundle consisted of fine helical fila-
ments. Accordingly, the nature of MamK polymer is distinct
from the other known actin-like proteins. Although these spe-
cific features of the polymerized MamK might contribute to
the magnetosomes’ formation and magnetoreception, addi-
tional research is required to determine the structure and
characteristics of the MamK cytoskeletal filament. The mag-
netosome chain consists of some additional structures, e.g., a
membrane vesicle, a cytoskeletal filament, and a magnetoso-
mal matrix. These components are highly ordered with various
magnetosome-associated proteins. The reconstruction of the
magnetosomal components in vitro would provide new insights
into the elucidation of the functions of magnetosome-associ-
ated proteins and the mechanism of magnetosome formation.
The present study provides the first step for the in vitro recon-
struction studies of the magnetosomal structures.
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