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Magnetotactic bacteria (MTB) synthesize unique organelles termed “magnetosomes,” which are membrane-
enclosed structures containing crystals of magnetite or greigite. Magnetosomes form a chain around MamK
cytoskeletal filaments and provide the basis for the ability of MTB to navigate along geomagnetic field lines in
order to find optimal microaerobic habitats. Genomes of species of the MTB genus Magnetospirillum, in
addition to a gene encoding the tubulin-like FtsZ protein (involved in cell division), contain a second gene
termed “ftsZ-like,” whose function is unknown. In the present study, we found that the ftsZ-like gene of
Magnetospirillum gryphiswaldense strain MSR-1 belongs to a 4.9-kb mamXY polycistronic transcription unit. We
then purified the recombinant FtsZ-like protein to homogeneity. The FtsZ-like protein efficiently hydrolyzed
ATP and GTP, with ATPase and GTPase activity levels of 2.17 and 5.56 pmol phosphorus per mol protein per
min, respectively. The FtsZ-like protein underwent GTP-dependent polymerization into long filamentous
bundles ir vitro. To determine the role of the ftsZ-like gene, we constructed a ftsZ-like mutant (AftsZ-like
mutant) and its complementation strain (AfisZ-like_C strain). Growth of AfisZ-like cells was similar to that of
the wild type, indicating that the AftsZ-like gene is not involved in cell division. Transmission electron
microscopic observations indicated that the AftsZ-like cells, in comparison to wild-type cells, produced smaller
magnetosomes, with poorly defined morphology and irregular alignment, including large gaps. Magnetic
analyses showed that AftsZ-like produced mainly superparamagnetic (SP) magnetite particles, whereas wild-
type and AftsZ-like_C cells produced mainly single-domain (SD) particles. Our findings suggest that the

FtsZ-like protein is required for synthesis of SD particles and magnetosomes in M. gryphiswaldense.

Magnetotactic bacteria (MTB) can orient themselves along
geomagnetic field lines and search for microaerophilic envi-
ronments. These capabilities are based on unique prokaryotic
organelles termed magnetosomes (3). Magnetosomes are
nanometer-size magnetic particles of iron oxide (magnetite;
Fe;0,) or iron sulfide (greigite; Fe;S,) (4, 5, 45), enclosed
within intracytoplasmic vesicles of the magnetosome mem-
brane (MM) (3, 43). Magnetosome formation is a complex
process involving vesicle formation, iron transportation, nucle-
ation and growth of magnetite crystals, and their assembly into
chain-like structures. A model for magnetosome formation has
been proposed by Komeili (18) and Schiiler (44). According to
this model, magnetosome vesicles are invaginated from the
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inner membrane, and protein sorting to the MM occurs con-
currently. The protein MamA was suggested to activate mag-
netosome vesicles for magnetite biomineralization (19). With
the help of the MamK and Maml] proteins, the membrane
invaginations are then assembled into a chain structure. The
bacterial actin-like MamK can form filaments required for
maintaining magnetosome organization and function (20, 33).
The AmamJ mutant shows no change in the synthesis of mag-
netite crystals but is unable to produce a straight magnetosome
chain (42). The acidic Mam]J is implicated in the control of
magnetosome chain assembly. The final step is magnetite bio-
mineralization, including iron uptake and the nucleation and
growth of magnetite crystals. Four small proteins, MamG,
MamF, MamD, and MamC, control the grain size of magnetite
crystals (41). The acidic Mms6, which is a tightly bound con-
stituent of the MM in Magnetospirillum magneticum AMB-1,
had a striking effect on the morphology of growing magnetite
crystals in vitro (2, 34).

In MTB, most of the genes involved in magnetosome for-
mation are clustered in a genomic magnetosome island (MAI)
(52). In addition to the actin-like mamK gene, MAIs of Mag-
netospirillum spp. contain a tubulin-like gene termed “ftsZ-
like.” Comparisons among five sequenced strains of MTB (Mag-
netospirillum gryphiswaldense strain MSR-1, M. magneticum strain
AMB-1, magnetic coccus strain MC-1, Magnetospirillum magne-
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Description Source or reference
E. coli strains
DH5«a endAI hsdR17(r™ m™) supE44 thi-1 recAl gyrA (NalR) 39
relA1 A(lacZYA-argF)UI69 deoR [$80dlacZAM15]
S17-1 thi endA recA hsdR with RP4-2-Tc::Mu-Km::Tn7 integrated in the chromosome, Sm* 47
M. gryphiswaldense strains
MSR-1 Wild type DSM6361
AftsZ-like ftsZ-like-deficient mutant, Gm" Present study
AftsZ-like_C AftsZ-like-carrying plasmid pCFZL, Gm" Tc" Present study
Plasmids
pRK415 Cloning vector, pRK290 derivative, Tc" 17
pK19mobsacB sacB (modified from B. subtilis), lacZ, Km" 40
pUCGm pUCI1918 carrying the aacCI gene, Gm" 46
pET-28a-c(+) Expression vector, T7 promoter, Km" Novagen
pDFZ1 pK19mobsacB derivative for ftsZ-like deletion, Km* Present study
pDFZ2 pK19mobsacB derivative for ftsZ-like deletion, Km" Gm" Present study
pCFZL pRK415 derivative for ftsZ-like expression, Tc" Present study
pEFZL pET-28a-c(+) derivative for fisZ-like expression, Km" Present study

totacticum strain MS-1, and Desulfovibrio magneticus strain RS-1)
showed that the ftsZ-like gene is conserved only among the Mag-
netospirillum strains (30, 36). The FtsZ-like protein of M. grnyphi-
swaldense has ~84% similarity to the FtsZ-like proteins of M.
magneticum and M. magnetotacticum. ftsZ-like is the last gene of
the mamXY cluster in magnetospirilla. In M. gryphiswaldense
MSR-1, the ~4.9-kb mamXY cluster, which is located ~28 kb
downstream of the mamAB operon, consists of the mamy,
mamX, mamH-like, and ftsZ-like genes. The predicted FtsZ-like
protein consists of tubulin and tubulin C-terminal domains. These
domains are present in prokaryotic homologs of eukaryotic tubu-
lins. The ftsZ gene encodes a GTPase (9, 35). The bacterial FtsZ
protein is an essential component of the cell division apparatus,
assembling in a GTP-dependent manner a cytokinetic ring struc-
ture (Z ring) that mediates cell division (6). The Z ring then
recruits members of the cell division complex, including FtsA,
ZipA, MinC, and others that promote cytokinesis (53). The func-
tion of the FtsZ-like protein is unknown.

In the present study, we found that the ftsZ-like gene was
expressed as a polycistronic mamXY unit under physiological
conditions. The purified FtsZ-like protein displayed both
ATPase and GTPase activities and polymerized into tubulin
filament bundles in a GTP-dependent manner in vitro. Dele-
tion of the ftsZ-like gene had no effect on cell division but
resulted in the production of superparamagnetic (SP) crystals
at ambient temperature.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plasmids
used in this study are described in Table 1. Escherichia coli strains were grown in
Luria-Bertani (LB) medium at 37°C. M. gryphiswaldense strains were grown at
30°C in optimized flask medium (OFM) (49). Sterilized ferric citrate was added
as the iron source after autoclaving. For conjugation, M. gryphiswaldense strains
were cultured in selection medium, in which NH,Cl and yeast extract were
replaced by 4 g sodium glutamate (22). For liquid culture, strains were kept in
250-ml serum bottles containing 100 ml medium, with shaking at 100 rpm.
Microaerobic conditions occurred at high cell densities as a result of oxygen
consumption. The following antibiotics and concentrations (g ml~') were used:
kanamycin (Km), 50 for E. coli and 5 for M. gryphiswaldense; gentamicin (Gm),
20 for E. coli and 5 for M. gryphiswaldense; and tetracycline (Tc), 12.5 for E. coli
and 5 for M. gryphiswaldense.

Reverse transcription (RT)-PCR. M. gryphiswaldense cells were grown until
exponential phase, and total RNA was isolated by the SV total RNA isolation system
(Promega), according to manufacturer’s instructions. RT-PCR analyses were per-
formed with 0.6 pg RNA pretreated with RQ1 RNase-free DNase (Promega), using
Moloney murine leukemia virus (MMLYV) reverse transcriptase (Tiangen). A neg-
ative-control reaction for RT-PCR was performed using total RNA without MMLV
reverse transcriptase to confirm the lack of genomic DNA contamination in each
reaction mixture. Primers used to amplify the cDNA from total RNA were random
primers. Primers used to amplify the intergenic regions of the mamXY cluster
were as follows: 5'mamY-mamY _f/5'mamY-mamY _r (5'-AAGCGACCATCAATG
TCCACT-3'; 5'-CCTCCGTTAATCGTCTTTGATAC-3"). mamY-mamX_{/
mamY-mamX_r (5'-ATTGGTGCCGAGAATGTGCG-3'; 5'-TGTGATCTTCCC
ACGGATTGG-3"), mamX-mamH-like_fi/mamX-mamH-like_r (5'-CCCATGTGG
ATCGACCTTGC-3"; 5'-CCCACGCAGACGATGGAGAC-3"), mamH-like-fisZ-
like_fimamH-like-ftsZ-like_r (5'-GCGGCCTTCCTCCTGCTGAT-3"; 5'-AGGGCT
TGGGCGTCCGTATT-3'), and fisZ-like-3'fisZ-like_f{lftsZ-like-3'ftsZ-like_r (5'-GT
TATGAGCGAGATGGGCAAGG-3'; 5'-GGCCGTCTTCATGGTGTTGG-3').

Construction of the fisZ-like deletion mutant. Gene replacement was per-
formed by homologous recombination of flanking sequence regions of the fisZ-
like gene between the M. gryphiswaldense MSR-1 chromosome and pDFZ2. A
1,385-bp upstream region and a 1,396-bp downstream region of fisZ-like were
amplified using the primers DCftsZ-likeu_f/DCftsZ-likeu_r (5'-CGCGGATCCG
GTGTGTTCATCATCATGTGCCTG-3'; 5'-AAAACTGCAGAATACCATTT
AGCCGATTCGCAGGG-3") and DCftsZ-liked_f/DCftsZ-liked _r (5'-AAAACT
GCAGTGAGCCGCTCCGGAAGAATCAAGC-3'; 5'-CCCAAGCTTGGGAT
ACTGACTAGAGCGGTTTCACG-3'), respectively (restriction sites are
underlined). These two fragments were cloned into the pK19mobsacB vector at
the BamHI and HindIII sites, yielding plasmid pDFZ]1. Finally, the aacCI gene
(encoding Gm") from pUCGm was inserted into pDFZ1 at the PstI site, resulting
in suicide plasmid pDFZ2. pDFZ2 was transferred from E. coli S17-1 into M.
gryphiswaldense MSR-1 by biparental conjugation as described previously (38).
Gm" colonies were isolated after 7 days and replica printed to identify Km?®
colonies. Gm" Km® colonies resulting from a double-crossover recombination
event were confirmed by PCR and Southern blot analysis. To complement the
ftsZ-like mutant (AftsZ-like mutant), the M. gryphiswaldense ftsZ-like gene was
amplified using primer CLftsZ-like_f/CLftsZ-like_r (5'-CTAGTCTAGACACCA
CGGGAGCAGCCCTTATTTTTGGCGTTGAACCCATTAGCTTCTG-3'"; 5'-
CGGGGTACCGCTTGATTCTTCCGGAGCGGC-3") (restriction sites are un-
derlined). The DNA fragment encoding the fisZ-like gene was cloned into the
Xbal and Kpnl sites of the pRK415 vector, resulting in pCFZL.

Expression and purification of the FtsZ-like protein. The DNA fragment
encoding the ftsZ-like gene was amplified from chromosomal DNA of M. gry-
phiswaldense MSR-1 by PCR and cloned into the Sacl and Xhol sites of the
pET28a(+) (Novagen) vector. The resultant plasmid pEFZL expressed the
FtsZ-like protein with a His, tag fused at its N terminus. The primer used for
FtsZ-like cloning was EXftsZ-like_{f/EXftsZ-like_r (5'-CCCGAGCTCATTTTTG
GCGTTGAACCCATTAGC-3" and 5'-CCGCTCGAGTCAGGCGATACCGG
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FIG. 1. (a) Diagram of the mamXY cluster of M. gryphiswaldense strain MSR-1; (b) transcriptional analysis of mamXY cluster by RT-PCR.
Expected sizes of PCR products are indicated below the arrows. Agarose gel electrophoresis of PCR products is shown at the bottom of each panel.
Lanes: RT, RT-PCR; —, negative control with reverse transcriptase omitted; +, positive control with genomic DNA as the template; M, DNA size

marker.

TGGC-3") (restriction sites are underlined). E. coli BL21(DE3) containing the
pEFZL plasmid was cultured in LB medium supplemented with 50 pwg/ml kana-
mycin and grown at 37°C. Protein expression was induced at A, of 0.6 by 0.5
mM isopropyl-1-thio-B-p-galactopyranoside. Cells were harvested after 6 h, pel-
leted at 8,000 rpm and 4°C for 10 min, and resuspended in lysis buffer (50 mM
NaH,PO,, 300 mM NaCl, and 10 mM imidazole at pH 8.0). Cells were disrupted
by sonication, and the solution was centrifuged at 12,000 X g for 10 min at 4°C.
The supernatant was loaded onto a nickel-nitrilotriacetic acid spin column (Qia-
gen) equilibrated with lysis buffer. The column was washed four times with wash
buffer (50 mM NaH,PO,, 1 M NaCl, 50 mM imidazole, 0.5% [vol/vol] Triton
X-100, and 5% [vol/vol] glycerol at pH 8.0). Proteins were eluted by stepwise
increases of imidazole concentrations (150, 200, 250 mM) in elution buffer (50
mM NaH,PO,, 300 mM NaCl, and 250 mM imidazole at pH 8.0). The N-
terminal His, tag was removed by digestion with thrombin (15). The eluate was
dialyzed against 25 mM HEPES-NaOH (pH 7.2), 1 mM dithiothreitol (DTT), 0.1
mM EDTA, and 10% glycerol and stored at —80°C until use. The proteins were
dialyzed against a specific buffer before being used for assaying a specific prop-
erty. Proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) with Coomassie blue R-250 staining and quantified by
the Bradford method, using bovine serum albumin (BSA) as standard. Matrix-
assisted laser desorption ionization—time of flight mass spectrometry (MALDI-
TOF MS) was performed at Beijing Genomics Institute (BGI).

Nucleoside triphosphate (NTP) hydrolysis. The nucleoside triphosphatase
(NTPase) activity of FtsZ-like was measured with the EnzChek phosphate assay
kit (catalog no. E6646; Molecular Probes, Invitrogen), which utilizes the spec-
trophotometric shift of maximal absorbance from 330 to 360 nm when the
substrate 2-amino-6-mercapto-7-methylpurine riboside (MESG) is converted en-
zymatically by purine nucleoside phosphorylase (PNP) into ribose 1-phosphate
and 2-amino-6-mercapto-7-methylpurine. For accurate measurement of NTPase
activity, 1 mM GTP was preincubated with the kit reagent for 10 min at 22°C to
deplete free phosphate before mixing with the protein sample, which included
FtsZ-like, in 50 mM HEPES at pH 7.5, 200 mM KCI, 175 mM NaCl, and 2.5 mM
MgCl,. The concentration of FtsZ-like protein in each experiment was 5 pM.
Absorbance at 360 nm of the sample was recorded every 10 s at room temper-
ature using a UVmini-1240 UV-visible (UV-VIS) spectrophotometer (Shi-
madzu). For control experiments in which GTP was added to the regenerating
system in the absence of FtsZ-like, the A5, readout was flat, indicating that all
inorganic phosphate present in GTP was converted to a signal by the PNP. The
rate of NTP hydrolysis was calculated based on the regression line of phosphate
standards, and the value for preexisting inorganic phosphate in GTP was sub-
tracted. Experiments were performed in triplicate, and mean values are pre-
sented.

Transmission electron microscopy (TEM). M. gryphiswaldense cells (wild-type,
AftsZ-like, and the AftsZ-like complementation strain [AftsZ-like_C strain] cells)
were grown in OFM at 30°C until stationary phase and concentrated from

suspension by centrifugation (12,000 rpm, 1 min). Cells and isolated magneto-
somes were adsorbed onto carbon-coated copper grids and rinsed twice with
double-distilled H,O. Samples were observed with a conventional TEM (Philips
Tecnai F30) at 120 kV and a high-resolution TEM (JEOL 2010) at 200 kV.

An electron microscopic assay for FtsZ-like polymerization was performed as
described previously (54). FtsZ-like protein (6 mM) was incubated in assembly
buffer (50 mM Tris at pH 7.5, 1 mM MgCl,, 1 mM GTP, 10 mM CaCl,) at 37°C
for 5 min. Samples (5 pl each) were placed on a carbon-coated copper grid,
blotted, negatively stained with 1% uranyl acetate, blotted again, and observed
with the conventional TEM.

Magnetic analyses. To characterize the magnetic properties of magnetosomes,
freeze-dried cell samples (washed with double-distilled H,O) were analyzed.
Low-temperature magnetic measurements were taken using a Quantum Design
MPMS XL-5 magnetometer (sensitivity, 5.0 X 10~ Am?). Thermal demagne-
tization of remanence acquired in a 2.5-T field at 5 K (hereafter named
SIRMsy 5 s7) after two pretreatments was measured from 5 K to 300 K. The first
pretreatment was cooling the sample from 300 K to 5 K in a zero field (zero field
cooled [ZFC]), and the second was cooling it from 300 K to 5 K in a 2.5-T field
(field cooled [FC]). The Verwey transition temperature (7,) was defined as the
temperature corresponding to the maximal first-order derivative dM/dT of the
FC curve. Room temperature first-order reversal curves (FORCs) were mea-
sured on an alternating gradient magnetometer (sensitivity, 1.0 X 10~'" Am?;
MicroMag model 2900) using the protocol of Roberts et al. (37). FORC dia-
grams were calculated using FORCinel version 1.05 software, with a smoothing
factor (SF) of 2 (14). FORC diagrams provide information on the domain state,
coercivity, and magnetostatic interaction of magnetic crystals. In a FORC dia-
gram, coercive field (H,) and magnetostatic interaction fields (H,,) are indicated
on the horizontal and vertical axes, respectively.

RESULTS

Transcriptional organization of the mamXY gene cluster.
The ftsZ-like gene is located at the last position of the operon-
like, colinear organization of the mamXY cluster (Fig. 1a). We
applied RT-PCR to determine whether ftsZ-like is transcribed
under physiological conditions and whether adjacent genes are
cotranscribed, using primers that amplify intergenic regions of
the mamXY cluster. Transcripts were detected for all tested
intergenic junctions but not for regions located at the 5" and 3’
ends of the first and last genes of this cluster (Fig. 1b). Am-
plicons obtained from the cDNAs were the same size as am-
plicons obtained from genomic DNA. Negative-control exper-
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FIG. 2. Detection of ATP and GTP hydrolytic activities of the
purified FtsZ-like protein. (A) ATP and GTP hydrolytic activities of
FtsZ-like. (B) SDS-PAGE of purified His-FtsZ-like protein. Lane 1,
purified His-FtsZ-like protein; lane 2, molecular mass markers of 45
kDa (upper) and 35 kDa.

iments, performed by omitting reverse transcriptase during RT
reactions, revealed the complete absence of DNA in the RNA
samples. These results indicate that the ftsZ-like gene is ex-
pressed from a single, long, polycistronic mamXY transcript
unit under physiological conditions.

The FtsZ-like protein is an ATPase and GTPase. The FtsZ-
like protein consists of 323 amino acids and has a predicted
molecular mass of 33.7 kDa. The molecular mass of His-FtsZ-
like, determined by SDS-PAGE, was ~40 kDa (Fig. 2B). The
His-FtsZ-like protein showed somewhat higher migration than
that expected from the calculated molecular weight but was
identified by MALDI-TOF MS.

The presence of the tubulin signature motif and FtsZ signa-
ture sequences within FtsZ-like suggested that the protein
might be a GTPase. We therefore tested the ability of FtsZ-
like to hydrolyze GTP and other NTPs, using a spectrophoto-
metric method that measures the phosphate released from
NTP hydrolysis. Native FtsZ-like protein hydrolyzed GTP ef-
ficiently (Fig. 2A). Purified FtsZ-like displayed GTPase activ-
ity, converting 5.56 * 0.13 wmol phosphorus per mol FtsZ-like
per min. GTPase activity of M. gryphiswaldense FtsZ-like was
higher than those reported for E. coli FtsZ (48) and Bacillus
subtilis FtsZ (8). Unexpectedly, in a test of ATPase activity,
FtsZ-like converted 2.17 = 0.13 pwmol phosphorus per mol
FtsZ-like per min, an efficiency that is ~2.6 times lower than
that for GTP (Fig. 2A). FtsZ-like did not hydrolyze TTP or
CTP (data not shown). These results indicate that FtsZ-like
protein has both ATPase and GTPase functions.

FtsZ-like undergoes GTP-dependent polymerization. The
capacity of the FtsZ-like protein to undergo GTP-dependent
polymerization was evaluated using electron microscopy. No
polymerization was observed in the absence of GTP (Fig. 3a).
In the presence of GTP and 6 mM protein, FtsZ-like formed
long, straight, polymeric structures (Fig. 3b), which actually
consisted of bundles of protofilaments (Fig. 3c and d). Mea-
surement of individual bundles showed lengths of up to 13.2
pm and widths of up to 195.8 nm. Macromolecular crowding of
the protofilaments prevented us from observing single FtsZ-
like filaments, and it was therefore difficult to estimate the
number of protofilaments per bundle. Occasional bifurcation
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of polymers was observed at the ends of bundles (Fig. 3e).
TEM observations suggested that interconnection between
bundles to form a network occurs by lateral alignment of pro-
tofilaments (Fig. 3f).

Characterization of the AftsZ-like mutant. To determine the
role of the ftsZ-like gene in the formation of functional mag-
netosomes, a AftsZ-like deletion mutant was constructed. Al-
though the highest optical density at 565 nm (ODss) value of
AftsZ-like cells was slightly lower than that of the wild type,
they both reached exponential stage after 21 h of culture in
medium supplemented with 60 wM iron, and deletion of the
ftsZ-like gene had no major effect on growth (see Fig. S1 in the
supplemental material). TEM micrographs of the mutant cells
showed distinctively small magnetosome crystals (Fig. 4). The
average magnetosome size for the AftsZ-like mutant was
24.0 = 4.6 nm, compared to that of 37.9 = 5.3 nm for wild-type
cells (Table 2); this difference was statistically significant (P <
0.001; ¢ test). High-resolution TEM observation showed that
magnetosomes produced by AftsZ-like cells had poorly defined
morphology, poor crystallization, and irregular distribution
with large gaps (Fig. 4d to f). Magnetosomes produced by
wild-type cells were clearly distinct, with symmetrical cuboid
crystals, perfect crystal structure, and linear chain assembly
(Fig. 4a to c). Formation of the aberrant magnetosome crystals
in the AftsZ-like mutant was not compensated by their high
iron concentration (500 wM), as indicated by TEM observa-
tions (data not shown). The difference in the number of mag-
netosomes per cell between the mutant and the wild type
(Table 2) was not statistically significant (P > 0.05). Gaps
between adjacent magnetosome particles in AftsZ-like were
larger, and the magnetosome chain was longer than that of the
wild type.

To test whether the above-described phenotypes were really
caused by deletion of the ftsZ-like gene, the mutant was com-
plemented with ftsZ-like expressed from the lac promoter.
Complementation of the AftsZ-like strain with plasmid pCFZL
containing the entire ftsZ-like gene produced cells (AftsZ-
like_C) having magnetosomes with physical properties very
similar to those of the wild type, i.e., cuboid shape, linear chain
arrangement, and well-defined lattice fringes (Fig. 4g to i;
Table 2). Magnetosomes produced by AftsZ-like_C had grain
size slightly larger than that of the wild type, possibly because
of multiple copy expression of ftsZ-like from plasmid pCFZL
(Table 2). The diameters of magnetosomes of AftsZ-like C
were not statistically different from those of the wild type (P >
0.05), although the ODs¢5 values from the AftsZ-like_C culture
were slightly lower than those from the wild-type culture (See
Fig. S1 in the supplemental material). A likely explanation for
this is expression of ftsZ-like from a heterologous promoter
carried on the plasmid. Taken together, these findings support
the idea that deletion of the ftsZ-like gene was the cause of
phenotypes observed in AftsZ-like cells.

Magnetic properties of wild-type cells and their AftsZ-like
deletion mutants. Thermal demagnetization curves and FORC
diagrams for whole-cell samples of M. gryphiswaldense MSR-1
wild-type, AftsZ-like, and AftsZ-like_C cells, as described
above, are shown in Fig. 5. Both ZFC and FC curves for all
three strains showed sharp drops in remanence between 90 and
110 K, which corresponds to the Verwey transition of magne-
tosome magnetite (23, 27, 32). The presence of Verwey tran-
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FIG. 3. TEM images of FtsZ-like polymers. (a) FtsZ-like in the absence of GTP; (b) well-developed bundle of FtsZ-like in the presence of GTP;
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(c to f) filamentous bundles of FtsZ-like. Scale bars, 1 wm in panels a and b and 200 nm in panels c to f.

sition confirms that the magnetosomes synthesized by AftsZ-
like cells are magnetite rather than other minerals, e.g.,
maghemite or ferrihydrite (11). However, Verwey transition
behaviors differed between AftsZ-like and the wild type. AftsZ-
like_C showed thermal demagnetization behavior that was
nearly identical to that of the wild type, and both had sharp
Verwey transitions, with T, of 104 K (Fig. 5a and c). In con-
trast, AftsZ-like showed a suppressed Verwey transition, with
T, of 100 K (Fig. 5b). The remanence carried by AftsZ-like
decayed dramatically below 50 K and fell to 8.1% of the
FC_SIRMsy , 57 value at 300 K, which is much lower than the
corresponding percentages for the wild type (33.5%) and
AftsZ-like_C (34.5%). These findings indicate a significant con-
tribution of superparamagnetic (SP) magnetite particles (11,
23), probably at the threshold between SP and single-domain
(SD) particles, in AftsZ-like cells, which is consistent with the
TEM observations described above.

FORC diagrams for wild-type and AftsZ-like_C cells showed
smoothly closed contours around 13 mT and 14 mT, respec-
tively, with slight overlap at the H,, axis (Fig. 5a and c), indi-
cating predominantly fine-grained SD magnetosome particles
and small amounts of SP magnetosome particles. Both strains
showed a narrow vertical spread (<5 mT) on the H, axis. In
contrast to the wild type and AftsZ-like_C, AftsZ-like cells
showed much lower coercivity (<5 mT) and a considerably

wider vertical spread along the H,, axis (>20 to 30 mT) (Fig.
5b). AftsZ-like cells also had small closed contours around an
H,_ of 16.8 mT, indicating the presence of SD magnetosome
particles. Taken together, these findings suggest that AftsZ-like
cells have a much higher proportion of SP particles, or parti-
cles at the SP/SD threshold, compared to that of the wild type
or AftsZ-like_C.

DISCUSSION

The function of the FtsZ-like protein in M. gryphiswaldense
strain MSR-1 was studied by deletion mutation and comple-
mentation analysis. TEM observations indicated that FtsZ-like
affects magnetosome formation. AftsZ-like deletion mutant
cells produced small magnetosomes (average size, 24.0 * 4.6
nm) with aberrant shapes, irregular alignment, and poor crys-
tallization. This was confirmed by magnetic analyses at low and
room temperatures, which indicated that AftsZ-like cells pro-
duce a higher proportion of SP magnetosome magnetite with
less stoichiometry in comparison to AftsZ-like_C and wild-type
cells.

Although the FtsZ-like protein evidently contributes to mag-
netosome formation, the mechanism remains to be elucidated.
Alignment analyses of FtsZ-like using BLAST (1) and Clust-
alW programs showed high similarity with the FtsZ proteins of
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FIG. 4. TEM images of cells and magnetosomes of M. gryphiswaldense strains. Cells (left column) were viewed by conventional TEM (scale bar,
500 nm; Philips Tecnai F30). Magnetosome chains of whole cells (middle column; scale bar, 100 nm) and crystal lattice of isolated magnetosomes
(right column; scale bar, 5 nm) were viewed by high-resolution TEM (JEOL 2010). (a to ¢) Wild type; (d to f) AftsZ-like; (g to i) AftsZ-like_C.

several bacterial species, i.e., ~42% similarity with FtsZ of E.
coli, Bacillus subtilis, and Bacillus anthracis and 26% similarity
with that of Pyrococcus abyssi. FtsZ-like consists of 323 amino
acids, while the FtsZ proteins of the other bacteria range from
350 to 400 amino acids (21). Several regions of homology with
the FtsZ proteins are located between amino acids 1 and 320
of FtsZ-like. Since FtsZ-like is not essential for growth of M.
gryphiswaldense MSR-1 (see Fig. S1 in the supplemental ma-
terial), it presumably does not share the cell division function

TABLE 2. Comparative data on magnetosome diameters and
numbers in three M. gryphiswaldense strains grown in OFM
until stationary phase”

Avg diam of Avg no. of
Strain magnetosomes magnetosomes
(nm) per cell
Wild type 379 (5.3) 25.2(5.4)
AftsZ-like 24.0 (4.6) 26.1 (4.4)
AftsZ-like_C 39.2(6.7) 26.5 (3.8)

¢ Standard deviations are given in parentheses.
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FIG. 5. Low-temperature magnetic (remanence) measurements (left) and room temperature FORC diagrams (right) for wild-type (a),

AftsZ-like (b), and AftsZ-like_C (c) cells.

of the FtsZ proteins. The presence of a heptapeptide known as
the “tubulin signature motif” (GGGTGTG) is crucial for the
binding of GTP (9, 28, 35) and polymerization of the FtsZ
proteins (10, 26). Like the FtsZ proteins, FtsZ-like displays
GTP hydrolysis activity (Fig. 2A). FtsZ-like also hydrolyzed
ATP, with an efficiency that was ~2.6 times lower than that for
GTP (Fig. 2A); such ATP hydrolysis function has not been

reported for other FtsZ proteins. No significant hydrolysis ac-
tivity was detected for other nucleotides.

GTP-dependent polymerization is essential for the function-
ing of tubulin family proteins, including FtsZ. In vitro, purified
FtsZ proteins display assembly into a wide variety of polymer
morphologies (including tubules, sheets, asters, straight and
curved protofilaments, and minirings) (7, 12, 24, 25, 29, 31, 54).
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FtsZ-like was also found to undergo GTP-dependent polymer-
ization (Fig. 3). Under TEM, the polymers appeared as
straight, long, filamentous bundles, similar to those of the
MamK polymer (51). The MamK cytoskeletal filament has
been suggested to contribute to the maintenance of magneto-
some organization and function (20, 33). Both the tubulin-like
protein FtsZ-like and actin-like protein MamK in MTB belong
to the group of bacterial cytoskeletal proteins. Interestingly,
the chimeric protein MamK,, identified from noncultured
MTB, comprises an N-terminal FtsZ-like domain fused to a
C-terminal MamK-like domain (16). Such fusion of tubulin-
like and actin-like domains within a single polypeptide in MTB
suggests possible interaction of these proteins in strain MSR-1.
On the other hand, bacterial two-hybrid assay analyses indi-
cated that FtsZ-like does not interact directly with MamK
protein (see Fig. S2 in the supplemental material). The rela-
tionships between FtsZ-like and MamK, and with other mag-
netosome-associated proteins, await further study.

Biomineralization and the assembly of bacterial magneto-
somes into chains are intracellular processes under strict ge-
netic control (13). There are additional components and fac-
tors that contribute to magnetosome chains, e.g., interparticle
connections, membrane vesicles, cytoskeletal filaments, and
the magnetosomal matrix (50). These components are highly
ordered with various magnetosome-associated proteins. De-
tailed reconstruction of magnetosomal components in vitro will
provide new insights into the functions of magnetosome-asso-
ciated proteins and the mechanism of magnetosome forma-
tion. FtsZ-like cytoskeletal filaments may play a regulatory or
accessory role in magnetosome formation, by undergoing
GTP-dependent dynamic polymerization to regulate magneto-
some assembly and synthesis. Extensive future studies will clar-
ify this role.

The finding that a FtsZ-like protein is involved in magneto-
some synthesis in M. gryphiswaldense MSR-1 has important
implications for the mechanism of magnetosome biomineral-
ization and functional concepts of the bacterial cytoskeleton.
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