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Mycoplasma mobile has a unique mechanism that enables it to glide on solid surfaces faster than any other gliding mycoplasma.
To elucidate the gliding mechanism, we developed a transformation system for M. mobile based on a transposon derived from
Tn4001. Modification of the electroporation conditions, outgrowth time, and colony formation from the standard method for
Mycoplasma species enabled successful transformation. A fluorescent-protein tagging technique was developed using the en-
hanced yellow fluorescent protein (EYFP) and applied to two proteins that have been suggested to be involved in the gliding
mechanism: P42 (MMOB1050), which is transcribed as continuous mRNA with other proteins essential for gliding, and a ho-
molog of the F1-ATPase �-subunit (MMOB1660). Analysis of the amino acid sequence of P42 by PSI-BLAST suggested that P42
evolved from a common ancestor with FtsZ, the bacterial tubulin homologue. The roles of P42 and the F1-ATPase subunit ho-
molog are discussed as part of our proposed gliding mechanism.

Mycoplasmas are commensal and occasionally parasitic bac-
teria that lack peptidoglycan layers and have small genomes

(1). Mycoplasma mobile, a fish pathogen, has a membrane protru-
sion at one pole and exhibits gliding motility in the direction of the
protrusion (2–4). The average speed is 2.0 to 4.5 �m/s, or 3 to 7
times the length of the cell per second, with a propulsive force up
to 27 pN (5–7). This motility, combined with the ability to adhere
to the host cell surface, likely plays a role in infection, as has been
suggested for another species, Mycoplasma pneumoniae (2, 3,
8–10). The motor proteins involved in this motility are unlike the
motor proteins involved in any other form of bacterial or eukary-
otic cell motility (11).

The cell surface can be divided into three parts beginning at the
front end, i.e., the head, neck, and body, as shown in Fig. 1A (3, 4,
12–14). Three large proteins, Gli123, Gli349, and Gli521, with
respective masses of 123, 349, and 521 kDa, are involved in this
gliding mechanism and are localized at the cell neck exclusively,
suggesting that this part is specialized for gliding (12, 13, 15–18).
Fifty-nanometer legs composed of Gli349 can be seen protruding
from the neck surface by electron microscopy (Fig. 1B) (19–21).
The surface structure is supported from within the cell by a unique
cytoskeleton called the jellyfish structure; its 10 components have
been identified by mass spectrometry (Fig. 1C) (22). The energy
for motility is supplied by ATP (23, 24), and the direct binding
targets for gliding are the sialylated oligosaccharides found on the
surface of animal tissue (25–27). On the basis of the above infor-
mation, we proposed a working model called the “centipede” or
“power stroke” model, in which the cells are propelled by “legs”
composed of Gli349 that, through repeated cycles driven by the
hydrolysis of ATP, catch and release sialylated oligosaccharides (3,
28). However, more information will be needed in order to fully
clarify the gliding mechanism.

Although 10 proteins have been identified as the components
of the jellyfish structure, their roles and subcellular localizations
are still unclear (22). Interestingly, the amino acid sequences of
two of the components, MMOB1660 and MMOB1670, show high
similarity to the �- and �-subunits, respectively, of F1-ATPase, the

catalytic subunit of proton pumps (22, 29). However, these pro-
teins are unlikely to function in a proton pump because proton
pumps require additional subunits—seven in Bacillus subtilis
(30)—and the M. mobile genome has another locus containing a
complete set of pump subunits. P42 is likely encoded in an operon
with Gli123, Gli349, and Gli521 (16). However, the role and sub-
cellular localization of P42 are unknown (31).

Gene manipulation is a powerful tool for clarifying the func-
tion of proteins in microbiological studies. In mycoplasma spe-
cies, methods employing transposons (32), oriC plasmids based
on the replication origin of the genome (33), and homologous
recombination (34) have been applied. However, this strategy has
been hampered by the lack of a genetic system for manipulating
M. mobile genes.

In the present study, we developed a transformation system for
M. mobile, and we used this method along with fluorescent pro-
tein tagging to determine the subcellular localization of two key
proteins involved in the gliding mechanism.

MATERIALS AND METHODS
Strains and culture conditions. The M. mobile 163K (ATCC 43663) and
Mycoplasma pulmonis (ATCC 19612) strains were cultured in Aluotto
medium at 25°C and 37°C, respectively (35). The sources of plasmids
harboring a transposon are listed in Table 1 (36–39). For the selection of
transformed M. mobile, tetracycline hydrochloride, gentamicin sulfate,
chloramphenicol, or puromycin dihydrochloride was used with a final
concentration of 3.0, 30, 18, or 2.5 �g/ml, respectively. The Escherichia coli
strain DH5� was used for DNA manipulation.
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Plasmid construction. M. mobile genomic DNA was prepared by the
Genomic-tip System (Qiagen, Hilden, Germany). pTK165 was kindly
provided by Tsuyoshi Kenri at the National Institute of Infectious Dis-
eases, Tokyo, Japan (40). Plasmid pMobtuf was constructed by replacing
the M. pneumoniae tuf promoter sequence (upstream from eyfp, the gene

for the enhanced yellow fluorescent protein [EYFP]) by the tuf promoter
amplified from the M. mobile genome using BamHI and NcoI sites in the
plasmid. The eyfp gene (derived from plasmid pEYFP; Clontech, Palo
Alto, CA) of pMobtuf was replaced with a codon-optimized sequence
from the pMD19-Myco plasmid using the NcoI and EcoRI sites in the

FIG 1 SchematicofM.mobilecellarchitecture(2,3,55).TheORFsconsideredinthisstudyaremarkedbyasterisks.(A)Drawingofthecellshowingtheinsidestructure(i,above)
andthesurfacestructure(s,below).Thecytoskeletal jellyfishstructurecanbedividedintotwoparts, the“bell”andthe“tentacles.”Thebell iscomposedofproteinproductsof the
MMOB1630 and MMOB4860 genes, and the tentacles are protein products of the MMOB1670 gene. The cell surface can be divided into three parts, the head, neck, and body,
beginningatthefrontend.Theglidingdirectionis indicatedbytheblackarrow.TheneckiscoveredbytheGli123,Gli349,andGli521proteins,allofwhichareessential forgliding.
The head is covered with MvspC, -E, -F, -N, -O, and -I, and the body is covered with MvspC, -K, and -I; these proteins are likely involved in a mechanism for evading the host
immune system. (B) Magnified image of the neck surface based on our previous studies, most of which employed electron microscopy. The distal globular part of Gli349 is
thought to catch and pull sialylated oligosaccharides fixed on the host surface, a mechanism that hydrolyzes ATP. (C) ORFs for surface and jellyfish structures (above and below,
respectively). Ten ORFs are known to encode components of the jellyfish structure, but four are located at other regions of the genome.

TABLE 1 Plasmids used in this study

Plasmida Antibiotic resistance
Efficiency (no. of
transformants/CFU)

No. of days to
colony formation Reference

pKV104 Chloramphenicol 2.5E�03 9 38
pMTnTetM438 Tetracycline 1.4E�03 9 37
pMTnGm Gentamicin 3.1E�03 9 37
Mini-Tn4001PsPuro Puromycin 2.3E�03 8 36
pTK165 Gentamicin 4.2E�03 7 40
pAM120 Tetracycline 1.2E�05 9 39

a All plasmids contain a transposon and a replication origin of E. coli. pAM120 is based on transposon Tn916, and the others are based on Tn4001.
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pMobtuf plasmid, resulting in the pMobopt plasmid. The pMD19-Myco
plasmid was kindly provided by Itaru Yanagihara at the Osaka Medical
Center for Maternal and Child Health, Osaka, Japan. Plasmids containing
the p42 (MMOB1050) and MMOB1660 fusion genes were constructed as
follows. For the N-terminal fusion of p42, the DNA fragment amplified
from the genomic DNA by PCR was inserted into the 5= end of the eyfp
gene of pMobopt by using an In-Fusion EcoDry PCR Cloning Kit
(TaKaRa Bio, Shiga, Japan), producing the pMobN-P42 plasmid. For C-
terminal fusions, the p42 (MMOB1050) and MMOB1660 genes amplified
from the genomic DNA were inserted into the 3= end of the eyfp gene of
plasmid pMobopt using the In-Fusion EcoDry PCR Cloning Kit, produc-
ing plasmids pMobC-P42 and pMobC-1660, respectively.

Transformation of M. mobile. The transformation procedure was
modified from the method generally used for mycoplasma (41). The ma-
jor modifications were the use of stronger conditions for electroporation,
a longer incubation period without selection after electroporation in or-
der to permit cell growth, and a lower concentration of serum in the solid
medium. M. mobile was grown in liquid medium until the mid-logarith-
mic phase (�108 CFU/ml). Cells were collected by centrifugation at
9,000 � g and 4°C for 10 min and then washed three times in an equivalent
volume of electroporation buffer (272 mM sucrose, 8 mM HEPES, pH
7.4). The cells were then suspended in 100 �l of electroporation buffer at
a concentration of approximately 109 cells per ml, kept on ice with 10 �g
of plasmid DNA for 30 min, and transferred to a prechilled 2-mm elec-
troporation cuvette. Electroporation was performed using a Gene Pulser
II electroporation system and Pulse Controller II module (Bio-Rad Lab-
oratories, Hercules, CA). Optimized electroporation conditions of 2.5 kV,
800 �, and 25 �F were used. Immediately after electroporation, 900 �l of
ice-chilled Aluotto medium was added. After incubation for 15 min on
ice, the cells were kept at 25°C for 12 h for outgrowth. Aliquots of 100 �l
were plated onto solid Aluotto medium containing 6% horse serum and
appropriate antibiotics and were cultured at 25°C for 8 to 9 days. The
plates were observed by an SZX2-ILLT stereo microscope (Olympus, To-
kyo, Japan) and photographed. To isolate the transformants, individual
colonies in agar were picked and homogenized by a BioMasher (Iwai
Chemicals, Tokyo, Japan).

Colony PCR. Individual colonies were isolated, homogenized, and
used as templates for the colony PCR. The PCR was performed with prim-
ers complementary to the gentamicin resistance gene: 5=-ATGAATATAG
TTGAAAATGAAATATGTATAAG-3= and 5=-TCCTTTAATTTCTTTAT
AACCTAGTATAGAT-3=. The PCR protocol consisted of 5 min at 95°C,
followed by 30 cycles of 1 min at 95°C, 30 s at 55°C, and 1 min at 68°C, with
a final cycle at 68°C for 5 min. PCR products were checked using a Multina
microchip electrophoresis system (Shimadzu, Kyoto, Japan).

Microscopy. To observe EYFP fluorescence, individual M. mobile
transformants were selected and grown in liquid Aluotto medium con-
taining 15 �g/ml gentamicin at 25°C for 3 days. The cells were collected by
centrifugation at 12,000 � g for 4 min, suspended in fresh medium, and
bound to coverslips washed with saturated ethanolic KOH. The cells were
then fixed by 3.0% paraformaldehyde and 0.1% glutaraldehyde for 30 min
at room temperature (RT) and observed with a BX51 fluorescence micro-
scope equipped with a YFP filter unit (U-MYFPHQ) and a phase-contrast
setup (Olympus, Tokyo, Japan) (12, 40, 42). Immunostaining, staining
with 4=,6=-diamidino-2-phenylindole (DAPI) for fluorescence micros-
copy, and the observation of gliding were performed as described previ-
ously (5, 12, 13, 15, 42).

Transposon insertion mapping. The DNA sequences flanking trans-
poson insertion sites were determined using arbitrary PCR (43, 44). The
genomic DNA of the transformant was isolated by the agarose block
method, as previously described (45). A DNA fragment covering an end
region of a transposon and the flanking region of insertion sites was am-
plified by a nested PCR. The first-round PCR was performed to isolate
genomes using a primer unique to the right end of the Tn4001 element,
5=-CTTTTACACAATTATACGGACTTTATC-3=, and an arbitrary
primer, 5=-GGCCACGCGTCGACTAGTACNNNNNNNNNNACGCC-

3=. The PCR protocol consisted of the following: 10 min at 95°C; six cycles
of 30 s at 95°C, 30 s at 30°C, and 1.5 min at 72°C with 5-s increments per
cycle; 30 cycles of 30 s at 95°C, 30 s at 45°C, and 2 min at 72°C with 5-s
increments per cycle.

The second-round PCR was performed using the primers Tn4001-
IR-R-in (5=-GGACTGTTATATGGCCTTTTTACTTTTACACA-3=) and
5=-GGCCACGCGTCGACTAGTAC-3. The second-round PCR protocol
consisted of 10 min at 95°C, 35 cycles of 45 s at 95°C, 45 s at 55°C, and 1.5
min at 72°C with 5-s increments per cycle, followed by 10 min at 72°C.

All PCR products were recovered from the agarose gel, and sequencing
was carried out using BigDye, version 3.1, with the Tn4001-IR-R-in
primer and a 3130 Genetic Analyzer (Applied Biosystems, Foster City,
CA). The obtained sequence reads were aligned against the M. mobile
whole-genome sequence (11).

The existence of the original p42 gene and MMOB1660 on the genome
was confirmed by PCR of regions covering the whole gene and one flank-
ing region. The primer sequences used were 5=-GATGTACCTTCAGGA
GCAATTATTG-3=, 5=-TTATCTTAGAAGAATTTCTTCTGTCAAG-3=,
5=-ATGACAAAAAATTGAAATTTCGAAAAT-3=, and 5=-GATAACTAT
CACTTTTTTTATCTTAGAAG-3= for p42 and 5=-GTAATTGTACCTAT
TGCAATTATTTTG-3=, 5=-TTATTTGTAGTCATATGCTATACCTCTT
TC-3=, 5=-ATGAAAAATTTAAAAATAACAGCAATTAAAG-3=, and 5=-
CTAATTCTGTAAGATTATTTGTAGTCATAT-3= for MMOB1660.

Measurement of ATP. Cell suspensions of 50 �l before and after elec-
troporation were centrifuged at 12,000 � g at 4°C for 4 min. The pellets
were separated from the supernatant and resuspended in 50 �l of electro-
poration buffer, and their bioluminescence was determined by using ATP
Bioluminescence Assay kit HS II (Roche, Basel, Switzerland) (46, 47). The
emission was measured by using a Varioskan Flash reader (Thermo Sci-
entific, Waltham, MA).

Protein analysis. M. mobile cells were grown in tissue culture flasks to
the mid-log phase. The cells were collected by centrifugation at 12,000 �
g for 4 min at 4°C and washed three times with phosphate-buffered saline
(PBS) consisting of 75 mM Na-phosphate (pH 7.3) and 68 mM NaCl.
Cells were lysed by adding sample loading buffer and were subjected to
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE). For immunoblot analysis, the separated proteins were trans-
ferred to a nylon membrane (Bio-Rad Laboratories). The EYFP was de-
tected by a monoclonal antibody specific for Aequorea victoria GFP vari-
ants (Clontech Laboratories, Mountain View, CA) and a horseradish
peroxidase (HRP)-conjugated secondary antibody (40).

Sequence analyses. Sequence similarities were determined by using a
PSI-BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) search against the NCBI
nonredundant protein sequences. The sequences of homologs were aligned
by T-COFFEE (http://www.igs.cnrs-mrs.fr/Tcoffee/tcoffee_cgi/index.cgi),
and their phylogenetic tree was constructed by ClustalW (http://www
.genome.jp/tools/clustalw/).

Nucleotide sequence accession number. The sequence of the eyfp
gene whose codon was optimized for expression in mycoplasma is avail-
able from GenBank under accession number AB860250.

RESULTS
Transformation of M. mobile. In our initial attempts, we tried
unsuccessfully to transform M. mobile by using the transposon
vectors used in other mycoplasma species (Table 1) (36, 37, 40, 48)
and the electroporation conditions generally used for myco-
plasma transformation, i.e., 2.5 kV, 100 �, and 25 �F, and a
cuvette with a 2-mm gap (41). We then examined and improved
each step of the transformation procedure. First, we examined the
permeabilization of the cell membrane after the electroporation
by microscopy and on the basis of the ATP content remaining in
the M. mobile cells. The results were compared with those for M.
pulmonis, a relative of M. mobile that can be transformed (Fig. 2A
and B) (11, 48–50). Microscopy showed that most of the M. pul-
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monis cells lost optical density, indicating that the cell membrane
was well permeabilized by the electroporation, while M. mobile
cells did not show significant damage by microscopy. The amount
of ATP in cells was consistent with the results of microscopy. M.
pulmonis cells lost 87% of their ATP content, but M. mobile lost
only 13%. These results showed that M. mobile cells are more
resistant to the applied electric shock than M. pulmonis cells,

which was consistent with our observations that the cell shape of
M. mobile was more stable than the shapes of other species under
a change in osmotic pressure. To permeabilize the M. mobile cell
membranes to an extent similar to that in M. pulmonis cells, we
varied the resistance for electroporation from 100 to 800 � in
100-� increments. Using electroporation conditions of 2.5 kV,
800 �, and 25 �F resulted in a change in appearance and about an
80% loss of ATP in M. mobile cells, similar to the loss in M. pul-
monis (Fig. 2A and B). Then, we modified the conditions of elec-
troporation to transform M. mobile.

During prolonged cultivation on solid growth medium, some
mycoplasma species tend to form web-like structures called “film
and spots” (Fig. 2C). These structures are thought to be formed by
the activity of lipases, which break down phospholipids derived
from horse serum contained in the growth medium and form a
confluent layer of cells on the surface of the agar (51, 52). Because
transformed M. mobile cells grew slowly in the presence of antibi-
otics, the prolonged cultivation was necessary for colony forma-
tion. Then, the serum concentration was reduced to 6% to avoid
the formation of film and spots.

Next, we modified the outgrowth time, or the period when the
cells are grown in liquid medium without antibiotics to repair the
damage caused by the electroporation and to express the resis-
tance gene. We tried different outgrowth durations of 2 to 16 h in
2-h increments and finally succeeded in yielding transformed col-
onies by using an outgrowth time of 8 h after 7 to 9 days of incu-
bation. The transformation was achieved by all transposon vectors
used (Table 1). By varying the outgrowth time after electropora-
tion, we found that 12 h was optimal.

Among the six vectors we tried here, we focused on pTK165 for
further studies because it showed the highest transformation effi-
ciency, 4.2 � 10�3 transformants per CFU, and gave rise to colo-
nies in 7 days (Table 1) on medium containing gentamicin. The
transformation was confirmed by colony PCR of individual colo-
nies randomly selected from solid medium. These clones yielded
the expected 805-bp PCR fragment using Tn4001-specific prim-
ers. The PCR detected no bands from the nontransformed M.
mobile colonies. The transposon was stable for at least five consec-
utive inoculations on solid medium with gentamicin.

Fluorescent protein tagging. To visualize the subcellular lo-
calization of proteins of interest, we developed a fluorescent-pro-
tein tagging method. In previous Mycoplasma pneumoniae stud-
ies, genes of fluorescent proteins and their fusion proteins were
inserted into an arm of a transposon (40, 53). The transposase
expressed from the vector recognizes inverted repeats (IRs) and
integrates the transposon element between right IR and left IR
(R-IR and L-IR, respectively) into the genome (32, 54). Then, the
fluorescent proteins are expressed by a strong promoter copied
from an M. pneumoniae gene. As the pTK165 plasmid harboring
the eyfp gene has been used for this purpose in M. pneumoniae, we
examined the fluorescence of M. mobile transformants by fluores-
cence microscopy in the present study (40). However, the M.
mobile transformants did not show fluorescence signals. We then
replaced the promoter sequence for the M. pneumoniae gene en-
coding elongation factor Tu with the sequence of M. mobile to
express the eyfp gene, resulting in the plasmid pMobtuf (Fig. 3A)
(11). The transformants then showed clear emission of fluores-
cence (Fig. 3B). To improve the fluorescence intensity, we tried
using the promoters for the gene encoding an abundant M. mobile
surface protein, MvspI (46, 55, 56), and an abundant Spiroplasma

FIG 2 Optimizing the conditions for transformation. (A) Cell images of M.
pulmonis and M. mobile after electroporation under different conditions. Cells
without electroporation (No) or electroporated using a resistance of 100 � or
800 � were observed by phase-contrast microscopy. (B) The amounts of ATP
in the cells after electroporation under different conditions. The amounts of
ATP in the cells without electroporation were normalized to 100%. (C) For-
mation of film and spots under different concentrations of serum. The serum
concentration applied to the solid medium is indicated in each panel. Film and
spots formation covers the medium surface only in the left panel. The surface
of the solid medium was observed 7 days after inoculation.
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FIG 3 EYFP and fusion protein expression examined by fluorescence and immunoblotting. (A) Design of constructs. The constructs listed here were inserted into an arm of a
transposoninatransposonvector,pTK165(40).TheDNAfragmentshowninpTK165wasreplacedbythatshownforeachconstruct.Plasmidnamesareontheleft.P,promoter
of M. pneumoniae tuf (PPtuf) and that of M. mobile (PMtuf). NcoI, BamHI, and EcoRI recognition sites are shown as N, B, and E, respectively. opt eyfp, the codon-optimized eyfp
gene.(B)Fluorescence imagesofcells.Phase-contrastandfluorescence imagesaremerged.Thecellsweretransformedbytheplasmidindicatedinthecorrespondingline inpanel
A. (C) Quantification of the fluorescence intensity of a single cell. The intensity is presented as the average of more than 10 cells with the standard deviation. (D) Immunoblotting
analysis of EYFP and fusion proteins. Whole-cell lysates were analyzedby SDS–10%PAGE(left) andblotting(right) for cells transformed by,pTK165(lane 2), pMobtuf (lane 3),
pMobopt (lane 4), pMobN-P42 (lane 5), pMobC-P42 (lane 6), and pMobC-1660 (lane 7). Lane 1, empty vector. Molecular sizes are shown on the left.
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citri surface protein, spiralin (data not shown) (57). However,
neither construct showed any fluorescence signal. As mycoplasma
genomes are biased toward high-AT contents, the codon usage of
mycoplasma genes is different from that of many other organisms.
To improve fluorescence intensity, we replaced the eyfp gene with
one optimized for codon usage of mycoplasmas, resulting in the
pMobopt plasmid, and achieved a 1.9-fold increase in fluores-
cence intensity (Fig. 3B and C). The fluorescence of cells was stable
in medium with gentamicin, but it decreased in cultivation in
liquid medium without gentamicin and was totally lost after 3
days, which is a time for about nine generations, suggesting that
the transposon could be excised from the chromosome in the
absence of gentamicin.

Next, we chose the P42 protein as the initial target for fluores-
cent protein tagging. P42 is encoded in the same operon with three
large proteins essential for gliding, suggesting its participation in
the gliding mechanism (Fig. 1) (16, 31). However, its subcellular
localization is unknown. The p42 gene was fused to the 3= and 5=
end of the eyfp gene, resulting in p42-eyfp and eyfp-p42 fusion
genes, respectively. The level of fluorescence intensity detected
from pMobC-P42 was similar to that detected from pMobopt, but
we did not detect a signal from pMobN-P42. In all cells trans-
formed by pMobC-P42, the signals were found at the neck part
(Fig. 3B and 4).

The next target protein was MMOB1660, which is an F1-
ATPase �-subunit homolog and a component of the jellyfish
structure (Fig. 1). In the present study, the MMOB1660 gene was
fused to the 5= end of the eyfp gene, resulting in the MMOB1660
gene-eyfp fusion. The signal was found around the neck with a
fluorescence intensity slightly higher than that of pMobC-P42
(Fig. 3B and 4).

We next examined the expression levels of EYFP and fusion
proteins by immunoblotting (Fig. 3D). EYFP was not detected in
the transformants harboring pTK165, but it was detected in all
constructs containing the M. mobile tuf promoter. The protein
amounts varied significantly although the genes were under the
control of the same promoter. The amounts of EYFP and fusion
proteins were roughly consistent with the fluorescence intensity.

Mapping of insertion sites on the genome. The transposon
vectors used in the gene manipulation of mycoplasmas harboring
pTK165 are unable to replicate in mycoplasma cells because they
do not have the replication origin of mycoplasma (40). The ge-
nomes were analyzed for 18, 10, and 10 isolates transformed by
pTK165, pMobC-P42, and pMobC-1660, respectively (see Fig. S1
in the supplemental material), to determine the insertion sites.
Typically, 200- to 300-bp DNA sequences flanking the insertion
site were identified by nested arbitrary PCR followed by sequenc-
ing. The results showed that the transposon element was inte-
grated into the genome, as expected (32, 54). The insertion sites
were all different although four open reading frames (ORFs) were
identified as the insertion sites more than once. Obvious localiza-
tion of insertion sites on the genome was not found, but we could
not reach a conclusion about the site distribution because the
sample number is not a saturating level. The analyses by PCR of six
transformants from each plasmid suggested that the original p42
and MMOB1660 genes remain in the original positions on the
genome. The binding and gliding activities of transformed cells
did not differ in an obvious way from those of the wild-type strain,
suggesting that the fused proteins might function in the same way
as the original proteins in these cases.

Subcellular localization of P42 and the F1-ATPase �-subunit
homolog. To determine the subcellular localization of P42, the
position of P42 relative to other structures was examined (Fig. 4).
Gli349, MvspI, and DNA were localized at the neck, the head and
body, and the body, respectively, in good agreement with previous
studies (Fig. 1A) (12, 13, 55, 58). P42 was colocalized with Gli349
but not with MvspI or with DNA localized in regions other
than the neck, suggesting that P42 is involved in the gliding
mechanism. Next, we compared the subcellular localization of
MMOB1660, the homolog of the F1-ATPase �-subunit, with that
of Gli349 and concluded that the two were localized in the same
position, suggesting that MMOB1660 is a component of jellyfish
tentacles, part of the intercellular structure of the gliding machin-
ery. We tried several isolates of the same constructs and found no
significant differences, suggesting that the fluorescence signal does
not depend on the sites of transposon insertion in the genome.

Sequence analysis of P42. The previous analyses of the amino
acid sequence of P42 showed no clear similarity to any proteins
other than the plausible ortholog (MYPU2170) of M. pulmonis, a
close relative of M. mobile (11, 31). In the present study, we
searched for similarities by PSI-BLAST using the amino acid se-
quences of P42 and MYPU2170. This analysis gave a list of 39
similar proteins, with E values ranging from 0.025 to 1.5; of these
proteins, 36 were assigned as FtsZ of Gram-positive bacteria,
mainly Clostridium and Bacillus, that are related to Mycoplasma.
The homologous region spans at least 228 of the total of 356 amino
acids in P42. The sequence alignment of P42 with FtsZ of Myco-
plasma pulmonis and Bacillus subtilis is shown in Fig. 5A. Gener-
ally, 24 amino acids, most of which were involved in GTPase ac-
tivity, were well conserved in FtsZ and tubulin (59). Interestingly,
however, only two of these amino acids are conserved in P42,
suggesting that this protein does not perform the dynamic poly-
merization and depolymerization observed in FtsZ and tubulin
(49). The phylogenetic tree analyzed with 12 related proteins
showed that P42 and MYPU2170 form a group apart from the
FtsZs and are most closely related to the FtsZ of M. pulmonis (Fig.
5B). These results suggest that P42 originated from the same an-
cestor as FtsZ but developed to perform different functions.

DISCUSSION
Transformation of M. mobile. Transformants grew more slowly
than nontransformants in growth medium without antibiotics;
for example, the colony formation of transformants took 7 days
with gentamicin but only 3 days without gentamicin. The growth
rate did not depend on the insertion site of the transposon in the
genome. These facts suggest that the lower growth rate of trans-
formants was not caused by the disruption of important genes but,
rather, by the effect of antibiotics although the transformants were
transformed by the resistance genes. In other words, the resistance
genes were not effective enough to recover the normal growth
rate. These features can also be seen in the transformants of other
Mycoplasma species. In the case of M. pneumoniae, it takes 4 days
to form the colonies of transformants under antibiotics but only 2
days without antibiotics (41). This may be due to the insufficient
expression of marker gene products or insufficient protein activity
in a mycoplasma cell. The outgrowth of M. mobile took 12 h, much
longer than the 2 to 3 h required for other Mycoplasma species.
This difference might be related to the lower growth temperature
of M. mobile, 25°C, which is distinct from that of other species.
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The expression of the gentamicin gene in an M. mobile cell may
require more time because of the lower growth temperature.

Fluorescence intensity of EYFP. We replaced the promoter
of M. pneumoniae tuf by that of M. mobile and also used the eyfp
sequence, which was optimized to that of M. mobile to obtain a
higher intensity of fluorescence. These two modifications pro-
vided sufficient fluorescence intensity, probably as a result of
the higher levels of protein expression, as shown by the immu-
noblotting analysis (Fig. 3D). The protein amounts depended

on the construct although the genes were controlled under the
same promoter, showing that protein synthesis and stability
depended on the amino acid sequence. Fluorescence intensity
also did not precisely parallel protein amount, as shown by the
difference between pMobN-P42 and pMobC-P42, suggesting
that the environments around the fluorescence moiety also are
determinants. The eyfp and its fusion genes were inserted into
various sites in the genome. However, we did not detect any
significant differences in fluorescence intensity levels among

FIG 4 Subcellular localization of P42 and the F1-ATPase � subunit homolog, MMOB1660. Localizations of P42, MMOB1660, Gli349, DNA, and MvspI were
examined by fluorescence microscopy. P42 and MMOB1660 were detected as EYFP fusion proteins. Gli349 and MvspI were detected by immunostaining, and
DNA was detected by DAPI staining. Phase-contrast and fluorescence images were merged in the two panels at right. In merged images, a single cell in the left
panel is magnified in the right panel. The transposon insertion sites were mapped at nucleotide 374965 on the minus strand and at nucleotide 187879 on the plus
strand on the genome, respectively, for P42 and MMOB1660 localization in these images (see Table S1 in the supplemental material).
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the isolates, suggesting that the high activity of the tuf promoter
was not influenced by the genome.

Whole-cell imaging. To date, the subcellular localizations
have been clarified for 13 proteins in M. mobile (Fig. 1), and all
proteins localizing at the neck part have been suggested to be
involved in the gliding mechanism (3, 22, 55). In the present
study, two other proteins were shown to be localized on the glid-
ing machinery (Fig. 4). P42, which appears to have developed
from an ancestor shared with FtsZ, has a special role in the gliding
mechanism. This protein should be localized inside the cell at
some structure other than the jellyfish tentacle or have an oc-
cluded position on the surface because a previous study in which
surface proteins were biotinylated did not detect exposure of P42
(55), and it was not identified in the fraction of the jellyfish struc-
ture (22).

MMOB1660, an F1-ATPase �-subunit homolog and a compo-
nent of the jellyfish structure, has been shown to localize at a
position similar to that of Gli349. As the position of Gli349 corre-
sponds to that of the jellyfish tentacles (5, 22), we concluded that
MMOB1660 localizes at the tentacles of the jellyfish structure.
Previously, the MMOB1670 protein, an F1-ATPase �-subunit

homolog, was shown to localize at the jellyfish tentacles by immu-
nofluorescence microscopy (22). Probably, these two proteins
form a complex on the jellyfish tentacles similar to F1-ATPase. On
the tentacles of the jellyfish structure, particles about 10 nm wide
are aligned periodically with a pitch of about 30 nm. These parti-
cles might be composed of MMOB1660 and MMOB1670.

Roles of P42 and the F1-ATPase subunit homolog in the pro-
posed gliding mechanism. Experimental data have shown that
gliding occurs by the repeated catch-pull-release of sialylated
oligosaccharides by Gli349, coupled with the movements of
Gli521, driven by ATP hydrolysis (Fig. 1) (3, 4, 28). In the present
study, we found that a homolog of the F1-ATPase �-subunit, to-
gether with a homolog of the F1-ATPase �-subunit, forms the
tentacles of the jellyfish structure. This may suggest that the move-
ment for gliding is generated here, inside the cell, by ATP hydro-
lysis. P42 might not conserve the dynamics of FtsZ because of its
lack of amino acids essential for GTPase, but the surfaces needed
for protofilament formation might be conserved. This protein
could play a role in supporting or bridging parts in the gliding
machinery, or in transmitting movements inside the cell to the
surface structures, including the legs.

FIG 5 Sequence analysis of P42. (A) Similarity between P42 (top rows of sequence) and FtsZs of Mycoplasma pulmonis (Mp; middle rows) and Bacillus subtilis
(Bs; bottom rows). Identical and similar amino acids are marked by black and gray boxes, respectively. Twenty-four amino acids that were well conserved in FtsZ
and tubulin are marked by filled circles and stars (59); those marked by a solid star were also conserved in P42. Two amino acids were not conserved in FtsZ of
Mycoplasma pulmonis. Twenty-one amino acids were involved in GTP binding, and the functions of the other three amino acids (underlined) are unknown. (B)
Phylogenetic tree analyzed for P42, the ortholog of M. pulmonis (MYPU2170), and FtsZ proteins from 10 species. The ftsZ gene has not been identified in the
genome of M. mobile. The scale bar indicates the number of substitutions by position.
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