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Several mycoplasma species are known to glide in the direction of the membrane protrusion (head-like
structure), but the mechanism underlying this movement is entirely unknown. To identify proteins involved in
the gliding mechanism, protein fractions of Mycoplasma mobile were analyzed for 10 gliding mutants isolated
previously. One large protein (Gli349) was observed to be missing in a mutant m13 deficient in hemadsorption
and glass binding. The predicted amino acid sequence indicated a 348,758-Da protein that was truncated at
amino acid residue 1257 in the mutant. Immunofluorescence microscopy with a monoclonal antibody showed
that Gli349 is localized at the head-like protrusion’s base, which we designated the cell neck, and immuno-
electron microscopy established that the G1i349 molecules are distributed all around this neck. The number of
Gli349 molecules on a cell was estimated by immunoblot analysis to be 450 = 200. The antibody inhibited both
the hemadsorption and glass binding of M. mobile. When the antibody was used to treat gliding mycoplasmas,
the gliding speed and the extent of glass binding were inhibited to similar extents depending on the concen-
tration of the antibody. This suggested that the Gli349 molecule is involved not only in glass binding for gliding
but also in movement. To explain the present results, a model for the mechanical cycle of gliding is discussed.

Mycoplasmas are parasitic, small-genome bacteria that lack
a peptidoglycan layer (28). Several mycoplasma species, in-
cluding Mycoplasma pneumoniae, M. genitalium, M. pulmonis,
M. gallisepticum, and M. mobile, have distinct cell polarity and
exhibit gliding motility, a smooth translocation of cells across
solid surfaces in the direction of the tapered end (17, 22, 36).
The gliding motility of mycoplasmas is believed to be involved
in pathogenicity, but the mechanisms underlying gliding mo-
tility have not been investigated well (19). Mycoplasmas have
no surface structures, such as flagella or pili, or any homologs
of genes that encode such structures. Neither do they have
genes related to other bacterial motility systems or to eukary-
otic motor proteins (5, 11, 13, 21). These facts suggest that
mycoplasmas glide by an entirely unknown mechanism.

M. mobile, isolated in the early 1980s from the gills of a
freshwater fish, is the fastest-gliding mycoplasma (18). M. mo-
bile glides on glass in the direction of its tapered end, where its
so-called head-like structure is. Its average speed is 2.0 to 4.5
wm/s, about 3 to 7 times its cell length per second (32), and its
maximum force can reach as high as 27 pN (23). It binds easily
to glass and glides smoothly without pausing regardless of its
growth stage. These distinct characteristics have allowed for
detailed analyses of its gliding (9, 23-25, 32, 33) as well as for
the isolation of gliding mutants, which are characterized by
reduced or deficient gliding or by enhanced speed (26). How-
ever, no proteins related to gliding have been identified. In this
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study, we identified a huge protein that is truncated in a non-
adhesive mutant and that is responsible for hemadsorption and
glass-binding during gliding.

MATERIALS AND METHODS

Strains and culture conditions. M. mobile strain 163K (ATCC 43663) and its
mutants (26) were grown at 25°C in Aluotto medium, consisting of 2.1% heart
infusion broth, 0.56% yeast extract, 10% horse serum, 0.025% thallium acetate,
and 0.005% ampicillin (1), to an optical density at 600 nm of around 0.07, which
corresponds to 7 X 10 CFU/ml.

Triton X-100 extraction. The cultured cells were centrifuged at 12,000 X g for
10 min at 4°C and washed three times with phosphate-buffered saline (PBS). The
cells were suspended in 20 mM Tris-HCI (pH 7.5), 0.15 M NaCl, and 0.1 mM
phenylmethylsulfonyl fluoride and extracted with 1% (vol/vol) Triton X-100.
After incubation at 37°C for 20 min, the suspension was centrifuged at 25,000 X
g for 15 min at 4°C, and the Triton-insoluble fraction was recovered as a pellet.
The insoluble fraction was analyzed by sodium dodecyl sulfate (SDS)-5, 10, and
15% polyacrylamide gel electrophoresis (PAGE) and stained with silver. The
molecular mass was estimated by a broad-range protein marker (New England
BioLabs, Inc., Beverly, Mass.).

Cloning and seq ing. The Triton-insoluble fraction obtained from a 150-ml
culture was subjected to SDS-5% PAGE and stained with Coomassie brilliant
blue. The Gli349 protein bands were excised and equilibrated with Tris-SDS
buffer, consisting of 125 mM Tris-HCI (pH 6.8) and 10% SDS. The bands were
put into three wells, each 7 mm wide, 1 mm thick, and 15 mm deep. The bands
in each well were overlaid with 5 pl of a solution containing 2 pg of V8 protease.
Gli349 was partially digested and separated on a gel according to the Cleveland
method (6), transferred to an Immobilon-PSQ membrane (Millipore, Inc., Bil-
lerica, Mass.), and stained with amido black. Edman degradation of 18- and
20-kDa protein bands revealed N-terminal amino acid sequences of eight resi-
dues, EITNLVQG and EVSDOQNII, respectively. Four degenerate DNA se-
quences were designed from the amino acid sequences as overlapping nested
primers: M1-18-5F (5'-GANATHACNAAYYTNGTNC-3'), M1-18-5S (5'-HA
CNAAYYTNGTNCARGG-3'), M1-20-3F (5'-DATDATRTTYTGRTCNSWN
A-3"), and M1-20-3S (5'-RTTYTGRTCNSWNACNTC-3'). The primary PCR
was performed with the primers M1-18-5F and M1-20-3F with chromosomal
DNA obtained by the Genomic-tip system (Qiagen, Hilden, Germany) as a
template. A 5-kb DNA fragment was amplified by the secondary PCR with the
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primers M1-18-5S and M1-20-3S and sequenced by using ABI PRISM 310
(Applied Biosystems, Foster City, Calif.). The regions outside the 5-kb fragment
were sequenced directly, starting with primers inside the 5-kb fragment, by using
the direct genomic DNA sequencing protocol (Qiagen). A region of about 30 kb
was sequenced. The gli349 gene of mutant m13 was amplified by PCR as de-
scribed above and sequenced.

Immunoblotting analysis and estimation of the number of Gli349 molecules.
Whole-cell lysate was fractionated by SDS-10% PAGE and subjected to immu-
noblotting analysis. This analysis used a hybridoma medium containing a mouse
monoclonal antibody obtained by immunizing a BALB/c mouse with intact M.
mobile cells (unpublished data). The concentration of monoclonal antibody in
the ascitic fluid was titrated by enzyme-linked immunosorbent assay (30) with a
mouse immunoglobulin G1 (IgG1) antibody (Ancell, Bayport, Minn.) as the
standard. The antibody bound to the target protein on the membrane was
detected by using anti-mouse IgG horseradish peroxidase conjugate (Promega,
Madison, Wis.) and a chemiluminescence reaction (Western lightning;
PerkinElmer Life Sciences Inc., Wellesley, Mass.).

The number of Gli349 molecules on a cell surface was estimated based on the
amount of antibody needed to saturate its binding sites on a cell. Various
concentrations (0, 0.0008, 0.002, 0.008, 0.02, 0.08, 0.2, 0.8, 2, 8, and 20 p.g/ml) of
the anti-Gli349 antibody and of a mock mouse IgG1 antibody (Ancell) were
incubated with mycoplasma cells at 5 X 10% CFU/ml in 1 ml of Aluotto medium
at 4°C for 3 h. The cells bound with antibodies were collected by centrifugation
at 12,000 X g for 4 min at 4°C, washed three times with PBS, and subjected to
SDS-PAGE with the bound antibodies. The antibody bound to cells was detected
by immunoblotting on an X-ray film with the anti-mouse IgG antibody conju-
gated with horseradish peroxidase. The band intensity was measured by NIH
Image (version 1.61) from band images scanned by a transmission scanner
(GT9800F; Epson, Nagano, Japan). The amount of antibody was calculated by
using various amounts of the anti-Gli349 and the mock antibodies applied to
immunoblots as standards. The linear correlation was confirmed between the
amount of standard antibody and its band intensity. Four measurements were
taken from each independent culture, and the average was obtained.

Immunofluorescence microscopy. Cultured cells were collected by centrifuga-
tion at 12,000 X g for 4 min at 20°C and suspended in fresh Aluotto medium at
a 10-fold-higher concentration. Then, 200-pl suspension samples were put on
coverslips and incubated at 25°C for 1 h. After the medium was removed, the
attached cells were fixed with 3.0% (wt/vol) paraformaldehyde and 0.1% (vol/
vol) glutaraldehyde in PBS. The following procedure was done as described
previously (34, 35), except that the cells were not treated with Triton X-100 or
dried. The fixed cells were stained with 0.2 pg of monoclonal antibody/ml. The
secondary antibody was a goat antibody labeled with Cy3. The cells were ob-
served with Olympus BX50 and IX71 microscopes and photographed with an
ORCA-ER charge-coupled device (CCD) camera (Hamamatsu Photonics,
Hamamatsu, Japan) attached to the IX71 microscope.

Immunoelectron microscopy. The cultured cells were collected by centrifuga-
tion and suspended in fresh Aluotto medium at a 50-fold-higher concentration.
The cell suspension was placed on a collodion-coated nickel grid for 10 min at
room temperature to let mycoplasmas bind to the grid. After removal of the
medium, the cells were fixed with 3.0% (wt/vol) paraformaldehyde and 0.1%
(vol/vol) glutaraldehyde in PBS for 10 min at room temperature and subse-
quently fixed for 30 min at 4°C. The cells were washed three times with PBS and
incubated for 1 h at room temperature with hybridoma medium diluted 1:10 with
PBS and containing 0.2 pg of anti-Gli349 antibody/ml. After three washes with
PBS, labeling for 1 h at room temperature was performed with an electron
microscopy goat anti-mouse IgG (heavy plus light chains) conjugated to 10-nm-
diameter gold beads (BB International, Cardiff, United Kingdom) diluted 1:20
with PBS. The cells were washed three times with PBS, negatively stained with
2% ammonium molybdate (7), and observed with a transmission electron mi-
croscope at a tilt angle of 10°.

Hemadsorption assay. Colonies grown on 0.7% agar medium for 6 days were
overlaid with sheep red blood cells (RBCs) suspended in PBS, as previously
described (26, 37), and observed under an inverted microscope. The antibody’s
effect on hemadsorption was tested by adding it to the RBC suspension before
the suspension was overlaid on colonies. A monoclonal antibody against a 57.5-
kDa cell surface protein of M. mobile was used as a mock antibody. The colonies
were photographed with an Olympus CK2 inverted microscope equipped with a
Photometrics CoolSNAP CCD camera (Roper, Atlanta, Ga.).

Inhibition of gliding. Cultured cells were collected by centrifugation and
suspended in Aluotto medium at a 30-fold-higher concentration. The cell sus-
pension was poured into a tunnel (8-mm interior width, 26-mm length, and
60-pm wall thickness) constructed by taping a coverslip to a glass side. The
glasses were cleaned with saturated ethanolic KOH (3). The suspension was then
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incubated for 5 min at room temperature. The nonbinding cells were removed by
a flow of 200 pl of Aluotto medium. The effects of the antibody on the gliding M.
mobile cells were observed after the Aluotto medium was replaced with medium
containing various concentrations of anti-Gli349 monoclonal antibody. The an-
tibody against a 57.5-kDa cell surface protein was used as a mock antibody. The
cell movements were observed under an Olympus BX50 microscope. The images
were recorded by a WV-BP510 CCD camera (Panasonic, Osaka, Japan) onto
mini-DV tapes and were transferred to a personal computer via DV Raptor
(Canopus Co., Kobe, Japan). To make still images, the video footage was con-
verted into sets of 20 frames for 2 s by using Video Editor, version 2.0, editing
software (Ulead Systems, Inc., Taipei, Taiwan). An average image was produced
from each set of frames inverted and the last inverted frame subtracted with
Scion Image PC, beta version 4.0.2, software (Scion Corp., Frederick, Md.). To
measure the number of bound cells and their gliding speeds, the video was
converted into sets of 6 frames per 2 s by using Video Editor, version 6.0 (Ulead
Systems). The number of cells bound to a glass surface 65.3 pm wide by 48.9 um
long was counted. The initial number of cells was more than 150. To measure
gliding speeds, the mass center of cells gliding in the square was determined by
Scion Image, and their speeds were calculated from their displacements, as
described by Miyata et al. (23). Speed as reported here is the average speed of
10 gliding cells (or lower at the points where the log;, bound cell ratio was less
than —1.5 because there were fewer than 10 gliding cells in the field).

Nucleotide seq e accession bers. The nucleotide sequences reported
in this paper were deposited in the DDBJ, EMBL, and GenBank nucleotide
sequence databases under accession no. AB074422 (wild-type) and AB074421
(m13).

RESULTS

Identification of protein missing in nongliding mutant. Ten
gliding mutants were obtained previously by UV irradiation
(26). To identify the mutated genes, we examined the protein
profiles of Triton X-100-insoluble fractions for the wild-type
strain and these gliding mutants. As the adhesion protein, P1,
of M. pneumoniae is found in Triton-insoluble fractions (29),
we focused on the Triton-insoluble fraction of M. mobile. M.
mobile cells were treated with 1% Triton X-100 at 37°C for 20
min followed by washing with PBS and were then divided into
Triton-insoluble and Triton-soluble fractions. The former were
analyzed by SDS-PAGE at three different concentrations of
polyacrylamide for all strains, resulting in the detection of
about 40 major protein bands. Only one band was determined
to be missing in a mutant; the position of this band was ex-
trapolated to an apparent mass of 240 kDa in the wild-type
strain (Fig. 1A). The mutant m13 is characterized by an inabil-
ity to bind to glass and consequently by an inability to glide.

Cloning and sequencing of gli349 gene. Focused protein
bands were collected from the Triton X-100-insoluble fraction
following separation by 5% gel electrophoresis. The bands
were then partially digested with V8 protease and fractionated
electrophoretically according to a method previously reported
(6). The 8 N-terminal amino acid residues of two peptide
digests were sequenced by Edman degradation. DNA primers
were designed from the amino acid sequences, and the DNA
sequence of the gene encoding the missing protein was deter-
mined (Fig. 1B). A long open reading frame (ORF) was found
to encode a polypeptide of 3,183 amino acids. The predicted
molecular mass and isoelectric point of the protein, which we
refer to as Gli349, were 349 kDa and 4.9, respectively. Edman
degradation analysis of the N terminus of the whole protein
resulted in a sequence corresponding to the predicted N-ter-
minal sequence of the ORF. The amino acid sequences de-
duced by the partial digests corresponded to the sequences of
amino acids 1251 to 1258 and 2847 to 2854, respectively. These
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FIG. 1. Mutation of Gli349 protein in nonbinding mutant m13.
(A) The Triton-insoluble fractions were subjected to SDS-5% PAGE
and stained by a silver staining method. The arrowhead shows a pro-
tein missing in the mutant m13. Molecular masses are indicated on the
left. WT, wild type. (B) The gli349 gene is represented by the arrow.
The site of the point mutation in mutant m13 is indicated by an
asterisk. Short solid bars indicate the approximate positions of amino
acid sequences determined by Edman degradation (not drawn to
scale).

results shows that the ORF is at least translated from amino
acids 1 to 2854 and not processed in this region. Sequence
analysis of the gene in mutant m13 revealed a nonsense mu-
tation at amino acid residue 1257 (Fig. 1B). A CAA codon in
the wild-type strain is mutated to a TAA nonsense codon in
mutant m13. The primary structure of the gene was signifi-
cantly similar to that of the ORF MYPU_2110 from the gliding
mycoplasma M. pulmonis, which is a mouse pathogen (5). The
amino acid sequences were similar in all regions; 22% identity
and 40% similarity were found especially in the region expand-
ing from amino acid residues 623 to 2929 of the gli349 gene of
M. mobile. Neither protein sequence has any cysteine residue.
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FIG. 2. Immunoblot analysis of G1i349 in the wild-type (WT) strain
and mutant m13. Cell lysates of the strains were analyzed by immu-
noblotting following SDS-10% PAGE with an anti-Gli349 monoclonal
antibody. Molecular masses are indicated on the left.

Using SOSUI, an algorithm to predict a membrane-spanning
segment, a transmembrane segment preceded by a positively
charged region can be predicted near the N terminus for both
sequences (14). No significant similarity to other protein se-
quences was detected, and no motifs, such as a P-loop involved
in the motor proteins, were found.

Truncated gli349 gene product in mutant m13. The anti-
Gli349 monoclonal antibody was obtained by screening a hy-
bridoma established after immunizing a BALB/c mouse with
intact M. mobile cells. Cell lysates from the wild-type strain and
mutant m13 were examined by immunoblot analysis with a
hybridoma medium containing the anti-Gli349 monoclonal an-
tibody (Fig. 2). The antibody recognized only the Gli349 pro-
tein band in the whole-cell lysate of the wild-type strain. In
mutant m13, a band was detected with an approximate mass of
137 kDa, which corresponds to the size of the truncated
polypeptide predicted by the DNA sequence.

Subcellular localization and number of Gli349 molecules.
The localization of Gli349 in the wild-type cells was examined
by immunofluorescence microscopy (Fig. 3, upper panel). The
results clearly showed that Gli349 is located at the head-like
structure’s basal position, which we call the neck. The local-
ization of the truncated product in mutant m13 was examined
by immunofluorescence microscopy (Fig. 3, lower panel), but
no signal was found with the same exposure time as that for the
wild-type cells. A 10-times-longer exposure revealed the signal
on the cell surface, but its position was not uniform, unlike the
case for the wild-type cells. Neck localization of wild-type
Gli349 was confirmed by using electron microscopy to examine
subcellular localization at a higher resolution (Fig. 4). Three-
dimensional immunoelectron microscopic images revealed
gold particles on all sides of a cell.

The number of Gli349 molecules on the cell surface was
examined based on the amount of antibody needed to saturate
its binding sites on a cell. Various concentrations (0 to 20
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FIG. 3. Subcellular localization of Gli349 examined by immunofluorescence microscopy. The upper panels show wild-type (WT) cells. (Left)
Phase-contrast image; (middle) antibody-stained image; (right) merge of the phase-contrast and antibody-stained images. The lower panels show
m13 mutant cells. (Left) Merge obtained with the same exposure time for immunofluorescence as that for the wild-type cells; (middle) same field
as shown in the left panel but with a 10-times-longer exposure; (right) another merge field obtained with the longer exposure time. Bar, 2 pm.

pg/ml) of the antibody were incubated with mycoplasma cells
at 5 X 10® CFU/ml, and the amount of antibody bound to the
cell surface was titrated by centrifugation and immunoblotting.
The amount increased linearly with the antibody concentration
used, and saturation occurred at the concentration of 0.8 g/
ml. The number of Gli349 molecules on the cell surface was
estimated to be 445 = 197 per cell. The mock antibody used as
a control did not bind to the cells.

To learn Gli349’s association with the structures included in
the Triton-insoluble fraction, we examined the existence of this
protein in the extract and in the insoluble fraction. Sixty per-
cent of the Gli349 was found in the soluble fraction, and the
remainder was found in the insoluble fraction, which was
slightly solubilized after two additional extractions.

Inhibition of hemadsorption by antibody. The mutant m13 is
deficient in both the glass binding and static binding activities
of animal cells, as estimated by the adsorption of RBCs to
colonies formed on an agar plate (hemadsorption activity)
(26). Therefore, Gli349 protein may be involved in both activ-
ities. To examine the possible involvement of this protein in
static binding, the effect of the antibody on hemadsorption
activity was examined (Fig. 5). RBC suspension with the addi-
tion of 0, 0.1, or 1 pg of anti-Gli349 antibody/ml was overlaid
onto mycoplasma colonies. When no antibody was added, the
colonies bound to RBC:s across the entire area. The addition of
1 pg of anti-Gli349 antibody/ml inhibited the binding, whereas
the same concentration of antibody against another surface
protein showed no effect. The addition of 0.1 pg of anti-Gli349
antibody/ml resulted in no significant reduction in hemadsorp-
tion activity.

Inhibition of gliding by antibody. The effects of the antibody
on gliding were examined (Fig. 6). Mycoplasma cells sus-
pended in a fresh medium without antibody were inserted into

a tunnel slide, and the medium was replaced by that containing
various concentrations of the antibody, ranging from 0 to 40
pg/ml. Gliding cells were then observed continuously. When
the medium had a 40-pg/ml concentration of antibody, all
mycoplasmas lost their binding to glass, resulting in Brownian
motion, whereas the same concentration of an antibody against
another surface protein showed no effects (Fig. 6A). Detailed
analyses showed that, with time, the anti-Gli349 antibody re-
duced both glass binding and gliding speed, although both
were affected slightly by the addition of a mock antibody (Fig.
6B and C). The inhibition rates were estimated from the time
required to reach 0.1 and 0.5 of the start values for glass
binding and gliding speed, respectively. The rates were similar
between glass binding and gliding speed at a wide range of
antibody concentrations (Fig. 6D).

DISCUSSION

We fractionated M. mobile proteins by Triton X-100 extrac-
tion and looked for differences in protein contents between the
wild-type strain and the mutants. Only in the Triton-insoluble
fraction was Gli349 obviously missing from the mutant m13,
which lacks both hemadsorption and glass binding activities
(Fig. 1) (26). This suggested that Gli349 is responsible for
hemadsorption and glass binding in gliding. This inference was
proven by the specific inhibitory effects of an anti-Gli349 an-
tibody (Fig. 5 and 6A).

The ORF for the protein truncated in the mutant m13 en-
coded a 349-kDa protein. The ORF contained some TGA
triplets generally used as stop codons, suggesting that the TGA
codon of M. mobile encodes tryptophan, as observed with other
mycoplasmas (39). A homologous gene was found in M. pul-
monis but not in the recently determined genome of Myco-
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FIG. 4. Subcellular localization of Gli349 examined by immunoelectron microscopy. Gli349 was labeled with 10-nm-diameter gold particles. The left two images are a stereo pair. The
right two images are pale presentations of the one on the left to show the distribution of gold particles in the body region. The positions of particles in the center-right image are shown
on the far-right identical image marked as artificial dots. Most cells found on an electron microscopy grid showed a similar distribution of gold particles. A stereoscopic view is achieved
by tilting the specimen 10 degrees. Bar, 0.2 pm.
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FIG. 5. Inhibitory effects of anti-Gli349 antibody on hemadsorption activity. Colonies on an agar plate were overlaid with an RBC suspension
containing antibodies. No antibody, 1 pg of anti-Gli349 antibody/ml, and 1 pg of mock antibody/ml were added to the colonies shown in the left,

middle, and right panels, respectively. Bar, 50 pm.

plasma hyopneumoniae, (C. Minion, personal communication),
although this species is believed to be more closely related to
M. mobile (38). This might be consistent with the fact that
neither gliding motility nor a tapered cell pole has been re-
ported for M. hyopneumoniae thus far. Several cytadherence
proteins have been identified from M. pneumoniae (2, 8, 16)
and some other mycoplasma species (4, 10, 12, 15, 40), but
none have shown any similarities to Gli349 in size or in primary
structure. This suggests that adhesion proteins are diversified
among mycoplasma species.

In immunoblotting, the monoclonal antibody recognized the
Gli349 protein band for the wild-type strain and a 137-kDa
band for mutant m13 (Fig. 2). The 137-kDa band is presumably
a peptide of the N-terminal region and is truncated at the
mutated site because the molecular mass estimated from the
electrophoresis corresponded to the predicted molecular mass
obtained from the sequence. Evidently, the epitope for the
monoclonal antibody resides in this fragment. The existence of
Gli349 in the other nine gliding mutants, including six strains
with deficient or reduced glass binding activity (26), was exam-
ined by immunoblotting, but none showed significant differ-
ences from the wild-type strain. This suggests that additional
proteins are involved in glass binding (data not shown).

Immunofluorescence and immunoelectron microscopy re-
vealed that Gli349 molecules are localized to the neck of a cell
(Fig. 3 and 4). Based on the results of previous studies, we
expected that the gliding proteins would be located at the distal
end of the head-like structure because gliding cells that each
carried a bead attached to its tail were reoriented to glide
upstream by the flow of fluid to the tail (23) and because an
elongated head-like structure found in a very old culture
moved forward, sometimes leaving the cell body in one posi-
tion, resulting in a stretched head-like structure (25). The
localization of Gli349 at the cell neck is consistent with these
previous observations. The three-dimensional immunoelectron
microscopic images revealed that G1i349 molecules are distrib-
uted around the cell neck, indicating that Gli349 molecules on

the cell surface exist also on sides other than that facing the
glass surface.

The truncated protein in m13 mutant cells appeared to be
present in reduced amounts and was randomly localized on the
cell surface (Fig. 3, lower panel). As permeabilization of cells
in the staining procedure by a previously described method
(34, 35) did not increase the signal intensity (data not shown),
it is unlikely that the major part of the truncated protein exists
inside the cell. We failed to detect the truncated molecule by
immunoblot analysis in the supernatant of m13 culture (data
not shown). These facts suggest that the truncated molecules
were exported from inside the cell and anchored to the cell
membrane but were not localized normally. Possibly, the phys-
ical interaction with other structures involving the truncated
region is essential for the normal localization of the Gli349
molecule on a cell.

The maximum force generated in gliding was previously
measured as 27 pN (23). Considering this rather large force
and the possible participation of this protein in the gliding
mechanism as explained below, the Gli349 molecule should be
supported by a robust structure. Such a structure may be in-
cluded in the Triton-insoluble fraction, in which 40% of Gli349
molecules were detected. One transmembrane stretch pre-
ceded by a cluster of positively charged residues was predicted
at the N terminus of Gli349 (14). A monoclonal antibody
raised against the cell surface affected hemadsorption and glass
binding from the outside (Fig. 5 and 6). These observations
suggest that Gli349 is a membrane-anchored protein, a large
part of which is outside the cell, and also that the molecule is
supported by the robust structure. Gli349 shares this feature
with the cytadherence-related proteins of M. pneumoniae,
linked to a Triton-insoluble structure, called the Triton shell
(27, 29), which is thought to involve cytoskeletal structures, i.e.,
a filamentous network and a rod structure (20).

The anti-Gli349 antibody inhibited hemadsorption (Fig. 5),
and it removed the gliding mycoplasmas from the glass in a
concentration-dependent manner (Fig. 6B and D). The mono-
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FIG. 6. Inhibitory effects of anti-Gli349 antibody on glass binding and gliding speed. (A) Still cell images were obtained at 20 s after addition
of 40 pg/ml of anti-Gli349 (left) or of mock antibody (right). Videos of 2-s duration observed by phase-contrast microscopy were averaged together
and subtracted from the last frame. The focal plane was at the glass surface where the cells were gliding. Bar, 10 pm. (B) The number of cells bound
to a glass surface with an area of 3,200 um? was counted after the addition of 0 (m), 0.1 (&), 0.2 (x), 0.5 (@), 1 (+), 10 (A), 20 (O), and 40 (<)
pg of anti-Gli349 antibody/ml or of 40 g of mock antibody ([J)/ml. The ratio of the number of cells on the glass to the number of cells at time
zero is presented for each time point. (C) Gliding speed after the addition of the antibody is represented as the ratio to the initial speed. The speeds
were averaged for the cells on glass. The same symbols as those in panel B are used. (D) Inhibition rate (decreasing ratio per second) was calculated
from the time required to reach 0.1 and 0.5 of the start values for glass binding (®) and gliding speed (O), respectively.

clonal antibody against a 57.5-kDa protein had no effect on
either activity, although it also recognized the protein from the
outside. Two other antibodies that recognized the surface pro-
teins showed effects on neither gliding nor glass binding (data
not shown). These observations show that G1i349 is responsible
for both static binding of animal cells and glass binding essen-
tial for gliding. This is consistent with the previous observa-
tions that the gliding mutants showed similar extents of reduc-
tion in both activities, suggesting that these two activities share
the same machinery, in M. mobile (26).

The addition of antibody against Gli349 reduced gliding
speed with time in a concentration-dependent manner, in a
way similar to that for glass binding (Fig. 6B, C, and D). As the
antibody ultimately removed the gliding mycoplasmas from the
glass surface, the binding of the antibody should release G1i349
molecules from the glass surface. Then how did the antibody
reduce the gliding speed? This can be explained by an assump-
tion that the gliding mechanism involves the movement of the
Gli349 molecule, which can be inhibited by the antibody. One

possible model is presented in Fig. 7, where the cell propels
itself by repeating a cycle of binding the Gli349 protein as
follows: (i) binding of Gli349 to glass, (ii) transfer of generated
force to Gli349, (iii) stroke of Gli349, (iv) release of Gli349
from glass, and (v) return of Gli349 to its original form. Here,
we know neither the actual molecular shape nor the manner of
movement. If we assume that the step i is inhibited by the
antibody, the reduction of speed should be caused by the lack
of force needed to thrust a cell, which resulted from a decrease
in the number of working molecules. However, the actual max-
imal force of gliding, 27 pN, is 1,800 times larger than 15 fN,
the force required to thrust an unbound M. mobile cell in a
medium (23, 24, 31). Therefore, it is unlikely that step i is
inhibited by the antibody. If we assume that step ii is inhibited
by the antibody, the Gli349 molecule would generate drag
force, thereby reducing speed. In this case, the ultimate release
of cells from glass can occur through a backward transition in
step i.
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FIG. 7. One possible schematic explanation for the effect of the antibody. A mycoplasma cell is represented by a hatched area and gray line.
The Gli349 molecule is presented as a rod sticking out of the cell and supported by a scaffold represented by an ellipse on the cell. The glass surface
is represented by a solid line. The cyclic movement of Gli349, including binding, stroke, and release, thrusts the cell body. The Gli349 molecule
is represented differently for the bound, free, and force-transmitting forms. The binding of antibody inhibits step ii and removes Gli349 from the
glass surface through the backward transition of step i. See Discussion for details.
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