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Several mycoplasma species are known to glide on solid surfaces such as glass in the direction of the mem-
brane protrusion, but the mechanism underlying this movement is unknown. To identify a novel protein in-
volved in gliding, we raised monoclonal antibodies against a detergent-insoluble protein fraction of Mycoplasma
mobile, the fastest glider, and screened the antibodies for inhibitory effects on gliding. Five monoclonal anti-
bodies stopped the movement of gliding mycoplasmas, keeping them on the glass surface, and all of them
recognized a large protein in immunoblotting. This protein, named Gli521, is composed of 4,738 amino acids,
has a predicted molecular mass of 520,559 Da, and is coded downstream of a gene for another gliding protein,
Gli349, which is known to be responsible for glass binding during gliding. Edman degradation analysis indi-
cated that the N-terminal region is processed at the peptide bond between the amino acid residues at positions
43 and 44. Analysis of gliding mutants isolated previously revealed that the Gli521 protein is missing in a
nonbinding mutant, m9, where the gli521 gene is truncated by a nonsense mutation at the codon for the amino
acid at position 1170. Immunofluorescence and immunoelectron microscopy indicated that Gli521 localizes all
around the base of the membrane protrusion, at the “neck,” as previously observed for Gli349. Analysis of the
inhibitory effects of the anti-Gli521 antibody on gliding motility revealed that this protein is responsible for
force generation or force transmission, a role distinct from that of Gli349, and also suggested conformational

changes of Gli349 and Gli521 during gliding.

Mycoplasmas are parasitic or commensal bacteria with small
genome sizes that lack a peptidoglycan layer (26). Several myco-
plasma species have a membrane protrusion at a cell pole, such
as the “attachment organelle” of Mycoplasma pneumoniae or
the “head-like structure” of Mycoplasma mobile, and exhibit glid-
ing motility, defined as a smooth translocation of cells on solid
surfaces in the direction of the membrane protrusion (2, 12, 17,
19). Mycoplasmas have no flagella or pili on their cell surfaces
and no homologs of genes that encode pili, flagella, or other
genes related to bacterial motility. Nor have homologs of mo-
tor proteins that are common in eukaryotic motility been de-
tected (3, 5, 7, 10, 25, 29). These observations suggest that
mycoplasmas glide by an entirely unknown mechanism, al-
though the gliding motility of M. mobile is thought to depend
on the cellular concentration of ATP (9).

M. mobile was isolated from the gill organ of a fish (13). It
provides an opportunity to study mycoplasma gliding motility,
because this species is the fastest gliding and, unlike other
species, glides without interruption (9, 21, 24, 27, 34). At all
stages of growth, M. mobile glides smoothly and continuously
on glass at an average speed of 2.0 to 4.5 wm/s or three to seven
times the length of the cell per second, exerting a force of up
to 27 pN (21).

Subcellular localization of surface proteins detected by mono-
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clonal antibodies suggested that the cell surface is differentiat-
ed into three parts, “head,” “neck,” and “body,” starting from
the pole of protrusion (16). Recently, we identified a novel pro-
tein, Gli349 with a molecular mass of 349 kDa, responsible for
adhesion to animal cells (34). Gli349 clusters at the neck, which
is believed to be specialized for binding and gliding (16, 34).
Analysis of inhibitory effects of an anti-Gli349 antibody on
gliding revealed that Gli349 is responsible for glass binding
during gliding (34). Rapid-freeze-and-freeze-fracture rotary-
shadow electron microscopy revealed many spike-like struc-
tures 50 nm in length sticking out around the neck and bound
to the glass surface at their distal ends, while the spike struc-
ture cannot be found in a nonbinding and consequently non-
gliding mutant (20). These observations suggest that the spike
includes the Gli349 molecule and functions as a “leg” in the
gliding mechanism (19, 20, 34). However, it is likely that other
proteins also are involved in the gliding mechanism, because
biological motility systems generally comprise two or more
proteins, and the gli349 gene is encoded in an operon com-
posed of four open reading frames (ORFs) (10, 34).

In this study, we isolated monoclonal antibodies that blocked
movement but not binding and identified their target, a novel
protein of molecular mass 521 kDa.

MATERIALS AND METHODS

Strains and culture conditions. M. mobile strain 163K (ATCC 43663) and its
mutants were grown at 25°C in Aluotto medium (1, 24), consisting of 2.1% heart
infusion broth, 0.56% yeast extract, 10% horse serum, 0.025% thallium acetate,
and 0.005% ampicillin. Cells were cultured to reach an optimal density at 600 nm
of 0.07 (corresponding to 7 X 10% CFU/ml). Mycoplasma pulmonis (ATCC
19612) was grown at 37°C in the same medium.

Making and screening of monoclonal antibody. A triton-insoluble fraction was
prepared as described previously (34), suspended in phosphate-buffered saline
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(75 mM Na-phosphate, pH 7.4, 68.4 mM NaCl), and emulsified in complete
Freund’s adjuvant. Antibodies were raised by two separate methods, using dif-
ferent rodents. In the first method, an emulsion containing 1 mg of protein per
animal was injected into footpads of female Wistar rats (8 weeks old), as previ-
ously described (14). Two weeks later, the animals were sacrificed, and the iliac
lymph nodes were excised. In the second method, female BALB/c mice (6 weeks
old) were injected intraperitoneally with an emulsion containing 300 g of
protein, as previously described (6, 16). A second injection was done 3 weeks
later with 150 pg of protein emulsified with Freund’s incomplete adjuvant. One
week after the second injection, the mice were injected with 150 g of protein
without adjuvant. The mice were sacrificed 1 week later, and the spleen cells
were excised and dissociated. In both cases, the isolated immunized cells were
fused with mouse myeloma cells and screened for antibodies (6, 14, 16). The first
screening of hybridoma cells was done for both antibody production ability and
the subcellular localization of the target structure visualized by immunofluores-
cence microscopy, using the hybridoma supernatant (30, 32). The second screen-
ing was done by a tunnel test as described previously, which is based on the
inhibitory effect to gliding (16, 34). Briefly, mycoplasma cells in Aluotto medium
were allowed to adhere to a glass coverslip, which served as the top of a
rudimentary flow chamber constructed with a microscope slide and double-stick
tape. Then, hybridoma supernatant diluted with 10 volumes of Aluotto medium
was allowed to flow into the chamber. Hybridomas whose supernatant had
inhibitory effects on gliding mycoplasmas were selected.

Identification of Gli521 protein. The target proteins of the antibodies that
inhibit movement were detected by immunoblotting analysis. To identify the
target protein of antibodies that can stop gliding, the whole-cell lysate containing
30 wg of protein per lane was fractionated by electrophoresis in sodium dodecyl
sulfate (SDS) on 5.5% acrylamide gels. The protein band reactive to the antibody
was subjected to the Cleveland method for partial digestion, as described previ-
ously (4, 34), transferred to an Immobilon-PS® membrane (Millipore, Inc., Bil-
lerica, MA), stained by amido black, and subjected to Edman degradation.
Edman degradation was also carried out with the protein band directly blotted to
the membrane. To confirm the identity between Gli521 and the target of the
inhibitory antibodies, partial fragments of the gli52] gene were amplified by
PCR, ligated into pGEM-T Easy (Promega), excised by using Ncol and Xhol
restriction enzymes, and inserted into an expression vector pPGEX-KG using the
restriction sites. The recombinant proteins were expressed in Escherichia coli
cells (BL21), and whole-cell lysates were examined by immunoblotting for reac-
tivity to the inhibitory antibodies.

DNA sequencing. To identify the mutation in the gli521 gene of the m9 mutant
of M. mobile, genomic DNA was prepared by the Genomic-tip system (QIA-
GEN, Hilden, Germany) and amplified by PCR as 1-kb fragments and then
sequenced for the 30-kb region previously sequenced (34). The genomic DNA of
M. pulmonis was prepared by phenol extraction (28) from a culture of the type
culture strain. The gap regions of M. pulmonis ORFs between MYPU_2120 and
MYPU_2130 and between MYPU_2140 and MYPU_2130 were amplified by
PCR, using the primers CCACAATCAATTAAAGACTTGAG and TGTTCTT
TAACAGCATCACC and primers CACCTAACTTTTGCAAGTGC and GTA
AGATCAGAAGAGACAAC, respectively. The PCR products were purified
by agarose gel electrophoresis and subjected to sequencing analyses for both
strands, using the primers listed above.

Fluorescence, electron, and video microscopy. Antibodies were purified from
the hybridoma supernatant by using a HiTrap protein G column (Amersham).
Immunofluorescence microscopy was done with permeabilized cells, as described
previously (30, 32, 34). Anti-Gli521 antibody (0.3 pg/ml) was used as the primary
antibody, and anti-rat antibody conjugated by Alexa594 (Molecular Probes) was
used as the secondary antibody. Double staining was done by simultaneous
additional staining using 0.1 pg/ml anti-Gli349 antibody (34) and anti-mouse
antibody conjugated by Alexa488. Immunoelectron microscopy was done as
previously described with additional treatment by 0.1% Triton X-100 in phos-
phate-buffered saline for 15 min at room temperature prior to the first antibody
treatment (34). The effects of antibodies on gliding were studied in a tunnel slide
and recorded by video microscopy, as reported previously (21, 23, 34).

RESULTS

Making inhibitory antibody. To identify a novel protein in-
volved in the gliding mechanism, we made and screened anti-
bodies that can stop mycoplasma gliding without removing
cells from the glass. We previously obtained the anti-Gli349
antibody by immunizing mice with whole mycoplasma cells
(16). Here, we sought to raise antibodies that were different
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FIG. 1. Inhibitory effects of an antibody on gliding. Phase-contrast
images of cells before (left) and 15 s after (right) addition of 300 pg/ml
of the inhibitory antibody, obtained by superimposing video frames
over a 2-s time span. The last frame was displayed in a different color.
Bar, 5 pm.

from those found earlier by immunizing both rats and mice
with a triton-insoluble fraction. Four and two hybridoma cell
lines established from rat and mouse, respectively, were found
to recognize structures localized at the neck, a region believed
to be responsible for glass binding and gliding (16, 34). Anti-
bodies were added to cells in a tunnel slide to examine their
effects on gliding (16, 34). One of the antibodies rapidly dis-
placed cells from glass. Immunoblot analysis revealed that this
antibody recognized Gli349, which was previously shown to be
involved in gliding (34). The remaining five antibodies inhib-
ited gliding, but cells remained bound to the glass for more
than several minutes (Fig. 1). Incubation with low concentra-
tions of these antibodies eventually resulted in displacement of
cells from glass, as presented later.

Identification of Gli521. We probed the whole mycoplasma
cell lysate by immunoblotting using the five antibodies that
inhibited gliding without rapidly releasing cells from glass.
Each of these antibodies recognized a protein band with a
smaller electrophoretic mobility than that of Gli349 (Fig. 2).
The amount of this protein was comparable to that of Gli349
in the Coomassie brilliant blue (CBB)-stained gel image. Ed-
man degradation of a peptide produced by partial digestion
of this protein band by V8 protease showed the sequence
SLVVA. This sequence corresponded to an internal sequence
spanning from amino acid residue 859 to 863 of an ORF
immediately downstream of the gli349 gene (Fig. 3). We
named this novel protein Gli521, because the product from this
OREF is predicted to have 4,727 amino acid residues and a
molecular mass of 520,568 Da. Edman degradation of the N
terminus of this protein showed the sequence SSQID, corre-
sponding to amino acids 44 to 48 of the gli521 ORF. This result
indicated that the GIli521 protein is cleaved between amino
acid residues 43 and 44 in the cell (Fig. 4). Therefore, the
actual molecular mass should be 516 kDa.

To confirm that the inhibitory antibodies recognize Gli521,
recombinant protein fragments comprising the amino acid res-
idues 17 to 193, 678 to 944, 1678 to 1896, 3736 to 4020, 4197 to
4460, and 4526 to 4696 of Gli521 were produced in E. coli cells
and probed by the antibodies in immunoblotting. The fragment
from amino acids 3736 to 4020 reacted with three of five
inhibitory antibodies. This result confirms the identity between
the target of inhibitory antibodies and Gli521 and also that the
gli521 gene is translated as a single peptide at least to amino
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FIG. 2. Immunoblot analysis of the wild-type (WT) strain and mu-
tant m9 by inhibitory antibody. Whole-cell lysates were analyzed by
SDS-5.5% polyacrylamide gel electrophoresis (left two lanes) staining
with CBB and immunoblotting (right two lanes) using the anti-Gli521
monoclonal antibody (mAb-R19). The protein bands of Gli521 and
Gli349 are indicated by open and hatched triangles, respectively. Mo-
lecular mass is indicated on the left.

acid residue 3736. The other two antibodies did not react with
any of the recombinant proteins, showing that these two anti-
bodies originated from different spleen cells from those reac-
tive to the fragment from amino acid 3736 to 4020. Consider-
ing that one of these antibodies was derived from a different
animal, the nonreactive antibodies should be derived from
independent cells. We used an antibody, named mAb-R19, re-
active to the recombinant protein for the following experi-
ments unless otherwise mentioned.

The predicted sequence for the Gli521 protein showed a
high asparagine content (13.5%), lack of cysteine residues, and
a low pI value (5.16). Using SOSUI, an algorithm that predicts
membrane spanning segments, a transmembrane segment pre-
ceded by a positively charged region was predicted from amino
acid residue 8 to 30 (8), suggesting the existence of a protein
sorting and peptidase target signal. Another membrane-span-

M. mobile
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ning segment was predicted near the C terminus extending
from amino acid residue 4696 to 4718.

Ortholog in M. pulmonis. The sequence of the gli52] gene
is similar to three ORFs, MYPU_2120, MYPU_2130, and
MYPU 2140, coded in tandem in the genome of another glid-
ing mycoplasma, M. pulmonis, which is a pathogen of mouse
(3). MYPU_2120, MYPU_2130, and MYPU_2140 have 21%,
19%, and 23% identities with regions spanning the codons for
amino acid residues 191 to 1390, 1413 to 3041, and 3347 to
4725 of the 4,727 of Gli521, respectively. Since these observa-
tions suggested that the three ORFs of M. pulmonis might form
one large ORF, we sequenced the gap regions of the genome
from M. pulmonis (ATCC 19612). Our sequence analysis
showed that the stop codon, TAA of MYPU_2130, starting
from the nucleotide at position 240173 in the genome se-
quence is a glutamic acid codon, GAA, resulting in the fusion
of ORFs MYPU_2130 and MYPU_2140. This correction has
been accepted by the group that sequenced the genome
(http://genolist.pasteur.fr/MypuList/). Our sequencing analy-
sis of another gap between MYPU_2120 and MYPU_2130
showed that a sequence, CCCAAGACCCAAGA starting from
nucleotide position 235433 in the genome sequence, is CC
CAAGA, resulting in a fused ORF of MYPU_2120 and
MYPU_2130. Therefore, M. pulmonis (ATCC 19612) should
have an ortholog of Gli521, with molecular mass of 495 kDa
and 23% identity with Gli521 of M. mobile (Fig. 3). The dif-
ference between the sequencing results might be caused by the
difference in strains, because the genome project was carried
out on M. pulmonis strain UAB CTIP (3). Considering that the
preceding ORF of M. pulmonis, MYPU_2110, is the ortholog
of the gli349 gene, this locus is well conserved in these two
species. Indeed, the predicted amino acid sequences at posi-
tions 857 to 1126 and 11 to 321 of the pI123 and p42 genes
showed 24% and 24% identities with MYPU_2160 and
MYPU_2170, respectively.

Absence of other orthologs. No significant similarity to other
protein sequences was detected in the genomes of other gliding
mycoplasmas (5, 7, 25, 29), and no motifs, such as a P-loop
involved in motor proteins, were found in gli521.

Mutant lacking Gli521 protein. Previously, we isolated 10
mutants characterized by nonbinding, reduced binding, or
faster gliding speed (24). The presence of the Gli521 protein
was examined in mutants m6, m9, m12, m13, m14, m23, m26,
m27, m29, and m34 by SDS-polyacrylamide gel electrophoresis

p123 gli349 glib21 42
=) ) -
: MYPU2110 >| MYPU2120-2140 >-|

/ MYPU2170
MYPU2160 1kb

M. pulmonis

FIG. 3. Gene arrangement around gliding genes in M. mobile and M. pulmonis. ORFs in the flanking regions of gli349 and gli521 were named
from the predicted molecular weight. MYPU_2120, MYPU_2130, and MYPU_2140 form a single large ORF in M. pulmonis (ATCC 19612).
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FIG. 4. Sequence of the gli52] gene. (A) Schematic of the gli52] gene. Predicted transmembrane segments (solid lines), nonsense mutation
(asterisk), N terminus of mature protein (filled triangle), and epitope of antibody (hatched line) are shown. (B) Amino acid sequence near the N
terminus. The predicted transmembrane segment, indicated by the box, is preceded by a cluster of lysine residues. The processed site is indicated
by a triangle. (C) Nucleotide and amino acid sequences around the mutation point of m9. A codon, GAA, encoding glutamic acid, is changed to

TAA, a stop codon.

followed by immunoblotting. The Gli521 band was detected by
the antibody in nine mutants but not in mutant m9 (Fig. 2).
The m9 mutant has been typed as one with no binding activity
and irregular cell morphology (24). Sequencing of the 30-kb
region containing the gli521 gene of the m9 mutant revealed
that the codon at nucleotide position 1670, GAA, coding glu-
tamic acid in the wild-type strain, is replaced by a stop codon,
TAA, resulting in a truncated product (Fig. 4); no other mu-
tations were identified. The truncated protein fragment was
estimated to have a molecular mass of 179 kDa, but such a
fragment was not detected by immunoblotting of the mutant.
This was expected, since the epitope for the antibody extends
from amino acid residue 3736 to 3863, which is on the C-
terminal side of the nonsense mutation. The other antibodies
also failed to detect the truncated band. The absence of the
Gli521 protein in m9 is evident in the CBB-stained gel (Fig. 2,
left). Although another band of less density can be seen at a
position similar to Gli521 in the lane of m9, this band did not
react with any anti-Gli521 antibodies, suggesting that it is de-
rived from another ORF.

Subcellular localization of Gli521 protein. Immunofluores-
cence microscopy using the anti-Gli521 antibody revealed that
the Gli521 protein is localized around the cell neck (Fig. SA
and B), the base of the membrane protrusion, as observed for
Gli349 (Fig. 5C and D) (34). To examine the positional rela-
tionship between these two proteins, double staining for Gli521
and Gli349 proteins was performed (Fig. 5). The merged image
(Fig. 5E) shows that the fluorescence label for Gli521 (Fig. SA
and B) overlays that for Gli349 (Fig. 5C and D) in all cells,
showing colocalization of these two proteins. To examine lo-
calization of Gli521 at higher resolution, we performed immu-
nogold electron microscopy (Fig. 6). Gli521 molecules were
detected primarily around the neck, consistent with the results

from immunofluorescence microscopy (Fig. 5). Three-dimen-
sional observation using a tilted image set showed that the gold
particles are localized all around the neck, rather than only at
one side. A similar result was reported for Gli349 (34).

Analysis of inhibitory effect of anti-Gli521 antibody on bind-
ing and gliding. The effect of antibody on gliding motility was
analyzed in a tunnel slide, with the results shown in Fig. 7.
Various concentrations of anti-Gli521 antibody were added to
gliding mycoplasmas at time zero, and the motility was moni-
tored. The antibody reduced the gliding speed with time in a
concentration-dependent manner (Fig. 7A): the higher the
concentration, the more rapidly cells stopped moving. Cell
displacement followed a similar time course: at higher concen-
trations, fewer cells were displaced, but they were displaced
more rapidly (Fig. 7B). We analyzed the other four antibodies
against Gli521 and concluded that they have similar effects on
gliding, although the concentration dependency was not uni-
form. Monoclonal antibodies recognizing other surface pro-
teins (mock antibodies) did not show any effects on gliding
(data not shown). Thus, these effects are specific for the anti-
bodies against Gli521.

Next, we mixed antibodies with cells in suspension and ex-
amined their effects on the binding of mycoplasmas to glass
(Fig. 8). Mycoplasma cell suspensions were incubated with
various concentrations of antibody for 5 min at room temper-
ature and inserted into a tunnel slide, and the numbers of cells
bound after 10 min were counted (Fig. 8A). Binding was in-
hibited in a concentration-dependent manner. As a control,
mycoplasma suspensions were inserted into a tunnel slide with-
out antibodies and left for 10 min, various concentrations of
antibody were added, and the numbers of cells bound were
counted after 5 min. When the antibody was applied at con-
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FIG. 5. Subcellular localization of Gli521 and Gli349 proteins revealed by immunofluorescence microscopy. The cells were simultaneously
stained for both proteins. (A) Fluorescence image detected for Gli521. (B) Merger of image shown in panel A with the phase-contrast image of
panel F. (C) Fluorescence image detected for Gli349. (D) Merger of images shown in panels C and F. (E) Merger of images shown in panels A

and C. (F) Phase-contrast image of cells. Bar, 2 pm.

centrations higher than 2 pwg/ml, it stopped gliding while keep-
ing the cells on the glass, as shown in Fig. 7A and B.

We found previously that a monoclonal antibody against
Gli349 finally removed the gliding cells from glass (34). So,
next we examined the effects of anti-Gli521 antibody on the
action of the anti-Gli349 antibody (Fig. 8B). Gliding mycoplas-
mas were treated with 300 pg/ml of anti-Gli521 antibody for 10
min and then with various concentrations of anti-Gli349 anti-
body mixed with 300 pg/ml of anti-Gli521 antibody. The num-
bers of cells bound to glass were counted for each time point.
Displacement of cells by the anti-Gli349 antibody was drasti-
cally reduced by pretreatment by the anti-Gli521 antibody.

This observation suggests that the binding of anti-Gli521 anti-
body to Gli521 inhibited either the binding of anti-Gli349 an-
tibody to Gli349 or the release from glass normally caused by
anti-Gli349 antibody.

DISCUSSION

The novel protein, Gli521, is assumed to be involved in the
gliding mechanism for the following reasons. (i) Monoclonal
antibodies raised against this protein inhibited gliding (Fig. 1).
(ii) A mutant whose Gli521 protein is truncated cannot bind to
substrates and consequently cannot glide (24). (iii) Gli521 pro-
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FIG. 6. Subcellular localization of Gli521 by immunoelectron microscopy. Gli521 was labeled with 10-nm gold particles. The left two images
are a stereo pair. Since some of the gold particles are difficult to see, they are marked by black dots in the right image at the positions at which
they appear in the middle image. Most cells found on an electron microscopy grid showed a similar distribution of gold particles. A stereoscopic

view was achieved by tilting the specimen 10 degrees. Bar, 0.2 wm.

tein is coded in tandem with and downstream of a protein
responsible for glass binding during gliding, Gli349 (Fig. 3).
(iv) Gli521 localizes at the subcellular position, the neck, spe-
cialized for binding and gliding (Fig. 5 and 6) (16, 34).

However, the role of Gli521 in the gliding mechanism is
obviously different from that of Gli349, because at higher con-
centrations all five of the antibodies against Gli521 inhibited
movement but not glass binding, unlike the anti-Gli349 anti-
body. This conclusion is also supported by the observation that
the anti-Gli349 antibody inhibits the adsorption of red blood
cells to M. mobile colonies, so-called hemadsorption (34), but
the anti-Gli521 antibody does not (data not shown). These
observations suggest that the role of Gli521 in the gliding
mechanism is force generation or force transmission rather
than the binding to glass.

Then, why do the mutants m9 and m13, lacking Gli521 and
Gli349, respectively, show similar phenotypes, namely, a defi-
ciency in binding (24)? These observations can be explained by
assuming that the function of Gli349 depends upon Gli521,
which has the role of supporting Gli349; i.e., the lack of func-
tional Gli521 depletes the function of Gli349. This assumption
is supported by the observations that the amount of Gli521 in
a cell is comparable to that of Gli349 (Fig. 2) and that the
subcellular localization of Gli349 is lost in the m9 mutant,
which is truncated for the Gli521 (our unpublished data). It is
possible that Gli349, the major component of the spike, i.e., of
the “leg” in the gliding machinery, is driven by the force gen-
erated by Gli521 itself or by that generated by another protein
and transmitted through Gli521.

Possibly, the genes coding P123 and P42 in the flanking
regions of Gli349 and Gli521 are also involved in the gliding
mechanism, because they seem to be in the same operon (Fig.
3). P123 shares the features of amino acid sequence with

Gli349, namely, an N-terminal transmembrane segment pre-
ceded by a positively charged region and high asparagine con-
tent. Moreover, a BLAST search showed 37% similarity be-
tween the region from amino acid 533 to 1128 of P123 and the
region from amino acid 723 to 1300 of Gli349. These proteins
may interact with the same target via these conservative do-
mains. Experimental studies should be done to address these
possibilities.

We previously quantified the number of Gli349 molecules
on the M. mobile cell surface and concluded that around 450
molecules exist on a cell (34). Assuming that Gli521 forms a
one-to-one complex with Gli349, Gli521 would occupy the
whole neck region 200 nm in diameter and 300 nm in length,
because a globular 516-kDa protein can be calculated to have
a diameter about 20 nm. Occupation of the neck region by the
gliding units is suggested by the observation that the proteins
possibly involved in the mechanism of antigenic variation do
not distribute into this region (16). Such a “collar” structure
might function as a scaffold of gliding units for exerting force.
This possibility is different from the observation of M. pneu-
moniae, where cytoskeletal structures, the so-called electron-
dense core, can be found in the center of the membrane pro-
trusion (11, 15, 18, 19, 22, 32, 33).

The addition of anti-Gli521 antibody decreased the gliding
speed (Fig. 7), and eventually stopped the gliding cells on the
glass, in a concentration-dependent manner. These observa-
tions can be explained by the assumption that the binding of
antibody to a Gli521 molecule fixes the putative conforma-
tional change of Gli521 at a stage in the mechanical cycle
where the leg binds to the glass surface and generates drag
force. If the antibody generates drag force through the binding,
how does the addition of antibody at a low concentration cause
the removal of gliding cells from the glass? Possibly, a low
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FIG. 7. Inhibitory effects of anti-Gli521 antibody on gliding speed
and glass binding. (A) Gliding speed after the addition of different
amounts of anti-Gli521 antibody, shown as a function of time. The
speed shown is the fraction of the initial speed, averaged over the cell
population. (B) The number of cells bound to glass after the addition
of different amounts of antibody, shown as a function of time. The
number shown is the fraction of the initial number. The number of
cells bound to a glass surface with an area of 3,200 wm? was counted.
The initial number of cells was more than 100. Cells were treated
with 0 (), 1 (0), 3 (m), 10 (A), 30 (A), 100 (O), and 300 (@) ng/ml
antibody.

concentration of antibody causes slow occupation of gliding
units by the antibody, and the competition between the drag
generated by the disabled legs and the thrust generated by the
working legs distorts the linkage between the cell and the glass,
inducing release of the cell from the surface. When higher
concentrations of antibody are added, the quick occupation by
the antibody does not cause this type of competition or finishes
it before the dissociation of a cell from glass can occur.
When mycoplasma cells in suspension were treated by the

J. BACTERIOL.

anti-Gli521 antibody before they were exposed to glass, the
binding of cells to glass was inhibited, even though the anti-
body kept cells on the glass when it was added after they began
gliding (Fig. 8A). On the other hand, removal of cells by the
anti-Gli349 antibody was inhibited by the anti-Gli521 antibody
if the anti-Gli521 antibody was added to the gliding myco-

A

Bound cell (ratio)

05 ~@— Pre-treated with a-GIi521
—O— Post-treated with a-Gli521
0 1 1
0.1 1 10 100 1000

Concentration (ug/mil)

)
?
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@ 0.1 —&  a-Gli521 & 10 pg/mi a-Gli349
'g —a— o-Gli521 & 3 ug/ml a-Gli349
g ——  «-GIi521 & 1 pg/ml o-Gliz49
o % o-Gli521 & 0 ug/ml o-Gli349
—o— 30 ug/mi a-Gli349
_a— 10 ugim! a-Gli349
—o— 3 ug/ml a-Gli349
—— 1 ug/ml o-Gli349
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FIG. 8. Inhibitory effects of anti-Gli521 antibody on the adsorption
of cells to glass. The number of cells bound to a glass surface with an
area of 3,200 wm? was counted. (A) Inhibitory effects on glass binding
of antibody added before or after glass binding of mycoplasma cells.
Cells in suspension were mixed with various concentrations of anti-
body, inserted into a tunnel slide, and then the numbers of cells bound
to glass were counted (filled circles), or cells bound to glass in a tunnel
slide were exposed to various concentrations of antibody, and the
numbers of cells bound to the glass were counted (open circles). The
fraction of cells remaining on the glass is shown for each concentra-
tion. (B) Inhibitory effect of anti-Gli521 antibody on the subsequent
removal of cells from glass by anti-Gli349 antibody. The fraction of
cells remaining on the glass is shown for each time point.
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FIG. 9. One possible mechanical cycle to explain the effects of antibody. A mycoplasma cell is represented by a hatched area bounded by a gray
line. A leg mainly composed of a Gli349 molecule is represented as a rod sticking out from the cell, driven by or through Gli521 represented by
an ellipse on the cell. The glass surface is represented by a solid line. The cyclic movement of the leg, including binding, stroke, and release, propels
the cell body. The leg is shown differently for free, bound, and tightly bound forms. The binding of anti-Gli521 antibody inhibits step iii or iv and

stops the leg, fixing the mycoplasma on the glass.

plasma cells prior to the addition of anti-Gli349 antibody (Fig.
8B). These observations support the hypothesis that Gli521
executes conformational changes during gliding and that the
antibody blocks those changes, fixing the states of the leg.

The glass binding during gliding presumably depends upon
the Gli349 molecule, because the antibody against this protein
displaces all of the gliding cells from the glass (34). Therefore,
it is likely that the movement of Gli349 along the glass is
involved in the gliding mechanism. Considering the images
from the rapid-freeze-and-freeze-fracture rotary-shadow elec-
tron microscopy (20), we have proposed a simple model for the
mechanical cycle (19, 34), as shown in Fig. 9. Here, gliding can
be hypothesized to be composed of a series of states (a to e)
and transition steps (i, initial binding; ii, conversion from initial
to tight binding; iii, stroke; iv, release; and v, return). Anti-
Gli521 antibody could inhibit the stroke (iii) or release (iv) step
and fix the cells in state b or c.

Although several mycoplasma species have been reported to
have the ability of gliding (12, 19), an ortholog of Gli521 or
Gli349 cannot be found in the genomes of gliding mycoplasmas
except M. pulmonis (3, 5, 7, 25, 29). These facts show that the
primary structures of gliding proteins have diverged among
mycoplasma species. However, the gliding motility of myco-
plasmas can be based on a common mechanism, because the
features of gliding are similar among gliding mycoplasma spe-
cies, and recently we found that an anti-P1 adhesin monoclonal
antibody has effects on the gliding of M. pneumoniae that are
very similar to those of anti-Gli349 antibody on the gliding of
M. mobile (31). The identification of the force-generating or
-transmitting protein, Gli521, should help to elucidate the
mechanism of mycoplasma gliding.
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