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Mycoplasmas, which have been shown to be the causative pathogens in recent human pneumonia epidemics, bind to solid
surfaces and glide in the direction of the membrane protrusion at a pole. During gliding, the legs of the mycoplasma catch,
pull, and release sialylated oligosaccharides fixed on a solid surface. Sialylated oligosaccharides are major structures on
animal cell surfaces and are sometimes targeted by pathogens, such as influenza virus. In the present study, we analyzed
the inhibitory effects of 16 chemically synthesized sialylated compounds on the gliding and binding of Mycoplasma mobile
and Mycoplasma pneumoniae and concluded the following. (i) The recognition of sialylated oligosaccharide by myco-
plasma legs proceeds in a “lock-and-key” fashion, with the binding affinity dependent on structural differences among the
sialylated compounds examined. (ii) The binding of the leg and the sialylated oligosaccharide is cooperative, with Hill con-
stants ranging from 2 to 3. (iii) Mycoplasma legs may generate a drag force after a stroke, because the gliding speed de-
creased and pivoting motion occurred more frequently when the number of working legs was reduced by the addition of
free sialylated compounds.

Mycoplasmas are commensal and occasionally parasitic
bacteria with small genomes that lack a peptidoglycan

layer (1). Several mycoplasma species form membrane protru-
sions (2–4), such as the head-like structure in Mycoplasma mo-
bile and the attachment organelle in Mycoplasma pneumoniae, a
pathogen that has been epidemic in recent years (5, 6). On solid
surfaces, these species exhibit gliding motility in the direction
of the protrusion; this motility appears to be involved in the
parasitism of mycoplasmas (2, 7–9). Interestingly, mycoplas-
mas have no flagella or pili, and their genomes contain no genes
related to known bacterial motility. In addition, no homologs
of motor proteins that are common in eukaryotic motility have
been found (3, 10).

M. mobile, isolated from the gills of a freshwater fish, is a
fast-gliding mycoplasma (11–15). It glides smoothly and con-
tinuously on glass at an average speed of 2.0 to 4.5 �m/s, or
three to seven times the length of the cell per second, exerting a
force of up to 27 pN. The gliding machinery formed at the base
of the membrane protrusion is composed of hundreds of units,
with a flexible leg protruding from each (16–21). The legs are
composed of a 349-kDa protein, Gli349, and are likely to bind
and pull the solid surface, based on the energy of ATP hydro-
lysis (22–24). The outline of this putative mechanism may ap-
ply to M. pneumoniae, as well, although the protein responsible
for glass binding, P1 adhesin, is not similar in amino acid se-
quence to M. mobile Gli349 (25, 26).

The gliding motility of mycoplasmas can be easily observed
on glass surfaces, although mycoplasmas live in animal tissues
in nature, suggesting that their intrinsic binding target is a
surface structure of animal cells or the extracellular matrix. In
a previous study, the binding of M. mobile to glass was inhibited
by the addition of free sialyllactose, indicating that gliding cells
of M. mobile bind to sialylated oligosaccharides (from serum in
the medium) that are attached to the glass (27). In most obser-

vations, M. mobile cells bind to sialylated oligosaccharides on
sialoproteins provided from serum included in the medium.
However, the previous study did not clarify the structure of the
sialylated oligosaccharides recognized by M. mobile. In addi-
tion, previous studies suggested that detailed analyses of bind-
ing inhibition would provide valuable information about the
leg behaviors, which is essential to unveil the mechanism of
mycoplasma gliding (19, 20, 26–28). In the present study, we
analyze the inhibitory effects of 16 sialylated compounds on
binding and gliding of M. mobile and M. pneumoniae and sug-
gest the mechanism of recognition and possible leg move-
ments.

MATERIALS AND METHODS
Cultivation. M. mobile strain 163K (ATCC 43663) and M. pneumoniae
M129 (the type strain of group I) were grown as previously described
(14, 29).

Sialylated compounds. The compounds listed in Fig. 1 (GSC-28,
GSC-243, GSC-244, GSC-280, GSC-281, GSC-282, GSC-283, GSC-285,
GSC-301, GSC-306, GSC-379, GSC-574, GSC-741, GSC-742, DANA, and
Neu5Ac) were synthesized according to the procedures described previ-
ously (30–36).

Analyzing inhibitory effects of compounds. To analyze the inhibi-
tion of binding, the mycoplasma suspension was mixed with sialylated
compounds and inserted into a tunnel chamber (5-mm interior width,
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22-mm length, 86-�m wall thickness). The tunnel chamber was con-
structed with a coverslip and a glass slide, assembled with double-sided
tape, and precoated with growth medium containing horse serum for
60 min (22, 27, 37). For observation of M. pneumoniae, the microscope
was kept at 37°C with an HT 200 stage heater (Minitube, Verona, WI)
and a lens heater (MATS-LH; Tokai Hit, Shizuoka, Japan) (26, 38, 39).
To analyze the removal of cells by sialylated oligosaccharides for each
species, the cell suspension was inserted into a tunnel chamber kept at
the appropriate temperature. After 30 min, a sialylated compound was
inserted into the chamber with continuous video recording. The my-
coplasmas were observed and analyzed as previously reported (27,
37, 39).

RESULTS
Time course of mycoplasma binding to the glass surface. M. mo-
bile cells suspended in buffer were inserted into a tunnel cham-
ber precoated with the growth medium and observed for bind-
ing to glass at room temperature by phase-contrast microscopy
(Fig. 2A). M. mobile started to bind to the glass from time zero,
and the bound cells saturated the surface of the glass at 30 min,
with about 130 cells bound to a glass area 64.0 �m wide and
85.3 �m long (Fig. 2B; see Movie S1 in the supplemental ma-
terial). Ninety-eight percent of the bound cells were gliding.

M. pneumoniae cells suspended in buffer were inserted into
a tunnel chamber and observed at 37°C (Fig. 2B). M. pneu-
moniae started to bind to the glass surface from time zero, and
the bound cells saturated the surface of the glass at 60 min.
About 180 cells were observed to bind to a glass area 64.0 �m
wide and 85.3 �m long, of which one-third were gliding and
two-thirds were not.

In the following experiments, the bound cells were counted at
30 and 60 min after insertion for M. mobile and M. pneumoniae,
respectively.

Inhibition of mycoplasma binding by free sialylated com-
pounds. The binding of mycoplasmas to glass was inhibited by
the presence of free sialylated oligosaccharides, consistent with
the previous studies (27, 40, 41) (Fig. 2B). We examined the
inhibitory effects of 16 chemically synthesized sialylated com-
pounds. The cell suspension was mixed with various concen-
trations of free sialylated compounds and inserted into the
tunnel chamber. The bound cells were counted after 30 and 60
min for M. mobile and M. pneumoniae, respectively. For the
analyses of M. pneumoniae, we took the number of gliding cells
as the number of bound cells, because binding of nongliding
cells was not affected by the addition of free sialylated oligosac-
charides, probably because P1 adhesin does not displace in that
state. Nine of 16 sialylated compounds showed inhibitory ef-
fects on mycoplasma binding (Fig. 3A). Next, we measured the
concentration dependence of the inhibitory effect on binding
for the 9 effective compounds. The most effective compounds
were GSC-28 and Neu5Ac-�-2,6-galactose for M. mobile and
GSC-281 and Neu5Ac-�-2,3-lactosamine for M. pneumoniae.
The concentration dependence of the inhibitory effects clearly
revealed that there was cooperation for both mycoplasmas. In
the analyses by Hill plot (Fig. 3B), all the results fit onto a line
on the Hill equation-based plot. The Hill constants and affin-
ities were calculated from the slope and intercept of the plot,
respectively, as summarized in Table 1. The affinities of the

FIG 1 The 16 sialylated compounds used in this study. The compounds on the left side of the dashed line showed inhibitory effects on mycoplasma binding and
gliding.
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most effective compounds, GSC-28 and GSC-281 for M. mobile
and M. pneumoniae, were 4.10 � 10�5 mM and 8.82 � 10�4

mM, respectively. The Hill constants for the 9 compounds
ranged from 3 to 4 for M. mobile and from 1.5 to 2.5 for M.
pneumoniae. All of the effective compounds featured N-acetyl-
neuraminic acid at the nonreducing end. Modifications in the
side chain, different numbers of sugars, and changes in the level
of sialic acid affected the affinity, as shown by GSC-283, GSC-
285, and GSC-379, respectively.

Removal of gliding mycoplasmas by free sialylated com-
pounds. Next, we analyzed the effects of addition of sialylated
compounds to gliding mycoplasmas that were already attached
to the surface. The cell suspension was inserted into the tunnel
chamber and incubated at room temperature. After 30 and 60
min, the sialylated oligosaccharide was added to gliding M.
mobile and M. pneumoniae on glass, respectively, and the
removal of gliding mycoplasmas was observed by phase-con-
trast microscopy (Fig. 4A; see Movies S2 and S3 in the supple-
mental material). The number of M. mobile cells on the glass,
determined every 0.1 s, decreased exponentially with time fol-
lowing the first-order reaction kinetics, and the rate changed
with the concentration of compound used. All cells were re-
moved from the glass within 5 s after the addition of 0.25 mM
GSC-28. The extent of inhibitory effects differed with the

chemical structures of compounds, and the relative efficiency
agreed with the affinities determined in Fig. 3 (Table 1). To
analyze M. pneumoniae, 20 gliding cells were selected ran-
domly, and their movements were traced. The number of
bound cells decreased exponentially following first-order reac-
tion kinetics. All cells were removed from the glass within 10 s
after the addition of 0.4 mM GSC-281. The relative efficiency
among the compounds was consistent with the results shown in
Fig. 3 (Table 1).

Next, we analyzed the inhibition of M. mobile gliding in
detail (see Movie S4 in the supplemental material). The gliding
speeds of cells were analyzed after the addition of 0.01 mM
GSC-28 and 0.5 mM GSC-379 (Fig. 4B). The gliding speeds
were not changed significantly for about 2.0 s and 1.3 s by
GSC-28 and GSC-379, respectively. However, the cells slowed
down after those time points and reached 25.4% and 10.9% of
the initial speeds at the time of detachment for GSC-28 and
GSC-379, respectively. The decrease in gliding speed showed
accelerating inhibition rather than first-order reaction
kinetics.

A previous study showed that M. mobile cells occasionally per-
form pivoting around the gliding machinery localized at the base
of the membrane protrusion (37). In the present study, the cell
pivoting before detachment was analyzed based on the difference
between the cell axis and the preceding gliding direction over an
observation period of 5 s (Fig. 5). The results showed that the
frequency of cell pivoting increased 2 to 3 s before detachment for
all compounds. Meanwhile, the gliding speed of each cell was sub-
stantially reduced to 50% to 80% of the initial gliding speed. The
degree of pivoting or decrease in speed did not differ significantly
among the compounds that could displace the gliding cells from
the glass.

DISCUSSION
Structures of sialylated compounds recognized by mycoplas-
mas. A previous study reported that M. mobile and M. pneu-
moniae recognize sialyllactose and that the affinities are differ-
ent between sialyllactoses with 2,3 and 2,6 linkages (27, 40, 41).
However, the structures of the sialylated oligosaccharides rec-
ognized by mycoplasmas are still unclear. As sialic acids are
negatively charged, two possibilities can be considered for rec-
ognition by mycoplasmas, i.e., the recognition may involve (i)
the three-dimensional structures of sialic acid and neighboring
sugar chains or (ii) the negative charge of the carboxyl group in
the sialic acid. In the present study, we showed that the affinity
between mycoplasmas and the sialylated oligosaccharides is
sensitive to the differences in the structures of the sialylated
oligosaccharides (Table 1) and concluded that the recognition
of sialylated oligosaccharides by mycoplasmas proceeds in a
“lock-and-key” fashion.

The most effective compound for M. mobile was Neu5Ac-
�-2,6-galactose, which is well known as the target of human
influenza virus (42). The most effective compound for M.
pneumoniae was Neu5Ac-�-2,3-lactosamine, which is the tar-
get of avian influenza virus (43). This is consistent with the
observed route of M. pneumoniae infection, in which M. pneu-
moniae binds to the lower part of the human trachea in the
initial stage of infection because the structure Neu5Ac-�-2,3-
lactosamine is localized there (44, 45).

As mycoplasma genomes do not have any homologs of che-

FIG 2 Time course of mycoplasma binding to a glass surface. (A) Images of
the glass surface at different time points. A mycoplasma suspension was
inserted into a tunnel chamber, and an area of glass surface 64.0 �m wide
and 85.3 �m long was observed. Bar, 10 �m. (B) Number of bound cells.
Bound cells were counted every second and are presented as a ratio to the
numbers at 30 and 60 min without sialylated compounds. The binding of
M. mobile and M. pneumoniae was examined in the presence of 0.05 mM
sialylated compounds, as indicated in each graph. For the analyses of M.
pneumoniae, the gliding cells were counted as the number of bound cells.
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motactic genes common in motile bacteria, mycoplasmas may
not respond to chemoattractants, such as sugars or amino acids
(10, 46). Actually, mycoplasma cells never reverse their direc-
tion of movement under microscopic observation, which is
distinct from other motile bacteria (3, 47). The fact that myco-
plasmas can detect the small structural difference in the sialy-
lated oligosaccharide may suggest that mycoplasmas move to
the proper environments by tracing the differences in sialylated
oligosaccharides on the host tissues.

In the present study, we showed that the free sialylated oli-
gosaccharides remove gliding M. pneumoniae cells from the

glass with relative affinities similar to those for the inhibition of
binding (Fig. 4 and Table 1). These results suggest that an ad-
hesin molecule, probably P1 adhesin, acts as a foot in the glid-
ing mechanism in the manner of Gli349 in M. mobile gliding,
which is consistent with the finding that gliding can be inhib-
ited by monoclonal antibodies (20, 26).

Cooperative binding of sialylated oligosaccharide. In the
present study, the concentration dependence of binding inhi-
bition by all 9 of the effective compounds showed cooperativity
(Fig. 2). There are two possible explanations for this coopera-
tivity: (i) several sialylated oligosaccharides may be caught at

FIG 3 Inhibition of mycoplasma binding by sialylated compounds. (A) Concentration dependence of binding inhibition. A mycoplasma suspension was
mixed with the sialylated compound indicated in each graph at various concentrations and inserted into a tunnel chamber. The M. mobile and M.
pneumoniae cells bound to the glass surface were counted after 30 and 60 min, respectively. The numbers of bound cells are presented as a ratio to those
without sialylated compounds. (B) Hill plot analysis of the data in panel A. The axes are logarithmic. The affinities and Hill constants are summarized in
Table 1.
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the same time or (ii) the binding of a single sialylated oligosac-
charide to a leg may increase the affinity of neighboring legs.
The gliding speed was reduced with time by the addition of
soluble sialylated oligosaccharides. The rate of decrease in glid-
ing speed appeared to accelerate with time rather than follow-
ing first-order reaction kinetics (Fig. 4B). These observations
may suggest cooperativity in binding between the legs and the
free sialylated oligosaccharides. Such time-dependent cooper-
ativity could be explained by the second assumption suggested
above. In the present study, we used the number of detached
cells to evaluate the effects of free sialylated oligosaccharides.
The detachment of a cell from glass is the integrated result of
the binding inhibition of individual legs and may show coop-
erativity over time. However, the cooperativity observed in Fig.
4B was unlikely to have been caused by this scenario, because
the decrease in the number of bound cells caused by free sialy-
lated compounds followed the first-order reaction kinetics in
Fig. 4A, showing that the detachment of cells occurs probabi-
listically, depending on the number of detached legs.

Drag force of legs after a stroke. The maximum force gener-
ated by a mycoplasma cell was reported in a previous study to
be 27 pN (12), which is about 1,800 times greater than the force
calculated to be necessary for normal-speed gliding. Therefore,
a decrease in the number of working legs cannot explain the
decrease in gliding speed observed in the present study without
additional assumptions. This apparent discrepancy can be ex-
plained by an assumption that the working legs generate drag
force in a stage of the cycle for gliding (Fig. 6A). We have
proposed a working model to explain the mechanism of M.
mobile gliding wherein, after a stroke, the leg is removed from a
sialylated compound fixed on a solid surface by the continuous
movement of the cell caused by other legs (2, 3, 48). In the
presence of a free sialylated compound, the decrease in the
number of working legs causes a transient shortage of the pro-
pulsion force necessary to remove the legs after a stroke and
results in the decrease in gliding speed.

Previously, Nakane and Miyata reported that M. mobile cells
exhibited pivoting by means of a propulsion force in gliding
with a torque of up to more than 54.7 pN nm (37). In the
present study, the frequency of pivoting was increased by the
addition of sialylated oligosaccharides (Fig. 5). This could be
explained by the effect of a drag force as follows (Fig. 6B).
Mycoplasmas can glide in a straight line when there is sufficient

TABLE 1 Affinities, Hill constants, and removal rates of compounds on mycoplasma bindinga

Compound

M. mobile M. pneumoniae

Affinityb (mM) Hill constant Ratec (s�1) Affinityb (mM) Hill constant Ratec (s�1)

GSC-28 4.10 � 10�5 2.96 0.116 1.23 � 10�2 1.57 0.026
GSC-280 1.47 � 10�4 3.64 0.06 1.00 � 10�3 2.10 0.052
GSC-281 1.79 � 10�4 3.77 0.073 8.82 � 10�4 1.57 0.069
GSC-282 1.08 � 10�2 3.20 0.049 1.36 � 10�2 1.75 0.031
GSC-283 5.10 � 10�3 3.00 0.044 1.23 � 10�1 1.52 0.01
GSC-285 7.45 � 10�3 3.31 0.042 4.41 � 10�1 1.63 0.005
GSC-301 1.24 � 10�4 3.60 0.064 8.50 � 10�2 1.80 0.009
GSC-379 1.20 � 10�1 2.95 0.019 1.02 � 10�2 1.66 0.021
GSC-742 1.54 � 10�3 3.25 0.071 1.37 � 10�3 2.29 0.039
a No affinity was observed for the compounds shown on the right side of the dashed line in Fig. 1.
b The highest affinity is underlined.
c Rate of decrease in cell numbers on glass on removal of gliding mycoplasmas.

FIG 4 Removal of gliding mycoplasmas by sialylated compounds. (A) Re-
sults for the most effective compounds. The number of bound M. mobile
cells is presented for every 0.2 s as a ratio to the number at time zero, which
was approximately 80 cells. Twenty cells of gliding M. pneumoniae were
selected randomly and observed for every second. The concentrations of
compounds used are presented in the graphs in millimoles. The y axes are
logarithmic. The rate was measured from the slope of the graph at the
addition of 1.0 mM free sialylated compounds and is summarized in Table
1. (B) Change in M. mobile gliding speed after addition of sialylated com-
pound. The gliding speeds of individual cells are shown as dots for every
0.03 s. The average gliding speed is shown by a solid line. Gliding speeds are
presented as ratios to the speed without compounds, 2.6 and 3.3 �m/s for
the graphs of GSC-28 and GSC-379, respectively.
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propulsion force to allow the legs to be detached from the
sialylated oligosaccharide after a stroke. However, when the
propulsion force is insufficient, some of the legs do not detach,
and the remaining legs form the center of the resulting pivot
motion. It is unlikely that the free sialylated compounds re-

moved the legs from the glass at random stages of the gliding
cycle linked to ATP hydrolysis, because the binding of M. mo-
bile cells starved and stopped on glass was not affected by the
addition of free sialylated compounds (data not shown).
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