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Mycoplasma mobile is a flask-shaped bacteria that binds to a substrate and glides towards its tapered end,
the so-called “head-like protrusion,” by an unknown mechanism. To search for cellular structures underlying
this motility, the cell-substrate interface of actively gliding cells was visualized by rapid-freeze-and-freeze-
fracture rotary-shadow electron microscopy. Novel structures, called “spikes,” were observed to protrude from
the cell membrane and attach to the glass surface at their distal end. The spikes were on average 50 nm in
length and 4 nm in diameter, most abundant around the head, and not observed in a nonbinding mutant. The
spikes may be involved in the mechanism of binding, gliding, or both.

Mycoplasma gliding. Mycoplasmas are bacteria that lack a
cell wall and are parasitic or commensal to many kinds of hosts,
including humans, animals, and plants (25). Several myco-
plasma species have a membrane protrusion at one end, called
the “head-like protrusion,” which creates the organism’s char-
acteristic flask-shaped cell morphology. These bacteria are ca-
pable of gliding motility, enabling them to translocate
smoothly on solid surfaces, always in the direction of the head-
like protrusion (3, 13). Although gliding motility of mycoplas-
mas is believed to be involved in pathogenicity, the mechanism
of gliding motility has not been well investigated. Mycoplasmas
do not have any homologs of genes that encode pili, flagella,
genes related to other bacterial motility, or motor proteins that
are common in eukaryotic motility, such as myosins (5, 7, 9,
19). These facts suggest that mycoplasmas glide by an entirely
unknown mechanism, but this mechanism has been difficult to
isolate because many species of mycoplasma travel at low
speed and with interrupted motility.

The species Mycoplasma mobile provides an opportunity to
study mycoplasma gliding motility, because this species is the
fastest gliding and, unlike other species, glides without inter-
ruption (13–15, 20, 21, 27). At all stages of growth, M. mobile
glides smoothly and continuously on glass at an average speed
of 2.0 to 4.5 �m/s, or about 3 to 7 times the length of the cell
per s (27), exerting a force of up to 27 piconewtons (pN) (20,
21). These distinct characteristics enabled detailed analyses of
gliding (6, 20–22, 26–28) and isolation of gliding mutants that
were characterized by reduced or deficient gliding or enhanced
speed (23, 28).

Attempts to visualize machinery. Since mycoplasmas bind to
and crawl on solid surfaces, a specialized structure may be
responsible for this function. However, previous attempts to
visualize such structures by various electron microscopy (EM)
techniques have been unsuccessful. In this study, we applied
rapid-freeze-and-freeze-fracture rotary-shadow EM to M. mo-
bile and visualized novel structures, which we call “spikes,” that
are possibly involved in the mechanism of gliding motility. This
study is the first to use both rapid freezing and freeze-fracture
to visualize adhered and gliding mycoplasmas. While other
studies used freeze-fracture (18), they used nongliding species
of mycoplasma (2, 24, 29), a suspension of mycoplasma cells
that were not adhered to or gliding on a surface (17, 29), or a
slower freezing method that was less effective at preserving cell
structure (4, 17, 29).

Rapid-freeze-and-freeze-fracture rotary-shadow EM. The
rapid-freeze method described previously was applied to my-
coplasma with slight modifications (11, 12). M. mobile strain
163K (ATCC 43663) and its mutants (23) were grown as de-
scribed previously (28). The mycoplasma cells were collected
by centrifugation (28) and suspended in fresh Aluotto medium
at a 25-fold-higher concentration. A droplet (20 �l) of cell
suspension was placed on a 5-mm2 square nitric acid-cleaned
coverslip at room temperature for 10 min to let mycoplasmas
bind to and glide on the glass surface (Fig. 1). Unattached cells
were rinsed away, while attached cells continued to glide nor-
mally, by placement of the coverslip in a washing buffer that
consisted of 70 mM NaCl, 5 mM MgCl2, 3 mM EGTA, and 30
mM HEPES buffer (pH 7.5). All cells on the glass surface were
confirmed to be gliding under this condition by phase-contrast
microscopy. After 30 s of rinsing, the coverslip was transferred
to a freezing stage, excess rinsing buffer was wicked away with
filter paper, and the coverslip was slammed against a super-
cooled copper block in a Life Cell freezing machine. For
freeze-fracture/deep-etch preparations, rapidly frozen speci-
mens were knife-fractured at nominally �108°C in a Balzers
301 freeze-fracture apparatus (Lichtenstein, Austria) equipped
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with a high-speed rotary stage. Platinum was rotary applied to
the fractured sample from 20°, and then a carbon backing was
rotary applied from above. Replicas were quickly removed
from the glass coverslip with hydrofluoric acid, cleaned in
commercial bleach, rinsed in distilled water, and picked up on
400-mesh copper EM grids.

Replicas were viewed in a JEOL 200CX electron microscope
and photographed at tilt angles of �5°. Electron micrographs
were scanned directly using an Agfa DuoScan HiD scanner,
and tilt pair images were merged for stereo view analysis.

Fracturing pattern. By the technique applied here, the cells
were frozen with millisecond time resolution (8) while attached
and gliding on the glass substrate and then fractured, creating

the fracture faces schematized in Fig. 2. Most frequently, the
fracture plane traveled between lipid bilayers rather than tra-
versing cell cytoplasm, because the binding between leaflets is
relatively weak compared to the force required to fracture
through cytoplasm. Thus, the most commonly viewed fracture
faces are P and E faces, representing the interior of the plasma
membrane viewed from the outside or inside, respectively.

Spikes at mycoplasma-glass interface. To reveal structures
involved in the adherence and gliding of a mycoplasma cell on
the glass surface, we focused on the cell-glass interface. This
perspective was most readily visualized in E-face views (Fig. 2,
bottom right) in which most of the cell was removed during
fracture, leaving behind only the portion of the outer bilayer
leaflet, closest to the glass surface. In all of such images, spikes
that stuck out from the membrane were clearly visible (Fig. 3).
Three-dimensional stereo observation showed that the spikes
contacted the glass surface at their distal end. The angles of the
spikes relative to the cell axis and to the glass surface were
variable. Spikes were most abundant around the head-like
protrusion (Fig. 3), concentrated mainly around the neck, and
slightly distributed into the body. Sometimes, structures resem-
bling spikes were observed also at the cell’s posterior; however,
they were not identical in appearance to the spikes around the
head. Further studies are necessary to conclude if these struc-
tures are spikes.

Previously, we studied the movement of cells attached with
beads on surfaces (20, 21) and cells having an elongated head-
like protrusion (22). Based on these studies, we predicted that
the force of movement is generated around the head-like pro-
trusion, and indeed, the observed distribution of spikes is con-
sistent with this prediction. We previously isolated several mu-
tants of M. mobile that are defective in gliding motility (23).
We looked for spikes on the mutant called m12, which does not
bind to glass and thus does not exhibit gliding motility. We
failed to find evidence of any spikes on the m12 mutant cells
(data not shown), supporting the notion that spikes are related
to binding or gliding.

To ensure accurate measurements of spike dimensions, we
found small pieces of membrane containing spikes that were
aligned at very low angles to the glass surface (Fig. 4) and
whose entire length was clearly visible. The spikes had rather
uniform dimensions, if we measure the diameter of straight
area, averaging 51.2 � 10.0 nm in length and 4.3 � 1.6 nm in
diameter (n � 18). It is possible that the spikes observed in this
study may be integral membrane proteins that were deformed
by the force of the fracture, producing the spike-shaped struc-
tures. However, the uniformity of spike length and diameter
argues against this possibility. A deformity produced by the
force of the fracture would produce a range of spike lengths
and diameters, since the amount of force experienced by each
cell, and its sides, would vary. If the spikes were deformed
membrane proteins, one would not expect such consistency in
spike dimension.

Although the spikes were easily found around the head-like
protrusion at the cell-glass interface, it was difficult to find
them in P-face images, in which the outer bilayer leaflet was
removed by fracture. This fact suggests that the spikes may
have been bound mainly to the outer leaflet of the cell mem-
brane and removed with the outer leaflet during fracture. Al-
ternatively, spikes may have been absent in areas of the cell not

FIG. 1. Phase-contrast microscopy of M. mobile gliding on glass
surface. Mycoplasma cells gliding on glass were fixed and observed as
described previously (28). The gliding direction is indicated by arrows
for two cells. Bar, 2 �m.

FIG. 2. Schematic illustration of freeze-fracture faces. (Left) My-
coplasma cell attached to glass surface prior to fracture. The outer and
inner leaflets of cell membrane, cytoplasm, glass, and spikes at the
lower side of a cell are presented. Fracture of a cell mostly occurred in
two patterns, which are presented by black half-arrows. (Right top) P
face. Shown is the outer view of the inner leaflet of the cell membrane.
(Right bottom) E face. Shown is the inner view of the outer leaflet of
the membrane.
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FIG. 3. E-face image of gliding mycoplasma. The left and middle images are a stereo pair. Stereo view shows a typical E-face image in which
the remaining outer leaflet of lower membrane forms a bowl-like shape containing transmembrane protein molecules and holes from which
membrane proteins were pulled out with inner leaflet. The right image is identical to the middle one but contains the following indications: the
spike, transmembrane protein, head-like protrusion, and protrusions at cell body, which are marked by lines, arrow, the letter “h,” and asterisks,
respectively. Bar, 100 nm.

FIG. 4. Spikes protruding from a piece of membrane on glass. Virtually the entire cell was removed by fracture, leaving a fragment of outer
bilayer leaflet. A spike is marked by an arrowhead. Bar, 100 nm.
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adjacent to the substrate. Currently, the mycoplasma cell is
divided into the head-tail axis. If the spikes are present only on
the surface of the mycoplasma that contacts the substrate, a
substrate-attached versus nonattached axis should be added to
the mycoplasma cell.

Previously, EM studies revealed two components of the
head-like protrusion in the gliding species M. pneumoniae that
may be involved in binding and gliding and may be similar to
the spikes observed on the head-like protrusion of M. mobile.
The head-like protrusion of M. pneumoniae is called the “at-
tachment organelle,” and it contains an electron-dense core
that is thought to function as a cytoskeletal support for this
attachment organelle. The first structure, revealed by thin-
section EM of M. pneumoniae bound to a tracheal organ cul-
ture (30), is a 200-nm-long, fibrillar element that is approxi-
mately 2 nm in diameter and extends from the extracellular
surface of the attachment organelle to the tissue. The fibrillar
element was well stained with ruthenium red, which specifically
stains mucopolysaccharides. The second structure, observed by
negative staining of M. pneumoniae, is a peplomer-like struc-
ture, called “nap” (1, 10). The localization of nap is also re-
stricted to the extracellular surface of the attachment or-
ganelle, similar to the distribution of spikes on the head-like
protrusion of M. mobile. While nap has also been found in
other gliding species (Mycoplasma genitalium, Mycoplasma pul-
monis, and Mycoplasma gallisepticum), it has not been observed
in M. mobile (16). Whether a functional commonality exists
between the spike of M. mobile and the fibrillar element or nap
remains to be clarified.

Other structures. We found small vesicles attached to the
mycoplasma cell exterior, which have not been previously re-
ported (Fig. 5). These vesicles had a rather regular diameter of

57.6 � 9.5 nm (n � 12). Possibly, in previous studies that did
not utilize the rapid-freeze technique, such vesicles were not
preserved. The vesicles were found more frequently in the
nonbinding mutant, m12, we examined (data not shown). Oc-
currence of vesicles may be related to the maintenance of cell
morphology, which is disordered in the nonbinding and nong-
liding strains (23).

An individual M. mobile cell generates a rather large force of
up to 27 pN, which has raised speculation that the cell’s bind-
ing and gliding machinery is anchored to an stationary struc-
ture rather than floating freely in the membrane (20). Indeed,
it has been proposed that the electron-dense core observed in
M. pneumoniae may support its attachment organelle and serve
as scaffolding for that species’ binding and gliding machinery
(16a, 25a). Like the attachment organelle in M. pneumoniae,
the head-like protrusion of M. mobile may also contain cy-
toskeletal scaffolding that may anchor components of the bind-
ing or gliding machinery, such as the spikes, which may be
necessary for binding or gliding. However, such a cytoskeletal
structure has not yet been detected in the head-like protrusion
of M. mobile.
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