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Mycoplasma mobile glides on a glass surface in the direction of its tapered end by an unknown mechanism.
Two large proteins, Gli349 and Gli521, were recently reported to be involved in glass binding and force
generation/transmission, respectively, in M. mobile gliding. These proteins are coded tandemly with two other
open reading frames (ORFs) in the order p123-gli349-gli521-p42 on the genome. In the present study, reverse
transcriptase PCR analysis suggested that these four ORFs are transcribed cistronically. To characterize the
p123 gene coding a 123-kDa protein (Gli123) of 1,128 amino acids, we raised polyclonal antibody against the
Gli123 protein. Immunoblotting for Gli123 revealed that Gli123 was missing in a mutant strain, m12, which
was previously isolated and characterized by a deficiency in glass binding. Sequencing analysis showed a
nonsense mutation at the 523rd amino acid of the protein in the m12 mutant. Immunofluorescence microscopy
with the polyclonal antibody showed that Gli123 is localized at the head-like protrusion’s base, the cell neck,
which is specialized for gliding, as observed for Gli349 and Gli521. Localization of the gliding proteins, Gli349
and Gli521, was disturbed in the m12 mutant, suggesting that Gli123 is essential for the positioning of gliding
proteins in the cell neck.

Mycoplasmas are commensal and occasionally parasitic bac-
teria with small genome sizes that lack a peptidoglycan layer
(27). Several mycoplasma species form membrane protrusions
such as the head-like structure in Mycoplasma mobile and the
attachment organelle in M. pneumoniae. These species exhibit
gliding motility, the movement of cells over surfaces in the
direction of the protrusion, which is believed to be involved in
the pathogenicity of mycoplasmas (4, 14, 21). Mycoplasmas
have no flagella or pili on their surface and no genes related to
known bacterial motility in the genome (29, 36). In addition,
no homologs of motor proteins that are common in eukaryotic
motility have been found (6–8, 12, 26, 31).

M. mobile, isolated from the gills of a freshwater fish in the
early 1980s, is the fastest-gliding mycoplasma (15, 28). It glides
smoothly and continuously on glass at an average speed of 2.0
to 4.5 �m/s or 3 to 7 times the length of the cell per s, exerting
a force up to 27 piconewtons (pN) (9, 23, 28). We have previ-
ously identified two large proteins, Gli349 (a 349-kDa protein)
(37) and Gli521 (a 521-kDa protein) (35), involved in the
gliding mechanism of M. mobile as determined on the basis of
analyses of gliding-defective mutants (25) and inhibitory anti-
bodies (18, 35). Analysis of the inhibitory effects of the anti-
Gli349 and anti-Gli521 antibodies on gliding mycoplasmas has
suggested that Gli349 and Gli521 are responsible for hemad-
sorption and glass binding and for force generation and/or
transmission, respectively (35, 37). Gli349 and Gli521 are lo-
calized exclusively at the base of a head-like structure, desig-
nated the “neck,” specialized in gliding and binding (18, 24,
37). Rapid-freeze and freeze fracture rotary-shadow electron

microscopy visualization has shown that many spike-like struc-
tures 50 nm in length stick out around the neck and are bound
to the glass surface with their distal ends (22). The spike seems
to be composed of a Gli349 molecule and to function as a “leg”
in the gliding mechanism, as its subcellular localization and
apparent volume agree with those of Gli349, and the spike has
not been found in a nonbinding mutant (22). Depletion of
cellular ATP by the addition of arsenate reduces both ATP
concentrations and gliding speed, suggesting that the gliding is
driven by the energy of ATP (11). These observations lead us
to the assumption that cells are propelled by spikes composed
of Gli349 repeatedly binding to and releasing from the glass,
driven by the force exerted from or through the Gli521 mole-
cule based on the energy of ATP hydrolysis (21). This assump-
tion is likely applicable to the gliding motility of other myco-
plasma species with slower gliding speeds, as they appear to
glide in a similar manner (5, 13), and the antibodies against the
binding proteins show common effects in gliding (33).

In the genome of M. mobile, the gli349 and gli521 genes are
ordered tandemly with two other open reading frames (ORFs)
(Fig. 1) as p123-gli349-gli521-p42, suggesting that the four
ORFs are working as an operon (12, 35, 37). This gene ar-
rangement is mostly conserved in another gliding mycoplasma,
M. pulmonis, a mouse pathogen. In M. pulmonis, MYPU-2110,
2120 to 2140, and 2160 form a cluster in this order, correspond-
ing to gli349, gli521, and p123, respectively (Fig. 1). Our recent
sequencing analyses of M. pulmonis showed that gap regions
between ORFs 2120 and 2130 and ORFs 2130 and 2140 are
actually fused into one large ORF in the standard strain of M.
pulmonis (ATCC19612) (35). p123 of M. mobile codes for a
polypeptide of 1,128 amino acids with a predicted molecular
mass of 123,316 Da and an isoelectric point of 5.06. The pri-
mary structure of the gene product is in part similar to that of
the ORF MYPU-2160, i.e., 24% identity and 40% similarity
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were found in the region spanning amino acid residues 857 to
1126 of the p123 gene of M. mobile. The P123 protein has no
cysteine residues, no significant similarity to other protein se-
quences, and no motifs, as observed for Gli349 and Gli521 (19,
35, 37). Using SOSUI, an algorithm to predict a membrane-
spanning segment (10), a transmembrane segment preceded by
a positively charged region can be predicted near the N termi-
nus, as observed in Gli349 and Gli521 (35, 37). These obser-
vations suggest that P123 is also related to the gliding mecha-
nism.

In this study, we examined the p123 gene products and a
nonbinding mutant truncated for this protein and concluded
that this protein participates in the gliding mechanism of M.
mobile.

MATERIALS AND METHODS

Strains and culture conditions. M. mobile strain 163K (ATCC 43663) and its
mutants (25) were grown at 25°C in Aluotto medium (2, 25) to an optical density
at 600 nm of approximately 0.07, which corresponds to 7 � 108 CFU/ml.

RT-PCR. The total RNA was obtained with a RNeasy Mini kit (QIAGEN,
Hilden, Germany) according to the manufacturer’s instruction, except for the
lysozyme treatment. Reverse transcriptase PCRs (RT-PCRs) were performed
with Ready-To-Go RT-PCR beads (GE Healthcare) after the total RNA was
treated by DNaseI. A random primer of 6 nucleotides was used as the first-strand
primer, and subsequent PCR was carried out using the following primer sets for
the corresponding gap regions presented in Fig. 1: (a), 5�-GTGGTACCAATG
TACATTCC-3� and 5�-GCTTGATTCTTCTGAATTTGC-3�; (b), 5�-GACACC
AACATCTGGAACTG-3� and 5�-GGTAAAGCATTTGGACTTAG-3�; (c), 5�-
TCAATCAATTCATTCCCTCC-3� and 5�-TTTCTCATAACTTCCTGCTG-3�;
and (d), 5�-GAACAATCAAATCCTGGAGC-3� and 5�-GAGCAATGTCATT
GGATTTTG-3�. The control reactions were performed with reverse transcrip-
tase inactivated at 95°C for 10 min to ensure that there was no contaminating
DNA in the RNA samples assayed. The reaction products were analyzed by 1%
acrylamide gel electrophoresis and sequenced by using the former primer of each
set, except for gap region (c), for which another primer, 5�-AATGTTAGTGG
CGATCTATC-3�, neighboring the former primer on the genome was used.

Immunoblot analysis. Three primer sets (N-terminal, 5�-CCCCCCATGGGA
CCAATTATTGCAGTAGGA-3� and 5�-CCCCCTCGAGTCTCACAGATTCA
TTAGCAC-3�; middle, 5�-CCCCCCATGGGTGCTAATGAATCTGTGAGA-3�
and 5�-CCCCCTCGAGCCCTGTTAAATATCTTGCTC-3�; and C-terminal,
5�-CCCCCCATGGTTAAGCTACCTGGTCTTATT-3� and 5�-CCCCCTCGA
GTTCTACAGTATTGCCTTTTT-3�) were used to amplify parts of the gli123
gene, comprising 12 to 421, 415 to 744, and 717 to 1,116 amino acids, respectively
(see Fig. 3). The chromosomal DNA of M. mobile was obtained by use of a
Genomic-tip system (QIAGEN). The amplified DNA fragments were inserted
into an expression vector, pET-30a (EMD Biosciences, Darmstadt, Germany).

Their protein products were expressed in Escherichia coli BL21(DE3) and pu-
rified under denaturing conditions with an Ni-nitrilotriacetic acid (NTA) column.
The polyclonal antibody was produced as described previously (18, 30) by im-
munizing female DDY mice with a 40-�g antigen for each animal.

Quantification of gliding proteins. The gliding proteins were quantified from
a Coomassie brilliant blue (CBB)-stained sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) gel. Mycoplasma cells of the wild-type and
mutant strains were collected by centrifugation at 12,000 � g for 10 min at 4°C.
The cells were washed twice with phosphate-buffered saline consisting of 75 mM
Na-phosphate (pH 7.3) and 68 mM NaCl, lysed, and subjected to SDS-PAGE.
The protein amount of the lysate was adjusted from the optical density at 600 nm
of the culture. The band intensity was measured by NIH Image for gel images
scanned by a transparent scanner (GT9800F; Epson, Nagano, Japan). The linear
relationship between the band intensity and protein amount was confirmed by
measuring the intensities of the bands of different amounts of lysate.

DNA sequencing of the mutated gene. A 3.6-kb DNA fragment containing the
gli123 gene was amplified by PCR with primers 5�-GACCAATTATTGCAGTA
GGA-3� and 5�-GTGTATGTACTTTTGATTGC-3� and then sequenced using
internal primer positioning at approximately 500-nucleotide intervals.

Immunofluorescence microscopy. Cultured cells were bound to cleaned glass
and stained for the gliding proteins as previously described (18, 35, 37). Amounts
of 100- and 10-fold dilutions were used, respectively, for the anti-Gli123 anti-
serum and the hybridoma medium containing monoclonal antibody against
Gli349 or Gli521. The remaining procedures were carried out as previously
described (32, 34, 37).

RESULTS

Four ORFs in the gene cluster were transcribed cistroni-
cally. To determine the continuity of transcripts of the four
ORFs, we conducted RT-PCR analysis for the four ORF gaps
presented in Fig. 1. In the gel electrophoresis, RT-PCR prod-
ucts were found near the positions of expected sizes for gaps b
to d but not for gap a (Fig. 2). The mobility of the DNA
product for gap c in the gel was slower than expected. How-
ever, sequencing analysis showed that the expected sequences
were amplified for gap c, as observed for gaps b and d. Pre-
sumably, the product for gap c tends to form special three-
dimensional structures. These results indicate that at least
some transcripts continue over gaps b to d, suggesting that
these ORFs are working in an operon.

Gli123 is missing in the nongliding mutant m12. To char-
acterize the protein product of p123 gene, we raised antisera
against recombinant proteins of N-terminal, middle, and C-
terminal portions of this ORF, comprising amino acids 12 to

FIG. 1. Organization of genes encoding gliding proteins in the M. mobile genome and the corresponding region of M. pulmonis. DNA regions
analyzed by RT-PCR are indicated by solid bars marked (a) to (d). Scale bar, 2 kb.

VOL. 187, 2005 NOVEL PROTEIN FOR MYCOPLASMA MOBILE GLIDING 5579



421, 415 to 744, and 717 to 1116, respectively (Fig. 3). All of the
antibodies recognized a single protein band at approximately
the 125-kDa position, the expected size, in the whole-cell lysate
of the wild-type strain in immunoblot analysis, as presented for
an antibody against the middle part in Fig. 4. These results
indicate that these antibodies recognize the product of p123.
The existence of P123 was examined for the previously isolated
ten gliding mutants, m6, m9, m12, m13, m14, m23, m26, m27,
m29, and m34 (25). P123 was not detected only in the m12
mutant, which is characterized by a deficiency in glass binding
and consequently in gliding (Fig. 4). In a CBB-stained SDS-
PAGE gel image, a protein band was found in the wild-type
strain at the corresponding position but not in mutant m12
(Fig. 5A), suggesting that this band is derived from p123. DNA
sequencing of the genome from mutant m12 showed a non-
sense mutation in the p123 gene at the position of the 523rd
amino acid residue (Fig. 3); more specifically, a CAA codon in
the wild-type strain is mutated to a TAA nonsense codon in
mutant m12. We therefore renamed this ORF gli123. The
antibodies raised against the N-terminal and middle portions
were expected to react with the truncated peptide of Gli123

band in the m12 mutant. However, the truncated peptide band
was not detected, although the antisera against the N-terminal
and middle portions of Gli123 detected this protein in the
wild-type strain, suggesting that the truncated peptide is un-
stable or untranslated.

Relative amounts of gliding proteins in the gliding mutants.
The molar ratios of gliding proteins were estimated for the
wild-type and mutant strains by dividing the band intensity of
the CBB-stained gel by the molecular weights (Fig. 5B). The
ratios of Gli123, Gli349, and Gli521 in the wild-type strain
were estimated as 0.65, 0.82, and 1, respectively. The ratio of
Gli123 was reduced only slightly to 86% and 85% of that of the
wild-type level in m13 and m9 mutants, respectively. The ratio
of Gli521 was significantly reduced to 32% and 23% of that of
the wild-type level in m12 and m13 mutants, respectively. The
ratio of Gli349 was reduced to 85% and 21% of that of the
wild-type level in m9 and m12 mutants, respectively. In the
lane of m9 of the gel image (Fig. 5A), another band can be
seen at a similar position with Gli521. This band did not react
with the anti-Gli521 antibodies, indicating that it was derived
from another ORF (35). Thus, the band intensity of Gli521 was
estimated after subtracting the intensity of the band observed
in m9 from that of Gli521 in the other strains.

Subcellular localization of Gli123. The localization of
Gli123 in the wild-type cells was examined by immunofluores-
cence microscopy with antisera against a middle portion of
Gli123 (Fig. 6, left panels). The results indicate that Gli123 is
located at the cell neck, which is specialized for gliding (18, 24,
37). No signal was detected for Gli123 when the m12 mutant
was probed (Fig. 6, right panels). Gli123 was not detected by
using antisera against N- or C-terminal portions of this protein
(data not shown).

FIG. 2. RT-PCR analysis of transcripts of gene clusters including
gliding genes. The DNA regions covering the ORF gaps a to d were
analyzed by RT-PCR. The expected lengths of the PCR products are
484, 455, 475, and 457 bp for regions a, b, c, and d, respectively. The
DNA lengths shown by a marker are indicated on the left.

FIG. 3. Schematic and mutation site of gli123 (p123). The gli123
gene is represented by a solid arrow. The regions corresponding to the
recombinants are presented by the top solid bars. The mutation site in
the m12 mutant is indicated by an asterisk. A partial sequence around
the mutation site is indicated under the asterisk. A triplet of CAA
coding glutamic acid is mutated to a TAA nonsense codon in the m12
mutant.

FIG. 4. Immunoblotting of wild-type and m12 mutant strains for
Gli123. Whole-cell lysate of each strain was subjected to immunoblot-
ting following SDS–10% PAGE with an anti-Gli123 polyclonal anti-
serum against the middle portion. The molecular mass is indicated on
the left. The blotting signal is indicated by a solid triangle.
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Subcellular localization of gliding proteins in gliding mu-
tants. Gli123 localizes at the cell neck, a position similar to that
seen in Gli349 and Gli521 (35, 37), with a comparable protein
amount in the wild-type strain. These observations suggest
relationships among these three proteins, possibly including
physical interactions. To address this possibility, the localiza-
tion dependency of these proteins was examined by immuno-
fluorescence microscopy of the gliding mutants truncated for
these proteins (Fig. 7) (Table 1). In the wild-type cells, Gli123,
Gli349, and Gli521 localized similarly at the cell neck. In mu-
tant m12 with truncated Gli123, no signal was detected for
Gli123, as shown in Fig. 6. The signals of Gli349 and Gli521 in

this mutant were intense enough for detection, but their posi-
tions were significantly disturbed. In mutant m13, with trun-
cated Gli349, both Gli123 and Gli521 were focused at the cell
neck, while no signals were detected for Gli349, as previously
observed (37). Mutant m9, with a truncated Gli521 protein,
showed no signal for Gli521, as previously reported, consistent
with the finding that the monoclonal antibody recognizes the
C-terminal side region of the nonsense mutation (35). In this
mutant, the signals of Gli123 were found as foci at the cell
neck, while those of Gli349 were distributed over the cell.

DISCUSSION

We focused on a 123-kDa protein of M. mobile, which is
encoded upstream of two gliding genes, gli349 and gli521, (35,
37), and concluded, based on the following reasons, that this
protein, named Gli123, also plays a role in the gliding mech-
anism: (i) the gli123 gene is likely to be coded in the same
operon with those previously identified genes involved in the
gliding mechanism; (ii) Gli123 is missing in the nonbinding and
nongliding mutant, m12, due to a nonsense mutation; (iii)
Gli123 is localized at the cell neck specialized for the gliding
mechanism; (iv) Gli123 exists in cells at levels comparable to
those of other gliding proteins; (v) the subcellular localization
of other gliding proteins is disturbed in the m12 mutant; (vi)
the levels of the other gliding proteins, Gli349 and Gli521, are
reduced in the m12 mutant.

Immunofluorescence microscopy using the antibodies
against three different portions of Gli123 showed that only
antibodies against the middle portion can bind to Gli123 mol-

FIG. 5. Expression of gliding proteins in wild-type and gliding mu-
tant strains. (A) Protein profiles of the wild-type and gliding mutants.
Whole-cell lysates were subjected to SDS–5.5% PAGE and stained by
CBB. The mutant strains m9, m12, and m13 have a nonsense mutation
in the gli521, gli123, and gli349 genes, respectively. The protein bands
of Gli521, Gli349, and Gli123 are indicated by open, hatched, and solid
triangles, respectively. The molecular mass is indicated on the left.
(B) The molar ratio of gliding proteins in the wild-type and mutant
strains. The intensity of each gliding protein band of CBB-stained
SDS-PAGE gel was measured, divided by the molecular mass of each
protein, and normalized by the value of Gli521 in the wild-type strain.
The analyzed strains are indicated on the bottom.

FIG. 6. Subcellular localization of Gli123 as examined by immuno-
fluorescence microscopy. The upper, middle, and lower panels show
phase-contrast, fluorescent, and merged images, respectively. The left
and right panels show the images of the wild-type and mutant m12
strains, respectively. Bar, 2 �m.
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ecules in a cell, although the other antibodies can also detect
the Gli123 protein in immunoblotting (Fig. 6). This observa-
tion suggests that the N- and C-terminal portions of Gli123 are
occluded in the gliding machinery embedded in a cell.

The antibody against the middle portion, unlike the antibod-
ies against Gli349 and Gli521, does not appear to affect gliding

(35, 37), although the anti-Gli123 antibody also can bind to the
molecule from the outside of a cell. This observation may
suggest that the participation of Gli123 in the gliding mecha-
nism does not involve a conformational change during gliding,
because inhibition by the antibody is thought to be caused by
blocking the conformational change. Alternatively, Gli123 ex-
ecutes such a conformational change in a portion not accessi-
ble to the antibodies of the antisera used.

We examined the localization of gliding proteins in the wild-
type and mutant strains (Fig. 7). All gliding proteins, Gli123,
Gli349, and Gli521, were localized at the cell neck in the
wild-type cells. The localization of Gli349 and Gli521 was
found to be disturbed in mutant m12, which is defective in
Gli123. This is a contrast to the localization of Gli123 and
Gli521, which is not disturbed in m13, a mutant defective in
Gli349. Similarly, the Gli123 localization was not disturbed by
the depletion of Gli349 or Gli521, as shown by the results
obtained with mutants m13 or m9, respectively, although the
localization of Gli349 was much disturbed in mutants m9 and
m12. These observations suggest that Gli123 is dominant in the
localization to the other gliding proteins. Then which of the
other two proteins is dominant in these two? Gli349 localiza-
tion to the cell neck was lost in mutant m9, but that of Gli521
was slightly affected in mutant m13. This finding suggests that
the positioning of Gli349 depends on Gli521, while that of
Gli521 does not depend on Gli349. This positioning hierarchy,
Gli123-Gli521-Gli349, may suggest physical interactions
among these three proteins and may explain why all gliding
mutants exhibit similar phenotypes, i.e., nonbinding and non-
gliding. The molar ratio of gliding proteins in the cells was

FIG. 7. Subcellular localization of gliding proteins in gliding mutants. Fluorescence signal merged with phase-contrast images are shown. The
strain is indicated on the top of each column. The mutant strains m12, m13, and m9 have a mutation in the gli123, gli349, and gli521 genes,
respectively. The gliding protein examined for localization is indicated on the left of each panel. Bar, 2 �m.

TABLE 1. Summary of fluorescent signals for gliding proteins
in the mutantsa

Protein

Result for strainb:

WT m12 (gli123
mutant)

m13 (gli349
mutant)

m9 (gli521
mutant)

Gli123
Signal intensity �� � �� ��
Ordinal signal

localization �� ND � �

Gli349
Signal intensity �� � � �
Ordinal signal

localization �� � ND �

Gli521
Signal intensity �� � �� �
Ordinal signal

localization �� � � ND

a Results for indicated strains and proteins correspond to those shown in Fig.
7.

b Signal intensities: ��, highest; �, high; �, moderate; �, lowest. Ordinal
signal localization: ��, well focused into neck; �, localized to neck; �, partially
localized to neck; �, distributed through whole cell body. ND, not determined.
WT, wild-type.
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estimated at near 1:1:1 for Gli123, Gli349, and Gli521 (Fig. 5),
suggesting that these proteins form a complex with this molar
ratio. The gliding proteins are predicted to have a transmem-
brane segment at a terminal position and to primarily be ex-
posed outside of the cells, as predicted from the accessibility of
antibodies (18, 35, 37). These common predicted topologies
for these three proteins may also support the presence of
interactions among them.

Quantification of gliding proteins in the wild-type and mu-
tant strains suggested a hierarchy of the amounts of these
proteins similar to that of localization (Fig. 5). The amounts of
Gli349 and Gli521 were reduced in mutant m12, which is
defective in Gli123. This may be explained by the instability of
these proteins caused by the failure in their localization to the
proper sites. However, the relationship between Gli349 and
Gli521 may be more complicated. The amount of Gli521 was
reduced in mutant m13, which is defective in Gli349, but that
of Gli349 was not reduced in m9, which is defective in Gli521,
inconsistent with the hierarchy of protein localization, Gli123-
Gli521-Gli349. Another possible explanation for the hierarchy
in the amount of gliding protein is the translational coupling,
where the 30S subunit of the ribosome just after the first
translation can easily find the Shine-Dalgarno site of the fol-
lowing ORF (1). This assumption can explain the results show-
ing that the amount of Gli521 was affected by the truncation of
Gli123 or Gli349 and that of Gli349 was affected by the trun-
cation of Gli123.

The truncated peptide of Gli123 failed to be detected, sug-
gesting the instability of this peptide (Fig. 4). Such instability
was also observed for the truncated peptide of Gli349 in mu-
tant m13 (37). This may be explained by the unfolded structure
or the improper localization of these peptides.

The hierarchy of protein components has been reported for
the gliding and adhesion machinery, the so-called “attachment
organelle” of M. pneumoniae (16, 17, 20, 21). HMW1 and
HMW2 proteins included in this organelle should function
from the initial stage of organelle formation, because the loss
of either protein results in the failure of formation, causing
irregular localization of the other six components and their
instability (3, 32, 34, 38). Although no sequence similarities
have been found between Gli123 and HMW1 or HMW2, these
proteins may have common roles in the formation of gliding
machinery.

In the present study, we identified a novel protein involved
in the gliding machinery of M. mobile, which would be another
clue to understanding the unknown mechanism of mycoplasma
gliding.
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