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Mycoplasma pneumoniae lacks a cell wall but has internal cytoskeleton-like structures that are assumed to
support the attachment organelle and asymmetric cell shape of this bacterium. To explore the fine details of
the attachment organelle and the cytoskeleton-like structures, a fluorescent-protein tagging technique was ap-
plied to visualize the protein components of these structures. The focus was on the four proteins—P65, HMW2,
P41, and P24—that are encoded in the crl operon (for “cytadherence regulatory locus”), which is known to be
essential for the adherence of M. pneumoniae to host cells. When the P65 and HMW2 proteins were fused to
enhanced yellow fluorescent protein (EYFP), a variant of green fluorescent protein, the fused proteins became
localized at the attachment organelle, enabling visualization of the organelles of living cells by fluorescence
microscopy. The leading end of gliding M. pneumoniae cells, expressing the EYFP-P65 fusion, was observed as a
focus of fluorescence. On the other hand, when the P41 and P24 proteins were labeled with EYFP, the fluo-
rescence signals of these proteins were observed at the proximal end of the attachment organelle. Coexpression
of the P65 protein labeled with enhanced cyan fluorescent protein clearly showed that the sites of localization
of P41 and P24 did not overlap that of P65. The localization of P41 and P24 suggested that they are also cyto-
skeletal proteins that function in the formation of unknown structures at the proximal end of the attachment
organelle. The fluorescent-protein fusion technique may serve as a powerful tool for identifying components of
cytoskeleton-like structures and the attachment organelle. It can also be used to analyze their assembly.

Mycoplasma pneumoniae, one of the smallest self-replicating
bacteria known, is a causative agent of bronchitis and primary
atypical pneumonia in humans (43, 44). M. pneumoniae lacks a
cell wall and hence has a pleomorphic cell shape. However, a
majority of M. pneumoniae cells in cultures are filamentous and
have a differentiated terminal structure at one pole. This ter-
minal structure, the attachment organelle, is a tapered mem-
brane protrusion responsible for the adherence of M. pneu-
moniae to host respiratory epithelium (cytadherence) (23, 24).
The attachment organelle renders M. pneumoniae cells asym-
metric and functions as a leading end for gliding motility. This
organelle also may have a role in initiating cell division in
M. pneumoniae, because the bifurcation of the attachment or-
ganelle seems to occur prior to the binary fission of M. pneu-
moniae (2, 6, 7, 25, 26, 34, 36, 48).

The attachment organelle and polar filamentous cell shape
of M. pneumoniae are thought to be stabilized by intracellular
cytoskeleton-like structures, which have been observed in elec-
tron micrographs of M. pneumoniae (5, 25, 33). The most re-
markable architectural feature of the cytoskeleton-like struc-
tures is the electron-dense core, a rod-like structure that exists

longitudinally at the center of the attachment organelle (33).
This rod-like structure, measuring about 300 nm long and 80
nm thick, has a knob at the distal end (terminal button) (33,
45). A network of fibrous structures is also observed in the cy-
toplasm of M. pneumoniae (33). These cytoskeleton-like struc-
tures are major components of the Triton X-100-insoluble
fraction of M. pneumoniae cells (Triton shell) and are thought
to have a scaffold-like function upon which other cell compo-
nents construct M. pneumoniae cells (45, 51).

A recent report indicated that the Triton X-100-insoluble
fraction contains about 100 proteins, including most of the
known proteins required for cytadherence (P1, B, C, HMW1,
HMW2, and HMW3) (45). These cytadherence-related pro-
teins are believed to be the main components of the attach-
ment organelle and are encoded in three operons, designated
p1, hmw, and crl, in the genome (24, 25). Protein P1 (encoded
in the p1 operon) is a major adhesin molecule responsible for
cytadherence and is densely clustered at the surface of the
attachment organelle (9, 18, 26, 48). Proteins B, C, HMW1,
HMW2, and HMW3, called cytadherence accessory proteins,
are not adhesin molecules but are required for the formation
of functional attachment organelles (2, 3, 25). Proteins B and
C, also named P90 and P40 (2, 26), are products of open
reading frame 6, which exists just downstream of the p1 gene in
the p1 operon (19). Proteins B and C associate with protein
P1 at the attachment organelle and may support the proper
structural configuration of P1 (29, 30). HMW1, HMW2, and
HMW3 are large proteins necessary for the localization of P1
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at the attachment organelle. These HMW proteins are present
in high concentrations at the attachment organelle and are
thought to be the most likely components of the electron-dense
core (3, 25, 48, 49, 52). HMW1 and HMW3 are encoded in the
hmw operon, and the gene encoding HMW2 is in the crl op-
eron (24). In addition to these cytadherence-related proteins,
the Triton X-100-insoluble fraction contains proteins P65 and
P200. P65 and P200 share a structural domain, the acidic pro-
line-rich domain, with HMW1 and HMW3 (40, 41). The struc-
tural similarity suggests that proteins P65 and P200 have roles
similar to those of HMW1 and HMW3 as components of
cytoskeleton-like structures. However, it is not clear whether
proteins P65 and P200 participate in cytadherence. Recent
studies revealed that P65 localizes to the attachment organelle
with P30, an additional adhesin protein that is an essential
factor for cytadherence (2, 20, 25, 48, 49). The genes encoding
P65 and P30 are located in the crl and hmw operons, respec-
tively. The gene encoding P200 is not located in one of the
three operons of cytadherence-related proteins (2, 24).

Although these candidate components of the attachment
organelle and cytoskeleton-like structures have been identi-
fied, the spatial configuration and interaction between these
proteins are poorly understood. Antibodies have been used to
localize specific proteins to the attachment organelle (46, 48,
49, 52), but their use is limited because of the need for spec-
ificity of an antibody for a target protein and the inability to
observe living systems in real time. Green fluorescent protein
(GFP), an intrinsically fluorescent molecule obtained from the
jellyfish Aequorea victoria, is widely used to study protein-pro-
tein interactions, cell division, and gene expression in a variety
of organisms in real time (39, 50). In this study, we developed
a dual GFP expression system for M. pneumoniae to study the
spatial relationship of P65 to HMW2, P41, and P24, which are
encoded in the crl operon (28).

MATERIALS AND METHODS

Organism and culture conditions. The M. pneumoniae strains listed in Table
1 were cultured in PPLO medium (2.1% PPLO broth [Becton Dickinson, Sparks,
Md.], 0.25% glucose, 0.002% phenol red, 0.5% yeast extract [Becton Dickinson],
10% horse serum [Gibco BRL, Rockville, Md.], 50 �g of ampicillin/ml) or in
Aluotto medium (1, 38) at 37°C. For drug-resistant M. pneumoniae strains, 18 �g
of gentamicin/ml or 15 �g of chloramphenicol/ml was added to the media.
Escherichia coli JM83 (53), DH5� (13), and DB3.1 (Invitrogen, Carlsbad, Calif.)
were used as host strains to construct plasmids and were grown in Luria-Bertani
medium (47) with or without 50 �g of ampicillin/ml, 50 �g of kanamycin/ml, and
15 �g of chloramphenicol/ml at 37°C.

Construction of fusion genes and plasmids. The synthetic oligonucleotides
used for plasmid construction are listed in Table 2. M. pneumoniae M129
genomic DNA was prepared by a conventional phenol extraction method. The
p65 gene was amplified from the genomic DNA by PCR with primers P65F-Bam
and P65R-Nco. To minimize mutations caused by PCR amplification, high-
fidelity DNA polymerase PyroBest (Takara, Tokyo, Japan) was used. The am-
plified fragment was digested with BamHI and NcoI and was inserted into the
BamHI-NcoI site (the 5� end of the eyfp gene) of plasmid pEYFP (Clontech,
Palo Alto, Calif.), producing a plasmid that we designated pTK150. The p65 gene
was also amplified from the genomic DNA by PCR with primers P65F-Bsr and
P65R-Eco. The amplified fragment was inserted into the BsrGI-EcoRI site (the
3� end of the eyfp gene) of plasmid pEYFP after digestion with BsrGI and EcoRI,
producing a plasmid that we designated pTK153. The p65-eyfp and eyfp-p65
fusion genes were excised from plasmids pTK150 and pTK153 by using PvuII and
StuI and were inserted into the SmaI site of plasmid pISM2062.2 (22), producing
plasmids pTK155 and pTK158, respectively (Table 3). Plasmids pTK161 and
pTK162 (Table 3) were constructed by replacing the E. coli lac promoter se-
quence in pTK158 (derived from plasmid pEYFP) with p65 or tuf promoter

fragments from M. pneumoniae at the BamHI-NcoI site. The p65 and tuf pro-
moter fragments were obtained from M. pneumoniae genomic DNA by PCR with
primers P65F-Bam and P65-PR and primers tuf-PF and tuf-PR, respectively.
These promoter fragments were also used to replace the p65 gene and its
promoter sequence in pTK155 at the BamHI-NcoI site. The resulting plasmids,
which expressed the eyfp gene alone from the p65 and tuf promoters, were
designated pTK164 and pTK165, respectively (Table 3).

The ecfp gene was amplified from plasmid pECFP (Clontech) by PCR with
primers CFP1F-Sma and CFP-R. The amplified ecfp fragment was inserted into
the SmaI site of pKV104, producing a plasmid that we designated pTK205.
pKV104 contains a chloramphenicol-resistant (Cmr) variant of Tn4001 (12) and
was kindly provided by D. C. Krause of the University of Georgia. The lac
promoter region of pTK205 (upstream of the ecfp gene) was replaced at the
SmaI-AgeI site with the M. pneumoniae tuf promoter sequence amplified by PCR
with primers tuf-F and tufR-Age, resulting in plasmid pTK207. The BsrGI site of
pTK207 (the 3� end of the ecfp gene) was converted to an EcoRV site with an
oligonucleotide linker, 160RVS. Next, the Gateway vector conversion system
(reading frame cassette A) (Invitrogen) was inserted into the EcoRV site, pro-
ducing a plasmid that we designated pTK207-D. The p65 gene was amplified
from M. pneumoniae genomic DNA with primers MPN309-F-Gw and MPN309-
R-Gw, subcloned into plasmid pDONR201 (Invitrogen) by using BP clonase
(Invitrogen), and then transferred to plasmid pTK207-D by using LR clonase
(Invitrogen); this procedure produced plasmid pTK210 (Table 3).

Plasmids containing hmw2, p41, and p24 fusion genes were constructed as
follows. The BsrGI site of plasmid pTK164 and that of plasmid pTK165 were
converted to an EcoRV site by inserting an oligonucleotide linker, 160RVS.
Next, the Gateway vector conversion system (reading frame cassette A) was
inserted in the created EcoRV site, producing plasmids pTK164-D and
pTK165-D. The hmw2 gene sequence was amplified from M. pneumoniae
genomic DNA by PCR with primers MPN310-F-Not and MPN310-R-Asc. After
digestion with NotI and AscI, the hmw2 gene fragment was inserted into the
NotI-AscI site of plasmid pENTR/D-TOPO (Invitrogen), resulting in a plasmid
that we designated pMPN310-E. The p41 and p24 gene sequences were amplified
from M. pneumoniae genomic DNA by PCR with primers MPN311-F-Gw and
MPN311-R-Gw and primers MPN312-F-Gw and MPN312-R-Gw, respectively.
The amplified fragments were subcloned into plasmid pDONR201 by using BP
clonase, producing plasmids that we designated pMPN311-E and pMPN312-E.
The hmw2, p41, and p24 gene fragments of plasmids pMPN310-E, pMPN311-E,
and pMPN312-E were transferred to plasmids pTK164-D and pTK165-D by
using LR clonase. The resulting plasmids (pMPN and pMPN-tuf series), which
are listed in Table 3, were used to transform M. pneumoniae.

Transformation of M. pneumoniae. M. pneumoniae with the modified Tn4001
(Tn4001mod) plasmids was transformed by the electroporation method de-
scribed by Hedreyda et al. (15). The transformed cells were grown in liquid
PPLO medium containing 18 �g of gentamicin/ml or 15 �g of chloramphenicol/

TABLE 1. M. pneumoniae strains used in this studya

Strain Descriptionb

M129.......................................................................Wild type
TK2062 ...................................................................M129(pISM2062.2)
TK155 .....................................................................M129(pTK155)
TK161 .....................................................................M129(pTK161)
TK162 .....................................................................M129(pTK162)
TK164 .....................................................................M129(pTK164)
TK165 .....................................................................M129(pTK165)
TK210 .....................................................................M129(pTK210)
TK2100 ...................................................................TK210(pISM2062.2)
TK2310 ...................................................................TK210(pMPN310)
TK2311 ...................................................................TK210(pMPN311)
TK2312 ...................................................................TK210(pMPN312)
TK2310T.................................................................TK210(pMPN310-tuf)
TK2311T.................................................................TK210(pMPN311-tuf)
TK2312T.................................................................TK210(pMPN312-tuf)
TK3310 ...................................................................M129(pMPN310)
TK3311 ...................................................................M129(pMPN311)
TK3312 ...................................................................M129(pMPN312)
TK3310T.................................................................M129(pMPN310-tuf)
TK3311T.................................................................M129(pMPN311-tuf)
TK3312T.................................................................M129(pMPN312-tuf)

a All strains were designed in this study, except for the wild-type strain (31).
b Tn4001 plasmids were used to transform M. pneumoniae.
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ml. The transformation efficiencies were checked by counting the transformant
colonies on PPLO agar plates. To minimize the positional effect of Tn4001mod
insertion in the comparisons of the transformants, we analyzed and compared
the transformant strains as a whole transformed population without picking up a
single colony.

Protein analysis. M. pneumoniae cells were grown in tissue culture flasks to the
mid-log phase and were scraped from the bottom of the flasks. The cells were
collected by centrifugation at 20,000 � g for 15 min at 4°C and washed three
times with phosphate-buffered saline. The final cell suspension, adjusted to a
total protein concentration of 1 �g/�l, was lysed by adding sample loading buffer
and was subjected to sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis (PAGE) at a load of 5 or 10 �g of total protein per lane (47). For
Western blot analysis, the separated proteins were transferred to a nitrocellulose

membrane (Bio-Rad, Hercules, Calif.). Monoclonal antibody JL-8 (specific for
A. victoria GFP variants) (Clontech) was used at a 1:2,000 dilution to detect
enhanced yellow fluorescent protein (EYFP) and enhanced cyan fluorescent
protein (ECFP). Anti-P65 antiserum (49) was also used at a 1:2,000 dilution. The
reacting antibodies were detected with an alkaline phosphatase-conjugated sec-
ond antibody (goat anti-mouse immunoglobulin G) (Promega, Madison, Wis.)
and 5-bromo-4-chloro-3-indolylphosphate (BCIP)–nitroblue tetrazolium (NBT)
color development substrate (Promega) according to manufacturer instructions.

Microscopy. M. pneumoniae strains were cultured in Aluotto medium at 37°C
to the mid-log phase. Cytadherence-positive cells were scraped from the bottom
of the culture flasks after the medium was replaced with a volume of fresh
medium that was two to five times smaller. The cell suspension was passed
through a 25-gauge needle several times, filtered through a membrane filter unit

TABLE 2. Synthetic oligonucleotides used in this study

Oligonucleotide Sequencea

P65F-Bam.............................................................GCGGGATCCTGCAGCAGCTGACAACAACATTTAGCACACT
P65R-Nco .............................................................CTAGCCATGGCTTCGTAAAATTCATCACCAC
P65F-Bsr...............................................................GAGCTGTACAAGATGGATATAAATAAACCAGG
P65R-Eco .............................................................TCGCGGAATTCAGCTGTTTATTCGTAAAATTCATCACCAC
P65-PR..................................................................CAACCCATGGCATTTATATCCATTTACTGTCT
tuf-PF....................................................................GTGGGATCCATTTTGCAAACTGATGACAA
tuf-PR ...................................................................TAACCATGGGTTTAGATCGGTCAAATTT
CFP1F-Sma..........................................................GATCCCGGGAGCGCCCAATACGCAAACCGCC
CFP-R...................................................................CCTATTATTTTTGACACCAGAC
165RVS.................................................................GTACGATATC
tuf-F ......................................................................ATTTTGCAAACTGATGACAA
tufR-Age...............................................................TCGGACCGGTTTCTCTCTTGCCATGTGTTTG
MPN309-F-Gw.....................................................GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGATATAAATAAACCAGGTTGAA
MPN309-R-Gw....................................................GGGGACCACTTTGTACAAGAAAGCTGGGTTATTATTCGTAAAATTCATCACCAC
MPN310-F-Not ....................................................CCGCGGCCGCCATGAATGATACTGACAAGAAGT
MPN310-R-Asc....................................................GTCGGCGCGCCCTTATTTAGCTGCTTTTTGGGC
MPN311-F-Gw.....................................................GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGACTAATGATTACCAACAATTAAA
MPN311-R-Gw....................................................GGGGACCACTTTGTACAAGAAAGCTGGGTATCCTTCATTACTTTGTTCT
MPN312-F-Gw.....................................................GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGAAGGATAGTGCACTAACACT
MPN312-R-Gw....................................................GGGGACCACTTTGTACAAGAAAGCTGGGTTACTTCTTGTAAGAAATTAAC

a Recognition sites for restriction enzymes and the att sites for recombinase are underlined.

TABLE 3. Plasmids constructed in this studya

Plasmid Vector Marker Promoter Gene Expressionb Fluorescencec Localizationd

pTK150 pEYFP Apr p65 p65-eyfp NT NT NT
pTK153 pEYFP Apr lac (E. coli) eyfp-p65 NT NT NT
pTK155 pISM2062.2 Apr Gmr p65 p65-eyfp � � �
pTK158 pISM2062.2 Apr Gmr lac (E. coli) eyfp-p65 � � �
pTK161 pISM2062.2 Apr Gmr p65 eyfp-p65 � � �
pTK162 pISM2062.2 Apr Gmr tuf eyfp-p65 �� �� �
pTK164 pISM2062.2 Apr Gmr p65 eyfp � � �
pTK164-D pISM2062.2 Apr Gmr Cmr p65 eyfp NT NT NT
pTK165 pISM2062.2 Apr Gmr tuf eyfp �� �� �
pTK165-D pISM2062.2 Apr Gmr Cmr tuf eyfp NT NT NT
pTK205 pKV104 Apr Cmr lac (E. coli) ecfp NT NT NT
pTK207 pKV104 Apr Cmr tuf ecfp �� �� �
pTK207-D pKV104 Apr Cmr tuf ecfp NT NT NT
pTK210 pTK207-D Apr Cmr tuf ecfp-p65 �� �� �
pMPN310-E pENTR/D-TOPO Kmr None hmw2 NT NT NT
pMPN311-E pDONR201 Kmr None p41 NT NT NT
pMPN312-E pDONR201 Kmr None p24 NT NT NT
pMPN310 pTK164-D Apr Gmr p65 eyfp-hmw2 � � �
pMPN311 pTK164-D Apr Gmr p65 eyfp-p41 � � �
pMPN312 pTK164-D Apr Gmr p65 eyfp-p24 � � �
pMPN310-tuf pTK165-D Apr Gmr tuf eyfp-hmw2 �� �� �
pMPN311-tuf pTK165-D Apr Gmr tuf eyfp-p41 �� �� �
pMPN312-tuf pTK165-D Apr Gmr tuf eyfp-p24 �� �� �

a M. pneumoniae strains transformed with Tn4001 plasmids were analyzed by Western blotting and fluorescence microscopy. NT, not applicable or not tested.
b Expression of the fusion protein in M. pneumoniae cells was monitored by Western blotting: �, ��, and �, moderate, strong, and no expression, respectively.
c Fluorescence intensity was observed by microscopy: �, ��, and �, faint, strong, and no fluorescence, respectively.
d Localization of the fusion protein at cell poles was observed by microscopy; �, present; �, absent.
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with a 0.45-�m-pore size (Millipore, Billerica, Mass.) to disperse aggregates (46,
48), and placed on coverslips cleaned with saturated ethanolic KOH (4). The
coverslips with the cell suspensions were incubated at 37°C for 0.5 to 1 h and
were mounted on glass slides after excess cell suspensions were removed. To
observe ECFP fluorescence, coverslips were washed twice with phosphate-buff-
ered saline before being mounted on glass slides to reduce background fluores-
cence. The cells were observed with a BX51 fluorescence microscope equipped
with YFP and CFP filter units (U-MYFPHQ and U-MCFPHQ, respectively) and
a phase-contrast setup (Olympus, Tokyo, Japan). The images were digitized by
using a Photometrics CoolSNAPcf charge-coupled device camera (Roper Scien-
tific, Atlanta, Ga.) and LuminaVision software (Mitani Corp., Tokyo, Japan);
signals were adjusted to obtain proper intensities. The fluorescence images were
pseudocolored by using the LuminaVision software. The images were also pro-
cessed by using Adobe Photoshop software, versions 6.0 and 7.0 (Adobe Systems,
San Jose, Calif.).

To observe gliding, cells of strain TK162 were suspended in saline containing
20% horse serum. The cell suspension was inserted into a tunnel that was 12 mm
wide, 18 mm long, and 0.06 mm high and that was assembled from a glass slide,
a coverslip, and two pieces of double-sided tape; the cells were incubated in this
tunnel for 10 min at 37°C. The cells then were observed with the fluorescence
microscope at 37°C; this temperature was achieved by attaching a heating system
to the sample stage and the objective lens. Cell images were recorded by using a
charge-coupled device camera (WV-BP510; Panasonic, Osaka, Japan) and a
digital videocassette recorder (WV-D9000; Sony, Tokyo, Japan) and were digi-
tized as described previously (37).

RESULTS

Construction of the p65 fusion genes and their expression in
M. pneumoniae cells. We chose the P65 protein as the initial
target for the fluorescent-protein tagging strategy by virtue of
the location of its gene just downstream of the promoter of the
crl operon (28) (Fig. 1A); this promoter can be used to express
recombinant p65 genes. The eyfp gene, encoding EYFP, which
is a yellow-green-shifted variant of GFP that gives a stronger
fluorescence emission than the wild type (10), was fused to the
3� or 5� end of the p65 gene. The fusion genes were under the
control of the native p65 promoter and were inserted into the
SmaI site of Tn4001mod vector plasmid pISM2062.2 (22) (Fig.
1B). The plasmids that we designated pTK155 and pTK161
carry the p65-eyfp and eyfp-p65 fusion genes, respectively (Ta-
ble 3). These plasmids were introduced into M. pneumoniae
M129 by electroporation to deliver fusion genes to the chromo-
some by the transposition of Tn4001mod. Transformants TK155
and TK161 (named for plasmids pTK155 and pTK161, respec-
tively) were obtained and were examined by fluorescence mi-
croscopy, which detected faint fluorescent signals from both
strains. In most cells, the signals were located at one pole (Fig.
2), suggesting that the P65-EYFP and EYFP-P65 fusions were
produced in these strains and localized at the attachment or-
ganelle. The intensities of the fluorescence signals were similar
between the strains but slightly stronger in TK161 (Fig. 2).

To enhance the fluorescence intensity, we chose the eyfp-p65
fusion gene, which exhibited slightly brighter fluorescence, and

FIG. 1. (A) Schematic illustration of the crl operon of M. pneu-
moniae. The four rectangular bars indicate the p65, hmw2, p41, and
p24 genes in this operon. These genes are also designated MPN309,
MPN310, MPN311, and MPN312 according to the serial numbering
system of the M. pneumoniae genome project (8). The triangle and the
square represent the p65 promoter (Pp65) and the terminator (t) of this
operon, respectively. The figure is not drawn precisely to scale. (B) Struc-
tures of modified staphylococcal transposon Tn4001mod vectors (11,
22). Plasmid pISM2062.2 carries a Gmr version of Tn4001mod. Plasmid
pKV104 carries a Cmr version of Tn4001mod. The IS256L, IS256R, and
drug resistance genes (Gmr and Cmr) of Tn4001mod are illustrated.
Cloning sites (Sm, SmaI; Ba, BamHI) in Tn4001mod are indicated.
The eyfp fusion genes were inserted into the SmaI site of pISM2062.2.
The ecfp fusion genes were inserted into the SmaI site of pKV104. The
arrows indicate the directions in which the fusion genes were inserted.

FIG. 2. Subcellular localization of EYFP fusions. The left and mid-
dle panels in each row show the same cells observed by phase-contrast
microscopy and fluorescence microscopy, respectively. The right panel
in each row shows the merged image of the left and middle panels. The
transformants are named at left. Bar, 5 �m.
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we tested a promoter sequence of the tuf gene of M. pneu-
moniae instead of the p65 promoter. Plasmid pTK162, which
carries the eyfp-p65 fusion gene under the control of the tuf
promoter, was constructed and used to transform M. pneu-
moniae M129. The strain obtained, TK162, showed strong flu-
orescent signals at the cell poles (Fig. 2), suggesting higher
production of the EYFP-P65 fusion in TK162 than in TK161.
To confirm whether the polar localization of fusion proteins
depends on the P65 moiety, we constructed plasmids pTK164
and pTK165, which carried the eyfp gene alone under the
control of the p65 or the tuf promoter (Table 3). The trans-
formants with these plasmids, TK164 and TK165, showed flu-
orescence throughout the whole cell body (Fig. 2; only TK165
is shown), indicating that the polar localization of the P65-
EYFP and EYFP-P65 fusions is caused by the properties of the
P65 moiety. The intensity of EYFP fluorescence was strong in
TK165 but faint in TK164, corresponding to their promoter
activities.

We next analyzed transformant strains by Western blot anal-
ysis to examine the levels of expression of fusion proteins. By
using anti-P65 antiserum, we detected P65-EYFP in TK155
and EYFP-P65 in both TK161 and TK162 (Fig. 3). TK155 and
TK161 both had lower levels of fusion proteins than of native
P65 (Fig. 3, lanes 2 and 3). On the other hand, the level of
expression of EYFP-P65 in TK162 was comparable to that of
native P65 (Fig. 3, lane 4). The size difference between P65-
EYFP and EYFP-P65 (Fig. 3, lanes 2, 3, and 4) was caused by
the addition of a short amino acid sequence at the N terminus

of EYFP-P65, which resulted from the construction of the
promoter fusion. The anti-EYFP antibody detected EYFP in
both TK164 and TK165 (Fig. 3, lanes 6 and 7). The level of
EYFP was low in TK164 but high in TK165, reflecting the
activities of the p65 and tuf promoters. The size difference for
EYFP between TK164 and TK165 was attributed to the con-
struction of the promoter fusion. These results indicated that
the fluorescence intensities of the transformants correlated
with their levels of EYFP fusion expression.

The fluorescence diminished in 10 s even in TK165 cells,
with the highest intensity. This rather rapid bleaching may be
attributable to the small number of fluorescent molecules
caused by the small dimensions of M. pneumoniae cells. An M.
pneumoniae cell is about 2 �m in length and 0.2 �m in diam-
eter. The total volume is estimated to be 25 times lower than
that of an E. coli cell. The signal from the small number of
fluorescent molecules may easily fall below the detection limit
as a result of photobleaching of the molecules.

The cytadherence ability of the transformants was also an-
alyzed by a standard hemadsorption (HA) assay (14, 27). Of
the colonies tested, 97% showed HA activity, suggesting that
the expression of the EYFP fusions did not disturb the cytad-
herence processes of M. pneumoniae. However, 3% of the col-
onies did not show HA activity. This frequency of HA-negative
colonies, obviously higher than that caused by spontaneous mu-
tation (27), may have been caused by the insertion of Tn4001
into the cytadherence-related genes.

FIG. 3. Expression of fusions of P65 and EYFP in M. pneumoniae cells. (A) Western blot analysis of M. pneumoniae transformants with an
anti-P65 antibody. Lysates of M. pneumoniae transformant cells (5 �g of total protein) were separated by SDS–8% PAGE, transferred to a
nitrocellulose membrane, and probed with an anti-P65 antibody. The positions of the detected P65-EYFP, EYFP-P65, and native P65 are indicated
by arrows. Molecular sizes are shown at left. The analyzed transformants are shown above the lanes. (B) Detection of EYFP expression by Western
blot analysis. Lysates of M. pneumoniae transformant cells (5 �g of total protein) were separated by SDS–12% PAGE. The position of EYFP
detected by an anti-EYFP (anti-GFP variant) antibody is indicated by an arrow. Molecular sizes are shown at left. The analyzed transformants are
shown above the lanes.
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Observation of gliding cells. Bredt (6, 7) and Radestock and
Bredt (42) studied the gliding motility of M. pneumoniae cells
by phase-contrast microscopy and concluded that the attach-
ment organelle functions as the leading end of gliding cells. If
EYFP-P65 fusions are properly incorporated into the attach-
ment organelle, then the fluorescent foci must be observed at
the leading end of gliding M. pneumoniae cells. To confirm this
notion directly, we studied the gliding motility of TK162 cells,
which exhibited the brightest fluorescent foci among the TK
strains. To do so, we made slight modifications to a method
used to observe the gliding of Mycoplasma mobile cells (35).
TK162 cells were suspended in saline including 20% horse
serum and were inserted into a tunnel assembled from a glass
slide and a coverslip. We excluded heart infusion broth and
yeast extract from the cell suspension, because these compo-
nents of mycoplasma growth medium cause strong background
fluorescence. The coverslip was maintained at 37°C on the
microscope stage. Gliding cells on the glass surface and fluo-
rescent foci were observed by phase-contrast microscopy and

fluorescence microscopy, respectively (Fig. 4). As expected, the
fluorescent focus was always positioned ahead of the gliding
cell, indicating the localization of EYFP-P65 at the attachment
organelle. In gliding cells, the attachment organelle (fluores-
cent focus) always moved smoothly, while the other part of the
cell body often showed lateral wobble motion, consistent with
previous observations (6, 7, 42). These results suggested that
the organelle kept contact with the glass surface and that the
other part of the cell body detached from the surface during
gliding.

The proportion of gliding cells was apparently higher in
saline containing 20% serum than in growth medium (unpub-
lished data). Nutrient-starved conditions may accelerate the
movement, as observed in other gliding bacteria (32). The
addition of 1 to 5% gelatin was not needed with our conditions,
although it has been reported to be essential for keeping cells
on the glass surface (42). This difference may be related to
differences in glass surface conditions between previous studies
and our investigation.

FIG. 4. Gliding motility of M. pneumoniae cells whose attachment organelles are fluorescently labeled with the EYFP-P65 fusion. Strain TK162
was observed by phase-contrast microscopy and fluorescence microscopy at 37°C. The phase-contrast image was recorded continuously with a video
recorder. The microscope was shifted to the fluorescence setup for 2 s at 28-s intervals. The time intervals between images in this figure are 5 s.
The positions of attachment organelles of four typical cells are indicated by colored arrowheads. The tracks of cell movement (positions of
attachment organelles) are shown by colored lines in the bottom right panel (T). Bar, 5 �m.
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The average speed of the gliding shown in Fig. 4 was calcu-
lated to be 0.40 �m/s, consistent with previous observations
(6, 21, 42). We tried multiple times to observe the cell division
process of M. pneumoniae during 30 min of continuous video
recording but failed to find cells that exhibited nascent attach-
ment organelle formation or cytokinesis.

Subcellular localization of the HMW2, P41, and P24 pro-
teins. We extended the fluorescent-protein tagging strategy to
the other gene products of the crl operon (the HMW2, P41,
and P24 proteins) (Fig. 1A). Although the polar localization of
HMW2 at the attachment organelle was reported recently by
Balish et al. (3), the localization of P41 and P24 was unknown.
For these experiments, we introduced a second fluorescent
protein, ECFP (a blue-colored derivative of GFP) (10), to
mark the positions of the attachment organelles of living cells.
The ecfp gene was fused to the 5� end of the p65 gene and was
under the control of the tuf promoter. This ecfp-p65 fusion
gene was introduced into M. pneumoniae M129 by use of a Cmr

derivative of Tn4001mod (11) (Fig. 1B). The resulting Cmr

transformant, which we designated TK210, expressed ECFP-
P65 at a level slightly lower than that of native P65 (Fig. 5A)
and exhibited blue fluorescent signals at the cell poles (attach-
ment organelle) (Fig. 5B). We used TK210 as a host strain to
examine the subcellular localization of HMW2, P41, and P24.

We constructed two groups of plasmids for the expression of
EYFP fusions of HMW2, P41, and P24 by modifying plasmids
pTK164 and pTK165 (Table 3). The first group of plasmids was
designated pMPN (derivatives of pTK164); each of these plas-
mids possessed the eyfp-hmw2, eyfp-p41, or eyfp-p24 fusion
genes under the control of the p65 promoter for low-level
expression (Table 3). The second group of plasmids, desig-
nated pMPN-tuf (derivatives of pTK165) (Table 3), contained
the eyfp-hmw2, eyfp-p41, or eyfp-p24 fusion genes under the
control of the tuf promoter for high-level expression. These
plasmids were introduced into strain TK210, and Cmr-Gmr

transformants were obtained. Western blot analysis for the
fusion proteins confirmed that transformants TK2310, TK2311,
and TK2312 (created with pMPN plasmids) expressed EYFP-
HMW2, EYFP-P41, and EYFP-P24 at low levels (Fig. 6A),
while transformants TK2310T, TK2311T, and TK2312T (cre-
ated with pMPN-tuf plasmids) expressed them at higher levels
(Fig. 6B). The EYFP fluorescent signals of strains with low-
level expression were weak and were captured with an expo-
sure time longer than that of strains with high-level expression
(Fig. 7).

Strains TK2310 and TK2310T expressing EYFP-HMW2
showed fluorescent signals for EYFP at their cell poles. The
distribution patterns for fluorescent foci were basically identi-
cal between the two strains, regardless of the level of expres-
sion of EYFP-HMW2, but the fluorescence signal intensities
reflected the expression levels, as indicated by the difference in
brightness between the focus signals and the background of the
EYFP images (Fig. 7). In both strains, the fluorescent foci of
EYFP-HMW2 almost overlapped those of ECFP-P65 (Fig. 7),
indicating that the HMW2 protein was localized at the attach-
ment organelle. These results confirmed the findings of Balish
et al. (3).

Transformants TK2311, TK2312, TK2311T, and TK2312T
revealed that EYFP-P41 and EYFP-P24 formed fluorescent
foci in M. pneumoniae cells (Fig. 7). Unlike EYFP-HMW2, the

foci of EYFP-P41 and EYFP-P24 were located mainly at the
proximal region of the attachment organelle and did not over-
lap those of ECFP-P65. In strains showing low-level expression
of EYFP-P41 or EYFP-P24 (TK2311 and TK2312), the fluo-
rescent foci of these proteins were confined to the proximal
end of the attachment organelle (Fig. 7), and the profiles of
these proteins were very similar. However, in strains showing
high-level expression (TK2311T and TK2312T), the distribu-
tion patterns for fluorescent signals were not identical between
EYFP-P41 and EYFP-P24 (Fig. 7). In strain TK2311T, addi-
tional fluorescent foci for EYFP-P41 were frequently observed
at the opposite end of the attachment organelle, i.e., at the cell
tail (Fig. 7). On the other hand, the fluorescence signals for
EYFP-P24 were diffused from the proximal end of the or-
ganelle to the cell tail (Fig. 7, TK2312T). These nonidentical
distribution patterns for EYFP-P41 and EYFP-P24 in strains
showing high-level expression suggested that these proteins
had different properties in the cells. However, even in these
strains showing high-level expression, the strongest signals

FIG. 5. Western blot analysis and fluorescence microscopy of M.
pneumoniae TK210. (A) Western blot analysis of M. pneumoniae strain
TK210. Lysates of M. pneumoniae TK210 cells (5 �g of total protein)
were separated by SDS–8% PAGE, transferred to a nitrocellulose
membrane, and probed with an anti-P65 antibody. The positions of the
detected ECFP-P65 and native P65 are indicated by arrows. Molecular
sizes are shown at left. (B) Subcellular localization of the ECFP-P65
fusion. The left and middle panels show the same cells observed by phase-
contrast microscopy and fluorescence microscopy, respectively. The right
panel shows the merged image of the left and middle panels. Bar, 5 �m.
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were located at the proximal end of the organelle, suggesting
that this site is the preferential localization site for both P41
and P24.

We also transformed M. pneumoniae M129 with the pMPN
and pMPN-tuf plasmids, and the eyfp-hmw2, eyfp-p41, and eyfp-
p24 fusion genes were expressed (strains TK3310, TK3311,
TK3312, TK3310T, TK3311T, and TK3312T). We confirmed
that the localization patterns for EYFP-HMW2, EYFP-P41,
and EYFP-P24 in the background of strain M129 were iden-
tical to those in the background of strain TK210 (Fig. 8A; only
the images for TK3310T, TK3311T, and TK3312T are shown);
these results indicate that the presence of ECFP-P65 does not
affect the localization of these EYFP fusions.

DISCUSSION

Fluorescent-protein tagging is a widely used strategy for
visualizing proteins in living cells. In this study, we have con-
structed vectors for fluorescent-protein tagging in M. pneu-
moniae and used them to visualize the protein components of
cytoskeleton-like structures. The vectors constructed in this
study are based on the Tn4001mod vector system (11, 22) and
possess M. pneumoniae p65 or tuf promoters for the expression
of fluorescent target proteins. These two promoters allow for
high and low levels of expression of target proteins and are
helpful for enhancing the resolution of fluorescent images and
assessing the patterns of localization of target proteins. We
used EYFP and ECFP as fluorescent-protein tags and de-
signed a coexpression procedure for these proteins. This pro-
cedure enabled dual labeling of two target proteins in living M.
pneumoniae cells. Since M. pneumoniae cells are pleomorphic,

it is sometimes difficult to judge the position of the attachment
organelle in the cell. The dual-labeling method made it easier
to ascertain the position of the organelle relative to the target
protein. The first fluorescent protein can be used to label the
organelle, while the second is used for the other target pro-
teins.

Using our fluorescent-protein tagging method, we visualized
the four proteins—P65, HMW2, P41, and P24—that are en-
coded in the crl operon (Fig. 1A). The P65 protein labeled
with EYFP was localized at the attachment organelle (Fig.
2), confirming previous observations obtained by immunoflu-
orescence microscopy (20, 48, 49). The localization of P65 at the
organelle indicates that P65 is a component of the attachment
organelle. However, neither the function of P65 nor its involve-
ment in cytadherence is fully understood, mainly because of
the lack of P65 mutant strains. It is known that P65 is present
at reduced steady-state levels in mutant strains that lack any of
the cytadherence accessory proteins—HMW1, HMW2, HMW3,
and P30. In these mutant strains, the polar localization of P65 is
partially disrupted, depending on the extent to which the P65
levels are reduced (2, 20, 52). The stability and polar localization
of P65 are thought to be correlated. To stabilize P65, it may be
necessary to incorporate it into the stable localization site at the
organelle. This stable localization site may be provided by the
other cytoskeletal proteins (25). Unincorporated P65 tends to be
degraded by proteolysis. Consistent with this model, in strain
TK162, expressing a high level of EYFP-P65, the level of native
P65 was lower than the levels in the other strains (Fig. 3, lane 4).
It is likely that the localization site for P65 at the organelle was
occupied by an excess of EYFP-P65 in this strain and that unin-
corporated native P65 and EYFP-P65 were degraded. This sce-

FIG. 6. Expression of EYFP-HMW2, EYFP-P41, and EYFP-P24 fusions in M. pneumoniae cells. (A) Western blot analysis of low-level
expression transformants of EYFP fusions. Lysates of M. pneumoniae transformant cells (TK2100, TK2310, TK2311, and TK2312) (10 �g of total
protein) were separated by SDS–5 to 10% gradient PAGE, transferred to a nitrocellulose membrane, and probed with an anti-GFP variant
antibody. The positions of detected EYFP-HMW2, EYFP-P41, EYFP-P24, and ECFP-P65 are indicated by arrows. Molecular sizes are shown at
left. (B) Western blot analysis of high-level expression transformants. Lysates of M. pneumoniae transformant cells (TK2100, TK2310T, TK2311T,
and TK2310T) (5 �g of total protein) were analyzed under the same conditions in those used in panel A. The positions of detected fusion proteins
are indicated by arrows.
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nario may also explain the clear focal fluorescence signals of
EYFP-P65 at the attachment organelle and the lesser amounts of
additional fluorescence in other parts of M. pneumoniae cells,
even with high-level expression of EYFP-P65 (Fig. 2). Because
EYFP-P65 gave clear focal fluorescence signals at the organelle,
we also labeled P65 with ECFP and used ECFP-P65 as a posi-
tional marker of the organelle for examining the localizations of
the other proteins (Fig. 5).

The HMW2 protein is a critical factor for cytadherence. It is
thought to function in the early stage of assembly of the at-
tachment organelle, together with the HMW1 protein (25).
The loss of HMW2 affects the stability and polar localization of

most of the other cytadherence accessory proteins, but HMW2
itself is also less stable in the absence of HMW1 (2). The EYFP-
HMW2 fusion was localized at the attachment organelle when
expressed at both high and low levels (Fig. 7), supporting the
observations of Balish et al. (3). The localization sites for
EYFP-HMW2 were almost identical to those for ECFP-P65
coexpressed in the same cells. However, in a considerable
number of these cells, the fluorescence signals from EYFP-
HMW2 extended slightly farther toward the proximal end than
did the signals from ECFP-P65, which were relatively limited
to the distal end of the organelle (data not shown). These
observations agree with previous ones (49) and with the cur-

FIG. 7. Subcellular localization of EYFP-HMW2, EYFP-P41, and EYFP-P24 fusions in the M. pneumoniae TK210 cell background. Images of
six M. pneumoniae transformants (names at left) are shown. The first panel in each row shows the phase-contrast image of the cells. The second
and third panels in each row show ECFP and EYFP fluorescence images of the same cells, respectively. The fourth panel in each row shows the
merged image of the phase-contrast and fluorescence images. Transformants TK2310, TK2311, and TK2312 show low levels of expression of
EYFP-HMW2, EYFP-P41, and EYFP-P24, respectively; transformants TK2310T, TK2311T, and TK2312T show high levels of expression. Bar, 1 �m.
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rent structural model of the organelle, which proposes that P65
is localized at the surface of the distal end of the attachment
organelle and that HMW2 is the most probable component of
the electron-dense core (25).

Little is known about the P41 and P24 proteins (25, 28). A
homologous gene for P41 is present in the closely related
species Mycoplasma genitalium (17), but no homologous gene
has been found for P24. Although the functions of P41 and P24
are unknown, both attract considerable interest as cytoskeletal
proteins, since they are encoded in the crl operon, together
with P65 and HMW2, and are associated with the Triton shell
(H. Ogaki et al., unpublished data). In addition, the P41 pro-
tein is predicted to contain a coiled-coil structure that has been
observed in the other cytoskeletal proteins. Therefore, we an-
alyzed the subcellular localization of these proteins by fluores-
cent-protein tagging and demonstrated that EYFP-P41 and
EYFP-P24 were preferentially localized at the proximal end of

the attachment organelle in M. pneumoniae cells, suggesting
that they are cytoskeletal proteins that form unknown struc-
tures at this site. However, it should be noted that the high-
level expression of both of these proteins exhibited additional
fluorescent signals in the cells (Fig. 7). We thought that these
additional localization patterns were caused by accumulations
of excess proteins in the cells, but it remains possible that these
localization patterns in cells with high-level expression reflect
the native localization patterns for P41 and P24. This point
must be assessed by using another method, such as immuno-
fluorescence. If P41 and P24 really do localize to the proximal
end of the attachment organelle, then what structures are
present at this site? Recently, the presence of a wheel-like
complex that might be part of a cytoskeleton-like structure was
suggested at the proximal end of the electron-dense core by
transmission electron microscopy of an ultrathin section of M.
pneumoniae cells (16). This wheel-like complex is structurally

FIG. 8. (A) Subcellular localization of EYFP-HMW2, EYFP-P41, and EYFP-P24 fusions in the wild-type M. pneumoniae M129 cell back-
ground (without ECFP-P65). The left and middle panels in each row show images of the same cells observed by phase-contrast microscopy and
fluorescence microscopy, respectively. The right panel in each row shows the merged image of the left and middle panels. The transformants are
named at left. Bar, 1 �m. (B) Schematic illustration of an M. pneumoniae cell. Cytoskeleton-like structures within the M. pneumoniae cell (electron-
dense core, wheel-like structure, and fibrous network) are illustrated (see the text). Approximate positions of the fluorescent signals observed by
microscopy are shown with colors (blue, ECFP-P65; green, EYFP-P41 and EYFP-P24). Positions of sites of localization of P65, HMW2, P41, and
P24 are indicated.
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similar to the flagellar motor and might be connected to fi-
brous structures extending into the cytoplasm of M. pneumo-
niae cells. The detailed structure of this wheel-like complex has
yet to be elucidated, but its position (at the proximal end of the
electron-dense core) corresponds to the P41 and P24 localiza-
tion site (Fig. 8B).

We also used the fluorescent-protein tagging technique to
observe gliding M. pneumoniae cells (Fig. 4). The expression of
EYFP-P65 in M. pneumoniae allowed real-time visualization of
the attachment organelle of gliding cells by phase-contrast and
fluorescence microscopy. The successful labeling of the attach-
ment organelle of living M. pneumoniae cells indicated that
this technique should be applicable to the direct observation
of the cell division processes in M. pneumoniae (i.e., nascent
organelle formation, the migration of one of the organelles to
the opposite end, and cytokinesis) (34, 36, 48). However, an
attempt at such an application was not successful in this study.
The major reason for this result might have been the nutrient
conditions of M. pneumoniae cells used for microscopy. We
used saline containing 20% horse serum to suspend cells for
fluorescence microscopy in order to reduce background fluo-
rescence. Such low-nutrient conditions might not be sufficient
to support cell division in M. pneumoniae. If cell division did
somehow occur under these conditions, then a longer obser-
vation time might have been required, since the doubling time
of M. pneumoniae M129 is estimated to be about 10 h, even
under optimal conditions (31). In future studies, these situa-
tions could be improved by reducing the background fluores-
cence in the medium or by using fusion proteins with more
intense signals.
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