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A method was developed for protein localization in Mycoplasma pneumoniae by immunofluorescence micros-
copy. The P1 adhesin protein was revealed to be located at least at one cell pole in all adhesive cells, as has been
observed by immunoelectron microscopy. Cell images were classified according to P1 localization and assigned
by DNA content. Cells with a single P1 focus at one cell pole had a lower DNA content than cells with two foci,
at least one of which was positioned at a cell pole. Those with one focus at each cell pole had the highest DNA
content, suggesting that the nascent attachment organelle is formed next to the old one and migrates to the
opposite cell pole before cell division. Double staining revealed that the accessory proteins for cytadherence—
HMW1, HMW3, P30, P90, P40, and P65—colocalized with the P1 adhesin in all cells. The localization of cytad-
herence proteins was also examined in cytadherence-deficient mutant cells with a branched morphology. In M5
mutant cells, which lack the P90 and P40 proteins, HMW1, HMW3, P1, and P30 were focused at the cell poles
of short branches, and P65 showed no signal. In M7 mutant cells, which produce a truncated P30 protein,
HMW1, HMW3, P1, P90, and P40 were focused, and P65 showed no signal. In M6 mutant cells, which express
no HMW1 and a truncated P30 protein, the P1 adhesin was distributed throughout the entire cell body, and
no signal was detected for the other proteins. These results suggest that the cytadherence proteins are sequen-
tially assembled to the attachment organelle with HMW1 first, HMW3, P1, P30, P90, and P40 next, and P65 last.

Mycoplasmas are parasitic bacteria with a small genome size
and no peptidoglycan layer (36). Several mycoplasmas have
terminal structures which enable them to adhere to the host
cell surface for colonization and nutrient acquisition. The ter-
minal structure of Mycoplasma pneumoniae, designated the
attachment organelle, has been well described (19, 20). It is a
membrane protrusion supported by a cytoskeleton-like struc-
ture and characterized by a dense cluster of the adhesin pro-
tein known as P1 (35).

Electron microscopic images have suggested that M. pneu-
moniae cells divide by binary fission and that the formation and
migration of the attachment organelle are coordinated with the
cell division process (6). However, the actual order of cell
images relative to the cell cycle must be known, and informa-
tion about the timing of DNA replication is required, in order
to substantiate this model. In previous works we quantified and
localized the chromosomal DNA through the observation of
49,69-diamidino-2-phenylindole (DAPI)-stained cells of Myco-
plasma capricolum by fluorescence microscopy (40, 41). This
technique may also be useful for examining the cell division
process of M. pneumoniae, although it does not provide the
required information about the position of the attachment
organelle. Recently, immunofluorescence microscopy was used

to study the subcellular localization of bacterial proteins (27).
This technique, combined with DAPI staining, may provide
the crucial information for elucidating the cell reproduction
scheme of mycoplasmas.

Several proteins including P1 adhesin, are thought to be
essential for cytadherence, and some of them have been ob-
served by immunoelectron microscopy to localize at the attach-
ment organelle (19, 20, 35). However, we have little informa-
tion about the localizing order and hierarchy of these proteins.
The use of immunofluorescence microscopy in addition to
electron microscopy might contribute to the study of this area,
because fluorescence microscopy provides quick, sensitive, and
quantitative analyses, including double staining.

We have developed a method for immunofluorescence mi-
croscopy of M. pneumoniae with staining of the cytadherence
proteins and the chromosomal DNA. We demonstrated that
the formation and migration of the attachment organelle were
coordinated with the cell division process; furthermore, we
describe the order of assembly of the cytadherence proteins
into the attachment organelle.

MATERIALS AND METHODS

Cultivation. To begin, 1-ml volumes of frozen stocks of M. pneumoniae M129
and its mutants were grown in 10 ml of Aluotto medium (2) for 2 or 3 days at
37°C, using plastic petri dishes and glass flasks, until about 107 to 108 CFU/ml
was reached.

Preparation of antisera. A mouse monoclonal antibody against P1 and rabbit
polyclonal antibodies against other cytadherence proteins were kindly provided
by P.-C. Hu and R. Herrmann, respectively (15, 22, 23, 32, 33). A mouse
polyclonal antibody against the HU protein of M. pneumoniae was prepared by
the following method. A fragment encoding the HU gene of M. pneumoniae
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(G12_orf109) was amplified by PCR from the chromosomal DNA with primers
GGCCATGGAAAAAACAACAACATCG and CCAAGCTTAGTCTGCGTA
TTTCCAGCGT. This fragment codes for all 109 amino acid residues of the
putative HU protein. The PCR product was digested with NcoI and HindIII and
then inserted into the expression vector pET-30c(1) (Novagen, Madison, Wis.).
The resulting plasmid, pET-HMp, was transformed into Escherichia coli BL21
(DE3) and induced with isopropyl-b-D-thiogalactopyranoside (IPTG). The his-
tidine-tagged HU protein was purified with a Ni21-nitrilotriacetic acid column
under denaturing conditions according to the manufacturer’s instructions. An
antiserum against the HU protein was prepared in mice as described previously,
(39). The specificity of serum was checked by immunoblot analysis (data not
shown) (T. Kenri, T. Sasaki, and Y. Kano, Abstr. 12th Int. Cong. Int. Org. Myco-
plasmol., abstr. D33, p. 137 [IOM Lett., vol. 5], 1998).

Immunofluorescence staining. An immunofluorescence staining method was
developed by modifying an approach designed for E. coli (1). At mid-log phase,
liquid medium was replaced with fresh medium. The cells adhering to the bottom
of the petri dishes were scraped into the fresh medium, recovered with the
medium, passed through a 25-gauge needle several times, and filtered through a
nitrocellulose membrane (pore size, 0.45 mm) to disperse cell aggregates (37).
Cell suspensions were placed on coverslips for 1 to 4 h at 37°C. For cytadherence-
deficient mutants, mid-log-phase cultures were suspended and filtered, and cell
suspensions were placed on poly-L-lysine coated coverslips, because the mutant
cells used in this study cannot bind to the glass surface and poly-L-lysine allows
their attachment (14, 22, 24, 25). The medium was removed, and the cells bound
to the coverslips were washed three times with phosphate-buffered saline (PBS).
A fixation solution of 500 ml containing 3.0% paraformaldehyde (wt/vol) and
0.1% glutaraldehyde (vol/vol) in PBS was placed on the coverslip, and the cells
were then incubated first for 10 min at room temperature and then for 50 min at
4°C. The cells were washed three times with PBS, overlaid with a permeabilizing
solution containing 0.1% Triton X-100 (vol/vol) in PBS, and then incubated for
5 min at room temperature. The cells were again washed three times with PBS
and were allowed to dry completely. Rehydration with PBS was carried out at
room temperature for 5 min; then the PBS was replaced by a blocking solution
containing 2% bovine serum albumin (BSA) (wt/vol) in PBS (PBS-BSA), and the
cells were incubated for 10 min at room temperature. The PBS-BSA was re-
moved, and the coverslips were incubated with antibodies and antisera diluted in
PBS-BSA. A 2,000-fold dilution was used for the anti-P1 monoclonal antibody;
a 200-fold dilution was used for the anti-HMW1, anti-HMW3, and anti-P30
antisera; a 100-fold dilution was used for the anti-P90, anti-P40, and anti-P65
antisera; and a 50-fold dilution was used for the anti-HU antiserum. After
incubation for 60 min at room temperature, the cells were washed 10 times with
PBS and then incubated with 1,000-fold-diluted goat anti-mouse or anti-rabbit
antibodies labeled with Alexa 488 or Alexa 546 (Molecular Probes, Eugene,
Oreg.) in PBS-BSA. After incubation for 60 min at room temperature in the
dark, the cells were washed 10 times with PBS. For double staining, fixation of
antibodies was carried out by incubation with 3.0% paraformaldehyde in PBS for
30 min at 4°C, and then the cells were washed five times with PBS before the
second staining. The coverslips were mounted onto glass slides with 40% glycerol
(vol/vol) containing 10 mg of DAPI/ml and were stored at 220°C if necessary.
The cells were observed and photographed with an Olympus BX50 microscope
using Fuji Super G400 (ISO 400) 35-mm film. Image files were produced by a
personal computer equipped with a GT-9000 (Epson, Tokyo, Japan) flatbed
scanner and a QuickScan 35 (Minolta, Osaka, Japan) film scanner.

Measurement of DNA content. Cells stained with DAPI and an anti-P1 anti-
body were observed with the fluorescence microscope equipped with a charge-
coupled device camera (WV-BP510; Panasonic, Osaka, Japan). The cell images
were recorded with a digital videocassette recorder (WV-D9000; SONY, Tokyo,
Japan), transferred to computer image files through an image capture card
(DVRapter; Canopus, Kobe, Japan), and then analyzed by Scion Image PC beta
3 software. The fluorescence intensities of DAPI were measured by using the
command “analyze particles” and taken as measurements of the DNA contents
of individual cells. The fluorescence intensities of actual DAPI images were
confirmed to be in the range of linearity of measurement by using Inspeck
Microscope Image Intensity Calibration Kits (Molecular Probes).

RESULTS

Subcellular localization of the attachment organelle. Immu-
nofluorescence microscopy was used to localize the attachment
organelle in M. pneumoniae cells. Since the attachment or-
ganelle is characterized by dense clusters of the P1 adhesin
(35), we used P1 protein as a marker for the attachment or-

ganelle (Fig. 1A to E). Cells were fixed, permeabilized, stained
with an anti-P1 antibody and DAPI, and then observed by
fluorescence microscopy. A filamentous cell morphology was
observed, as described previously (6, 19), while a small popu-
lation of cells showed a flask shape. Immunofluorescence stain-
ing with an anti-P1 antibody revealed that at least one fluores-
cent focus was located at the end of a cell pole in all cells, with
a slight distribution along the lateral cell extension, as has been
reported in immunoelectron microscopic studies (3, 10, 15).
DAPI staining occurred throughout the whole cell body. We
tried phase-combined fluorescence microscopy to reduce the
fluorescence intensity and localize the nucleoid as was done for
M. capricolum (41), but the nucleoid was found to occupy
almost the entire cell body (data not shown).

HU is a histone-like protein associated with the bacterial
chromosome (9, 16, 18). As a control experiment, the localiza-
tion of HU was examined (Fig. 1F to H). The fluorescent signal
of the anti-HU protein antibody was located at the same po-
sition as the nucleoid stained with DAPI, which was different
from that of the P1 adhesin. These results suggest that the
subcellular localization of mycoplasma proteins can be visual-
ized by immunofluorescence microscopy.

Cell typing based on the attachment organelle localization.
The images of cells stained for the P1 adhesin and DNA were
classified into four types based on P1 localization (Fig. 2). The
first type is a cell with a single P1 focus at one cell pole. The
second has two P1 foci at one cell pole. The third has two P1
foci, only one of which is positioned at a cell pole. The fourth
has one P1 focus at each cell pole. All cell images were clas-
sified as one of these four types; the proportions were 67.0, 5.5,
11.2, and 16.3%, respectively. The cells with two foci, only one
of which was positioned at a cell pole, appeared to possess a
bifurcated cell pole or a short branch along the lateral cell
body, as described previously (6, 19). All cell images except the
fourth type contained a single nucleoid, while three-quarters of
the cells with one focus at each cell pole had two partitioned
nucleoids. To address the question of subcellular positioning of
the attachment organelle during the cell division process, the
DNA contents of the individual cells were examined (Fig. 3).
Assuming that the DNA content increases continuously during
the cell division process (40, 41), cell images can be placed in
the actual order of the process according to their DNA con-
tents. The DNA contents of individual cell images showed a
relationship with the cell types, i.e., those with one P1 focus at
one cell pole, two P1 foci but not at both cell poles, and one P1
focus at each cell pole had 0.84, 1.04, and 1.48 times the
average of total DNA content, respectively. The DNA content
did not differ between cells with two foci at one cell pole and
those with two foci, only one of which was positioned at a cell
pole (data not shown). These results suggest that the nascent
attachment organelle is formed next to the old one and that
one organelle migrates to the opposite end before chromo-
some partitioning and cell division.

Subcellular localization of cytadherence accessory proteins.
Several proteins, including the P1 adhesin, are thought to be
essential for cytadherence, and HMW1, HMW3, P30, and P90
have been observed by immunoelectron microscopy to localize
around the attachment organelle (4, 12, 44). However, we do
not have adequate information on whether these proteins are
always found at the attachment organelle, which is needed to
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address the order and hierarchy of assembly of cytadherence
proteins. We used the immunofluorescence microscopic pro-
cedure described here to localize the cytadherence accessory
proteins, i.e., the HMW1, HMW3, P30, P90, P40, and P65
proteins (Fig. 4). All the proteins involved were localized as
one or two fluorescent foci at cell poles, a pattern similar to
that seen with the P1 adhesin. The fluorescent foci of the
HMW1, HMW3, and P30 proteins were obviously more con-
densed than those of P1. Those of P90, P40, and P65 were

primarily located at cell poles, with some distribution along the
cell extension. To examine the subcellular localization of these
cytadherence accessory proteins, a double-staining procedure
for the cytadherence accessory proteins and the P1 adhesin was
carried out (Fig. 4). Most of the protein foci were found at the
position where P1 adhesin was densely localized, suggesting
that the localization of accessory proteins to the attachment
organelle occurs in a short period in the cell reproduction
cycle.

FIG. 1. Subcellular localization of P1 adhesin (A to E) and HU protein (F to H) in M. pneumoniae. Cells were fixed, permeabilized, and stained
with antibodies and DAPI. (A) DAPI-stained image; (B) anti-P1 antibody-stained image; (C) phase-contrast image; (D) merge of P1 and DAPI
staining; (E) merge of P1 staining and phase-contrast image; (F) anti-HU antibody-staining image; (G) DAPI-staining image; (H) merge of HU
and DAPI staining. Bar, 2 mm.
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Subcellular localization of cytadherence proteins in cytad-
herence-deficient mutants. To examine the localization depen-
dence of cytadherence proteins, their subcellular localization
was analyzed in cytadherence-deficient mutants. One cytadher-
ence-deficient mutant, M5, does not express either the P90
or the P40 protein (22). Phase-contrast microscopy showed
that most mutant cells had branched shapes. DAPI staining
of mutant cells revealed that the nucleoids were distributed
throughout the entire cell body, including the branches (Fig.
5). Staining of the P90 and P40 proteins produced no signal, as
expected (data not shown). Fluorescent foci of the HMW1,

HMW3, P1, and P30 proteins were found at the poles of short
branches. Staining of P65 resulted in faint fluorescence, while
no change was detected in the protein expression level of P65
by immunoblot analysis (data not shown). These results sug-
gest that P65 requires the function of P90 and/or P40 for
subcellular localization but that the HMW1, HMW3, and P1
proteins do not.

In the M7 mutant, which expresses a truncated 22-kDa prod-
uct of the p30 gene (25), most cells displayed a branched
morphology. The nucleoid was distributed throughout the en-
tire cell body, including the branches, as observed in the M5
mutant (Fig. 6). In the M7 mutant, the cytadherence proteins
HMW1, HMW3, P1, P90, and P40 were recognized as fluores-
cent foci located at short branch poles. Staining of P65 pro-
duced no signal, while the level of the P65 protein observed by
immunoblot analysis was similar to that of the wild-type strain
(data not shown). The anti-P30 antibody we used has been
reported to recognize the truncated 22-kDa protein of M7
mutant cells (25), and the truncated protein band was detected

FIG. 2. Cell image typing based on P1 localization. The upper and
lower sections of each block show merges of P1 and DAPI staining and
of P1 staining and phase-contrast images, respectively. Shown are cell
images with a single focus at one cell pole (A), with two foci at one of
the cell poles (B), with two foci, one of which is positioned at a distance
from the cell poles (C), and with one focus at each cell pole (D). Bar,
1 mm.

FIG. 3. DNA contents in individual cells of each type. (A) Cells
with one P1 focus; (B) cells with two P1 foci, which are not positioned
at both cell poles; (C) cells with one focus at each cell pole. Arrowhead
indicates the average DNA content in the respective cell type. The
average total DNA content of all cells was normalized to 1 U.
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by immunoblotting, with an intensity similar to that of P30 in
the wild-type strain, but no fluorescent signals were detected
for the truncated P30 proteins (data not shown). These results
suggest that the subcellular localization of the P65 and P30
proteins requires the proline-rich repeat sequences in the C-
terminal part of the P30 protein missing in the M7 mutant but
that the HMW1, HMW3, P1, P90, and P40 proteins can local-
ize and assemble without them.

The M6 mutant cannot synthesize HMW1 protein because
of a frameshift mutation, and it produces a 25-kDa protein
product of the truncated p30 gene (24). Phase-contrast micros-
copy showed branched cells, as has been reported previously
(14), and DAPI staining showed that the nucleoids occupied
the entire cell body, including the branches (Fig. 7). Immuno-

fluorescence staining for the HMW3, P90, P40, and P65 pro-
teins did not produce signals while the P1 adhesin was distrib-
uted throughout the entire cell body. Staining of P30 yielded
no signal, although the antibody can detect the truncated pro-
tein by immunoblot analysis (24), and the truncated protein
band was detected by immunoblotting, with an intensity similar
to that of P30 in the wild-type strain (data not shown). The
steady-state levels of cytadherence proteins were not affected
in the M6 mutant in comparison to the wild-type strain (data
not shown), indicating that the loss of function of HMW1 and
P30 has no effect on the stability of these proteins. Considering
the results for the M7 mutant, where the truncation of P30 had
no effect on the localization of cytadherence-associated pro-
teins (Fig. 6 and Table 1) the results for the M6 mutant suggest
that the HMW1 protein is essential for the subcellular local-
ization of HMW3, P1, P90, P40, and P65.

To address the possibility that the missing of some protein

FIG. 4. Subcellular localization of cytadherence accessory proteins.
The left and middle columns in each panel show the same cells stained
for accessory proteins and P1 adhesin, respectively. The right columns
show these images merged. Bar, 2 mm.

FIG. 5. Subcellular localization of cytadherence proteins in M5
mutant cells. Cells were stained with antibodies to the cytadherence
proteins indicated (upper panels), and these images were then overlaid
with DAPI staining images (lower panels). Bar, 1 mm.
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signals in mutants was caused by loss of proteins in the staining
process, we examined whether the proteins were removed in
the procedure. The wild-type and mutant cells were collected,
suspended in PBS, and subjected to the same procedure as that
for fluorescence staining except that the cells were treated in
suspensions and were not incubated with antibodies. The fixed
cells, Triton extracts, and final cell suspensions were analyzed
by indirect enzyme-linked immunosorbent assay (ELISA) for
the detection of all the cytadherence proteins that we studied
except P90 and P40 in the M5 mutant and HMW1 in the M6
mutant. The results did not depend on the protein or the
strains. The final cell suspensions showed ELISA signals with
levels equivalent to those for the fixed cells, and the Triton
extracts showed negligible signals (data not shown). We also
analyzed the content of P65 by immunoblotting. The cells fixed
with 3% paraformaldehyde were treated in suspension by the
same procedure as that for immunofluorescence staining but

without the addition of antibodies. The cross-linking was re-
moved as previously reported (26), and immunoblotting was
performed. The final cell suspensions showed bands with in-
tensities more than 90% of those for the fixed cell suspensions
in all strains (data not shown).

DISCUSSION

In this study, we developed an immunofluorescence micros-
copy technique for the visualization of the M. pneumoniae
attachment organelle during cell division and for the subcellu-
lar localization of individual cytadherence-associated proteins.
Fluorescent foci of the P1 adhesin were recognized by an
immunofluorescence staining method described by Feldner et
al. (10). We applied this procedure to the other cytadherence-
associated proteins by using specific antibodies but failed to
stain the cells. Presumably, the topology of the P1 adhesin,

FIG. 6. Subcellular localization of cytadherence proteins in M7
mutant cells. Cells were stained with antibodies to the cytadherence
proteins indicated (upper panels), and these images were then overlaid
with DAPI-staining images (lower panels). Bar, 1 mm.

FIG. 7. Subcellular localization of cytadherence proteins in M6
mutant cells. Cells were stained with antibodies to the cytadherence
proteins indicated (upper panels), and these images were then overlaid
with DAPI-staining images (lower panels). Bar, 1 mm.
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which projects from the cell membrane, confers an advantage
for this type of assay. Therefore, we had to develop a method
applicable to all kinds of mycoplasma proteins. Basically, we
used the staining procedure for walled bacteria and modified it
so as to avoid breakage of the cell structure, which might be
caused by centrifugation. Mycoplasma cells were allowed to
adhere to coverslips and fixed. Permeabilization was done with
Triton X-100 without pretreatment by lysozyme because of the
complete lack of the peptidoglycan layer in mycoplasmas. The
permeabilization step is indispensable for efficient staining,
because some of the cytadherence-associated proteins were
not detected reproducibly without it (data not shown).

Previously, we demonstrated that M. capricolum cells divide

into two daughter cells by binary fission with accurate partition
of the replicated chromosomes (29, 40, 41). In this study, we
observed that M. pneumoniae nucleoids could be stained with
DAPI (Fig. 1). The nucleoids occupied the whole cell interior,
and no condensation was observed, even when phase-com-
bined fluorescence microscopy, which can reduce the fluores-
cence intensity and localize the nucleoid, was used. However,
the nucleoid images suggest that the daughter cells receive an
equal amount of DNA at binary fission in M. pneumoniae,
because the standard deviation of DNA content was 0.35 of the
average, indicating that the highest content was close to twice
that of the lowest.

The electron microscopic images of M. pneumoniae suggest
that the formation and migration of the attachment organelle
are coordinated with cell division (6). However, more infor-
mation is needed for the models to be substantiated ade-
quately. We classified the cell images by the position of the
attachment organelle and assigned them by their DNA con-
tents (Fig. 2 and 3). This ordering can provide a model for the
coupling of the attachment organelle formation and cell divi-
sion (Fig. 8). At the first stage, the nascent attachment or-
ganelle is formed next to the old one. Next, one of the attach-
ment organelles migrates to the opposite end along the lateral
cell body, and then nucleoid partitioning and cell division oc-
cur. Boatman observed cells possessing two attachment or-
ganelles adjacent to one another at one cell pole and cells
possessing one attachment organelle at each cell pole by elec-
tron microscopy of M. pneumoniae (6). Bredt observed that
bifurcation of one cell pole occurred at the first step of cell
division in living cells (7). Our present model of the formation

FIG. 8. Model for cell division scheme in M. pneumoniae in relation to the formation and migration of attachment organelles.

TABLE 1. Localization of cytadherence proteins in
cytadherence-deficient mutant cellsa

Cytadherence
protein

Localizationb in cells of the following typec:

WT M5 mutant
(p90 and p40)c

M6 mutant
(hmw1 and p30)

M7 mutant
(p30)

HMW1 1 1 2 1
HMW3 1 1 2 1
P1 1 1 (2)d 1
P30 1 1 2 2
P90 1 2 2 1
P40 1 2 2 1
P65 1 2 2 2

a Summary of the results of Fig. 5, 6, and 7.
b Plus signs, fluorescent foci were recognized in the cell images; minus signs,

no fluorescent foci were recognized in the cell images.
c WT, wild type. For mutants, the mutated genes are given in parentheses.
d A signal was detected but was distributed throughout the entire cell body.
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and migration of the attachment organelle in M. pneumoniae is
consistent with Bredt’s observations.

What motive force propels the attachment organelle? One
possibility is gliding motility, by which some mycoplasmas, in-
cluding M. pneumoniae, slide on solid surfaces towards the
attachment organelle (17, 38). Considering that the attachment
organelle is the leading end for gliding motility, gliding motility
might be involved in the migration of the attachment or-
ganelle. Actually, Bredt observed that gliding cells of M. pneu-
moniae showed binary fission and that the bifurcation of the
cell pole occurred during gliding motility (7). Another possi-
bility might be the involvement of filamentous structures in the
division process. These structures, which are composed of pro-
tein, can be observed in detergent-treated M. pneumoniae cells
(13, 28, 30). They may maintain the extension of the attach-
ment organelle and promote its migration by polymerization
and depolymerization of the protein monomers.

A phenomenon analogous to the behavior of the attachment
organelle (Fig. 8) is reported for the origin of replication of the
chromosome in walled bacteria (27). The origin is replicated
near a cell pole, after which one copy migrates to the opposite
pole in a stage of chromosome partitioning. Movement from
one pole to the other during cell reproduction may be a com-
mon phenomenon in a wide variety of bacteria. The attach-
ment organelle of Mycoplasma gallisepticum has been sug-
gested to bind chromosomal DNA (34). It is possible that the
attachment organelle also works for chromosome partitioning
in mycoplasmas.

In addition to the P1 adhesin, several other proteins are
thought to be essential for cytadherence activity, and for most
of them, subcellular localization has been examined by immu-
noelectron microscopy (19, 20). In this study, we examined the
subcellular localization of cytadherence proteins HMW1,
HMW3, P30, P90, P40, and P65 by immunofluorescence mi-
croscopy (Fig. 4). Although the intensity and condensation of
fluorescence were not uniform, all proteins involved were lo-
calized to regions overlapping the P1 adhesin. The results
suggest that these proteins are components of the attachment
organelle and that localization is characteristic for each indi-
vidual protein. Our results concerning the location of the
HMW3, P30, and P90 proteins are consistent with those de-
scribed previously (4, 12, 44). Stevens and Krause reported that
the HMW1 protein is sometimes found at the cell extension of
the other pole as well as at the cell extension of the attachment
organelle (20, 43). However, our observation by immunofluo-
rescence microscopy revealed that all fluorescent foci of the
HMW1 protein were found at the attachment organelle (Fig.
4). The subcellular localizations of P40 and P65 have not yet
been precisely elucidated, although chemical cross-linking
studies suggest that they are associated with the attachment
organelle (23, 26). Our observations support the results ob-
tained by cross-linking studies.

Most cells of the M6 mutant demonstrated branched struc-
tures, as observed previously (14, 37). A similar morphology
was observed for most M5 and M7 mutant cells (Fig. 5 and 6).
The branched structure of the M7 mutant is consistent with a
previous report that disruption of the p30 gene induces branch
formation (14, 37). Assuming that the branch is a form of
incorrectly located cell extension of the attachment organelle,
these observations suggest that P30, P90, and P40 are not

involved in the cell extension formation. In the M6 mutant, the
clustering of all cytadherence-associated proteins in a certain
region of the cell was completely lost, but branches were
formed (Fig. 6), suggesting that the other cytadherence pro-
teins, including HMW1, HMW3, P1, or P65, are not necessary
for cell extension formation, either.

Aberrant cell morphology coupled with cell adhesion defi-
ciency is also reported for Mycoplasma mobile (30). Four of 10
mutants isolated based on gliding motility were revealed to
have deficiencies in both adhesion and normal formation of a
“head-like structure” which is believed to have a function sim-
ilar to that of the attachment organelle of M. pneumoniae.
Abnormal formation of the cell shape may cause incorrect
assignment of cytadherence proteins, resulting in adherence
deficiency in these types of mutants.

What mechanism is involved in multibranching? Previously,
we demonstrated that multibranched cell morphology is in-
duced by nucleoside starvation in M.capricolum (40). We pro-
posed a branching scheme whereby nucleoids which remain at
the division site inhibit constriction and division potential: cy-
toskeleton and lipid synthesis, for instance, induce the devel-
opment of new branches (29, 40, 41). It is possible that the
abnormal formation of the attachment organelle affects the
process of cell division in the cytadherence mutants and causes
branching. Another possibility is that P30, P90, and P40 par-
ticipate directly in the inhibition of branch formation. Deter-
gent-treated and sectioned images of M. pneumoniae suggest
that the extended structure of the attachment organelle is
supported by an electron-dense core anchoring to the end of
the attachment organelle, which has been designated the ter-
minal button (5, 13, 28, 45) and suggested to include HMW3 as
a component (44). The electron-dense core may be anchored
to the terminal button by the functions of the P30, P90, and
P40 proteins in wild-type cells. According to this model, the
loss of these proteins induces the release and abnormal ar-
rangement of the electron-dense cores in the mutants.

To investigate the effect of the loss of particular cytadher-
ence proteins on the location of other proteins involved in the
attachment process, their localization was examined in cytad-
herence-deficient mutants by the same staining procedure that
was used for wild-type cells, and it was found that the signals of
some proteins could not be detected in the mutants (Fig. 5, 6,
and 7). Titration of these proteins using an indirect ELISA and
immunoblotting showed that the disappearance of fluorescent
signals for cytadherence-associated proteins was not caused by
loss of proteins in the staining process. Presumably, it was
caused by the dispersion of protein molecules, i.e., the signals
were detectable only when they were concentrated at small
spots over the detection threshold. P1 adhesin signals were
detected in the entire cell bodies of the M6 mutant and did not
depend on the source of the antibody, i.e., mouse monoclonal
or rabbit polyclonal antibodies (data not shown), suggesting
that these signals are far more intense than those of other
proteins, a fact which is related to the antigenic character of
the P1 adhesin.

As summarized in Table 1, HMW1 protein is essential for
the localization of the other cytadherence proteins, while P65
requires all other proteins. This is consistent with a previous
report showing a requirement of HMW1 for P1 localization
(14). Baseman et al. examined P1 adhesin localization in a class
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III mutant possessing a genetic background similar to that of
the M5 mutant, but they could not find a P1 adhesin cluster (3),
unlike our result (Fig. 5). Possibly, this discrepancy is due to
the increased sensitivity of immunofluorescence microscopy
compared to that of immunoelectron microscopy. An analo-
gous phenomenon has been reported for the localization of
FtsZ protein, a bacterial cytoskeletal protein (1). Alternatively,
genetic difference may exist between the M5 mutant and the
strain used by Baseman et al. which apparently have very
similar backgrounds. P40 and P90 have been reported to be
essential for the association of P1 with the Triton shell (22).
Considering this observation, our results may suggest that the
P1 protein can assemble independently from the association of
P1 with the Triton shell.

Our results show that proteins HMW3, P1, P30, P90, and
P40 can assemble independently of each other. Focusing on
protein assembly, our results suggest the sequential assembly
of cytadherence proteins to form the attachment organelle
(Fig. 9). During the formation of the attachment organelle, the
HMW1 protein may be translocated first, followed by assembly
of the HMW3 protein, P1, P30, P90, and P40. P65 might be the
last component which localizes to the attachment organelle.
This assembly sequence may be related to the observations
made by electron microscopy that the cell poles of hmw1 mu-
tants are round and different from those of wild-type and p30
mutant strains (14, 37). The control mechanism of the HMW1
protein is not known, but phosphorylation (8, 21) and degra-
dation dependent on HMW2 (11, 31) have been reported.
Caulobacter crescentus, which presents a distinct cell cycle, con-
trols the function of CtrA, the key protein for cell differenti-
ation, by protein phosphorylation and degradation (42). It is
possible that M. pneumoniae has a similar mechanism to control
HMW1 protein.
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