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The surface protein P65 is a constituent of the Mycoplasma pneumoniae cytoskeleton and is present at
reduced levels in mutants lacking the cytadherence accessory protein HMW2. Pulse-chase studies demon-
strated that P65 is subject to accelerated turnover in the absence of HMW2. P65 was also less abundant in
noncytadhering mutants lacking HMW1 or P30 but was present at wild-type levels in mutants lacking proteins
A, B, C, and P1. P65 exhibited a polar localization like that in wild-type M. pneumoniae in all mutants having
normal levels of HMW1 and HMW2. Partial or complete loss of these proteins, however, correlated with severe
reduction in the P65 level and the inability to localize P65 properly.

Mycoplasma pneumoniae is a major cause of bronchitis and
pneumonia in humans. Adherence of this cell wall-less bacte-
rium to host respiratory epithelium (cytadherence) is pivotal to
successful colonization and ensuing pathogenesis (6) and is
mediated largely by a differentiated terminal structure, the
attachment organelle, which is also believed to function in
gliding motility and cell division (reviewed in reference 13).
Protein P1 is a major adhesin (12) and localizes primarily to
the attachment organelle in wild-type M. pneumoniae cells.
Loss of HMW2, whether by frameshift mutation or transposon
insertion, results in the inability to cytadhere and reduced
levels of the cytadherence-associated proteins HMW1,
HMW3, and P65 (8, 11, 15). These proteins are components of
a Triton X-100 (TX)-insoluble network that comprises the
mycoplasma cytoskeleton, or Triton shell, and are collectively
required for the development of a fully functional attachment
organelle, including the proper localization of the adhesin P1
to this structure (2, 9, 13, 14, 24).

Proteins HMW1 and HMW3 are largely dissimilar but have
in common a central acidic and proline-rich (APR) domain
which is defined by its amino acid composition but not its
sequence (1, 7, 20). The genes for HMW1 and HMW3 are
coexpressed as part of a large transcriptional unit, the hmw
operon (7, 30). Both proteins exhibit a distinctive subcellular
distribution (25–27); HMW3 is a major component of the
attachment organelle, while HMW1 localizes to the filamen-
tous extensions of the mycoplasma cell, including the attach-
ment organelle. The loss of HMW1 and HMW3 in hmw2
mutants occurs posttranslationally, probably a consequence of
accelerated turnover by housekeeping protease activity (21).
Newly synthesized HMW1 in the cytoplasmic pool associates
with the mycoplasma cytoskeleton and is translocated to the
mycoplasma surface as a peripheral membrane protein. Trans-

location and stabilization of HMW1 are much less efficient in
the absence of HMW2, resulting in its removal (1).

Like HMW1 and HMW3, protein P65 is a component of the
M. pneumoniae Triton shell (23) and is found at significantly
reduced levels in hmw2 mutants (15). Furthermore, like
HMW1, P65 is peripherally associated with the mycoplasma
membrane (22; M. F. Balish and D. C. Krause, unpublished
data). P65 contains an APR domain (23), which, unlike that of
HMW1 and HMW3, is found at its N terminus. The APR
domain of P65 has limited sequence similarity to that of
HMW3. The gene encoding P65 is the first gene in the operon
of the same name and immediately precedes the gene for
HMW2 (15); thus, P65 has not only structural similarity with
HMW1 and HMW3 but also a functional association with
HMW1, HMW2, and HMW3.

Seto et al. recently localized P65 to the attachment organelle
in wild-type M. pneumoniae by using immunofluorescence mi-
croscopy (25). However, P65 was not detected by this tech-
nique with several cytadherence mutants despite its reported
presence at normal levels in those mutants by Western immu-
noblotting (25). In the current study we evaluated protein P65
further, demonstrating reduced levels of P65 in some but not
all cytadherence mutants tested by both Western immunoblot-
ting and immunofluorescence microscopy and establishing that
P65 is subject to accelerated turnover in hmw2 mutants, as are
HMW1 and HMW3.

The steady-state level of P65 was previously shown to be
substantially lower in hmw2 mutants than in wild-type M. pneu-
moniae (15). Pulse-chase analysis of protein synthesis and turn-
over in the hmw2 mutants I-2 and A3 demonstrates that
HMW1 and HMW3 are synthesized at wild-type levels but are
subject to accelerated turnover (21). We conducted pulse-
chase/radioimmunoprecipitation analysis to determine if the
same were true for P65. Mycoplasmas were pulse labeled with
[35S]methionine, incubated for up to 8 h in fresh Hayflick
medium with excess unlabeled methionine, and processed for
radioimmunoprecipitation as described previously (21). Sam-
ples were analyzed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and autoradiography using
X-Omat AR film (Kodak, Rochester, N.Y.) with exposure for
3 to 7 days. The level of P65 in the wild-type M. pneumoniae
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profiles remained stable throughout the 8-h chase (Fig. 1).
Furthermore, the amounts of P65 in the wild-type and mutant
I-2 profiles were comparable at the 0-h time point. However,
the level of P65 in the mutant decreased during the chase
period, as was seen previously for HMW1 and HMW3 (21). A
similar pattern (data not shown) was observed with transposon
insertion mutant A3 (11). Analysis of the spent medium for
wild-type and mutant cultures yielded no evidence of P65 re-
lease (data not shown). Thus, like HMW1 and HMW3, in the
absence of HMW2, P65 is subject to accelerated turnover,
probably by housekeeping protease activity.

We evaluated P65 steady-state levels in other noncytadher-
ing M. pneumoniae mutants by Western immunoblotting (Fig.
2). Mutant III-4 (14) lacks proteins A, B, and C; the identity
and corresponding gene for protein A are not known, but
proteins B and C are the 90- and 40-kDa products, respec-
tively, of M. pneumoniae gene MPN142 (5; previously desig-
nated E07_orf1218 or orf6 of the P1 operon) and are associ-
ated with the attachment organelle (18). Mutant IV-22 lacks
protein P1 in addition to A, B, and C (14). Mutants II-7 and
II-3 have a truncated cytadherence-associated protein P30 and
no P30, respectively (3, 4, 14), while mutant M6 lacks HMW1
and has a truncated P30 (17) but also exhibits reduced levels of
HMW2 (M. J. Willby, M. F. Balish, and D. C. Krause, unpub-
lished data). Substantially lower steady-state levels of P65 were
associated not only with the loss of HMW2, but also with the
loss or truncation of P30 and the loss of HMW1, but not the
loss of A, B, and C or A, B, C, and P1 (Fig. 2). For control
purposes we also examined the level of FtsH in parallel immu-
noblots of identical samples. No differences were observed in
the levels of FtsH in the wild-type and noncytadhering mutant
profiles (data not shown).

The study by Seto et al. (25) included noncytadhering mu-
tants M5, M6, and M7; mutant M6 was the same in both
studies, while M5 appears to be similar but not necessarily
identical to mutant III-4 from this study. Mutants M7 and II-7
are similar in that each produces a truncated P30 but differ in
the extent of truncation. The study by Seto et al. reported no
difference by Western immunoblot analysis in P65 steady-state
levels in wild-type M. pneumoniae and mutants M5, M6, or M7
(25). For mutant M5, this is consistent with our observation for
mutant III-4 (Fig. 2), but otherwise our findings differed from
what they reported. The reason for this discrepancy is unclear,
particularly for mutant M6, which was presumably identical in
both studies.

We analyzed wild-type and mutant M. pneumoniae by im-
munofluorescence microscopy in an attempt to reconcile the
results from the two studies. Frozen stocks of mycoplasmas
stored at �80°C in Hayflick broth were thawed, passed through
a 25-gauge needle five times to disperse aggregates, inoculated
into 500 �l of Hayflick medium in 24-well dishes containing
glass cover slips which had been treated with poly-L-lysine, and
incubated for 2 h at 37°C. Pretreatment with poly-L-lysine was
included to enhance attachment of the noncytadhering mu-
tants to the glass surface. Cells were fixed with 3.4% parafor-
maldehyde (wt/vol) in Hayflick medium for 15 min at room
temperature and 45 min at 4°C. The cover slips were removed
and rinsed four times for 5 min each with phosphate-buffered
saline (PBS), then treated for 5 min at room temperature in
PBS–0.1% Triton X-100 (vol/vol) for permeabilization, as de-
scribed by Seto et al. (25). Mycoplasmas were again washed
four times for 5 min each in PBS, then incubated for 1 h in a
blocking solution of PBS–5% (wt/vol) bovine serum albumin
(BSA) at room temperature to limit nonspecific labeling, and
probed with either rabbit anti-P65 or rabbit anti-FtsH (1) se-
rum diluted 1:100 in PBS–1% BSA overnight at 4°C in a
moisture chamber. After rinsing in PBS four times for 5 min
each, the cover slips were incubated for 1 h at room temper-
ature with indocarbocyanine (Cy3)-conjugated donkey anti-
rabbit immunoglobulin G antibody (Jackson ImmunoResearch
Laboratories, West Grove, Pa.) diluted 1:75 in PBS–1% BSA,
then rinsed four times for 5 min each in PBS and once in
distilled H2O and mounted on microscope slides using Prolong
Antifade (Molecular Probes, Eugene, Oreg.).

Cells were examined using a Nikon TE300 epifluorescence
microscope with a tetramethyl rhodamine isothiocyanate filter
cube (528 to 552 nm) and equipped with phase-contrast optics.
Samples were viewed using a 100� objective, and images were
digitized using a Micromax charge-coupled device camera
(Princeton Scientific Instruments, Monmouth Junction, N.J.).
The charge-coupled device exposure time was set at 0.6 s for
fluorescence. Digital images were false colorized and superim-
posed using Adobe Photoshop version 5.0 (Adobe Systems,
Mountain View, Calif.). Phase-contrast images were placed in
the green channel, while the corresponding fluorescence im-
ages were placed in the red channel. The brightness and con-
trast of the blue channel were adjusted to give a black image.

Immunofluorescence microscopy revealed a polar distribu-
tion for P65 in wild-type M. pneumoniae cells, with individual
cells generally labeled at only one pole (Fig. 3), consistent with
results reported by Seto et al. (25). The first panel for each cell
type is a merged image of a representative individual cell from
fluorescence and phase-contrast microscopy. The second panel

FIG. 1. Pulse-chase/radioimmunoprecipitation analysis of P65 in
wild-type and mutant I-2 M. pneumoniae. The chase time (in hours) is
shown above the lanes. The position of the 66-kDa protein size stan-
dard is indicated on the right. P65 levels (arrow) remained constant in
wild-type M. pneumoniae throughout the 8-h time course. The level of
P65 in mutant I-2 was comparable to that in wild-type M. pneumoniae
at the 0-h time point but decreased subsequently.

FIG. 2. Western immunoblotting analysis of P65 in wild-type (WT)
M. pneumoniae and noncytadhering mutants I-2, II-3, II-7, III-4, IV-22,
and M6, as indicated (50 �g of protein per lane). Anti-P65 serum was
used at a dilution of 1:7,500. The position of the 66-kDa protein size
standard is shown on the left.
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is the corresponding fluorescent image alone. We examined
mutants I-2, II-3, II-7, III-4, IV-22, and M6 for P65 localization
in the same manner (Fig. 3), observing that fluorescence in-
tensity varied among the mutants. The intensity and distribu-

tion of fluorescence for mutants II-3, II-7, III-4, and IV-22
were comparable to those of wild-type cells, although more cell
branching was observed with the mutants, as has been de-
scribed previously (24, 25). In marked contrast, mutants I-2

FIG. 3. (A) Analysis of P65 and FtsH distribution in wild-type M. pneumoniae. (B) P65 localization in noncytadhering mutants I-2, II-3, II-7,
III-4, IV-22, and M6. The first panel for each is the merged fluorescent and phase-contrast images of individual cells. The second panel is the
fluorescent image from each composite. Bar, 2.0 �m (same for panels A and B).
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and M6 exhibited substantially lower fluorescence, consistent
with the P65 levels detected by Western blots, and with a
widespread, patchy distribution.

As a control for diffuse distribution of a membrane protein,
we examined FtsH in wild-type M. pneumoniae, observing a
widespread distribution similar to that in Escherichia coli (28).
It is noteworthy that evaluation by fluorescence microscopy
distinguished major decreases in P65 levels, (for example, with
mutants M6 and I-2), but not more subtle decreases (mutants
II-3 and II-7, for example). Thus, significant reductions in the
level of P65 correlated with partial or total loss of HMW1 or
HMW2 and with an inability to localize properly in the myco-
plasma cell.

Interestingly, a generally widespread and patchy distribution
for P65 was observed with wild-type M. pneumoniae cells not
permeabilized with 0.1% TX (data not shown). Furthermore, a
similar pattern was observed when cells were analyzed as de-
scribed elsewhere (27) by immunoelectron microscopy (data
not shown). However, a strictly polar labeling pattern was
observed when unpermeabilized wild-type cells were probed
with affinity-purified anti-P65 antibodies (data not shown), sug-
gesting that this apparent difference in P65 distribution with
and without permeabilization reflects antibody reactivity in the
anti-P65 serum to a surface component extractable with TX.
The lack of a P65� mutant or P65-specific monoclonal anti-
bodies prevents a more definitive determination.

Our findings by fluorescence microscopy for P65 in wild-type
M. pneumoniae agree with those of Seto et al. (25). Unlike that
study, however, our results from analysis of noncytadhering
mutants by immunofluorescence microscopy were consistent
with the steady-state levels of P65 detected by Western immu-
noblotting. While the discrepancy between the two studies
might be attributed to strain differences for mutants M5 and
M7 compared to III-4 and II-7, respectively, this would not
seem to be the case for M6, the only mutant identical in both
studies. Differences in the sensitivity of the optical systems
might account for the conflicting immunomicroscopy results
for mutant M6, but the reason for discrepancy in the Western
immunoblot data is not known.

The studies presented here establish clearly that P65, like
HMW1 and HMW3, is unstable in the absence of HMW2. It is
not known if P65 turnover requires C-terminal sequences pre-
viously suggested to be targeted in HMW1 and HMW3. Spe-
cifically, the motif P-X-R-X(0–5)-S-S was implicated in the
HMW1 C-terminal domain, which is necessary for accelerated
turnover in hmw2 mutants (21). This motif does not occur in
P65; hence, P65 might be lost indirectly as a secondary conse-
quence of HMW1/HMW3 turnover, perhaps because of failure
to anchor properly with the cytoskeleton or at the mycoplasma
surface. Alternatively, additional features in the primary or
secondary structure of HMW1, HMW3, and P65 may be tar-
geted in their accelerated turnover. HMW1 in mutant I-2 cells
fails to associate in a stable manner with the cytoskeleton and
is exported less efficiently to the mycoplasma surface, resulting
in targeting of the TX-soluble population of HMW1 for accel-
erated turnover (1). Pulse-chase data presented here, com-
bined with cell fractionation studies published previously (22,
23), suggest that, like HMW1, accelerated turnover of P65 is a
consequence of failure to associate efficiently with the myco-
plasma cytoskeleton and cell surface. Significantly, the greatest

reduction in P65 levels corresponded with partial and/or com-
plete loss of HMW1 or HMW2. Furthermore, the patchy dis-
tribution of P65 in these mutants suggests that the loss of P65
in mutants I-2 and M6 might also reflect improper localization
and therefore a requirement for HMW1, HMW2, or both in
that process.

The observation that the loss of P30 results in decreased
levels of P65 suggests that HMW1, HMW2, and HMW3 are
not sufficient to stabilize P65 regardless of the mechanism of its
loss and despite its proper localization in those mutants. Per-
haps significantly, P30 is also not required for localization of P1
to the attachment organelle (24). However, P65 levels were
unaffected by the loss of proteins A, B, C, and P1 (Fig. 2); thus,
these proteins are not required to stabilize P65. We favor a
scenario in which HMW1-HMW3, P30, and P65 are all ele-
ments in the assembly pathway of the attachment organelle
(13). Failure to incorporate each protein at the appropriate
time appears to have downstream consequences. The reduced
levels of P65 in some mutants suggest that P65 may be a late
addition in the assembly process, consistent with previous pre-
dictions (1, 25). However, the role of P65 in the functions of
the terminal organelle, including cytadherence, gliding motil-
ity, and cell division, remains unclear and requires additional
investigation.
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