








FIG 3 Immunofluorescence analysis of P65 in representative wild-type and
MPN309 mutant M. pneumoniae isolates. Left panels, phase-contrast and P65-
specific immunofluorescence images merged; right panels, P65-specific im-
munofluorescence only; arrowheads, examples of P65 foci not cell associated.
Bar, 2 pm.

P30/P65 Linkage in Adherence and Gliding Motility

We monitored P30-YFP trafficking in all three MPN309 mu-
tants over time during growth in culture, where new P30-YFP foci
formed at developing terminal organelles in a manner similar to
that seen with wild-type cells. However, during gliding, some flu-
orescence was seen moving rearward from the terminal organelle
and accumulating at the trailing pole, often subsequently detach-
ing to yield a fluorescent trail behind the cells (Fig. 5 and data not
shown). We assessed quantitatively the frequency of P30 localiza-
tion to the trailing end on cells that glided during the observation
period, as gliding appeared to contribute to displacement of P30-
YFP to the trailing end of the cell. Significantly, cells with two or
more terminal organelles typically do not exhibit whole-cell glid-
ing (21). Only 1% of gliding wild-type cells but over 50% of glid-
ing MPN309-261 mutant cells had a P30-YFP focus at the trailing
end (Table 3). Immunofluorescence analysis with P30-specific an-
tibodies confirmed that the P30 localization patterns were not
merely a function of the YFP fusion (Fig. 6).

Complementation with recombinant wild-type P65The po-
lar effects of MPN309 disruption complicated the assignment of
cause and effect, given the limited genetic tools available for ma-
nipulating M. pneumoniae. We introduced a recombinant wild-
type P65 allele (rP65) by transposon delivery into MPN309-261
and characterized multiple transformants, with representative re-
sults shown. rP65 levels were comparable to that of P65 in wild-
type M. pneumoniae (Fig. 2C) and partially restored P30 but, as
expected, not HMW1, HMW2, or HMW3 levels (summarized in
Table 1). rP65 restored both HA and gliding frequency to nearly
wild-type levels, whereas gliding velocity increased 6-fold but still
remained well below wild-type levels and binding to glass was

FIG 4 Immunofluorescence analysis of P65 localization relative to P30 and P41 fluorescent protein fusions. Top row, merged phase-contrast and P65-specific
immunofluorescence images; middle row, merged phase-contrast and P30-YFP (columns 1 and 3) or P30-CFP (column 2) images; bottom row, merged
phase-contrast and P41-YFP fluorescence images. Red circles, cell-free P65 foci colocalizing with P30 foci (blue circles); white circles, unpaired cell-free P65 (top)
or P30 (middle) foci; red arrows, cell-associated P65 foci not colocalized with P30 foci; yellow arrow, cell-associated P30 focus not colocalized with P65 focus; blue

arrow, cell-associated P30 focus not colocalized with P65 focus. Bars, 2 pm.
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FIG 5 Time-lapse analysis of P30-YFP localization. (A and B) Merged time-lapse phase-contrast and fluorescence images of mutant MPN309-261 + P30-YFP
at the indicated times in minutes. Colored arrows show the progress of individual gliding cells, with the darker shade representing the terminal organelle and the
lighter shade representing the trailing pole; solid colored arrowheads indicate the corresponding P30-YFP foci that detached from the trailing pole and were no
longer cell associated. Circles illustrate normal terminal organelle separation following duplication. Bar, 5 pm. (C) Time-lapse images of mutant MPN309-261
at the indicated times in minutes. Top panels, phase contrast; bottom panels, P30-YFP fluorescence. Colored arrow and arrowhead designations are as described

for panels A and B. Bar, 1 pm.

unusually high (Table 2). MPN309-261 transformants with rP65
remained morphologically similar to the parent mutant strain,
with chains of cells still common, but exhibited little evidence of
P30 foci at the trailing end or detached from cells (Fig. 6). Given
the issues with recombinant transposon stability noted above, we
did not attempt to introduce rP65 and P30-YFP simultaneously
into MPN309 mutants to quantify gliding cells with bipolar P30-
YEP foci, as measured for wild-type and mutant cells in Table 3.

DISCUSSION

The P65 transcriptional unit encodes terminal organelle proteins
P65, HMW?2, P28, P41, and P24, but transposon mutagenesis in

TABLE 3 P30-YFP localization at the trailing end of motile wild-type
M. pneumoniae and mutant MPN309-261

Total no.  No. of % of motile cells with
Strain of cells motile cells  head and tail foci
WT* + rP30YFP 902 177 1
MPN309-261 + P30YFP 751 189 51
“WT, wild type.
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this locus yields strikingly different phenotypes, depending on the
gene disrupted. Insertions in MPN310 result in loss of HMW?2
(30) and failure to form a terminal organelle core (7, 42). In con-
trast, MPN311 disruption impairs terminal organelle anchoring
to the cell body, leading to its detachment from gliding cells (22),
while loss of P24 results in reduced gliding frequency and failure to
form new terminal organelles at a wild-type rate (23). Here, the
truncation of P65 impacted cytadherence, gliding motility, and
surface dynamics of the adhesin P30, but a cascade of polar effects
from transposon insertion affecting the stability of other terminal
organelle proteins (Table 1) complicated efforts to link cause and
effect. Reduced levels of HMW?2 and P28 were likely a direct result
of transposon insertion in MPN309 (15, 29), as neither was re-
stored by complementation with rP65 (Table 1). Transposon in-
sertions in MPN310 have been previously shown to impact P41
and P24 levels downstream (29), and the same was true here for
insertions in MPN309 just upstream. As with MPN310 insertions
(29), the presence of an outward-reading promoter in the trans-
poson likely contributed to variable expression of downstream
genes. Decreased levels of HMW?2 in turn likely impacted HMW1
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FIG 6 Immunofluorescence analysis of P30 localization in wild-type M. pneu-
moniae (A), the MPN309-261 mutant (B), and the same mutant comple-
mented with rP65 (C). Circles, P30 foci not cell associated. Bar, 5 pm.

and HMWS3 levels (2, 15, 37, 47), which returned to wild-type
levels with the introduction of rHMW?2 (data not shown). Loss of
HMW?2 also affects P30 levels (29, 30), although probably by a
different mechanism than that observed here, as mutants lacking
HMW?2 are nonmotile. Neither rP65 (Table 1) nor rHMW?2 (data
not shown) alone fully restored P30, suggesting that both are re-
quired to stabilize P30 at fully wild-type levels, although rP65
alone was sufficient to reduce P30 dragging to and detachment
from the trailing end of gliding cells (Fig. 6).

Wild-type P65 localizes to the distal end of the terminal organ-
elle (27, 28), but localization of truncated P65 derivatives differed
with the extent of truncation. Thus, severely truncated P65 largely
appeared to localize randomly. In contrast, the modestly trun-
cated P65 in mutant MPN309-319 localized at the terminal organ-
elle in a manner similar to that seen with wild-type cells but also
typically exhibited a faint focus at the trailing end of gliding cells.
Cell-free P65 foci were common with all three mutants but rare in
wild-type M. pneumoniae. Based on the sites of truncation (Fig.
1C), these data suggest that the P65 coiled-coil and C-terminal
mixed domains are required for its localization and anchoring,
respectively, to the terminal organelle. All three truncated P65
derivatives partitioned primarily in the TX-insoluble fraction in a
manner similar to that seen with wild-type P65 (data not shown);
thus, P65 association with this fraction, which includes myco-
plasma cytoskeletal elements, is likely distinct from its localization
to the terminal organelle and may involve the APR domain. For
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reasons that are not clear, truncated P65 was prone to forming
apparent multimers, and we were unable to determine if multi-
meric P65 and monomeric P65 localized distinctly.

The human urogenital tract pathogen Mycoplasma genitalium
and avian pathogen Mycoplasma gallisepticum both have P65 or-
thologs. Loss of this ortholog (MG217) in M. genitalium has no
effect on cytadherence or gliding velocity but results in a high
incidence of erratic gliding, suggesting that MG217 contributes to
the characteristic curved gliding path in this species (9). However,
MG217 appeared not to have a surface-accessible location (9), in
contrast to P65 in M. pneumoniae and its ortholog (PlpA) in M.
gallisepticum, which also binds fibronectin (34). It is not known
whether MG217 colocalizes with the P30 ortholog in M. genita-
lium or if these proteins exhibit the interdependency seen with
P65 and P30 in M. pneumoniae. Regardless, these findings suggest
that evolutionary pressure has resulted in distinct roles for the P65
family of proteins in mycoplasma samples.

P30 and P65 are predicted to incorporate late in terminal or-
ganelle assembly (30), and indeed, fluorescent protein fusions of
each localize to nascent terminal organelles in growing cells nearly
concurrently and after P41 (21). Electron cryotomography analy-
sis of wild-type cells (25) reveals a high density of protein com-
plexes lining the inner and outer faces of the cell membrane at the
distal end of the terminal organelle, where P30 and P65 colocalize
(20, 27, 28). As P30 and P65 exhibit reciprocal requirements for
stabilization and as P30 often colocalized in MPN309 mutants
with truncated P65 at the trailing end of cells and in cell-free foci
(references 10 and 40 and this study), we conclude that P30 and
P65 may form a complex on the mycoplasma surface. The pres-
ence of unpaired P30 and P65 foci with the MPN309 mutants was
therefore unexpected but might be a function of stoichiometry if
multimer formation by truncated P65 affects its ability to partner
with P30.

Our data are consistent with a scenario where P30 bound to an
inert surface fails to anchor properly to the terminal organelle in
the absence of full-length P65 and consequently during gliding is
dragged to and detaches from the trailing end of the mycoplasma
cell. Significantly, omission of gelatin from the culture medium
resulted in parallel reductions in both the gliding frequency and
the percentage of cells having a P30 focus at the trailing end (data
not shown). We cannot rule out the possibility that the presence of
P30 at the trailing pole is the result of dysfunctional terminal or-
ganelle assembly with P65 truncation, but time-lapse images sug-
gest otherwise. In addition, the lack of detectable cell-free P41 or
P1 (Fig. 4 and data not shown) indicates that cell-free P30/P65 foci
are not detached terminal organelles such as occur in the absence
of P41 (22). The P30-YFP at the trailing end of gliding cells con-
stituted only a small portion of the total P30-YFP and may specif-
ically reflect the P30 population bound to the glass substrate. Nev-
ertheless, this P30 population attached to the substrate sufficiently
to separate from the trailing end of gliding cells, to impact steady-
state levels of cell-associated P30, and likely to create drag, con-
tributing to the reduced gliding velocity and the chains of cells
observed with MPN309 mutants.

The M. pneumoniae terminal organelle constitutes the gliding
apparatus (22), but the mechanism of gliding is unknown. Ac-
cording to one model (25), extension and contraction of the ter-
minal organelle core is leveraged to generate a motive force that is
transmitted via membrane protein complexes to the mycoplasma
surface. Each cycle of extension and contraction might require
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that membrane adhesins move downward across the front of the
cell and engage the gliding surface, replacing previous points of
contact as they move toward the rear. Seto et al. (41) suggest that
the P1 adhesin specifically binds to and releases from the substrate
surface repeatedly with gliding. By this treadmill scenario, ad-
hesins disengaging the gliding surface normally return to the tip of
the terminal organelle to repeat the process. P30 is required for
both adherence and gliding, and our observations here suggest
that P30 treadmills in a manner requiring P65. The continued
movement of P30 to the trailing end of gliding mutant cells may
reflect a defect in P30 release from the substrate and/or its return
to the tip of the terminal organelle in the absence of full-length
P65. This scenario might also explain the elevated binding to glass
by mutants MPN309-152 and MPN309-261 + rP65. It is note-
worthy, however, that P1 did not colocalize with trailing or de-
tached P30 foci. P30 is required for P1 function, and full-length
P65 may provide stable linkage of P1 and P30. P30 may remain
functionally linked to P1 only transiently, accounting for interme-
diate HA capacity in the P65 mutants, or unlinked P30 may be
sufficient to confer some measure of functionality to P1.

In conclusion, P65 truncation impacted cytadherence, gliding
motility, and surface dynamics of the adhesin P30. The results
revealing phenotypic changes associated with P65 truncation pro-
vide important new insights into terminal organelle architecture
and function, in particular, into the mechanism by which this
structure confers gliding motility. The testable models emerging
from these findings are expected to yield additional details regard-
ing the gliding motor of this novel prokaryote.
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