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Summary
Mycoplasma pneumoniae is a wall-less human respiratory tract pathogen that colonizes mucosal
epithelium via a polar terminal organelle having a central electron-dense core and adhesin-related
proteins clustered at a terminal button. A mutant lacking J-domain co-chaperone TopJ is
noncytadherent and nonmotile, despite having a core and normal levels of the major cytadherence-
associated proteins. J-domain co-chaperones work with DnaK to catalyze polypeptide binding and
subsequent protein folding. Here we compared features of the topJ mutant with other cytadherence
mutants to elucidate the contribution of TopJ to cytadherence function. The topJ mutant was
similar ultrastructurally to a non-cytadherent mutant lacking terminal organelle proteins B/C,
including aberrant core positioning and cell morphology in thin sections, but exhibited a hybrid
satellite growth pattern with features of mutants both having and lacking a core. Time-lapse
images of mycoplasmas expressing a YFP fusion with terminal organelle protein P41 suggested
that terminal organelle formation/positioning was delayed or poorly coordinated with cell growth
in the absence of TopJ. TopJ required a core for localization, perhaps involving HMW1. P1
trypsin accessibility on other non-cytadherent mutants was significantly enhanced over wild-type
but unexpectedly was reduced with topJ mutant cells, suggesting impaired processing,
translocation, and / or folding of this adhesin.
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Introduction
The cell wall-less bacterial pathogen Mycoplasma pneumoniae is a leading cause of
community-acquired pharyngitis, bronchitis, and atypical or “walking” pneumonia (Waites
and Talkington, 2004). Both gliding motility and binding to host cell receptors
(cytadherence) contribute to evasion of mucociliary clearance and successful colonization of
host mucosal epithelium (Jordan et al., 2007; Lipman and Clyde, 1969). Gliding and
cytadherence are mediated by the mycoplasma terminal organelle, a membrane-bound cell
extension defined by its complex electron-dense core and adhesin proteins clustered at its
distal end (Bredt, 1968; Krause and Balish, 2004; Biberfeld and Biberfeld, 1970). Assembly
of a functional terminal organelle involves the coordinated incorporation of cytoskeletal
components that appear to stabilize the final structure (Krause and Balish, 2004).

Localization of the 170-kDa adhesin P1 to the terminal organelle is necessary but not
sufficient for cytadherence competence. For example, loss of cytoskeletal proteins HMW1
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or HMW2 results in failure to cluster P1 at a cell pole and the inability to cytadhere
(Baseman et al., 1982), whereas loss of the adhesin-related P30 or cytadherence-associated
proteins B and C results in the inability to cytadhere (Krause et al, 1982) despite apparently
normal P1 trafficking (Seto and Miyata, 2003; see Table 1 for summary of mutants).
Membrane proteins B and C, like P1, localize primarily to the distal end of the terminal
organelle (Dallo et al., 1990; Feldner et al., 1982; Franzoso et al., 1993; Layh-Schmitt and
Herrmann, 1992; Seto et al., 2001) and with cytoskeletal proteins HMW1, HMW3, and P65,
cross-link with P1 in protein proximity studies (Layh-Schmitt and Herrmann, 1994; Layh-
Schmitt et al., 2000). Proteins B and/or C secure P1 to the Triton X-100-insoluble
cytoskeleton fraction [triton shell; (Layh-Schmitt and Harkenthall, 1999; Gobel et al., 1981;
Meng & Pfister, 1980)], and P1-B complexes can be purified from wild-type M. pneumoniae
cells in the absence of chemical crosslinking (Nakane et al., 2011). Membrane protein P30 is
likewise required for P1 function and cross-links with P1 in protein proximity studies (Layh-
Schmitt et al., 2000; Romero-Arroyo et al., 1999), but unlike proteins B, C, and P1, P30
localizes exclusively to the distal end of the terminal organelle (Seto et al., 2001). Epitope
mapping and adherence inhibition analyses suggest that functional maturation and receptor-
binding competence requires proper folding of three discontinuous regions of P1 to within
close proximity (Gerstenecker and Jacobs, 1990).

Given the complexity of protein interactions required for terminal organelle assembly and
maturation, the identification of the chaperone DnaK as a component of the triton shell in
close proximity to P1 is not surprising (Regula et al., 2001; Layh-Schmitt et al., 2000).
DnaK functions in polypeptide folding, protein translocation, and macromolecular assembly,
requiring a J-domain co-chaperone and the nucleotide exchange factor GrpE for peptide
binding and release (reviewed in Frydman, 2001; Hartl and Hayer-Hartl, 2002). The J-
domain co-chaperone TopJ of M. pneumoniae localizes to the terminal organelle and is
required for cytadherence and gliding motility, despite wild-type levels of P1, P30, and all
other cytadherence-related proteins examined (Cloward and Krause, 2009). P1, HMW1,
P30, and P65 appear to co-localize normally in the topJ mutant, but cellular positioning of
the terminal organelle is defective, suggesting a likely role for TopJ, and by inference DnaK,
in terminal organelle maturation (Cloward and Krause, 2009). Complementation of the topJ
mutant with recombinant TopJ, but not a derivative having an altered canonical HPD
domain, rescues cytadherence and gliding, underscoring the importance of co-chaperone
function in the topJ mutant phenotype (Cloward and Krause, 2009; Cloward and Krause,
2010).

Here we compared the topJ and other cytadherence mutants to elucidate more specifically
how TopJ function contributes to terminal organelle maturation in the context of other
terminal organelle components. Core positioning and both size and electron density of cells,
as viewed in thin sections, differed among the mutants, underscoring the varied influences of
terminal organelle proteins on cellular architecture. By this analysis, the topJ mutant most
closely resembled mutant III-4, which lacks cytadherence-associated proteins B and C.
Satellite growth, immunofluorescence analysis, and cell growth patterns suggested that TopJ
requires an electron-dense core for polar localization and contributes to terminal organelle
maturation, migration, or both during cell division. Finally, accessibility of adhesin P1 to
trypsin was reduced with the topJ mutant relative to wild-type M. pneumoniae and other
cytadherence mutants, suggesting that P1 fails to translocate and/or fold correctly on the
mycoplasma cell surface in the absence of this co-chaperone, perhaps impairing the capacity
of a P1/B/C/P30 complex to anchor the terminal organelle core properly to the mycoplasma
membrane.
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Results
Core positioning in topJ and other non-cytadhering mutants

We previously noted that terminal organelle core positioning is defective in M. pneumoniae
topJ mutant cells (Cloward and Krause, 2010) and expanded here the analysis of core
placement compared to other terminal organelle mutants by categorizing the extent of core
extension beyond the cell body and determining the percentages observed for each category
(Figure 1). The categories were: fully extended cores (100%); cores perpendicular to the
membrane and extended from the cell body approximately 75%, 50%, or 25%; cores parallel
to the membrane (Henderson and Jensen, 2006) and categorized here 50%*, and cores
perpendicular to the membrane but unextended (0%). Wild-type M. pneumoniae and the
P24− mutant had the highest percentage of cells (ca. 65– 70%) with fully extended cores
(Figure 1), indicating that the reduced steady-state level of P24 in the topJ mutant (Cloward
and Krause, 2009) was not responsible for defective core positioning. The remaining
mutants had higher percentages of cores not fully extended, with the topJ and III-4 mutants
having the largest combined percentages of cells with partially-extended, perpendicularly-
oriented cores (ca. 36 and 27%, respectively). As expected (Cloward and Krause, 2010), the
topJ deletion derivative topJΔHPD resembled the topJ mutant, while topJΔC and topJΔAPR
were more similar to wild-type. Curiously, the electron-lucent space flanking each core was
retained regardless of core positioning, suggesting the presence of a poorly staining
component that excludes cytoplasmic content.

Ultrastructural appearance of topJ and other non-cytadhering mutants
M. pneumoniae cells with no TopJ or with the topJΔHPD derivative exhibit fragility under a
variety of fixation conditions, resulting in an enlarged, electron-lucent appearance in thin
section (Cloward and Krause, 2010). Here we examined additional mycoplasma mutants for
a possible correlation with the topJ mutant phenotype (Figure 2; Table 2). Cell sizes and
electron densities in thin sections were quantified and sorted, with size values in the top 25%
for each assumed to represent mid-cell sections and thus to reflect relative cell size most
accurately (Table 2). Wild-type and P24− mutant cells in thin section were equivalent in size
but significantly smaller than mutant II-3, III-4, or topJ cells (p ≤ 0.01); mutant III-4
dwarfed all strains in both average and maximum areas (p ≤ 0.05 compared with either
mutant II-3 or the topJ mutant, and p ≤ 0.001 compared with the M6 or P24- mutants or
wild-type cells). Noncytadherent mutants grow in suspension in liquid culture, but the topJ
and II-3 mutant cell sizes in thin section surpassed M6 by ≥30% (p ≤ 0.01), suggesting that
failure to attach to a solid surface during growth was not solely responsible for the size
difference. Although topJ and II-3 mutant cells were almost identical and statistically
indistinguishable in size, the topJ mutant most closely resembled mutant III-4 in overall
electron density (Table 2). We also standardized for cell size by examining cell densities in
thin section for each mutant population only within the range of larger wild-type cells (0.07–
0.21 µm2), but both the III-4 and topJ mutants continued to exhibit the lowest overall
electron densities (Table 2; p values ranged from ≤ 0.001 to ≤ 0.05, see Supplemental Table
1). Their reduced cell densities suggest that these cells resisted staining and lost cell content
during processing for electron microscopy. Finally, both the III-4 and topJ mutants exhibited
fibrous strands extending outward from apparent membrane disruptions, suggesting
membrane fragility (data not shown).

Cell growth and TopJ localization patterns differed based on core presence
P1 clusters primarily at the distal end of the terminal organelle in wild-type M. pneumoniae,
with TopJ localizing proximally (Figure 3; Baseman et al., 1982; Feldner et al., 1982;
Cloward and Krause, 2009). P1 likewise forms a focus at the apex of cell branches and
occasionally at a cell pole in topJ and core-positive mutants II-3 and III-4 (Romero-Arroyo
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et al., 1999; Seto and Miyata, 2003; Cloward and Krause, 2009; Cloward and Krause, 2010),
but core-negative mutants I-2 and M6 exhibit a diffuse and punctate rather than focal P1
distribution (Baseman et al., 1982; Seto et al., 2001; Seto and Miyata, 2003). Here we
examined TopJ localization relative to P1 in core-positive and core-negative mutants (Figure
3). TopJ co-localized proximal to P1 in core-positive mutants II-3 and III-4 at either a cell
pole or the apex of a branched cell, likely corresponding to a terminal organelle (Figure 3,
white circles). Interestingly, some separation was noted between P1 and TopJ in mutant III-4
but not in other mutants, but we have not attempted to quantify this observation. Like P1,
TopJ exhibited a diffuse and punctate distribution in core-negative mutant M6, with no
apparent correspondence in the fluorescence patterns for each. In contrast, TopJ
fluorescence was typically more focal in core-negative mutant H9, with clear
correspondence between some (white circles) but not all (red and yellow circles) P1 and
TopJ fluorescent foci. Furthermore, some polar foci were clearly noted with mutant H9
(arrows). The distinct fluorescence patterns for M6 and H9 may simply reflect differences in
morphology between the two mutants, but attempts to otherwise quantify these differences
were hampered by the inability to define individual cells for each. Nevertheless, taken
together, these data suggest that an intact core, and perhaps more specifically HMW1, which
is absent in mutant M6 but only reduced in mutant H9, are required for TopJ localization.

Delayed terminal organelle formation and/or migration in topJ mutant cells
To compare topJ and other cytadherence mutants further we analyzed their colony growth
and terminal organelle development patterns (Figure 4). In contrast to the outward spreading
and satellite growth of wild-type M. pneumoniae, the core-positive mutants II-3 and III-4
formed isolated microcolonies that expanded with defined edges, while the core-negative
mutants M6 and H9 exhibited outward growth characterized by cell branching and
elongation (Figure 4A). The topJ mutant exhibited microcolony growth patterns
characteristic of both core-positive and core-negative mutants, i.e. branched growth at the
microcolony periphery like core-negative mutants, but also a pronounced center and defined
edges like core-positive mutants. These mutants are all non-motile hence differences in
microcolony formation are likely a function of cell growth and division. In order to follow
cell growth over time for the topJ mutant we utilized a yellow fluorescent protein (YFP)
fusion to terminal organelle protein P41 (Kenri et al., 2004) and time-lapse imaging (Figure
4B and 4C). As expected (Hasselbring and Krause, 2007a), wild-type cells (Figure 4B)
formed a sharp YFP-P41 focus at each terminal organelle, including the leading end of
gliding cells (arrows) and cells growing outward from a microcolony (arrowheads).
However, YFP-P41 foci were typically absent as cell growth extended outward from
microcolonies of the topJ mutant (Figure 4C, red circles). Rather, we observed diffuse
fluorescence, with very faint foci forming in a manner that did not appear to be coordinated
with cell growth (red arrowheads), consistent with the high incidence of cells with no
evidence of an electron-dense core (Cloward and Krause, 2009).

Loss of TopJ alters protease accessibility to P1 adhesin
The topJ mutant has wild-type steady-state levels of all known cytadherence-associated
proteins yet is non-cytadherent (Cloward and Krause, 2009), prompting us to examine
accessibility of terminal organelle surface proteins to trypsin as a possible reflection of lack
of adhesin function. Wild-type and topJ mutant cells were initially incubated with trypsin
for 30 minutes and the digestion patterns compared (Figure 5A). As expected, steady-state
levels of GroEL remained virtually unchanged in cells treated with trypsin alone, indicating
that cell lysis was minimal during trypsinization, and that the increased fragility of the topJ
and III-4 mutants with sample processing for electron microscopy was not evident here. As a
control, full-length GroEL was barely detectable when cells were solubilized with Triton
X-100 and trypsin- treated. Of the terminal organelle proteins examined, only P1
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demonstrated a clear and reproducible difference, appearing less accessible to trypsin with
the topJ mutant than with wild-type cells (data not shown and Figure 5A).

We expanded the analysis of P1 accessibility to protease through a quantitative time course
with wild-type M. pneumoniae, the topJ mutant, and other non-cytadhering mutants (Figure
5B & 5C). Trypsin treatment of wild-type cells resulted in gradual loss of the 170-kDa P1
band (Figure 5B, red boxes) and coincident appearance of < 90-kDa P1 products, which then
diminished over time (bracket). The relative intensity of the P1 bands in untreated wild-type
and topJ mutant cells decreased by <10% over 30 min at 37°C (Figure 5C). In order to
obtain the percentage of the P1 band remaining and normalize between Western blots, the
band intensities of trypsinized P1 at each time point were measured relative to band
intensities of untreated P1 at the same time point (Figure 5C). P1 levels from trypsin-treated
wild-type cells decreased by about 20% and 60% at 1 and 30 min, respectively (Figure 5C).
P1 from topJ mutant cells also decreased by about 20% after 1 min but exhibited a slower
decline than wild-type P1 over 30-min, to a final reduction of 40% [Figure 5B, green boxes,
and Figure 5C; p ≤ 0.01 at 5, 10, 20 min; p ≤ 0.05 at 30 min (see Supplemental Table 2 for
all p-values)]. Surprisingly, P1 digestion was strikingly faster for mutants II-3, III-4, M6,
and H9 (60%–100% reduction within 2 min), with full-length P1 almost completely absent
in these mutants by 30 min (Figure 5B, blue boxes, and Figure 5C; p ≤ 0.01). Thus, P1 was
significantly more trypsin-accessible in both core-positive and core-negative cytadherence
mutants than in wild-type, but conversely was less trypsin-accessible in the absence of TopJ
than for all other strains examined. We likewise assessed topJ deletion derivatives (Cloward
and Krause, 2010) for P1 accessibility to trypsin (Figure 6). The topJ and topJΔHPD cells
exhibited similar and statistically indistinguishable P1 digestion patterns, linking altered P1
trypsin accessibility directly to TopJ co-chaperone function. In contrast, the pattern for
topJΔC cells more closely aligned with and was statistically indistinguishable from that of
wild-type over the time course, while the topJΔAPR derivative had an intermediate rate of
P1 digestion that was statistically indistinguishable from either the topJ mutant or wild-type
after 30 min. Interestingly, the loss of TopJ did not affect Triton-partitioning of all terminal
organelle proteins examined, nor did the loss of these terminal organelle proteins affect TopJ
partitioning (data not shown), suggesting that association with the triton shell is protein-
specific, TopJ-independent, or both.

Discussion
Cytadherence competence in M. pneumoniae requires the trafficking of P1 to the terminal
organelle, where it appears to form an adhesin complex with B, C, and P30 (Hahn et al.,
1998; Layh-Schmitt and Harkenthal, 1999; Layh-Schmitt and Herrmann, 1994; Nakane et
al., 2011) and likely undergoes final folding to assume a functional conformation for
receptor binding. The topJ mutant has wild-type levels of known cytadherence-associated
proteins, which co-localize focally with terminal organelle core components yet fail to
function in adherence and gliding (Cloward and Krause, 2009; Cloward and Krause, 2010).
Here we explored further the topJ mutant phenotype in the context of other terminal
organelle mutants.

Henderson and Jensen (2006) previously described electron-dense cores that fail to extend
from the cell body in wild-type M. pneumoniae, and our analysis here quantified their
prevalence in wild-type and mutant cell populations. We believe that two major conclusions
emerge from analysis of core positioning data in Figure 1. First, >80% of cores examined in
wild-type cells were extended by 75% or more, compared to approximately 55–60% for the
topJ, II-3, and III-4 mutants, with no overlap at the 95% confidence intervals at 100%
extension. This difference suggests a defect in core positioning in the absence of P30 or B &
C, both of which likely partner with the major adhesin P1 in the terminal organelle
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membrane (Layh-Schmitt and Harkenthall, 1999; Nakane et al., 2011). Similarly defective
core positioning in the absence of TopJ raises the possibility that this co-chaperone is
required for formation of a functional P1/B/C/P30 adhesin complex. Second, core placement
in the topJ mutant was most like that of topJΔHPD, indicating that the canonical J-domain,
and by inference DnaK, are required for normal core positioning. While core-placement
patterns varied among the mutant strains, suggesting that the corresponding terminal
organelle proteins influence core positioning differently, a considerably larger sample size is
required to make relevant conclusions regarding those mutants.

The topJ and III-4 mutants were similar with respect to the size, electron density, and
integrity of cells in thin sections, suggesting that sample processing for EM was consistently
less effective for these mutants than for wild-type cells or the II-3, M6, or P24− mutants. EM
analysis of the M. pneumoniae triton-insoluble fraction reveals membranous material
associated with the triton shell (Regula et al., 2001). Unlike the triton-soluble P30, proteins
B, P1, and TopJ partition with both the insoluble and soluble fractions (data not shown) and
may form higher-ordered complexes between the membrane and cytoskeleton, perhaps
thereby contributing to cell integrity. Curiously, mutant M6 cells had a normal electron
density despite the loss of HMW1, a predominantly triton-insoluble peripheral membrane
protein critical for electron-dense core formation (Balish et al., 2001; Seto and Miyata,
2003), suggesting that HMW1 may contribute to cell integrity differently than P1, B/C, or
TopJ.

The topJ mutant exhibited a hybrid satellite growth pattern, with features typical of both
core-positive and core-negative cytadherence mutants, and terminal organelle protein P41
was not necessarily associated with extending filaments of topJ mutant cells, unlike wild-
type M. pneumoniae. In addition, in this and previous studies we showed that individual
cells of the topJ mutant lack paired foci for several terminal organelle proteins (Cloward and
Krause, 2009; Hasselbring et al., 2006; Seto at al., 2001; Seto and Miyata, 2003). Finally,
TopJ appeared more focal in mutant H9 than in mutant M6, often paired with P1, suggesting
that reduced HMW1 in H9 partially supports TopJ localization compared to M6, which
lacks HMW1 entirely. These data are consistent with our previous finding that HMW1 is
required for P1 trafficking (Hahn, et al., 1998), and a scenario where P1 fails to interact
normally with P30, B and C in the absence of TopJ, impacting both the core interface with
the terminal organelle membrane as well as functional maturation of the adhesin complex.
While the basis for absence of a terminal organelle in some cells of the topJ mutant remains
unclear, the potential influence of reduced P24 on terminal organelle formation is intriguing.
The absence of P24 does not affect core positioning or cell integrity (this study) but does
impact temporal and spatial patterns for new terminal organelle formation (Hasselbring and
Krause, 2007b), albeit in a manner distinct from the striking YFP-P41 patterns seen here in
growing topJ mutant cells (Figure 4C), and which is likely not due simply to the reduced
levels of P24 in the absence of TopJ. However, the APR and C-terminal domains of TopJ
are required for P24 stabilization (Cloward and Krause, 2010) and perhaps for normal core-
positioning (Figure 1). Additional studies are clearly required to define how P24 influences
the timing and location of new terminal organelle formation and how this process is linked
to co-chaperone function.

Proper P1 trafficking alone is not sufficient for adherence competence. To explore P1
maturation specifically, we examined its accessibility to trypsin treatment of wild-type and
mutant whole cells. In the absence of proteins P30, B/C, HMW1, or HMW2, proteolysis of
P1 was dramatically accelerated relative to that in wild-type cells. Nearest-neighbor analyses
place these proteins in close proximity to P1 (Layh-Schmitt and Herrmann, 1994; Layh-
Schmitt et al., 2000), and their absence appears to increase accessibility to trypsin, as
reflected in their rapid digestion. However, conformational influences in addition to
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shielding could account for accelerated P1 proteolysis, as supported by the accelerated
proteolysis of P1 in mutants having B/C and P30 but lacking a core. In striking contrast, P1
accessibility to trypsin was significantly reduced in the topJ mutant relative to wild-type,
suggesting that in the absence of TopJ, P1 achieves a trypsin-resistant conformation, fails to
translocate to the surface at wild-type levels, or both. While either scenario might impact the
interaction of P1 with B/C and P30, the clear difference in accessibility of P1 to trypsin
indicates that TopJ impacts P1 maturation in a manner distinct from that of accessory
proteins P30 and B/C. In addition, the similar P1 digestion timecourse for the topJ mutant
and topJΔHPD deletion derivative indicates the essential role of TopJ co-chaperone function
specifically in terminal organelle maturation. Nakane et al. (2011) identified two major
trypsin sites for P1, one of which coincides with a region targeted by adherence-inhibiting
antibodies. This finding adds functional relevance to the correlation seen here between
differences in P1 trypsin accessibility between wild-type M. pneumoniae and cytadherence
mutants.

Previously, TopJ was defined as a J-domain co-chaperone, likely interacting with DnaK for
terminal organelle protein maturation (Cloward and Krause, 2010). J-domain proteins
activate the ATPase of DnaK, catalyzing protein binding and subsequent folding and / or
translocation (Hendrick and Hartl, 1995). In the absence of a J-domain protein, DnaK can
continue to act alone but less efficiently (Liberek et al., 1991), likely resulting in the
misfolding of proteins. Furthermore, DnaK can be membrane-associated in Escherichia coli,
possibly to facilitate protein translocation (Bukau et al., 1993). In M. pneumoniae, DnaK
partitions in the triton shell and localizes in close proximity to P1 (Layh-Schmitt et al.,
2000; Regula et al., 2001); therefore, loss of co-chaperone TopJ may limit DnaK activation,
resulting in a cascade of morphological and functional manifestations. While other scenarios
are possible, we propose that TopJ associates with HMW1, which is required for trafficking
of P1 to the terminal organelle, and interacts with DnaK to facilitate folding, processing,
and / or translocation to the surface to achieve a functional conformation for P1, B/C, or
perhaps both.

Experimental Procedures
Bacterial strains and growth conditions

Wild-type M. pneumoniae strain M129-B18 (Lipman and Clyde, 1969), mutant II-3, mutant
III-4 (Krause et al., 1982) mutant M6 (Layh-Schmitt et al., 1995), mutant H9 (Hedreyda and
Krause, 1995), mutant P24− (Hasselbring and Krause, 2007a, 2007b), the topJ mutant
(Cloward and Krause, 2009), and topJ deletion derivatives (Cloward and Krause, 2010)
were grown in tissue culture flasks with SP4 medium (Tully et al., 1977) at 37°C until mid-
log phase. The H9 and topJ mutants were grown with gentamicin (18 µg/ml); P24− and the
topJ deletion derivatives were grown with gentamicin and chloramphenicol (24 µg/ml). For
terminal organelle development studies, wild-type M. pneumoniae and topJ mutant cells
were each transformed with yfp-p41 in Tn4001cat conferring chloramphenicol resistance
(Hedreyda et al., 1993; Kenri et al., 2004), expanded in SP4 medium with appropriate
antibiotics, and screened for YFP-P41 (data not shown).

Microscopy
Sample preparation for TEM and digital image acquisition of thin sections was performed as
described previously (Willby and Krause, 2002). Mycoplasmas were prepared and examined
for immunofluorescence microscopy as described (Cloward and Krause, 2009), or with
modifications to yield more individual cells. Briefly, overnight cultures were harvested,
syringe-passaged, filtered (0.45 µm), and incubated in fresh growth medium 2 h at 37°C
prior to fixation. Phase contrast / fluorescence microcinematographic analysis of terminal
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organelle development was performed as described (Hasselbring et al., 2005) except that
cultures were incubated overnight, after which the medium was exchanged with fresh SP4 +
3% gelatin and appropriate antibiotics (pH 7.2) and maintained at 37°C for 30 min prior to
viewing.

Satellite growth analysis
Mycoplasmas were inoculated in four-well borosilicate glass chamber slides (Nunc Nalgene,
Naperville, IL) containing SP4 medium + 3% gelatin with appropriate antibiotics. Time-
lapse images were obtained at 12-h intervals per established protocols (Hasselbring et al.,
2005).

Trypsin digestion
Wild-type and mutant M. pneumoniae strains cultured and harvested as described above
were suspended in cold PBS buffer (pH 7.2), assayed for total protein content by
bicinchoninic acid assay (Pierce, Rockford, Ill.), normalized to 1 mg/ml, and kept on ice.
Aliquots of 30 µl were used per sample and time-point. As a control, some aliquots were
incubated with Triton X-100 at 2% for 30 min at 37°C prior to trypsin treatment. Type XI
bovine pancreas trypsin (Sigma, St. Louis, MO) and type II-0 chicken white trypsin inhibitor
(Sigma, St. Louis, MO) in PBS buffer were prepared immediately prior to use. Trypsin was
added to a concentration of 25 µg/ml (with PBS alone added to negative control samples)
and incubated at 37°C in a water bath. At each time point, a set of tubes was removed and
the reaction stopped with trypsin inhibitor (25 µg/ml; molar ratio 1.2:1 to trypsin). SDS-
PAGE sample buffer was added and samples were incubated 95°C for 15 min prior to
storage at −20°C. Samples were analyzed by 6% SDS-PAGE and Western immunoblotting
as described previously (Hahn et al., 1996; Hasselbring et al., 2005). Rabbit polyclonal
antibodies prepared against P1 protein excised from SDS-PAGE gels as described (Baseman
et al., 1982), were used at 1:1,000 (anti-P1). Rabbit anti-GroEL antibodies (Proft and
Herrmann, 1994) were used at 1:4,000. The secondary antibody was alkaline phosphatase-
conjugated goat anti-rabbit IgG (1:7500; Promega, Madison, WI).

Statistical analysis of ultrastructural quantitations and immunoblot band intensities
Electron-dense core positioning was assessed as the ratio of the length of core extended
beyond the cell body to its total length. The frequency for each ratio category was
determined as a percentage of the total population. A 95% confidence interval was
determined and listed for each observed frequency. Size and mean pixel intensity of TEM
thin sections were determined as described (Cloward and Krause, 2010) and analyzed by
ANOVA and Dunn’s Multiple Comparison post-hoc test by using GraphPad Instat, version
3.05 software (La Jolla, CA).

Digital images of immunoblots were obtained to determine protein band intensities. Each
170-kDa P1 band or pair of bands was assessed for pixel intensity using the Scion Image
marquee selection tool fixed at identical dimensions for all blots, with experiments
performed in triplicate. The relative pixel intensity for each band was obtained and
converted to a percentage intensity of the untreated band at the same time point: ([C at
t=10] / [- at t=10] × 100). Change over time of untreated samples were shown relative to
t=1: ([- at t=10] / [- at t=1] × 100). No values were obtained for t=0; the values from
negative controls at t=1 were used for t=0 to graphically represent the reduction between
pre-treatment and t=1 for trypsin-treated samples. Differences in densitometric analysis were
analyzed using multivariate ANOVA followed by Tukey HSD post-hoc pairwise
comparisons of strains per time-point, by using SAS 9.2 software (The SAS Institute, Cary,
NC).
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Figure 1. Electron-dense core positioning in wild-type M. pneumoniae and several terminal
organelle mutants
Core position categories were established based on the length of core extension beyond the
cell body / total core length. A representative TEM image and schematic depiction are
provided for each category. Values are indicated as percentages observed, followed by the
percentage range at a 95% confidence interval (minimum, maximum), N = total cells
examined per strain.
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Figure 2. Ultrastructural comparisons of wild-type M. pneumoniae and terminal organelle
mutants
Representative TEM micrographs of M. pneumoniae strains as indicated. Bar, 200 nm.
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Figure 3. Immunofluorescence microscopy analysis of TopJ localization in wild-type M.
pneumoniae and cytadherence mutants
P1 (false-colored red) and TopJ (false-colored yellow) were immunolocalized in wild-type
(WT) and mutant strains as indicated. For WT, II-3, and III-4: left panel, merged phase
contrast and fluorescence images; right panel, fluorescence images only. White circles
indicate co-localization of TopJ and P1. For M6 and H9: left panel, merged phase contrast
and fluorescence images; middle panel, P1; right panel, TopJ. White circles, representative
examples of co-localized P1 and TopJ foci; red and yellow circles, representative P1 foci
lacking clear, corresponding Top J foci and vice versa, respectively; arrows, polar foci for
P1 and Top J (white) and TopJ only (yellow) in mutant H9. Bar, 1µm.
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Figure 4. Cell growth and terminal organelle development in wild-type and mutant M.
pneumoniae
(A) Satellite growth analysis of wild-type (WT) M. pneumoniae cells and the indicated core-
positive (topJ, II-3, III-4) and core-negative (M6, H9) cytadherence mutants. Mycoplasmas
were incubated in SP4 medium with 3% gelatin for 72 hr. Bar, 20µm. (B and C) Time-lapse
images of terminal organelle formation in wild-type (B) M. pneumoniae and the topJ mutant
(C) expressing YFP-P41. Top row, phase contrast; middle row, YFP-P41 fluorescence false-
colored yellow; bottom row, merged phase contrast and fluorescence images. Numbers,
incubation time in hours; white arrows, terminal organelle on gliding cells; white
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arrowheads, terminal organelle on growing cells. Red circles, cells growing outward with no
polar terminal organelle. Red arrowhead, faint YFP-P41 foci. Bar, 2µm.
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Figure 5. P1 accessibility to digestion by trypsin over time in wild-type and mutant strains
(A) Proof of concept. Immunoblot analysis of M. pneumoniae wild-type (WT) and topJ
mutant cells after 30-min trypsin digestion and analysis by 4–12% gradient SDS-PAGE and
immunoblotting with the antisera listed to right. (B) Representative immunoblots of wild-
type (WT) and topJ mutant cells treated with trypsin for the indicated times, followed by
SDS-PAGE and immunoblot analysis with P1-specific antiserum. The mutant blots are
cropped to show only the reduction in the 170-kDa P1 band over time. −, no trypsin; +,
trypsin-treated; C, samples solubilized with 2% Triton X-100 for 30 min at 37°C before
trypsin treatment; bracket, P1 digestion products; colored boxes highlight changes in P1
over time with trypsinization of wild-type M. pneumoniae (red), the topJ mutant (green),
and other cytadherence-mutants (blue). (C) The reduction in intensity of the 170-kDa P1
band for trypsin-treated and untreated samples over time. Bars, standard error of the mean.
See Supplemental Table 3 for detailed statistical comparisons.
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Figure 6. P1 accessibility to digestion by trypsin over time for topJ deletion derivatives
(A) Representative immunoblots of the indicated strains treated with trypsin for the
indicated times followed by separation by SDS-PAGE and Western immunoblot analysis, as
described for figure 5. Colored boxes highlight changes in P1 over time with trypsinization
of wild-type M. pneumoniae (red), the topJ mutant (green), and the indicated topJ deletion
derivatives (blue) (B) The reduction in intensity of the 170-kDa P1 band for trypsin-treated
and untreated samples over time. Bars, standard error of the mean. See Supplemental Table
3 for detailed statistical comparisons.
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