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SUMMARY

Author Manuscript

The Mycoplasma pneumoniae terminal organelle functions in adherence and gliding motility and
is comprised of at least eleven substructures. We used electron cryotomography to correlate
impaired gliding and adherence function with changes in architecture in diverse terminal organelle
mutants. All eleven substructures were accounted for in the prkC, prpC, and P200 mutants, and
variably so for the HMW3 mutant. Conversely, no terminal organelle substructures were evident in
HMW1 and HMW2 mutants. The P41 mutant exhibits a terminal organelle detachment phenotype
and lacked the bowl element normally present at the terminal organelle base. Complementation
restored this substructure, establishing P41 as either a component of the bowl element or required
for its assembly or stability, and that this bowl element is essential to anchor the terminal organelle
but not for leverage in gliding. Mutants II-3, III-4, and topJ exhibited a visibly lower density of
protein knobs on the terminal organelle surface. Mutants II-3 and III-4 lack accessory proteins
required for a functional adhesin complex, while the topJ mutant lacks a DnaJ-like co-chaperone
essential for its assembly. Taken together, these observations expand our understanding of the roles
of certain terminal organelle proteins in the architecture and function of this complex structure.

ABBREVIATED SUMMARY
Author Manuscript

Mycoplasma pneumoniae mutants defective in adherence and gliding were analyzed by electron
cryotomography for corresponding changes in terminal organelle architecture. Ultrastructural
changes ranged from complete loss of all eleven terminal organelle substructures in some mutants,
to changes in specific substructures such as the protein knobs on the terminal organelle surface
(green) or the bowl substructure (purple) at its base. Somewhat surprisingly, for other mutants no
differences in terminal organelle architecture were evident.
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INTRODUCTION
Mycoplasma pneumoniae is a common human respiratory tract pathogen causing
community-acquired tracheobronchitis and atypical pneumonia (Esposito et al., 2004;
Waites and Talkington, 2004). This novel, cell wall-less prokaryote is the leading cause of
pneumonia in older children and young adults, but incidence is increasing in the very young
and elderly, probably due to expanding, closely housed populations in these age groups.
Symptoms are often flu-like, though characteristically persistent, and can lead to serious
sequelae including extra-pulmonary spread, diverse immunopathology, and chronic
pulmonary damage associated with onset and exacerbation of asthma.
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Mycoplasmas are Gram-positive phylogenetically, but degenerative evolution has led to
significant genome reduction. As a result, mycoplasmas lack genes for cell wall synthesis,
many catabolic and biosynthetic pathways, and other capabilities common to model bacteria.
Despite its minimal genome, M. pneumoniae possesses a unique and remarkably complex
terminal organelle (Biberfeld and Biberfeld, 1970). This membrane-bound extension of the
cell body mediates adherence to host epithelium, is the motor for gliding motility, and likely
plays a role in the cell cycle, where its duplication is coordinated with chromosome
replication and cell division (Hasselbring et al., 2006; Seto et al., 2001.). The terminal
organelle is defined at the ultrastructural level by an electron-dense core that is often
oriented along the long axis of the cell and is comprised of at least eleven distinct
substructures, as revealed by electron cryotomography (ECT; Fig. 1) (Henderson and Jensen,
2006). These substructures include tightly packed protein knobs lining the inner and outer
surface of the terminal organelle membrane at its distal end (Fig. 1, elements A and B,
respectively); a terminal button comprised of three distinct subunits abutting the protein
complexes along the inner surface of the terminal organelle membrane (Fig. 1, elements C–
E); two parallel, angled, segmented rods of different length and thickness and often oriented
longitudinally (Fig. 1, elements F and G); and a bowl complex at the base, or proximal end,
of the terminal organelle (Fig. 1, elements H–K).
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Our understanding of the identity and function of proteins that comprise the terminal
organelle comes largely from mutant analysis (Table 1), cross-linking and other biochemical
approaches (Balish et al., 2001; Layh-Schmitt et al., 2000; Willby et al., 2004), and subcellular localization by antibody labeling and fluorescent protein fusions (Balish et al., 2003;
Baseman et al., 1982; Hu et al., 1982; Seto et al., 2001; Stevens and Krause 1991; Stevens
and Krause, 1992). Protein P1 functions directly in receptor binding and cell gliding and
forms a complex with protein P90 and probably proteins P30 and P40 (Layh-Schmitt et al.,
2000; Miyata and Hamaguchi, 2016; Nakane et al., 2011; Nakane et al., 2015; Seto et al.,
2005). These P1 adhesin complexes are thought to correspond both to the prominent knobs
on the terminal organelle surface (Fig. 1, elements A and B) (Henderson and Jensen, 2006;
Kawamoto et al., 2016; Nakane et al., 2015; Seybert et al., 2006), as well as the nap seen in
standard electron micrographs (EMs) (Baseman et al., 1982; Nakane et al., 2015). Proteins
HMW1 and HMW2 are required to form or stabilize the paired segmented rods (Willby et
al., 2004), with HMW2 a component specifically of the thicker rod (Balish et al., 2003; Bose
et al., 2009; Nakane et al., 2015). Proteins P24, P41, P200, MPN387, and TopJ localize to
the base of the terminal organelle, in the vicinity of the bowl complex (Cloward and Krause,
2009; Hasselbring and Krause, 2007a; Jordan et al., 2007; Nakane et al., 2015). While
mutant analysis and protein localization studies complement the detailed terminal organelle
architecture apparent by ECT, these approaches have not been previously combined in a
comprehensive manner. Here we compared tomograms of wild-type M. pneumoniae and
several terminal organelle mutants to correlate specific proteins with terminal organelle
substructures, and in so doing, further elucidate their roles in terminal organelle architecture
and function.

RESULTS AND DISCUSSION
Author Manuscript

The range of ultrastructural defects impacting terminal organelle function varied
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The M. pneumoniae mutants examined here share in common the loss and/or truncation of
one or more terminal organelle proteins, resulting in altered adherence, gliding, or both.
Tomograms for most of these mutants revealed clear changes to terminal organelle
architecture that involved specific substructures, as detailed below. However, all eleven
substructures were consistently present in the prkC, prpC, and P200 mutants, and variably
present in the HMW3 mutant, based upon examination of multiple tomograms for each. This
was not surprising for the prkC mutant (Fig. 2 and supplemental movie 2; see supplemental
movie 1 for comparison with wild-type M. pneumoniae), for which transposon insertion
results in a truncated protein kinase that is predicted to retain activity but lack a localization
domain, or for the prpC mutant (Fig. 2 and supplemental movie 3), lacking the cognate
protein phosphatase (Page and Krause, 2013). Truncation of PrkC has a subtle impact on
terminal organelle function, with no effect on cytadherence but a significantly lower gliding
frequency. Conversely, loss of PrpC results in a significantly elevated gliding frequency. All
known terminal organelle proteins are present at wild-type levels in both mutants (Page and
Krause, 2013), consistent with identification of all core substructures in tomograms here. As
likely regulatory rather than structural proteins, both may be present in low abundance, and
attempts at their detection by using antibodies raised against multiple antigenic peptides for
each were unsuccessful (Page and Krause, 2013).
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The P200 mutant adheres at wild-type levels but glides at a reduced speed and lacks a large
protein of undefined function that localizes to the region of the bowl complex (Jordan et al.,
2007; Nakane et al., 2015). Nevertheless, all terminal organelle substructures, including
bowl elements H-K, were accounted for in the P200 mutant (Fig. 3 and supplemental movie
4). P200 lacks homology to proteins of known function but has six “enriched in aromatic
and glycine residues” (EAGR) boxes, which were identified as protein interaction domains
in the closely related Mycoplasma genitalium (Calisto et al., 2012), and might mediate
assembly into a higher-order complex. Thus it came as a surprise here that loss of P200 did
not visibly affect the major substructures at the base of the terminal organelle.
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HMW3 localizes to the distal end of the terminal organelle core, including the region
corresponding to the terminal button (Fig. 1, elements C-E) (Nakane et al., 2015; Stevens
and Krause, 1992). HMW3 has two large acidic and proline-rich (APR) domains (Krause
and Balish, 2004; Ogle and Krause, 1991), which have been shown for the TopJ protein to
be required for association with the Triton X-100-insoluble, cytoskeletal fraction, or triton
shell (Cloward and Krause, 2010). HMW3 is relatively abundant and appears to exist as
polymerized filaments that surround the core at its distal end (Stevens and Krause, 1992).
Loss of HMW3 is accompanied by reduced levels of terminal button protein P65 and a
pronounced impact on terminal organelle function, including poor cytadherence, no gliding
motility, and inconsistent localization of P1 to the terminal organelle (Willby and Krause,
2002). Given these features, we expected the substructures of the terminal button would be
consistently altered or missing in the absence of HMW3. While we did indeed observe
incomplete cores in this mutant, where paired rods were clearly present but elements of the
terminal button and/or the bowl complex were not distinguishable (Fig. 4A–B), we also
noted that all core substructures, including the terminal button elements, were present for
many of the terminal organelles examined (Fig. 4C–4F, and supplemental movie 5). This
variability in the presence of complete terminal organelle cores was unique to the HMW3
mutant but consistent with variability previously noted in P1 localization to the terminal
organelle in this mutant (Willby and Krause, 2002). The variability observed here included
the protein knobs on the terminal organelle surface (see Fig. 1, element A) which were only
occasionally present at wild-type densities (e.g. Fig. 4F, salmon arrowheads). An
explanation we favor to account for the inconsistent core architecture and P1 localization in
this mutant is that HMW3 occupies the low-density region that separates the core
substructures from the cell membrane and perhaps facilitates bridging the terminal button
and the P1 adhesin complexes in a manner necessary for the latter to be fully functional. By
this model, HMW3 surrounds the substructures near the distal end of the core, perhaps as the
slender filaments not resolved by ECT but evident in some images of fixed and stained thin
sections of whole cells by standard EM (Wilson and Collier, 1976). This model is consistent
with the previous observation that HMW3 may be associated with the inner surface of the
terminal organelle membrane and collapses onto the core when cells are extracted with
Triton X-100 (Stevens and Krause, 1992).
The terminal button and bowl complex are believed to assemble after the paired rods of the
terminal organelle core (Krause and Balish, 2004), and the absence of terminal button and
bowl elements despite the presence of the paired rods in some terminal organelles of the
HMW3 mutant is consistent with that assembly sequence. HMW3 is thus not required for
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rod assembly or assembly of the terminal button or bowl complex, but appears to facilitate
the latter. Finally, adjacent cores linked at the terminal button and separated at their bases in
a chevron arrangement were also seen in some cells for the HMW3 mutant (Fig. 4, white
arrow), confirming previous observations from standard EMs of thin sections (Willby and
Krause, 2002). Core duplication precedes cell division (Hasselbring et al., 2006; Seto et al.,
2001), where wild-type cores normally separate at the terminal button after duplication
(Kawamoto et al., 2016), by a process that likewise seems impaired in the absence of
HMW3. Collectively these observations suggest a role in spatial organization role for
HMW3 in terminal organelle assembly and function.
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Seto and Miyata (2003) previously reported that no electron-dense core is apparent in
standard EMs of mutants lacking HMW1 or HMW2. Here we confirmed and extended that
observation, noting that no core rods or any other core substructures were evident in mutants
H9, C1, and M6 (Fig. 5 and supplemental movies 6–8, respectively). H9 and C1 have a
transposon insertion at different sites in the gene encoding HMW2 (Krause et al., 1997), a
major component of the larger segmented rod of the terminal organelle core (Nakane et al.,
2015). Loss or truncation of HMW2 impacts the synthesis or stability of proteins HMW1,
HMW3, P65, P41, P30, and P24 (Jordan et al., 2001; Krause et al., 1982; Popham et al.,
1997), which likely accounts for the lack of substructures in tomograms of these mutants.
Conversely, mutant M6 lacks HMW1 (Layh-Schmitt et al., 1995), which is required for
HMW2 stability (Willby et al., 2004), and thus the absence of core substructures in the M6
mutant likewise was not unexpected. It has been suggested that HMW1 is a component of
the smaller plate of the core (Fig. 1, element G; Nakane et al., 2015), although the data are
ambiguous and may reflect a more peripheral position (Balish et al., 2001). Finally,
tomograms of the HMW1 and HMW2 mutants occasionally revealed long, narrow,
segmented ribbons (Fig. 5, arrowheads) not previously seen in standard EMs. These ribbons
exhibited no pattern with respect to location within the cell and often appeared twisted, in
some cases in helical bundles (Fig. 5, arrows). Such ribbons were absent in wild-type or
other mutant tomograms and may represent a terminal organelle substructure that has failed
to fold or localize correctly in the absence of the paired rods of the core, which may serve to
orient normal core assembly. Perhaps significantly, segmented filamentous structures,
sometimes bundled, were also recently described in other bacteria (Dobro et al., 2017).
P41 is required for the bowl element
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The P41 mutant exhibits a striking phenotype when gliding, where the terminal organelle
pulls away from the cell body, eventually detaches, and continues to glide independently for
about an hour (Hasselbring and Krause, 2007a). Tomograms of this mutant revealed the
presence of all core substructures except the bowl element (see Fig. 1, element K) that is
normally found at the base of the terminal organelle in wild-type M. pneumoniae (Fig. 6,
circles, and supplemental movie 9). All other elements of the bowl complex were accounted
for in the P41 mutant (Fig. 6, red arrowheads). Tomograms also frequently revealed
detached terminal organelles of varying sizes, their membranes having re-sealed following
separation from the cell body (Fig. 6, white arrows). In addition, we noted cells with no
terminal organelle (not shown), and membrane vesicles of various sizes (white arrowheads),
likely generated during the forceful detachment of terminal organelles, were much more
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common with the P41 mutant than for all other strains examined. Finally, the absence of the
bowl element did not affect the protein knobs on the terminal organelle surface (salmon
arrowheads), which is consistent with the ability of the P41 mutant to attach normally to
surfaces and retain some gliding capacity.
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Transposon disruption of the P41 gene has a polar effect on the downstream protein P24.
Complementation of this mutant by using a recombinant transposon to deliver the wild-type
alleles for P41 and P24 restores a wild-type phenotype (Hasselbring and Krause, 2007a), and
here tomograms of the complemented mutant revealed no detached terminal organelles, with
an intact bowl complex evident (Fig. 6, middle panels). In contrast, the bowl element was
consistently absent in tomograms of the P41 mutant complemented with a transposon
carrying only the recombinant wild-type P24 allele (Fig. 6, bottom panels; circles). Thus, we
conclude that P41 is either a component of the bowl structure itself or is required for its
assembly or stability. Finally, it has been suggested that M. pneumoniae motility is achieved
in part by conformational changes in the rod structure, utilizing the bowl for leverage
(Henderson and Jensen, 2006; Kawamoto et al., 2016). However, the P41 mutant and its
detached terminal organelles are motile despite the absence of the bowl element K,
suggesting that this substructure specifically is not essential for such leverage in the model
proposed by Henderson and Jensen (2006). Filaments can be seen radiating from the base of
the terminal organelle into the cell body in M. pneumoniae triton shells (Göbel et al., 1981),
and bowl element K may serve to anchor those filaments. The nature of any linkage between
the cell membrane and the bowl complex is not known, but the variety in detached terminal
organelle size in this mutant suggests that the terminal organelle separates imprecisely from
the cell body in the absence of P41.

Author Manuscript

Protein knob density was reduced on some mutants
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All internal substructures were observed in the II-3, III-4, and topJ mutants. However, the
abundance of the protein knobs on the terminal organelle surface (element A in Fig. 1) was
visually lower for these mutants compared to wild-type M. pneumoniae (Fig. 7 and 8 and
supplemental movies 10–12). These protein knobs are of particular interest, given their
likely direct involvement in receptor binding and cell gliding, and their reduced density
correlates with the loss of adherence and gliding motility for these three mutants.
Furthermore, for mutants II-3 and III-4 their reduced density also correlates with the absence
of the terminal organelle nap normally seen by negative staining in standard EMs of wildtype M. pneumoniae (Baseman et al., 1982). Kawamoto et al. (2016) recently reported the
markedly reduced abundance of these terminal organelle knobs on a mutant that lacks both
the P1 adhesin and accessory proteins P40 and P90, concluding that these knobs correspond
to the P1 adhesin complex. Moreover, isolated complexes of the P1/P90 homologs in the
closely related Mycoplasma genitalium are structurally similar by ECT to the nap complexes
seen on intact cells (Scheffer et al., 2017). Our results here support and extend those
findings, as tomograms of mutant III-4, lacking P40 and P90 but not P1, likewise revealed
visually lower numbers of protein knobs on the terminal organelle surface. P1 surface
exposure on this mutant is comparable to wild-type, based on accessibility to
lactoperoxidase-mediated radioiodination (Baseman et al., 1982) and antibody labeling (Seto
and Miyata, 2003), but it remains non-functional in the absence of accessory proteins
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P40/P90 (Waldo et al., 2005). In this regard, Baseman et al. (1982) noted that cooperation
between P1-associated proteins may permit essential lateral mobility or activation of the
membrane for formation of the nap. The same probably applies to the reduced density of
protein knobs on the P30 mutant II-3, where P1 is also present at wild-type levels on the
mycoplasma surface (Baseman et al., 1982; Seto and Miyata, 2003) but likewise fails to
form functional adhesin complexes. Thus P1, P40, and P90 are necessary but not sufficient
for the presence of these terminal organelle knobs at wild-type densities. Interestingly,
Kawamoto et al. (2016) noted a high degree of heterogeneity in the particles on wild-type
M. pneumoniae and suggested that they may be conformationally dynamic, while Scheffer et
al. (2017) described significant variation in the degree of tilt of nap complexes with respect
to the membrane in M. genitalium.
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The low abundance of protein knobs was most pronounced for the topJ mutant (Fig. 8),
which has normal levels of P1, P30, and P40/P90 but lacks the DnaJ-like co-chaperone TopJ
(Cloward and Krause, 2009; 2011). Complementation of the topJ mutant restored normal
protein knob density (data not shown). P1 exhibits a strikingly lower accessibility to
protease with the topJ mutant than with wild-type M. pneumoniae or other terminal
organelle mutants examined (Cloward and Krause, 2011). This inaccessibility appears to
reflect poor processing of P1 to the mycoplasma membrane, as P1 accessibility to
immunofluorescence labeling differed here with and without membrane permeabilization
(Fig. 9). In the absence of membrane permeabilization approximately 40% of the cells
examined exhibited P1 labeling, but that percentage nearly doubled with membrane
permeabilization. In contrast, no difference in P1 labeling with and without membrane
permeabilization was seen with wild-type M. pneumoniae. J-domain co-chaperones partner
with DnaK to stabilize protein complexes for protein translocation and macromolecular
assembly. The reduced P1 accessibility to trypsin or antibodies with the topJ mutant, relative
to wild-type M. pneumoniae, is consistent with the low density of protein knobs on the
terminal organelle surface, and like mutants II-3 and III-4, reflects an inability to assemble a
functional adhesin complex. Attempts to quantify differences in protein knob abundance
noted visually were impeded by the missing wedge effect on tomograms. We anticipate that
such quantitation will be required to further elucidate the dynamic relationship between the
protein knobs and terminal organelle function in M. pneumoniae.

EXPERIMENTAL PROCEDURES
Mycoplasma strains and culture conditions
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These studies utilized wild-type M. pneumoniae strain M129 (Lipman et al., 1969), brothpassage 18, which retains virulence in experimentally infected hamsters, as well as several
previously characterized terminal organelle mutants of M129 (Table 1). Spontaneously
arising mutants originating from M129 included II-3, III-4, and M6. Mutants generated by
transposon insertion in M129 included C1, H9, HMW3, P41, P200, prpC, prkC, and topJ.
We also examined complemented derivatives of the P41 and topJ mutants. Mycoplasmas
were grown in tissue culture flasks in SP-4 medium (Tully et al., 1977) at 37°C until mid-log
phase and harvested as described previously (Cloward and Krause, 2009). Gentamicin (18
μg/ml) was included for transformants with the transposon Tn4001mod, while
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chloramphenicol (24 μg/ml) was included for transformants with the transposon Tn4001cat,
which was used for delivery of recombinant alleles for complementation.
Electron cryotomography and image analysis

Author Manuscript

Mycoplasma cultures grown on Quantifoil grids (EMS, Hatfield, PA) previously treated with
10-nm gold fiducial markers were plunge-frozen in liquid ethane or ethane/propane mixture
using a Vitrobot (FEI Co., Hillsboro, OR). Samples were maintained at a temperature <
−150°C during transfer to the electron microscope. Images were acquired with an FEI Polara
300 kV field emission gun, transmission electron microscope equipped with a Gatan energy
filter and a lens-coupled 4k × 4k UltraCam, later upgraded to a direct detection K2 Summit
camera (Gatan, Inc., Pleasanton, CA). Data were collected with Leginon (Suloway et al.,
2009) and UCSFTomo (Zheng et al., 2007) using 27.5Kx nominal magnification, 8–10 μm
defocus, 120–200 electrons per square Å total dose, through a range of ± 65° at 1°
increments. Images were aligned using fiducial markers and merged by weighted backprojection or SIRT with IMOD software to produce 3-D reconstructions (Mastronarde,
1997). We examined a minimum of 10 tomograms for each strain, and >20 tomograms for
most strains, in order to determine the presence or absence of specific substructures. As
individual 2-D slices do not always capture all elements of a 3-D structure, representative
tomogram series in movie format for each strain are included in Supporting Information.
Immunofluorescence microscopy
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Mycoplasmas were cultured in borosilicate glass chamber slides (Thermo Fisher Scientific,
Waltham, MA) or glass coverslips bound to molds of polydimethylsiloxane (Ellsworth
Adhesives, Germantown, WI). For the topJ mutant the glass was pre-coated in 0.01% polyL-lysine. Samples were prepared as described (Cloward and Krause, 2011) except that cells
were fixed with 4.0% formaldehyde-2.0% glutaraldehyde in SP-4 lacking fetal bovine serum
(pH adjusted to 7.0), and 5% bovine serum albumin was used in place of 5% dry milk. Postfixation extraction with 0.5% Tween was omitted for samples analyzed without membrane
permeabilization. Images captured as described (Hasselbring et al., 2005) were processed
with OpenLab Imaging Software (version 5.5.0; Perkin Elmer).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
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Schematic of M. pneumoniae terminal organelle architecture. Panel A: Substructural
elements distinguishable by electron cryotomography are designated A–K according to
Henderson and Jensen (2006). Subcellular localization of specific terminal organelle
proteins to the bowl complex (elements H–K; red), paired segmented rods (elements F and
G; blue), terminal button (elements C–E; green), or membrane (elements A and B; salmon)
are indicated. Panel B: Tomogram slice of terminal organelle (sagittal view) with
substructures false-colored according to the corresponding elements in Panel A.
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Fig. 2.

Tomograms of prkC and prpC mutants, having all terminal organelle substructures
accounted for and indistinguishable from wild-type M. pneumoniae (WT), based on the
examination of multiple tomograms for each mutant. The upper-left panel is a dorsal/ventral
view, while the remaining panels are sagittal views. Scale bars: 100nm.

Author Manuscript
Author Manuscript
Mol Microbiol. Author manuscript; available in PMC 2019 May 01.

Krause et al.

Page 14

Author Manuscript
Author Manuscript

Fig. 3.

Tomograms of terminal organelle mutant P200. The P200 protein localizes to the vicinity of
the bowl complex (Jordan et al., 2007; Nakane et al., 2015), substructures H–K of which
were all accounted for here (red arrowheads). The lower-left panel is a dorsal/ventral view,
while the other panels are sagittal views. Scale bars: 100nm.
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Fig. 4.
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Tomograms illustrating the presence of complete and incomplete terminal organelle cores in
the HMW3 mutant. Panels A–C are dorsal/ventral views, while panels D and E are sagittal
views. In panel F, the lower-right cell is a dorsal/ventral view and the upper left cell is a
sagittal view. Panels A and B show incomplete cores, where the rod structure was present
but the bowl complex and terminal button were not evident. Panels C–F show complete
cores. HMW3 localizes to the distal region of the terminal organelle, including the region of
the terminal button (Nakane et al., 2015; Stevens and Krause, 1992). Nevertheless, we
accounted for substructures C–E of the terminal button (green arrowheads) in many terminal
organelles of the HMW3 mutant. Panel D shows two cores linked at the terminal button
(white arrow) in a chevron-like arrangement, as only observed with the HMW3 mutant, with
black arrowheads indicating the bowl elements at the base of each core. The presence of the
protein knobs on the terminal organelle was variable, with panel F illustrating cells where
these structures were clearly abundant (salmon arrowheads). Scale bars: 100nm.
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Fig. 5.

Tomograms of mutants for which no terminal organelle substructures were evident. From the
top: mutants C1, H9, and M6. Arrowheads, ribbon structures seen in some tomograms of
these mutants; arrows, bundled ribbons. Scale bars: 100nm.
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Fig. 6.
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Tomograms of the P41mutant (top panels), which exhibits a terminal organelle detachment
phenotype, and the P41 mutant complemented with recombinant P41 (rP41) and P24 (rP24)
(middle panels), or with recombinant P24 alone (bottom panels). Panel A, dorsal/ventral
view of terminal organelle cores; panels B and C, sagittal views of cores. Circles, terminal
organelle lacking bowl element K; white arrows, detached terminal organelles; white
arrowheads, membrane vesicles; red arrowheads, bowl complex substructures; salmon
arrowhead, protein knobs on terminal organelle surface. Panels D and E are sagittal views of
terminal organelle cores, with arrowheads the same as above. Panel F is a dorsal/ventral
view of the terminal organelle core in the cell in lower center, while the cell in the upper
center has two cores, one a dorsal/ventral view and the second a sagittal view. Panel G is a
dorsal/ventral view of the terminal organelle core. Circles, terminal organelle lacking bowl
element K. Scale bars: 100nm.
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Fig. 7.

Tomograms of mutants II-3 and III-4, revealing reduced abundance of protein complexes on
the terminal organelle surface compared to wild-type M. pneumoniae (WT; salmon
arrowheads). Scale bars: 100nm.
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Fig. 8.

Tomograms of the topJ mutant revealing reduced abundance of protein complexes on the
terminal organelle surface compared to wild-type M. pneumoniae (WT; salmon arrowheads).
Scale bars: 100nm.
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Fig. 9.

Immunofluorescence analysis of the topJ mutant (upper panels) and wild-type M.
pneumoniae (WT; lower panels) with P1-specific monoclonal antibodies with (+) and
without (-) membrane permeabilization. Panels in the left column are phase contrast images,
in the center column immunofluorescence images, and in the right column merged images.
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No P40/P90

No DnaJ-like co-chaperone
TopJ restored

No HMW2; reduced HMW1,
HMW3, P65, P41, P30, P24

Truncated HMW2; reduced HMW1,
HMW3, P65, P41, P30, P24

No HMW1; truncated P30; reduced
HMW2, HMW3, P65

III-4

topJ
topJ-C

C1

H9

M6

No HMW3

HMW3

No P30; reduced P65

No PrpC protein phosphatase

prpC

II-3

Truncated PrkC protein kinase

prkC

No P41 or P24
P41 restored / no P24

No P200

P200

P41
P41-C

Defect

Mutant

Not polar

Not polar

Not polar

Not polar
Not tested

Not polar

Not polar

Polar
Not tested

Variable

Not tested

Not tested

Not tested

P1 Localization

No adherence / gliding

No adherence / gliding

No adherence / gliding

No adherence / gliding
Like wild-type

No adherence/gliding

No adherence / gliding

Detached terminal organelle; reduced
gliding speed and frequency
Like wild-type

Reduced adherence

Elevated gliding frequency

Reduced gliding frequency

Reduced gliding speed

Phenotype

No core substructures evident

No core substructures evident

No core substructures evident

Reduced density of protein knobs (A in
Fig. 1)
None

Reduced density of protein knobs (A in
Fig. 1)

Reduced density of protein knobs (A in
Fig. 1)

No bowl substructure (K in Fig. 1)
None

Variable: None, or terminal button / bowl
complex absent

None

None

None

Altered Substructures Noted Here

Summary of defects and phenotypes in M. pneumoniae terminal organelle mutants examined here.
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Krause et al., 1997

Krause et al., 1997

Cloward and Krause, 2009
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Baseman et al., 1987; Krause et al.,
1982; Romero-Arroyo et al., 1999

Hasselbring and Krause, 2007a;
2007b

Willby and Krause, 2002

Page and Krause, 2013

Page and Krause, 2013

Jordan et al., 2007
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