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26 ABSTRACT

27  Mycoplasma mobile, a parasitic bacterium, glides on solid surfaces, such as animal
28  cells and glass by a special mechanism. This process is driven by the force

29  generated through ATP hydrolysis on an internal structure. However, the spatial and
30 temporal behaviors of the internal structures in living cells are unclear. In this study,
31 we detected the movements of the internal structure by scanning cells immobilized
32 on a glass substrate using high-speed atomic force microscopy (HS-AFM). By

33 scanning the surface of a cell, we succeeded in visualizing particles, 2 nm in hight
34 and aligned mostly along the cell axis with a pitch of 31.5 nm, consistent with

35  previously reported features based on electron microscopy. Movements of

36 individual particles were then analyzed by HS-AFM. In the presence of sodium

37 azide, the average speed of particle movements was reduced, suggesting that

38 movement is linked to ATP hydrolysis. Partial inhibition of the reaction by sodium

39 azide enabled us to analyze particle behavior in detail, showing that the particles
40 move 9 nm right, relative to the gliding direction, and 2 nm into the cell interior in

41 330 ms, then return to their original position, based on ATP hydrolysis.

42 IMPORTANCE

43  The Mycoplasma genus contains bacteria generally parasitic to animals and plants.
44 Some Mycoplasma species form a protrusion at a pole, bind to solid surfaces, and
45  glide by a special mechanism linked to their infection and survival. The special

46  machinery for gliding can be divided into surface and internal structures that have

47  evolved from rotary motors represented by ATP synthases. This study succeeded in
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48  visualizing the real-time movements of the internal structure by scanning from the
49  outside of the cell using an innovative high-speed atomic force microscope, and
50 then analyzing their behaviors.

51
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52 INTRODUCTION

53 Many bacteria translocate to nutrient-rich places and escape from repellent

54  substances by manipulating external appendages, such as flagella and pili (1, 2).
55  However, class Mollicutes, a small group of bacteria, have as many as three of their
56  own motility mechanisms. Class Mollicutes evolved from phylum Firmicutes by

57  losing peptidoglycan synthesis and flagella swimming to evade host innate

58  immunity in their parasitic life (1). Among Mollicutes, the gliding motility of

59  Mycoplasma mobile, the subject in this study, is suggested to have evolved from a
60 combination of ATP synthase and cell adhesion (1, 3-8).

61 M. mobile, isolated from a freshwater fish, is a flask-shaped bacterium with a
62 length of 0.8 ym (Fig. 1A). M. mobile glides in the direction of tapered end on solid
63  surfaces, such as animal cells, glass, and plastics. Its gliding speed is 2.5-4 ym/s,
64  which is 3—7 times its own cell length (6, 9). The gliding machinery is divided into
65 surface and internal structures, both of which are composed of 450 units (Fig. 1A) (3,
66 4, 6, 10). The internal structure is characterized by multiple chains. An M. mobile
67 cell has approximately 28 chains around the base of protrusion (Fig. 1A). Each

68  chain consists of uniformly-sized particles, which are 13 nm in width and 21 nm in
69 length (4). Interestingly, the amino acid sequence of component proteins suggests
70  that this chain structure has evolved from ATP synthase (3, 4, 6, 8, 11). Recently,
71 the isolated internal structure was shown to hydrolyze ATP through conformational
72 changes, suggesting that the internal structure functions as a motor and generates

73  the force for gliding (4, 6). The surface structure is composed of three large proteins,
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74 Gli349, Gli521, and Gli123. Gli349 has a binding site for sialylated oligosaccharide
75 atits tip and plays the role of a “leg” in gliding (5, 12-16). Gli521 and Gli123 have

76 been proposed to act as a “crank” that transmits force (17-20) and as a “mount” to
77 correctly localize the surface proteins (15). A working model for the gliding

78  mechanism has been suggested as follows (4, 6, 9, 21): the force for gliding

79 generated based on ATP-derived energy by the special motor is transmitted across
80 the membrane to the surface structure, including the leg structure. Then, the foot

81  (the tip structure of the leq) repeatedly catches, pulls, and releases the sialylated

82 oligosaccharides (5, 12), the major structures on host animal surfaces (22-24),

83  resulting in cell migration (17, 25-28). This explains the gliding mechanism at the

84  bacterial surface; however, the spatial and temporal behaviors and movements of
85 internal motors in living cells have not been examined.

86 High-speed atomic force microscopy (HS-AFM) is a powerful method to monitor
87 the structure and behavior of proteins at the sub-molecular level (29). In this method,
88 asample placed on a substrate is scanned with a probe and visualized as height

89 information. By performing this process at high speed (~20 frames per second (fps)),
90 the dynamic behavior of samples can be captured while maintaining their active

91  state in aqueous solution. In recent years, this approach has been dramatically

92 improved, and the functional mechanism of more and more proteins has been

93  elucidated in vitro through conformational changes (29-33). In addition, HS-AFM

94  has been applied to understand the structures on the cell wall (32) or below the cell

95  membrane (34).
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96 In this study, we succeeded in visualizing the internal structure of M. mobile

97  gliding machinery by scanning the surface of cells immobilized on a glass substrate
98 using HS-AFM. The particle structure, a component of the internal structure,

99  showed movements mainly in the right and inward directions relative to the gliding

100  direction of an M. mobile cell.

101
102  Results
103 Immobilization of living cells on the glass surface. We attempted to

104  visualize the gliding machinery by scanning the upper side of living cells

105  immobilized on the substrate surface (Fig. 1B), since the gliding machinery is

106  arranged around the base of the protruded region (Fig. 1A). Cell suspension in a
107  buffer was placed on a glass substrate reactivated for amino groups and kept for 10
108  min at 25-28°C. Phase-contrast microscopy showed that the cells adhered to the
109  glass substrate at a density of one cell per approximately 6 um? (Fig. 1C). When the
110  buffer was replaced by growth medium containing sialylated oligosaccharides

111 (scaffolds for gliding), half of the cells recovered to glide, suggesting that the cells
112 were alive on the glass. Serum included in the medium contained sialylated

113 oligosaccharides conjugated to fetuin, a serum protein. Fetuin was likely adsorbed
114 onto the glass and worked as a scaffold for mycoplasma gliding (22-24, 35).

115 To observe the shape of immobilized cells, we adopted quick-freeze, deep-etch

116  electron microscopy that visualizes cells under aqueous conditions with nanometer
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117  spatial resolution (36, 37). The morphology of immobilized cells (Fig. 1D, left) was
118  not significantly different from that of the gliding cell visualized without any chemical
119 fixation (Fig. 1D right).

120 Visualization of immobilized cells by HS-AFM. Next, the cells immobilized on
121 the glass surface were scanned by HS-AFM (Movie S1 and Fig. 2A). A typical M.
122 mobile cell with a flask shape was found at a density of a single cell per

123 approximately 100 um?. As can be seen by comparing cell appearance in optical
124 and electron microscopy, the cell images obtained here suggest that cells are

125  characterized by rigidity in the front region (Fig. 1C, D), consistent with previous

126  observations showing an internal rigid “bell” structure (4, 8). The average size of a
127 cellwas 0.93 £ 0.33 pym in length and 0.33 + 0.08 ym in width (n = 20, Fig. 2A). We
128  also measured the height along the long axis of the cell. Two peaks were found: one
129  was near the front end and the other was near the tail end of the cell, consistent with
130  previously reported characteristics of M. mobile cells (38, 39).

131 To visualize the gliding machinery, the cell surface was scanned by HS-AFM at
132 ascanning rate of 300 ms per frame in an area of 300 nm?. Interestingly, we found
133 particle structures aligned mostly along the cell axis at the front side of the cells (Fig.
134  2B). The particle structures appeared when the average tapping force exceeded
135  ~40 pN (see Method). They were aligned at an angle of approximately 4.6° relative
136  to the cell axis (Fig. 2C and D, n = 99 chains from 20 cells). The particle height was
137  approximately 2 nm (Fig. 2E), and the pitches were distributed as 31.5 £ 4.9 nm (Fig.

138 2F, n = 98) in good agreement with a previous number, 31 nm, measured by


https://doi.org/10.1101/2021.01.28.428740
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.28.428740; this version posted January 29, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

139  electron cryotomography (Fig. 2G)(4). To measure the dimensions of the particles in
140  detail, we collected 19 particle images and averaged them (Fig. 2H). The averaged
141 image showed an elliptical structure, 27.2 nm long and 14.2 nm wide, with two

142 height peaks. The distance between the two peaks of a particle was 10.0 nm. These
143 features were consistent with the results from electron cryotomography (Fig. 21) (4),
144 showing that the particle structure observed in HS-AFM is identical to the internal
145  structure observed by electron cryotomography.

146 The internal structure of M. mobile is detected by HS-AFM from the

147 surface. An M. mobile cell has huge proteins on its surface (Fig. 1A, left). To

148  confirm that the particle structures visualized with HS-AFM are not the surface

149  structures, the cell surface was treated with proteinase K, a serine protease with
150  broad specificity, and scanned by HS-AFM. First, we confirmed that M. mobile cells
151 gliding on the glass surface were stopped 1 min after the addition of 0.2 mg/mL

152 proteinase K (Fig. S1A), suggesting that the surface proteins involved in the gliding
153 machinery are sensitive to proteinase K. Then, we observed the cell surface by

154  HS-AFM after the immobilized cells were treated with proteinase K for 20 min. The
155  particle structures were observed on the surface of the cell even after proteinase K
156  treatment. The particle pitches of cells with and without proteinase K treatment were
157  31.2+ 3.2 (n=31) and 28.9 £ 3.6 nm (n = 33), respectively (Fig. S1B), showing a
158  significant difference between them (p = 0.00651 by Student’s t-test). Based on

159  these observations, we concluded that the particle structure detected by HS-AFM
160  was inside the structure, but influenced by the surface treatment with proteinase K,
161  consistent with a previous observation (8).

162 During the observation of intact cells immobilized on glass surfaces, we
163  observed the removal of the cell membrane by chance, resulting in the exposure of

164  the inside structure. The exposed inside structure showed features similar to the
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165 internal jellyfish-like structure of M. mobile (4, 8) (Movie S2, Fig. S1C). We

166 compared the features of particle structures before and after the removal of the cell
167 membrane (Fig. S1D). After removal, the height of the particle relative to the

168  background increased, resulting in a clearer appearance than before removal. The
169  particle pitches were 30.3 £ 4.1 and 31.8 £ 7.3 nm before and after removal,

170 respectively, without a statistically significant difference (p = 0.277 by Student’s

171 t-test). The average heights of particles observed before and after removal of the
172 cell membrane were 257 and 56 nm, respectively, from the lowest position of the
173 image. The difference between them was 201 nm, comparable to the height of M.
174  mobile cells (Fig. 2A and Fig. S1D). Therefore, the particles detected before and
175  after cell membrane removal were proposed to be the structure beneath the upper
176  cell membrane and the one on the lower cell membrane facing the glass substrate,
177 respectively. As we could not remove the cell membrane intentionally, we focused
178  on analyzing the internal structure beneath the upper cell membrane.

179 Behavior of particle structure detected by HS-AFM. The surface of

180  protrusion of M. mobile cell was scanned with a scanning rate of 200 or 330 ms per
181  frame with a scan area of 200 x 200 nm?. Projected images were processed using a
182  bandpass filter to improve the image contrast by drift correction and by averaging
183  three sequential images for better signal/noise ratio (Movie S4). In most cases, the
184  particles were difficult to trace over time because of image discontinuity, even when
185  particle images were clear. This is probably due to the stability of the cell

186  immobilized onto the glass surface and damage to the scanning probe. However,

10


https://doi.org/10.1101/2021.01.28.428740
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.28.428740; this version posted January 29, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

187  we succeeded in tracing the behaviors of individual particles in some videos and
188  used them for further analyses.

189 Sodium azide suppressed particle movement. To discuss the behaviors of
190 internal particles, we needed to confirm that the particle movements are caused by
191 ATP hydrolysis on the internal structure. In a previous study, the ATPase activity of
192 the internal structure of M. mobile was inhibited by sodium azide (4). The binding
193 activity and gliding speed of “gliding heads”, the gliding machinery isolated from the
194  cell protrusion, were also inhibited by sodium azide (4). In the present study, we

195  examined the effect of sodium azide on the gliding speed of intact M. mobile cells.
196 The averaged gliding speed of intact M. mobile cells was decreased from 0.77 +
197  0.17 to 0.04 £ 0.02 ym/s by the addition of 15.4 mM sodium azide (Fig. 3A, B),

198  suggesting that sodium azide affected the ATPase activity of the internal structure
199  and the force generation for gliding.

200 We then scanned the cell surfaces by HS-AFM in the presence and absence of
201 sodium azide (Movie S4-7). The tracking of the mass center every 200 ms (no

202  azide) or 330 ms (with azide) for 16.2 s showed that most particles were moving
203  independently (Fig. 3C). These movements were significantly reduced by the

204  addition of sodium azide. We calculated the accumulated moving distances and
205 estimated the speeds for the particle movements from a linear fitting of the

206 accumulated moving distance (Fig. 3D, E). At concentrations of 0, 15.4, 76.5, 765
207 mM sodium azide, the speeds calculated from accumulated moving distances were

208 6.9+1.4,39+14,63.6+0.8,and 3.0+ 1.1 nm/s, respectively, suggesting that the

11
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209  movement of particle structures is linked to ATP hydrolysis. Interestingly, in 15.4 mM
210  sodium azide, the particles can be classified as either active or static, and the

211 different types tend to form an adjacent pair in chains (Fig. 3C).

212 Particle displacements traced as an image profile. Not all particles moved in
213 the same direction at the same time (Fig. 3C-E), and this feature was more obvious
214 in 15.4 mM sodium azide (Movie S5, Fig. 4A), indicating that the movements were
215 linked to ATP hydrolysis, not caused by atrtificial drift in the measurements. The

216  addition of sodium azide may allow easier detection of individual movements by
217 reducing some of the movements. Analysis of 27 particles in a 200 x 200 nm? field
218  in the presence of 15.4 mM sodium azide for 23.1 s showed that 19 particles moved
219  distances longer than 6 nm, distinct from other movements. The frequency of such
220 long movements in the whole field was 1.17 events/s (Fig. 4A). Next, we focused on
221 particle movements. Since the particles appeared to move mainly perpendicular to
222  the particle chain in the cell surface plane, the height profile of a box perpendicular
223  to the particle chain was traced over time (Fig. 4B). Six particles did not move (static
224  particle), while the active particles showed remarkable movements, and a returning
225  path for some particles was observed. As shown in “a” panel of Fig. 4B and C, the
226  movements of the particles showed tendency moving 9.1 £ 2.5 nm (n = 15) in the
227  left direction perpendicular to the chain axis and 2.3 £ 3.0 nm (n = 8) on the

228  cytoplasmic side in the Z direction. The profile continued to change for

229  approximately five frames of 330 ms. However, the movement was likely completed

230 in a single 330-ms frame, because the image was profiled after averaging three

12
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231  consecutive video images every 330 ms to reduce image noise. Eleven patrticles
232 showed returning movements in the video, with similar speeds to their advancing
233  movements, as shown in panels marked “r’ in Fig. 4B and C.

234 Next, particle movements perpendicular to the cell axis were searched in the
235  absence of sodium azide. Observation of 21 particles for 16.6 s showed that

236 movements longer than 6 nm appeared at a frequency of 2.17 events/s (Movie S4
237  and Fig. 4D). The distance moved was 8.0 £ 1.9 nm (n = 24) in the left direction
238  perpendicular to the axis of the chain alignment within 200 msand 2.0+ 1.9 nm (n =
239  18) on the cytoplasmic side in the Z direction (Fig. 4D).

240 Particle displacements traced as a positional distribution. To study the

241 direction of movements of the particles on the membrane surface statistically, the
242 distributions of the particles as the mass center were analyzed every 200 and 330
243  ms for observations in the absence and presence of sodium azide, respectively (Fig.
244 5A and Movies S5-7). The faster-scan speed for the observation in the absence of
245  sodium azide was applied, as we assumed that the particles moved faster in this
246  condition. However, this difference in the scanning speed should not affect the

247  conclusion, because no difference was found, even when the analysis was

248  performed using 400 ms intervals for the measurements without sodium azide (Fig.
249  S2). Analysis showed that the distributions were larger in the presence of 15.4 mM
250 and smaller at 76.5 and 765 mM than in the absence of sodium azide (Fig. 5A).

251  Next, we measured the distributions of three distances (Fig. 5B): the particle

252  position to the chain axis (Fig. 5C), the distance to the adjacent particle (Fig. 5D),

13
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253  and the distance to the adjacent particle projected to the chain axis (Fig. 5E). These
254 results are schematically summarized (Fig. 5B), suggesting that movements

255  perpendicular to the chain axis of the particles (presented as movement “c” in Fig.
256  5) should be present but not easy to detect in the absence of sodium azide; they
257  were observed more clearly when the frequency of movements was reduced by

258  sodium azide, and they were inhibited under high concentrations of sodium azide.

259

260 Discussion

261 Internal structure was traced from the outside surface. The particle features
262  traced by HS-AFM in this study were consistent with those of the internal structure
263  reported in previous studies (Fig. 2) (4, 8), suggesting that HS-AFM visualized the
264  internal structure. The large surface proteins Gli521, Gli349, and Gli123 exist on the
265  cell surface of M. mobile as components of the gliding machinery (10, 13-16, 18, 20,
266 39, 40). A group of surface proteins, Mvsps, which are responsible for antigenic

267  variations, also exist on the cell surface (41, 42). These surface proteins may

268  interfere with probing the internal structure from the surface. However, the chain
269  structures observed by HS-AFM did not show significant differences before and

270  after protease treatment of the cells (Fig. S1 B). Furthermore, similar structures

271 were observed before and after mechanical removal of the cell membrane (Fig. S1C,
272 D). These results showed that the particles traced by HS-AFM were not on the

273  surface structure, but inside the cell. The surface structure, composed of mainly

14
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274 large filamentous proteins, may be too thin and/or mobile to be detected by the

275  current scanning performance of HS-AFM on the cell membrane (12-14, 18). The
276  lack of a peptidoglycan layer should be advantageous for visualizing the inside

277  structure, due to the lack of stiffness (36-38). Moreover, the internal structure should
278  be sufficiently stiff and positioned beneath the cell membrane, reminiscent of

279  cortical actin in animal cells (34).

280 Effects of sodium azide. Sodium azide inhibits many ATPases by blocking

281  ADP release (43). In M. mobile gliding, the reagent inhibited cell gliding (Fig. 3A, B)
282  and the isolated gliding machinery (4). Particle behaviors became more visible in
283  the presence of 15.4 mM sodium azide. Under this condition, cell gliding was

284  reduced to 20 times slower than the original, suggesting that ATP hydrolysis

285  occurred 20 times less frequently. If the particles move in a rapid and independent
286  manner, it may be difficult to trace the movements of individual particles. However, if
287  the reaction was partially inhibited by 15.4 mM sodium azide, most particles may be
288 in their home position, while some particles move to another position. In this case,
289  the movements could be traced easily. This assumption is supported by the

290  observation that the particle distances between neighboring particles are 1.7-2.5
291 nm shorter under high concentrations of sodium azide than those without the

292  reagent (Fig. 5D). A previous study based on electron microscopy showed that the
293  particle distances in the ADP and unbound forms were approximately 2 nm shorter
294  than those in the AMPPNP, ADP-V;, and ADP-AIF, states (4). As sodium azide is

295  thought to inhibit the release of ADP (43), the changes in particle distance observed

15
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296  in the present study are consistent with the results of electron microscopy (Fig.

297  5B)(4).

298 Particle behavior in the gliding mechanism. The particles moved

299  approximately 9 nm to the right of the gliding direction and 2 nm to the cytoplasmic
300 side within 330 ms (Fig. 6). This movement may be coupled with the transition from
301 ADP or unbound form to ATP or the ADP/P; form (4). Considering the fact that the
302 particles are structurally linked to the surface structures of the gliding machinery (4),
303 the movements observed in the present study are likely involved in the gliding

304  mechanism.

305 Previous studies have reported that the step size of M. mobile is approximately
306 70 nm under no load and adjustable to various loads (17, 25, 28, 44). The surface
307  structure contains two large proteins with dimensions comparable to the step size,
308 thatis, the Gli349 “leg” that catches the scaffold and the Gli521 “crank” that

309 transmits force for gliding are 100 and 120 nm long, respectively (Fig. 1A) (12, 13,
310  18). In the present study, we could not detect conformational changes in the internal
311 structure with length comparable to the step size. Therefore, the movements

312 occurring in the internal structure should be amplified through the huge protein

313 molecules on the surface or through an unknown structure that connects the

314  internal and surface structures (Fig. 1A, 2G). This assumption can explain the

315  previous observation that the single leg exerts a force of 1.5 pN, a few times smaller
316  than motor proteins (17), assuming elastic components are equipped in the huge

317 surface complex.
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318 In a previous study, M. mobile gliding showed a leftward directional change of
319 about 8.5° with 1-um cell progress (27). This is consistent with the observation that
320 the particle movements are pointed to the right, relative to the gliding direction (Fig.
321  6). Otherwise, the tilting of the chain axis about 4.6° from the cell axis may cause a
322 directional change in gliding (Fig. 2D).

323 To elucidate the mechanism of M. mobile gliding, we need to further visualize
324  the behaviors and structures of the machinery in detail, including those of both

325 internal and surface structures. The combination of electron microscopy and

326 HS-AFM may provide better insights in the near future.

327

328  Materials and Methods

329 Cell preparation. A mutant strain (gli521[P476R]) of M. mobile 163K

330 (ATCCA43663) activated for binding (17, 19, 45) was grown in Aluotto medium at 25—
331 28°C, as previously described (36, 39). Cultured cells were collected by

332  centrifugation at 12,000 x g for 4 min at 25-28°C and suspended in

333  phosphate-buffered saline with glucose (PBS/G) consisting of 75 mM sodium

334  phosphate (pH 7.3), 68 mM NaCl, and 10 mM glucose (17, 22, 26, 27). This process
335 was repeated twice, and finally the cells were resuspended in PBS/G to a 20-fold
336  density of the original culture.

337 Gliding analyses. A tunnel chamber assembled as previously described (3-mm
338 interior width, 22-mm length, 40-um wall thickness) was treated with Aluotto

339  medium for 15 min at 25-28°C (17, 26), and then the medium was replaced by

17
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340 PBS/G. The cell suspension was inserted into the tunnel chamber with video

341 recording. PBS/G was replaced with PBS/G containing 0.2 mg/mL proteinase K

342  (Qiagen N. V., Hilden, Germany) or various concentrations of sodium azide, as

343  necessary.

344 Cell immobilization on the glass surface. A glass slide was treated with

345  saturated KOH-ethanol solution for 15 min and washed 10 times with water. For

346  analyses with an imaging rate of 1000 and 330 ms per frame, the glass was treated
347  with 0.1% poly-L-lysine for 5 min. After the solution was removed, the glass was
348  washed with water and dried. Then, the glass was treated with 0.1% glutaraldehyde
349  for 5 min, washed with water, and covered with PBS/G. For analyses with an

350 imaging rate of 200 ms per frame, the glass was treated with sandpaper, saturated
351  with KOH-ethanol solution for 15 min, washed 10 times with water, and then dried.
352  The washed glass was treated with 1000-fold diluted

353  3-aminopropyldiethoxymethylsilane for 5 min at 25-28°C, washed, and treated with
354  glutaraldehyde as described above. Finally, the cell suspension was placed onto the
355  glass substrate and left for 10 min at 25-28°C.

356 Microscopy. To examine the immobilizing conditions using phase-contrast

357  microscopy, the glass slide was assembled into a tunnel chamber (15). The cell

358  suspension was loaded into the tunnel, kept for 10 min at 25-28°C, washed with
359 PBS/G, and observed by phase-contrast microscopy IX71 (Olympus, Tokyo,

360 Japan)(17, 23, 27). To analyze the immobilizing conditions, quick-freeze deep-etch

361  electron microscopy, fixation, and washing were performed on the coverslip. When
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362 the cells were frozen without immobilization, we followed the procedure for the

363 electron microscopy method described previously (36, 37). Briefly, the cells on the
364 glass were pressed against a copper block cooled with liquid helium and frozen.
365 Then, the frozen sample was fractured and etched to expose it. Subsequently, the
366 exposed surface was shadowed with platinum to create a replica membrane, which
367 was observed under a JEM-1010 transmission electron microscope (JEOL, Tokyo,
368  Japan) at 80 kV, equipped with a FastScan-F214 (T) charge-coupled device (CCD)
369 camera (TVIPS, Gauting, Germany).

370 Observation by HS-AFM. Imaging was performed with a laboratory-built

371 HS-AFM in tapping mode (46, 47). Small cantilevers (BLAC10DS-A2, Olympus),
372 with a resonant frequency of ~0.5 MHz in water, a quality factor (Q.) of ~1.5 in water,
373 and a spring constant (kc) of ~0.08 N/m were used. The cantilever's free oscillation
374  amplitude (Ao) and set-point amplitude (Asp) were set at ~2.5 nm and ~0.8 x Ao,

375  respectively. From this condition, the average tapping force <F> can be

376  approximated as ~40 pN using the following equation: (F) = 2% Ag? — Asp2

377  For searching cells, the sample was scanned at an imaging rate of 1000 ms per
378  frame in an area of 3000 x 3000 nm? with 150 x 150 pixels. To observe the particle
379  structure, the cell surface was scanned with an imaging rate of 330 or 200 ms per
380 frame in an area of 200 x 200 nm? with 100 x 100 pixels.

381 Video analyses. To trace particles in the XY plane, videos were processed by
382  three methods (Movies S3-7). (i) The image contrast was improved by a bandpass

383 filter. (ii) Image drifts were corrected by a plugin, “align slices in stack” (48),
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384  equipped with ImageJ. (iii) Image noises were removed by averaging three

385  consecutive slices. Then, each particle image was cropped, binarized, and traced
386  for the mass center. Here, the threshold for binarization was determined

387 independently for each particle of interest. The cell axes in Fig. 2 were determined
388 by fitting a cell image as an ellipse. All analyses were performed with ImageJ 1.52A.
389 Image averaging of particles was performed using EMAN, version 2.3.

390
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399 Figure Legends

400 FIG 1. Experimental design and conditions for HS-AFM observation. (A)

401 Schematic illustrations of M. mobile gliding machinery. The gliding machinery
402  formed as a protrusion can be divided into surface (left) and internal (right)

403  structures. The surface structure is composed of about 450 units, including three

404  large proteins: Gli123 (purple), Gli521 (green), and Gli349 (red), as shown in the
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405  bottom. Gli349 repeatedly catches sialylated oligosaccharides fixed on the solid
406  surface and pulls the cell forward. The internal structure can be divided into a large
407  mass at the cell front and chain structure. The chain structure is composed of

408  particles that have been suggested to evolve from F-type ATPase/synthase. (B)

409  Schematic illustration of M. mobile cell being scanned by high-speed atomic force
410  microscopy (HS-AFM). The surface of an immobilized cell on glass substrate (blue)
411 is scanned by an AFM cantilever probe (grey), and the cantilever movement is

412 monitored by a detector (green). (C) Phase-contrast image of M. mobile cell on

413 coverslip. Living cells were immobilized onto a coverslip using poly-L-lysine and
414  glutaraldehyde. (D) Quick-freeze, deep-etch EM image of M. mobile cells on a cover
415  slip. The cell was immobilized on the coverslip by poly-L-lysine and glutaraldehyde
416  (left) and allowed to glide on the coverslip coated with sialylated oligosaccharides
417 (right). The cell axis and front are indicated by a green arrow (A, D).

418

419  FIG 2. Chain imaging by HS-AFM. (A) Left: Cluster of cells immobilized to glass
420  surface (upper) and distribution of cell dimensions (n = 21)(lower). Right: Height
421 profile along the broken line (upper) is plotted along the green arrow (lower). Cell
422  axis and front are shown by an arrow. (B) Detailed structure of a cell. Left: Whole
423  cell image. The cell axis and front are indicated by a green arrow. Middle: Magnified
424  image of the boxed area of the left panel. Right: The middle panel image was

425  processed with a bandpass filter. (C-F) Image analyses of particles. (C) Cell image

426  featuring a representative chain structure. The cell axis and front are indicated by a
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green arrow. (D) Distribution of chain angle relative to cell axis fitted by a Gaussian
curve (n =99 chains from 20 cells). (E) Image profile of the boxed area along the
direction of blue arrow in panel C. (F) Scatter dot plot for distances between peak
positions of chain profile. The average was 31.5 £ 4.9 nm (n = 98). (G)
Three-dimensional rendered image for 146-nm-thick slice of permeabilized cell
reconstructed by electron cryotomography (4). The surface filamentous structures,
cell membrane, undercoating at the front and side membranes, and internal chain
are colored red, orange, yellow, and purple, respectively. (H) Averaged image of 19
particle structures from HS-AFM (upper) and image profile of boxed area (lower).
The profile (orange squares) was fitted by the sum (purple line) of two Gaussian
curves (red and blue). Yellow triangles show peaks of the Gaussian curves. (1)
Averaged images of chain structure (blue part in panel G) from electron
cryotomography (upper)(4) and image profile of boxed area along the chain axis
(lower). Yellow triangles show peaks of Gaussian curves. In all high-speed atomic
force microscopy imaging, the surface was scanned left to right for line and lower to

upper for image.

FIG 3. Effects of sodium azide on particle displacements. (A) Rainbow traces of
gliding cells for 5 s with and without sodium azide from phase-contrast microscopy.
Video frames were overlaid with different colors from red to blue. (B) Gliding speed
under various concentrations of sodium azide. Speeds of 2.5-20 s were averaged

for 140-223 cells. (C) HS-AFM images with continuous traces of individual particles

22
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449  for 13.2 s. HS-AFM images were processed by bandpass filter, drift correction, and
450  sequential averaging. Particles were traced every 200 ms for no sodium azide, and
451 330 ms in the presence of sodium azide, as presented by the color change from red
452  to blue. The cell axis and front are indicated by a green arrow. The surface was

453  scanned left to right for line and lower to upper for imaging. Movies are shown as
454  supplemental data as Movies S4, 5, 6, and 7 for imaging in 0, 15.4, 76.5, 765 mM
455  sodium azide. (D) Time course of accumulated moving distances of individual

456  particles under various concentrations of sodium azide. (E) Scatter dot plot of

457  particle speed under various concentrations of sodium azide. Speeds were

458  estimated from a linear fitting of accumulated moving distance.

459

460 FIG 4. Movements of individual particles. (A) Video frames of particle chains

461  under 15.4 mM sodium azide (Movies S5). The green arrow on the left shows the
462  cell axis and front. The particles with remarkable movements are marked before
463  and after the movements by differently colored triangles and arrows, respectively.
464  Particles moved to the left relative to the gliding direction. (B) Consecutive image
465  profile of active and static particles. Left image: Raw image of video frame showing
466  areas profiled for active (red) and static (blue) particles. Right graphs: Image

467  profiles of active (red background) and static (blue background) particles every 330
468 ms for 1.98 s. (C) Consecutive image profiles showing particle movements every
469 330 ms for 1.98 s in 15.4 mM sodium azide. (D) Consecutive image profiles

470  showing particle movements every 200 ms for 1.2 s without sodium azide (Movies
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4711 S4). (B, C, D) Consecutive profiles of each frame from red to purple. Advancing (a)
472  and returning (r) movements are presented. Peak positions of focusing particles are
473  marked by a triangle and an arrow, respectively, for the initial and the end time

474 points. Distances between peaks before and after movement are marked by a

475  triangle and an arrow, respectively; these were manually measured for statistical
476  analysis of particle movements. The profile of heights and positions is presented
477 with a common X- Y- scale in the lower panel for each data set.

478

479  FIG 5. Analyses of particle distribution. (A) Distribution of particles in chain. The
480  particle positions and the axis of the particle positions are indicated by red dots and
481  grey dashed lines, respectively. The particle positions were detected every 200 and
482 330 ms, respectively, without and with sodium azide at 82, 66, 70, and 66 points
483  under 0, 15.4, 76.5, and 765 mM sodium azide, respectively. The axis of particle
484  positions was determined by a linear approximation of the average position of each
485  particle. (B) Schematic illustration of three distances with average and standard

486  deviation (SD) values in nm. The particle position to the chain axis (C, purple), the
487  distance to the adjacent particle (D, blue), and the distance to the adjacent particle
488  projected to the chain axis (E, green) are shown. Bar lengths are not to scale.

489  Movies S4-7 were analyzed. The chain axis is indicated by a green arrow pointing
490  mostly to the cell front in panels (A) and (B).

491

492  FIG 6. Schematic illustration of particle movement in M. mobile visualized by
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493  HS-AFM. The internal chain of the gliding machinery and cell membrane are

494  indicated by blue objects and a beige plate, respectively. Here, we focus on the

495  particle chain lining the lower side of cell membrane, while we scanned mostly the
496  particle chain beneath the upper side of cell membrane in this study. The left and
497  right panels show the patrticles before and after the advancing movement,

498  respectively. The central particle moves as an ATP- or ADP/Pi-bound form, to the
499  right and inner sides for a distance of 9 and 2 nm, respectively.

500

501  FIG S1 Protease treatment and unroofing confirm that particles are

502 intracellular structures. (A) Rainbow traces of gliding cell for 5 s starting 20 s

503 before and 60 s after the addition of 0.2 mg/ml proteinase K marked from red to

504  purple over time. (B) Processed HS-AFM image of particle structures on a cell

505  surface without (left) and with (middle) proteinase K treatment and scatter dot plot of
506  distances between particles along each chain axis (right). Particle distances on cells
507  with and without proteinase K treatment were 30.1 + 6.1 nm (n = 35) and 31.2 £ 3.2
508 nm (n = 31), respectively (Student’s t-test: p = 0.328). (C) Time course images of
509 HS-AFM scanning of cell membrane removal. The cell membrane started to be

510  broken at 2 s, and the internal structure was completely exposed at 23 s after the
511 cell was focused (t = 0)(Movies S2). Scanning area, 500 x 500 nm? with 150 x 150
512 pixels; frame rate, 1000 ms per frame. (D) Magnified HS-AFM image of particle

513  structures before (left) and after (middle) cell membrane removal and scatter dot

514  plot of distances between particles along each chain axis (right). The color gauge

25


https://doi.org/10.1101/2021.01.28.428740
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.28.428740; this version posted January 29, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

515  on the right side of each figure shows the scale of the relative height (the height is
516  presented by adjusting the lowest point in panel D until it becomes 0). The averaged
517  height of the observation surface after removal of cell membrane was 201 nm lower
518  than before removal (257 and 56 nm for before and after, respectively). The

519  distances between neighboring particles before and after cell membrane removal
520 were 30.3 +4.1 (n=36) and 31.8 £ 7.3 nm (n = 40), respectively (p = 0.277). The
521  cell axis and front are indicated by a green arrow in panels (B-D).

522

523  FIG S2 Particle distribution without sodium azide analyzed using different

524  time intervals. Distribution of particles in a chain (A), the particle position to the
525  chain axis (B), the distance to the adjacent particle (C), and the distance to the

526  adjacent particle projected to the chain axis (D) were analyzed every 200, 400, and
527 600 ms.

528

529  Movie S1 HS-AFM movie searching for M. mobile cells. An M. mobile cell

530 immobilized to the substrate surface was searched by recording at 1 fps. The video
531  was played at a speed of 2x. The scanning field was 3 x 3 um? with 100 x 100

532  pixels. A cell appeared around 6 s and moved around the center of the field at 13 s.
533  The cell front is directed to the lower right.

534

535 Movie S2 HS-AFM movie showing removal of the cell membrane. The upper

536 membrane of a cell scanned at 3 fps was removed at approximately 20 s. The video
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537  was played at 5x speed. The scanning field was 500 x 500 nm? with 150 x 150

538  pixels. The cell front is directed to the upper right.

539

540 Movie S3 Effects of image processing on HS-AFM movies of the cell surface.
541  The original movie (upper left) was processed using a bandpass filter (upper right),
542  bandpass filter + drift correction (lower left), and bandpass filter + drift correction +
543  sequential averaging (lower right). The video was played at 3.3x speed. The cell
544  front was directed to the lower portion of the frame.

545

546  Movie S4 HS-AFM movie showing particle movements. The cell surface was
547  scanned at 5 fps. The scanning field was 200 x 200 nm? with 100 x 100 pixels. The
548  video was played at 2x speed. The cell front is directed to the upper right.

549

550 Movie S5 HS-AFM movie showing particle movements under 15.4 mM sodium
551  azide. The cell surface was scanned at 3 fps. The scanning field was 200 x 200
552 nm? with 100 x 100 pixels. The video was played at 3.3x speed. The cell front was
553  directed to the lower portion of the frame.

554

555 Movie S6 HS-AFM movie showing particle movements under 76.5 mM sodium
556  azide. The cell surface was scanned at 3 fps. The scanning field was 200 x 200
557  nm? with 100 x 100 pixels. The video was played at 3.3x speed. The cell front is

558  directed to the upper left.
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559

560 Movie S7 HS-AFM movie showing particle movements under 765 mM sodium
561 azide. The cell surface was scanned at 3 fps. The scanning field was 200 x 200
562 nm? with 100 x 100 pixels. The video was played at 3.3x speed. The cell front is
563  directed to the upper left.

564
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FIG 1. Experimental design and conditions for HS-AFM observation.

(A) Schematic illustrations of M. mobile gliding machinery. The gliding machinery formed as a
protrusion can be divided into surface (left) and internal (right) structures. The surface
structure is composed of about 450 units, including three large proteins: Gli123 (purple),
Gli521 (green), and Gli349 (red), as shown in the bottom. Gli349 repeatedly catches
sialylated oligosaccharides fixed on the solid surface and pulls the cell forward. The internal
structure can be divided into a large mass at the cell front and chain structure. The chain
structure is composed of particles that have been suggested to evolve from F-type
ATPase/synthase. (B) Schematic illustration of M. mobile cell being scanned by high-speed
atomic force microscopy (HS-AFM). The surface of an immobilized cell on glass substrate
(blue) is scanned by an AFM cantilever probe (grey), and the cantilever movement is
monitored by a detector (green). (C) Phase-contrast image of M. mobile cell on coverslip.
Living cells were immobilized onto a coverslip using poly-L-lysine and glutaraldehyde. (D)
Quick-freeze, deep-etch EM image of M. mobile cells on a cover slip. The cell was
immobilized on the coverslip by poly-L-lysine and glutaraldehyde (left) and allowed to glide on
the coverslip coated with sialylated oligosaccharides (right). The cell axis and front are
indicated by a green arrow (A, D).
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FIG 2. Chain imaging by HS-AFM. (A) Left: Cluster of cells immobilized to glass surface
(upper) and distribution of cell dimensions (n = 21)(lower). Right: Height profile along the
broken line (upper) is plotted along the green arrow (lower). Cell axis and front are shown by
an arrow. (B) Detailed structure of a cell. Left: Whole cell image. The cell axis and front are
indicated by a green arrow. Middle: Magnified image of the boxed area of the left panel. Right:
The middle panel image was processed with a bandpass filter. (C-F) Image analyses of
particles. (C) Cell image featuring a representative chain structure. The cell axis and front are
indicated by a green arrow. (D) Distribution of chain angle relative to cell axis fitted by a
Gaussian curve (n = 99 chains from 20 cells). (E) Image profile of the boxed area along the
direction of blue arrow in panel C. (F) Scatter dot plot for distances between peak positions of
chain profile. The average was 31.5 £ 4.9 nm (n = 98). (G) Three-dimensional rendered
image for 146-nm-thick slice of permeabilized cell reconstructed by electron cryotomography
(4). The surface filamentous structures, cell membrane, undercoating at the front and side
membranes, and internal chain are colored red, orange, yellow, and purple, respectively. (H)
Averaged image of 19 particle structures from HS-AFM (upper) and image profile of boxed
area (lower). The profile (orange squares) was fitted by the sum (purple line) of two Gaussian
curves (red and blue). Yellow triangles show peaks of the Gaussian curves. (I) Averaged
images of chain structure (blue part in panel G) from electron cryotomography (upper)(4) and
image profile of boxed area along the chain axis (lower). Yellow triangles show peaks of
Gaussian curves. In all high-speed atomic force microscopy imaging, the surface was
scanned left to right for line and lower to upper for image.
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FIG 3. Effects of sodium azide on particle displacements. (A) Rainbow traces of gliding
cells for 5 s with and without sodium azide from phase-contrast microscopy. Video frames
were overlaid with different colors from red to blue. (B) Gliding speed under various
concentrations of sodium azide. Speeds of 2.5-20 s were averaged for 140-223 cells. (C) HS-
AFM images with continuous traces of individual particles for 13.2 s. HS-AFM images were
processed by bandpass filter, drift correction, and sequential averaging. Particles were traced
every 200 ms for no sodium azide, and 330 ms in the presence of sodium azide, as presented
by the color change from red to blue. The cell axis and front are indicated by a green arrow.
The surface was scanned left to right for line and lower to upper for imaging. Movies are
shown as supplemental data as Movies S4, 5, 6, and 7 for imaging in 0, 15.4, 76.5, 765 mM
sodium azide. (D) Time course of accumulated moving distances of individual particles under
various concentrations of sodium azide. (E) Scatter dot plot of particle speed under various
concentrations of sodium azide. Speeds were estimated from a linear fitting of accumulated
moving distance.
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FIG 4. Movements of individual particles. (A) Video frames of particle chains under 15.4
mM sodium azide (Movies S5). The green arrow on the left shows the cell axis and front. The
particles with remarkable movements are marked before and after the movements by
differently colored triangles and arrows, respectively. Particles moved to the left relative to the
gliding direction. (B) Consecutive image profile of active and static particles. Left image: Raw
image of video frame showing areas profiled for active (red) and static (blue) particles. Right
graphs: Image profiles of active (red background) and static (blue background) particles every
330 ms for 1.98 s. (C) Consecutive image profiles showing particle movements every 330 ms
for 1.98 s in 15.4 mM sodium azide. (D) Consecutive image profiles showing particle
movements every 200 ms for 1.2 s without sodium azide (Movies S4). (B, C, D) Consecutive
profiles of each frame from red to purple. Advancing (a) and returning (r) movements are
presented. Peak positions of focusing particles are marked by a triangle and an arrow,
respectively, for the initial and the end time points. Distances between peaks before and after
movement are marked by a triangle and an arrow, respectively; these were manually
measured for statistical analysis of particle movements. The profile of heights and positions is
presented with a common X- Y- scale in the lower panel for each data set.
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FIG 5. Analyses of particle distribution. (A) Distribution of particles in chain. The particle
positions and the axis of the particle positions are indicated by red dots and grey dashed lines,
respectively. The particle positions were detected every 200 and 330 ms, respectively, without
and with sodium azide at 82, 66, 70, and 66 points under 0, 15.4, 76.5, and 765 mM sodium
azide, respectively. The axis of particle positions was determined by a linear approximation of
the average position of each patrticle. (B) Schematic illustration of three distances with
average and standard deviation (SD) values in nm. The patrticle position to the chain axis (C,
purple), the distance to the adjacent particle (D, blue), and the distance to the adjacent
particle projected to the chain axis (E, green) are shown. Bar lengths are not to scale. Movies
S4-7 were analyzed. The chain axis is indicated by a green arrow pointing mostly to the cell
front in panels (A) and (B).
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FIG 6. Schematic illustration of particle movement in M. mobile visualized by HS-AFM.
The internal chain of the gliding machinery and cell membrane are indicated by blue objects
and a beige plate, respectively. Here, we focus on the particle chain lining the lower side of
cell membrane, while we scanned mostly the particle chain beneath the upper side of cell
membrane in this study. The left and right panels show the particles before and after the
advancing movement, respectively. The central particle moves as an ATP- or ADP/Pi-bound
form, to the right and inner sides for a distance of 9 and 2 nm, respectively.
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