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GENERAL INTRODUCTION

Mollicutes

Mollicutes, including Spiroplasma, Mycoplasma and Acholeplasma, are
parasitic or commensal bacteria. Many of them are known to cause disease in their
host plants and animals. Phylogenetically, they are closely related to Firmcutes,
which include Bacillus and Clostridium (1). Mollicutes genomes are small in size
(0.5 to 2 Mbp) and their GC content is low (2). They do not have a cell wall, which
is composed mainly of peptidoglycans (3). Their cell membrane is surrounded by
lipoproteins and other proteins, some of which function as antigenic variations to
escape host immune response. Interestingly, in Mollicutes, some Mycoplasma
species and all Spiroplasma species show motilities without flagella or pili that give

motility to many bacteria (4-6).

Evolution of Mollicutes motility

Mollicutes have evolved three unique types of motilities: Spiroplasma
swimming and two types of Mycoplasma gliding (Fig. I-1) (7). An evolutionary story
is proposed below. Since peptidoglycan is a target of the host cells immune
system, Mollicutes abandoned the genes to synthesize peptidoglycan. Accordingly,
Mollicutes gave up using flagella, the motility apparatus anchored to the
peptidoglycan. Motility is sometimes indispensable in parasitic bacteria, and
Mollicutes developed a novel motility that does not require peptidoglycan. Since

cells that lose peptidoglycan are soft, as seen in L-form bacteria (8), the cell shape

1



can be easily deformed by protein movement within the cell. Housekeeping
proteins such as the cytoskeletal proteins, ATP synthase, and glycolytic enzymes
are constantly moving inside the cell to maintain life. Movements of these proteins
are transmitted from the inside of the cell to the scaffold through the membrane,
thus resulting in the development of the motilities.

Interestingly, the three developed motilities are completely unrelated in terms of
the genes that constitute the motility machinery, and the one type of gliding,
represented by Mycoplasma mobile, is suggested to have evolved from ATP

synthase (5, 9, 10).

ATP synthase

ATP synthases, found in most organisms, are rotary motors that perform
biological energy conversion (11, 12). Their role is to both synthesize ATP using a
proton motive force and, conversely, to hydrolyze ATP to drive protons to maintain
the membrane potential. Their structure is composed of a soluble catalytic F1-
domain for ATP catalysis and a membrane-embedded Fo-domain for the proton
pathway (Fig. I-2A). F1-domain is composed of five subunits q, B, y, 8, and €, while
Fo-domain is usually formed by three subunits a, b, and c. The F1-domain is also
known as F1-ATPase. For the sake of clarity, | refer to the F1-domain as F1-ATPase
in this thesis. The smallest unit of F1-ATPase for their role is afy because it can
function by only these subunits (13). The catalytic § and the non-catalytic a

subunits alternate to form a hexameric ring (af3)s with a central pore that contains a
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coiled-coil domain of y subunit (Fig. I-2B). The catalytic site is located at the a3
interface. The three sites in the hexamer cooperate in ATP hydrolysis, and the
subunit adopts the three conformations: Open (O), Closed (C), and Half-Closed
(HC) to rotate y (14).

Mycoplasma have three F1-like ATPase gene clusters, which are referred to as
Type 1 to 3 ATPases (15, 16). Type 1, found in all mycoplasmas, is a typical operon
encoding ATP synthase and is likely to function as a proton pump to maintain
membrane potential. Type 3 is found in mycoplasmas that have an MIB-MIP
system to cleave host immunoglobulins (17). Type 2 is only found in four
Mycoplasma species, including M. mobile. Interestingly, the Type 2 ATPase of M.
mobile, which encodes MMOB1620, -1630, -1640, -1650, -1660, and -1670

tandemly, is involved in the internal structure of the gliding machinery.

M. mobile gliding

Mycoplasma mobile is one of the mycoplasma species with a cell size of about
0.8 um and was isolated from a lesion on the gills of a tench (Tinca tinca) in the
early 1980s (4). M. mobile has a protrusion on one side of the cell and glides on
solid surfaces at approximately 4 um/s in the protrusion direction of the protrusion
(Fig. I-3A) (5). The gliding machinery is localized to the protrusion and can be
divided into surface and internal structures (Fig. I-3B, upper). The surface structure
has approximately 450 repeats of a complex of three large proteins, Gli123, Gli521,

and Gli349, inserted into the cell membrane (Fig. I-3B, lower) (18-22). Fifty-nm-
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long leg structures consisting of Gli349 molecules can be seen jutting out from cell
protrusion by electron microscopy (EM) (23). The tip of Gli349 is characterized by a
"foot" with an oval structure that can bind to sialylated oligosaccharides (SOs) (24-
31). Gli521 and Gli123 serve as the "crank" that transfers force to Gli349 and the
"mount" that localizes the other two surface proteins to the gliding machinery,
respectively. A working model of the gliding mechanism has been proposed in
which the cells are propelled by Gli349 molecules that repeatedly catch, pull, and
release SOs on solid surfaces (5, 9, 32, 33).

The internal structure consists of a lumpy structure, called “bell” at the tip of the
cell protrusion and 28 “chains” lining the inner membrane surface (Fig. I1-3B) (9, 16,
34, 35). Each chain is characterized by 17 repeating particle structures, resulting in
a total of 476 particles in one cell. The chains tend to form sheets when they are
isolated from cells, suggesting lateral interaction with the adjacent chains (9, 34).
The internal structure consists of least ten proteins including MMOB1620, -1630, -
1640, -1650, -1660, and -1670 in Type 2 ATPase (Fig. I-3C). Interestingly,
MMOB1670 and -1660, which have Walker A and B motifs that are involved in ATP
binding and hydrolysis (36), show high amino acid sequence identity with the
catalytic B and the non-catalytic a subunits of F1-ATPase, respectively. MMOB1670
has an extra N-terminal region (amino acids 1-299), which is not present in the 3
subunit. The chains most likely contain the motor for gliding because the gliding

motility is coupled to ATP hydrolysis (9, 37, 38).



CHAPTER |

Chained structure of dimeric F1-like ATPase in Mycoplasma
mobile gliding machinery

ABSTRACT

Mycoplasma mobile, a fish pathogen, exhibits gliding motility using ATP hydrolysis
on solid surfaces, including animal cells. The gliding machinery can be divided into
surface and internal structures. The internal structure of the motor is composed of
28 so-called “chains” that are each comprised of 17 repeating protein units called
“particles”. These proteins include homologs of the catalytic a- and B-subunits of
F1-ATPase. In this study, | isolated the particles and determined their structures
using negative-staining electron microscopy and high-speed atomic force
microscopy. The isolated particles were composed of five proteins, MMOB1660 (a-
subunit homolog), -1670 (B-subunit homolog), -1630, -1620, and -4530, and
showed ATP hydrolyzing activity. The 2D structure, with dimensions of 35 and 26
nm, showed dimer of a hexameric ring about 12 nm in diameter, resembling F1-
ATPase catalytic (af)s. | isolated the F1-like ATPase unit, which is composed of
MMOB1660, -1670, and -1630. Furthermore, | isolated the chain and analyzed the
3D structure, showing that dimers of mushroom-like structures resembling F1-
ATPase were connected and aligned along the dimer axis at 31 nm intervals. An
atomic model of F1-ATPase catalytic (af3)s from Bacillus PS3 was successfully fitted

to each hexameric ring of the mushroom-like structure. These results suggest that



the motor for M. mobile gliding shares an evolutionary origin with F1-ATPase.
Based on the obtained structure, | propose possible force transmission processes

in the gliding mechanism.



INTRODUCTION

M. mobile exhibits a unique gliding motility based on ATP hydrolysis on solid
surfaces (5). The gliding machinery can be divided into two parts: a surface
structure containing legs and an internal structure containing 28 chains that are
candidates for gliding motors. The internal chains contain MMOB1660 and -1670,
homologs of the a and 3 subunits of ATP synthase, respectively, suggesting that
they evolved from ATP synthase (5).

Recently, the chains of the internal structure were shown to have structural
changes linked to ATP hydrolysis (9). However, it is still unclear how the chain
generates and transmits the force to the outside, because its detailed structure has
not been clarified. In this study, | isolated the chains and elucidated their structures.
The structure had a common architecture with F1-ATPase, suggesting that the
chain shares a common evolutionary origin with F1-ATPase. Based on my findings,

| suggest two possible force transmission models for the gliding machinery.

MATERIALS AND METHODS
Strains and culture conditions. | used P476R gli521, a mutant strain of M.
mobile that can glide normally but binds SOs more tightly than wild-type strains
(21, 33, 37). M. mobile cells were cultured as described previously (39, 40).
Optical microscopy. The cultured cells were inserted into a tunnel chamber
assembled with two coverslips and double-sided tapes and observed by phase-

contrast microscopy using an inverted microscope (IX71; Olympus, Tokyo, Japan)
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(28, 30). Movement was recorded using a complementary metal-oxide
semiconductor (CMOS) camera (DMK33UX174; The Imaging Source, Bremen,
Germany). Video was analyzed using the ImagedJ software, version 1.53a

(http://rsb.info.nih.govl/ij/).

Solubility test. All procedures for fractionation were performed at 4°C unless
otherwise noted and focused protein bands were identified by peptide mass
fingerprinting (PMF), as previously reported (34, 41). To investigate the solubility of
the chain components, M. mobile cells from 60 mL of culture medium were
collected by centrifugation at 14000 x g for 20 min and washed twice with PBS
consisting of 8.1 mM NazHPO4, 1.5 mM KH2PO4, pH 7.3, 2.7 mM KCIl and 137 mM
NaCl. Cells were resuspended in PBS to a 12-fold higher concentration than the
culture and sonicated for 1 min at 24—27°C to be dispersed in microtubes using an
ultrasonic generator (2510 J-MT; BRANSON, Kanagawa, Japan). The cells were
then treated with Triton solution (1% (w/v) Triton X-100, 0.1 mg/mL DNase, 5 mM
MgCl2, and 1 mM phenylmethylsulfonyl fluoride in PBS) in a total volume of 10 mL.
After gentle shaking for 1 h, the suspensions were centrifuged at 20000 x g for 20
min, and pellets were collected and washed once with suspension buffer (PBS
including 5 mM MgClz2). This fraction is pellet-1. Pellet-1 was then resuspended
separately in suspension buffer adjusted to contain different concentrations of NaCl
(0, 50, 137, 200, and 400 mM) by pipetting several times. After treatment for 8 h,
suspensions were centrifuged at 20000 x g for 20 min, and supernatants and

pellets collected for SDS-PAGE analysis.


http://rsb.info.nih.gov/ij/

Preparation of fractions. | isolated three fractions including “dimer,”
“‘monomer,” and “chain” structures. They are schematically shown in Fig. |-3B.

For isolation of the dimer, pellet-1 from 1.2-liter culture was resuspended in 5
mL suspension buffer by pipetting up and down and allowed to dissolve for 8 h.
The soluble fraction was collected by centrifugation at 20000 x g for 20 min and
loaded onto a HiLoad 16/600 Superdex 200 column (Cytiva, Tokyo, Japan)
equilibrated with 1 mM MgCl2 in PBS at a flow rate of 0.8 mL/min. The fractions
were analyzed by SDS-PAGE and CBB staining.

For isolation of the monomer, pellet-1 from 1.2-liter culture was suspended by 5
mL Tris buffer consisting of 20 mM Tris-HCI (pH 7.5), 250 mM NaCl, 1 mM
phenylmethylsulfonyl fluoride, and 1 mM MgCl2 with pipetting and allowed to
dissolve for 8 h. The soluble fraction was collected by centrifugation at 20000 x g
for 20 min and mixed with 1.5% (w/v) sodium cholate. After 7 h of incubation, the
complexes were loaded onto a Sephacryl S-400 HR column (Cytiva) equilibrated
with 0.7% sodium cholate, 20 mM Tris-HCI (pH 7.5), 250 mM NaCl, and 1 mM
MgCl2 at a flow rate of 0.5 mL/min. The fractions were analyzed by SDS-PAGE and
CBB- and reverse-staining (42, 43). The fraction of the complex composed of
MMOB1670, -1660, and -1630 was collected. Samples were concentrated using an
Amicon Ultra 100 K spin filter (Merck KGaA, Darmstadt, Germany), if necessary.

For isolation of the chain, pellet-1 from 15 mL culture was resuspended in 60
ML suspension buffer. The suspension was then gently mixed with an equal volume

in a suspension buffer adjusted to contain 637 mM NaCl. The chain was recovered
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as the supernatant by centrifugation at 5000 x g for 5 min.

Analytical gel filtration. The dimer solution was loaded onto a Sephacryl S-
400 HR column equilibrated with gel filtration buffer containing 20 mM Tris-HCI (pH
7.5), 200 mM NaCl and 1 mM MgCl2 at a flow rate of 0.5 mL/min at 4°C.
Thyroglobulin (669 kDa; Gel Filtration Calibration Kits; Cytiva) was dissolved in gel
filtration buffer and loaded onto the column as a size standard at a flow rate of 0.5
mL/min. The stoichiometry of protein complexes was estimated by densitometry of
SDS-PAGE gels stained with Coomassie brilliant blue (CBB), using a scanner (GT-
9800F; Epson, Nagano, Japan) and ImagedJ (20).

Blue-native PAGE and in-gel ATPase activity assays. Blue-native (BN)
PAGE was performed according to the user manual of the Native PAGE Novex Bis-
Tris Gel System (Thermo Fisher Scientific, Waltham, MA). For BN-PAGE of sodium
cholate treated dimer, a dimer fraction was mixed with sodium cholate (1.5%) and
incubated at 4°C for 9 h. When this sample was mixed with a sample buffer,
NativePAGE™ 5% (w/v) G-250 sample additive was also added at 0.5% (w/v) to
prevent protein aggregation. Thyroglobulin was dissolved in water and used as a
negative control for the In-gel ATPase activity assay. For the In-gel ATPase activity
assay (44, 45), native gels were incubated with gentle shaking for 8 h at 24-27°C
in activity buffer containing 270 mM glycine, 35 mM Tris (pH 8.4), 4 mM ATP, 14
mM MgSO4, and 0.2% (w/v) Pb(NOs)2. The gels were rinsed once with water and
images were taken using LAS-4000 mini (Cytiva). White precipitates were then

dissolved by gentle shaking for 8 h at 24—27°C with 50% (v/v) methanol and 10%
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(v/v) acetic acid in water. The gels were restained with 0.025% (w/v) CBB G-250
and 10% acetic acid in water for 80 min at 24-27°C with gentle shaking and
destained with 10% (v/v) ethanol and 10% acetic acid in water for 180 min at 24—
27°C with gentle shaking. The gels were rinsed once with water and images were
taken using LAS-4000 mini.

Phosphate-release assay. Dimer solution was dialyzed for 8 h using 20 mM
Tris-HCI (pH 7.5), 150 mM NaCl, and 2 mM MgCl2. ATPase activity was assayed
by a continuous spectrophotometric method using a 2-amino-6-mercapto-7-
methylpurine ribonucleoside—purine nucleoside phosphorylase reaction to detect
released inorganic phosphate (EnzChek kit; Thermo Fisher Scientific) (46). The
reaction mixture was as follows: 15.7 nM dimer, 20 mM Tris-HCI (pH 7.5), 150 mM
NaCl, 2 mM MgCl2 and 0.01—-1 mM ATP in a total volume of 0.2 mL at 25°C.
Sodium azide was added to 15.4 mM final concentration when the reaction was
started. The protein amount of the MMOB1670 comprising F1-ATPase B-subunit
homologs was estimated using densitometric analysis of SDS-PAGE gels.

Negative-staining EM and image processing. Dimer solution was placed on
a glow-discharged (PIB-10; VACUUM DEVICE, Ibaraki, Japan) carbon-coated grid
(F-400; Nisshin EM Co., Tokyo, Japan) and incubated for 1 min at 24-27°C. The
solution was then removed, and the grid was stained with 2% (w/v) uranyl acetate
for 30 s. The stain was then removed, and the grid was air-dried. To observe the
monomer and chain, the grids were washed with water after 1 min of incubation

and then treated as described for the dimer solution. Samples were observed using
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a transmission EM (JEM1010; JEOL, Tokyo, Japan) at 80 kV, equipped with a
FastScan-F214 (T) charge-coupled-device (CCD) camera (TVIPS, Gauting,
Germany), and images were captured at 2.58 A/pixel.

The contrast transfer function parameters for electron micrographs were
estimated using Gctf (47). Further image processing was performed using RELION
3.0 (48). A total of 2148 particles for the dimer and 11687 particles for the monomer
were automatically selected with box sizes of 180 x 180 and 100 x 100 pixels
using reference-based auto-picking, respectively. These particle images were
binned to 5.16 A/pixel. For the dimer, the particle images were 2D-classified into
100 classes. For the monomer, particle images were 2D-classified in four rounds,
and the selected 7381 particles were re-extracted with the pixel size returned to the
unbinned image and then 2D-classified into 50 classes.

For reconstruction of the 3D chain structure, 2127 particles were manually
selected for chains with a box size of 276 x 276 pixels with ~50% overlap. These
particle images were binned to 5.16 A/pixel. Particle images were 2D-classified in
two rounds, and the selected 1709 particles were used to reconstruct the initial
model with a final resolution limit of 50 A. The initial model and selected particles
were used to perform 3D refinement. Reprojection images were produced from the
3D map using the relion_project command in RELION. The 3D map was visualized
using UCSF Chimera 1.14 (49). Atomic models of F1-ATPase catalytic (af3)s from B.
PS3 (PDB ID 6N2Y) (50) were fitted into the 3D map using command of “Fit in

map” in UCSF Chimera.
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High-speed atomic force microscopy. Imaging was performed with a
laboratory-built tapping mode high-speed atomic force microscopy (HS-AFM) (51,
52), using small cantilevers (BLAC10DS-A2, Olympus; resonant frequency, ~0.5
MHz in water; quality factor, ~1.5 in water; spring constant, ~0.1 N/m). The
cantilever’s free-oscillation peak-to-peak amplitude (Ao) and set-point amplitude
were set at ~2.5 nm and ~0.8 x Ao, respectively. The probe tip was grown on the
original tip end of a cantilever through electron beam deposition and further
sharpened using a radio frequency plasma etcher (PE-2000, South Bay
Technology, Redondo Beach, CA) under an argon gas atmosphere (typically at 180
mTorr and 15 W for 3 min). The sample was deposited on a freshly cleaved mica
disc glued to a glass stage beforehand. After 3.5 min, the stage surface was
immersed in a liquid cell containing an observation buffer [20 mM Tris-HCI (pH 7.5),
50 mM KCI, and 2 mM MgCl2]. Imaging was performed at 24-27°C. AFM images
were processed using a low-pass filter to remove spike noise and make the xy-
plane flat and analyzed using Kodec software (version 4.4.7.39) (53). Surface

profiles and smoothing were performed using ImageJ software.

RESULTS

Isolation and biochemical analyses of stable unit complex. In this study, |

” o«

isolated and analyzed three fractions including “dimer,” “monomer,” and “chain”

structures which are schematically shown in Fig. I-3B (Fig. 1-4,5).

13



First, to isolate a stable unit complex from the chain, | lysed cultured M. mobile
cells with 1% Triton X-100 and recovered the insoluble fraction by centrifugation
(34). This fraction named as “pellet-1” was used for further preparations (Fig. 1-4). |
suspended pellet-1 in suspension buffer, which contains 137 mM NaCl, and
solubilized the putative unit complex for 8 h. Here, | used 137 mM NaCl rather than
400 mM to reduce the contamination of other proteins. The soluble fraction was
then subjected to Superdex 200 gel filtration chromatography. The obtained peak
fraction in the void volume contained MMOB1620, -1630, -1660, and -1670, which
are coded on the mycoplasma Type 2 ATPase operon, and MMOB4530 annotated
as phosphoglycerate kinase (PGK) (Fig. I-6A). These proteins are known to be
components of the internal structure (Fig. 1-3B) (9, 16, 34, 35).

To examine the assembly of these proteins, | applied the isolated fraction to gel
filtration chromatography using a Sephacryl S-400 HR column, which can
fractionate up to 8000 kDa globular proteins (Fig. I1-6B). The proteins eluted as a
single peak at a nonvoid position and were larger than 669 kDa, suggesting that
they form a large complex. The molar ratios of the components were estimated to
be 3.2:2.9: 3.0: 1.0: 2.3 for MMOB1670, -4530, -1660, -1630, and -1620,
respectively, from the relative intensity of the SDS-PAGE bands. | then analyzed
the isolated fraction by BN-PAGE (Fig. I-6C, left). A single band was detected,
which is consistent with the result of gel filtration chromatography showing a single
peak. Next, | applied the band to an In-gel ATPase activity assay, which detects the

activity as a white precipitation of lead caused by released of inorganic phosphate
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(Fig. I-6C, right). The band with the complex showed precipitation, whereas the
band with thyroglobulin, the negative control, did not. This result indicates that the
isolated complex has ATPase activity.

In addition, | assayed the isolated fraction for phosphate release from solution.
The complex hydrolyzed ATP at a maximum turnover rate of 0.18 molecules/s per
MMOB1670 subunit, B-subunit homolog, with a K, of 74 uM at 25°C (Fig. I-6D).
The ATPase activity was inhibited by addition of 15.4 mM sodium azide, an inhibitor
to ATPases with Walker A motifs (54), with a K of 108 uM and a maximum
turnover rate of 0.055 molecules/s. In a previous study, the Triton-insoluble fraction,
which included the internal structure, showed ATPase activity with a Kn, of 66 uM
and a maximum turnover rate of 0.09 molecules/s and was suppressed by 15.4
mM sodium azide, showing a K of 84 uM and a maximum rate of 0.063
molecules/s (9). The values obtained here are comparable to these previous data.
The above results suggest that the isolated complex is the motor in the internal
structure of the gliding machinery. | used this unit complex for further analyses.

Hexamers resembling F1-ATPase catalytic (af8)s form a dimer. | observed
the unit complex by EM using the negative-staining method. A field image showed
uniform particles with dimensions of 40 and 20 nm (Fig. I-7A and B). As the
appearance frequency of the particle depended on the protein concentration, |
concluded that the observed particles were a part of the protein complex. | picked
2148 particle images automatically using RELION software (48) for 2D-

classification. From the 2D-classification, | obtained four clear particle images (Fig.
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[-7C). | adopted mirror images according to the structure observed in HS-AFM (see
below). Structural handedness cannot be judged from EM images because they
are projections of electrons transmitted through the sample. | focused on an image
showing a complex structure with dimensions of 35 and 26 nm featuring nearly
two-fold symmetry (Fig. I-7C and D). Interestingly, the characteristic hexamer of
about 12 nm in diameter formed a dimer and was reminiscent of F1-ATPase
catalytic (ap)s. Considering that the amino acid sequences of MMOB1660 and -
1670 have high identity to the a- and B-subunits of F1-ATPase, respectively, the
dimeric complex is likely an evolutionary related F1-ATPase. The distance between
the centers of the two hexamers was 11.0 nm. The complex had ten filamentous
structures around the two hexamers, four of which appeared to form bridges across
the two hexamers. The filamentous structures are unlikely artifact, because they
showed common features in four independent averaged images (Fig. I-7C).
Hereafter, | refer to this structural unit as a “dimer.”

The hexamer featured a ring and a peak in HS-AFM of a dimer. Next, |
visualized the dimer using HS-AFM to clarify the structure under liquid conditions,
because the molecules are in dry condition under negative-staining EM. HS-AFM is
a powerful method that can visualize the structure and dynamics of single
molecules in liquid conditions at a video rate (55, 56). In this method, a specimen is
placed on the stage surface and, with a probe, is scanned in buffer at high speed.
In this study, | placed a dimer on a mica surface and scanned it in an area of 70 x

70 nm? at 56 x 56 pixels with a scanning rate of 100 ms per frame. HS-AFM
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images showed a complex with dimensions of approximately 30 and 20 nm
composed of two globules and attached by 2 to 4 lateral protrusions shorter than
15 nm (Fig. I-8A). The dimer images were categorized into two patterns as either a
ring (pattern I) or a peak (pattern Il), based on the central parts of two globules.
Then, | observed them at a higher resolution (area, 40 x 40 nm? with 50 x 50
pixels; scanning rate, 100 ms per frame) (Fig. 1-8B). In pattern I, the slice image
near the top end of the particle between 9.8 and 11.3 nm above the substrate
surface showed two hexameric rings (Fig. I-8C). The position and direction of the
two rings are consistent with those of the hexamers in the negative-staining EM
image. In addition, the distance between the centers of the two hexameric rings
was 10.4 nm (Fig. I-8D), similar with the distance between the centers of the
hexamers in the negative-staining EM image (Fig. I-7C). These observations
suggest that the shape of the dimer structure in liquid is preserved in negative-
staining EM conditions and that the hexamers form rings like F1-ATPase catalytic
(ap)s. In pattern Il, the two central peaks were positioned 11.2 nm apart (Fig. 1-8D,
lower), similar to the distance between the centers of the hexameric rings in pattern
| (Fig. I-8D, upper), suggesting that patterns | and Il are two sides of the same coin
(Fig. I-8A, left). The distances between the hexameric rings are slightly different for
patterns | and Il, at 10.4 and 11.2 nm, respectively. This difference suggests that
the central axes of two hexamers are not parallel. Considering that HS-AFM
detects surface structures while EM shows projection images, the corresponding

distance, 11.0 mm in EM is consistent with the numbers obtained from HS-AFM.
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Interestingly, in most of the particles, the two peaks at 5 and 6 nm became invisible
in 20 s, between frames 1 and 3 (Fig. I-8E and F). | concluded that these subunits
dropped out from the complex, because they did not reappear before the complex
was disrupted. Next, | focused on the lateral protrusions of these particles, which
may be related to the sheet formation of chains (9). To visualize them more clearly,
| scanned a dimer by HS-AFM with an area of 120 x 120 nm?, 120 x 120 pixels,
and scanning rate 500 ms per frame. The dimer showed seven lateral protrusions
around the two globules (Fig. I-8G). These protrusions swayed without being fixed
(Fig. 1-8H).

Isolation and structure of a monomer. To clarify the components and
structure of the hexamer, | focused on the monomeric hexamer, called a monomer
(Fig. I-5, left). | treated the dimer fraction with 1.5% sodium cholate, an anionic
detergent. BN-PAGE and In-gel ATPase activity assays showed a single band with
ATPase activity at a position lower than the original one, corresponding to 720 to
1048 kDa, indicating that the dimer dissociated into smaller units with ATPase
activity (Fig. I-6C). Therefore, to isolate a monomer, | applied pellet-1 sequentially
to the treatments with 250 mM NaCl for 8 h, 1.5% sodium cholate for 7 h, and to
Sephacryl S-400HR gel filtration chromatography (Fig. I-5). The elution pattern
showed a rather isolated small peak and following overlapping peaks (Fig. I-9A).
An SDS-PAGE gel showed that MMOB1670, -1660, and -1630 eluted in the same
fractions, while MMOB4530 and -1620 eluted at later fractions (Fig. I-9), indicating

that MMOB4530 and -1620 were dissociated from the dimer by sodium cholate
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treatment. Then, | focused on the small peak fraction, F6 in Fig. I-9A, which mainly
contained MMOB1670, -1660, and -1630 (Fig. I-5, left, I-9B). MMOB4530 was also
contained in F6, but its amount was 9-fold lower than that of the dimer fraction (Fig.
I-5, left and middle). The complex in F6 presumably corresponds to the BN-PAGE
band showing ATPase activity (Fig. I-6C), because only MMOB1660 and -1670
have the Walker A and Walker B motifs in the dimer components.

EM observation using the negative-staining method showed uniform globular
particles 10-15 nm in diameter (Fig. I-10A and B). As the appearance frequency of
the particle depended on the protein concentration, | concluded that the observed
particles were a part of monomer. | picked 11687 particle images automatically
using RELION software for 2D-classification. By 2D-classifying the images in 50
classes, | obtained 15 clear particle images, which were averaged (Fig. I-10C). Fig.
[-10D shows a 12 nm diameter globule characterized by a single hexameric ring,
corresponding to a part of the dimer image in Fig. I-7C. Three of the subunits were
larger than the others with hook structures on either side of the edge. Three
averaged images (Il to IV) showed a mushroom-like structure resembling F1-
ATPase, which is characterized by a 12 nm-diameter umbrella and a 3 nm-long
stalk (Fig. I-10D). Now, | can suggest that MMOB1670, -1660, and -1630 form a
monomer, i.e., Fi-like ATPase unit. MMOB4530 was probably not included in this
unit because it probably binds to the complex and could not be distinguished in the
image due to the low proportion of bound entities (Fig. I-5, left). Thus, the

hexameric ring is likely formed by the a-subunit homolog MMOB1660 and the [3-
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subunit homolog MMOB1670, and the stalk is formed by MMOB1630.

Isolation and structure of a chain. In gliding machinery, dimers link to form
chains. To characterize these chains, | isolated “chain fraction” with milder
mechanical treatment than those for other fractions. Pellet-1 was treated by 387
mM NaCl, and soluble fraction was isolated. The chain fraction contained more
than 30 proteins, including the dimer component proteins MMOB1670, -4530, -
1660, -1630, and -1620 as major components (Fig. I-5, right). EM observation
using the negative-staining method showed chain structures with lengths longer
than 70 nm and particles of various sizes (Fig. I-11A and B). This time | manually
picked 2127 particles from the chain images, overlapping approximately 50% of the
71 x 71 nm? box area. From 2D-classification, | obtained seven clear particle
images (Fig. I-11C). The particle images show the various orientations required for
3D reconstruction. | then created a 3D map by combining a total of 1709 particle
images of good quality (Fig. I-11D). The 3D map with dimensions of 70, 20, and 15
nm at a density threshold (contour level = 0.026) was composed of two dimers of
mushroome-like structures resembling F1-ATPase, aligned along the dimer axis.
Dimers were connected by a bulge structure with a diameter of 5 nm. The chain
interval was 31 nm, consistent with the corresponding dimension in a 2D image
from electron cryotomography (ECT) (9), suggesting that the 3D model obtained
reflects the original structure from a cell. The mushroom-like structure with a
diameter of 15 nm, consisting of a hexameric ring and a central stalk, was

connected to the dimer by two bridge structures with a diameter of 3 to 6 nm. An
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atomic model of F1-ATPase catalytic (af)s from Bacillus PS3 (PDB ID 6N2Y) (50)
was fitted into each hexameric ring of the mushroom-like structure (Fig. I-11E). The
distance between the centers of the fitted (a8)s in the dimer was 12.5 nm, which is
consistent with that of the dimer observed by negative-staining EM and HS-AFM
(Fig. I-7C and 1-8D). The fitted model showed that each hexameric ring had two
protrusions of 3 to 6 nm pointing laterally (Fig. I-11E). The cross-sections of each
mushroome-like structure showed the central stalk length of 5 nm (Fig. I-11F). A
cavity was observed at the center of the hexameric ring. However, it may be an
artifact of the low-resolution map of negative-staining EM, because metal coating
tends to emphasize the peripheral part of large particles (57).

Next, | compared a reprojection image of the 3D chain map with the 2D
averaged image of the dimer from negative-staining EM in corresponding
handedness (Fig. I-11G). Two short filaments marked by asterisks in the dimer
(Fig. I-11G, left) are positioned facing each other in the connecting bulge (Fig. I-
11G). Previously, ECT of a permeabilized M. mobile cell showed a chain structure
characterized by repeats of two globules and two types of projections to the cell
membrane (Fig. I-11H, left) (9). The hexameric ring and the central stalk in the 3D
map here correspond to the globule and one type of projection to the cell
membrane in the ECT image, respectively, suggesting that the chain is oriented
with the central stalk facing the membrane, which is common in F1-ATPases. At the
interface between dimers, the 3D map here did not include a structure composed

of another type of projection and a globule as observed in the ECT image. The
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subunits corresponding to these structures probably had structural variations or

dissociation during the isolation process.

DISCUSSION

Outline of internal structure of gliding machinery. Previously, sequence
analysis suggested that the chain of M. mobile gliding machinery evolved from F1-
ATPase (5, 9, 16, 34, 35). The present study supports this conclusion by structural
data showing that the chain has hexameric rings similar to the F1-ATPase catalytic
(aB)s. Integrating available information, | can now describe the outline of the
internal structure of the M. mobile gliding machinery (Fig. I-3B). M. mobile cells
have 28 individual 530 nm long chains, each of which contains 17 dimer units
composed of two F1-like ATPases and filamentous structures (9). The central stalk
of the F1-like ATPase and another protrusion from the connecting bulge project to
the cell membrane.

Unique role of Fi-ATPase related complex. To date, several complexes are
known to be evolutionarily related to F1-ATPase, all of which are responsible for
transporting substances across the membrane (58). However, the motor | identified
here most likely plays a role in motility. This case may be reminiscent of dynein, a
motor in eukaryotes, which evolved from a widely conserved AAA (ATPases
associated with diverse cellular activities)+ protein, in which multiple subunits of

ATPases perform functional rotation (59, 60). Sequence analyses have shown that
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mycoplasma Type 3 ATPase is also related to F1-ATPase, and its role has been
suggested to promote substrate turnover in the MIB-MIP system (17). If Type 3
ATPase provides the force to change the conformation of a hydrolytic enzyme, its
role in force generation is common with Type 2, the gliding motor.

ATP synthases are known to be dimerized through interactions between Fo-
domains and are usually arranged in rows along the short axis in the tightly curved
cristae ridges of mitochondria (12, 61, 62). The dimer structure found in the present
study is not related to this, because the F1-like domain (F1-like ATPase) is
dimerized through the filament structure and is linked in the long axis direction.
However, the role of their dimerization may be common, in part, if the dimerization
and chain formation observed in the gliding motor identified in this study stabilizes
the membrane structure, as seen in the ATP synthase dimer (63). Moreover,
dimerization may result in cooperativity in motor functions.

Protein assignment. The a-subunit homolog MMOB1660 (58.7 kDa) and the
B-subunit homolog MMOB1670 (88.4 kDa) likely correspond to the smaller and
larger subunits, respectively, of the hexameric ring of an F1-like ATPase unit, as
suggested by the estimated 1:1 molar ratio in the dimer (Fig. I-5A, right and 1-10D).
This means that the hook structure of the larger subunit may be formed by the
extra N-terminal region (34.8 kDa) of MMOB1670.

MMOB1630 has only 16.4% amino-acid identity in 336 residues with the y
subunit, the principal component of the central stalk of F1-ATPase in Bacillus PS3.

However, 3D structure modeling based on secondary structure suggested that
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MMOB1630 is structurally similar to the y subunit (5). In general, the y subunit of
F1-ATPase is composed of a coiled-coil and a globular domain and penetrates the
hexameric ring (14). In the F1-like ATPase unit and chain 3D model, a stalk
structure, suggesting the globular domain of the y subunit, was found in the center
of the hexameric ring (Fig. I-10D and I-11F), implying that MMOB1630 penetrates
the hexameric ring like the y subunit.

Using HS-AFM observations, the peak at approximately 5 nm at the center of
the hexameric ring dropped out with time (Fig. I-8E). The peak height agrees with
the length of the estimated globular domain of MMOB1630 in the chain 3D model
(Fig. I-8F and I-11F), suggesting that the peak is composed of MMOB1630 and
was pulled out from the hexameric ring by the scanning cantilever during HS-AFM
observation. The pull-out event is thought to be common to that of the F1-ATPase,
in which the y subunit is removed from the hexameric ring by optical tweezers
(64).The filamentous structures around the hexameric ring probably correspond to
lateral protrusions in the HS-AFM images and are formed by the remaining
proteins, MMOB1620 and -4530 (PGK). These proteins probably play roles in
ATPase dimerization, chain formation, and lateral chain interaction (9). MMOB1620
is an unannotated protein specific to the Type 2 ATPase gene cluster (15, 16).
MMOB4530 is annotated as an enzyme that transfers phosphate groups from 1,3-
bisphosphoglycerate to ADP in glycolysis to yield ATP and 3-phosphoglycerate
(65). In M. mobile, ATP is probably provided by glycolysis (66). MMOB4530 may

supply ATP efficiently to the gliding motor by its close proximity. Yeast V-ATPase,
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which belongs to the rotary ATPase family like ATP synthase, is also attached by
two glycolytic enzymes, 6-phosphofructo-1-kinase and aldolase (67-69). These
glycolytic enzymes are involved in the regulation of V-ATPase assembly and
activity.

Ten proteins have been identified as the components of the internal structure
(Fig. 1-3) (9, 16, 34). In the present study, | identified five proteins as the dimer
components. Other five proteins are likely involved in other parts, for example, bell
at the front part of internal structure (Fig. I-3B) and parts of the intact chain
structure which were lost in the fractionation (Fig. I-11H).

Possible force transmission mechanisms for gliding. The involvement of
an internal ATPase in the gliding mechanism is based on the following five
observations from the analysis of the "gliding head” of M. mobile protrusions and of
the isolated gliding machinery: (a) The affinity for ATP estimated by the saturation
extent is comparable between the ATPase activity of the internal structure and the
speed of the gliding head (9). (b) Substrate binding and gliding speed of the gliding
head are inhibited by azide, as well as the ATPase activity of the internal structure
(9). (c) The chain in the internal structure undergoes conformational changes
based on ATP hydrolysis (9, 10). (d) Among the 21 proteins identified from the
gliding head, only MMOB1660 and -1670 could be suggested for ATPase from the
amino acid sequences alone (9, 34). (e) Fluorescent protein tagging of
components of the internal structure significantly affects the substrate binding of

cell and the gliding speed (16).
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The structure elucidated in the present study allows me to discuss the gliding
mechanism in more detail. Previously, structural changes linked to ATP hydrolysis
were reported: (I) EM studies showed 2 nm contraction of dimer intervals in the
isolated chains (9), and (ll) HS-AFM studies showed movements of individual
dimers in the cell 9 nm perpendicular to the chain long axis and 2 nm into the cell
(10). Considering these observations, | propose two different working models for
the force transmission mechanism in gliding (Fig. 1-12). In the “contraction model”
(Fig. I-12i), the force generated by the hexameric ring shortens the chain. The
resulting displacement of the projections from the dimer to the cell membrane
drives the hook structure of Gli521 like a "lever.” Then, the leg moves with the
catch, pull, and release of the SOs. In the “rotation model” (Fig. I-12ii), the force
generated by the hexameric ring rotates MMOB1630 in the same way as F1-
ATPase. This rotation is transmitted across the cell membrane to the Gli521. The
hook structure converts rotational motion into linear motion of the leg, similar to a
crank. Previous studies have reported that M. mobile exhibits unitary steps of
approximately 70 nm in size at no load (38, 70). In our models, both the rotation
and contraction displacements are expected to be a few nanometers. These
displacements may be amplified by the large surface structure complex formed by
the 100 nm long Gli349 and 120 nm long Gli521, which show dimensions
comparable to the step size, acting as a large gear (33). This conjecture could
explain how a single leg exerts a force of 1.5 pN, smaller than that of conventional

motor proteins such as myosin, dynein, and kinesin.
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Evolution of M. mobile gliding. A previous study suggested that Gli349
evolved from a static binding receptor to parasitize the host (27). Considering this,
the evolutionary origin of M. mobile gliding can now be discussed. ATP synthase,
which is abundant on the cell membrane, could have been accidentally associated
with the binding receptor and turned into a primitive motility system, which may
have provided random cell spreading. The system was then refined under survival
pressure, because motility might be beneficial to infection and evading the hosts
immune system. For dimerization and chain formation, PGK was then incorporated
into the gliding machinery, because PGK was working in close proximity to ATP

synthase.

27



Peptidoglycan Mollicutes motility

Gliding

=

,,,,,, O
l"‘{::’
Evolution
Gliding
=

Swimming

&

FIGURE I-1. Evolution model of Mollicutes motility. Mollicutes evolved three
different types of motilities after losing genes related to peptidoglycan synthesis.
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FIGURE I-2 Structure and mechanism of ATP synthase. (A) lllustration of
bacterial ATP synthase. (B) Crystal structure of F,-ATPase (PDB ID 6N2Y)
(50). The structure was viewed from y subunit in panel A. Three sites for
ATP hydrolysis by triangles. (C) Schematic model of rotary catalytic
mechanism. lllustrations are viewed from the same orientation as panel B.
The catalytic site is located at each ap dimer. Three B subunits adopt
different conformations: Closed (C), Half-closed (HC) and Open (O),
respectively. The B subunit changes three conformations sequentially during
ATP hydrolysis, resulting in counterclockwise rotation of central stalk.
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FIGURE I-3. Mycoplasma mobile gliding. (A) Optical microscopy of cells
(upper) and trajectories of gliding cells (lower). All cells are gliding in the
direction of tapered end as indicated by a black arrow. For trajectories, video
frames of every 0.2 s were colored differently from red to blue and stacked for 4
s. (B) Schematic illustration of gliding machinery based on the Chapter | data. In
the whole cell shown in upper illustration, the internal structure and legs are
colored gray and red, respectively. The actual cell has about 28 chains, each
consisting of 17 particles and connecting to bell, although a more limited number
is illustrated here. In this paper | refer to particle and F,-like ATPase unit as the
“‘dimer” and the “monomer,” respectively. A single unit of the surface structure
and a chain of the internal structure are magnified in the lower illustration. (C)
ORFs for the internal structure. The components of the internal structure are
colored gray. Type 2 ATPase operon is at the top. Dimer components revealed in
Chapter | are marked by colored boxes, corresponding to the colored
components of the lower illustration in panel B.
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FIGURE |-4 Solubilization of chain components. (A) Fractionation procedure
of pellet-1. Pellet from cell treated by Triton was named as “pellet-1.”
Supernatant is abbreviated as “sup.” (B) Solubility of the chain components.
Pellet-1 fraction was treated with buffers containing the specified concentrations
of NaCl and centrifuged. Pellet-1 fraction, the supernatants (S) and the pellets
(P) were analyzed by SDS-12.5% PAGE. See Materials and Methods for details.

32



Pellet-1

<«—Tris buffer (250 mM NaCl) <«—Suspension buffer «— Suspension buffer
8 h incubation (137 mM NaCl) + 250 mM NaCl
with pipetting 8 h incubation (387 mMNaCl)
with pipetting Gentle mixing, no incubation
{5 20000 x g for 20 min 520000 x g for 20 min 5 5000 x g for 5 min
Pellet  Sup Pellet  Sup Pellet Sup
<4— 1.5% sodium cholate Mram
in Tris buffer (250 mM NaCl) |Gel filtration 2501 MMOB
7 h incubation Superdex 200 column 132: = oo
Dimer T 4030
—_— - — 1660
Gel filtration (unit complex) » <o
Sephacryl S-400 HR column gﬂsr; OB ST w1620
150-
Monomer 100-— 1670
Mre ™ 4530 ]
?gg: MMoB 50-—— <€1660 20-
132:—41670 s 1630
-44530* <1620
50~~~ <1660
37 €630 25-
20~
26- =

20~

FIGURE I-5 Isolation procedure for three fractions. Each fraction was
obtained from pellet-1 fraction. The adjusted concentrations of NaCl in the
solution are indicated in parentheses. Supernatant is abbreviated as “sup.”
Dimer (unit complex), monomer, and chain fractions were subjected to SDS-
12.5% PAGE gel and stained with CBB. The bands marked by black triangles
were identified by peptide mass fingerprinting (PMF). The intensity of band
marked by an asterisk is reduced in monomer fraction. Molecular masses are
shown on the left. See Materials and Methods for details.
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FIGURE 1-6 Protein profile and characterization of dimer. (A) Isolation of
dimer (unit complex). The fractions of each step were subjected to SDS-12.5%
PAGE gel and stained with CBB. Lane 1, lysate of M. mobile cells; lane 2, Triton-
soluble fraction; lane 3, Triton-insoluble (pellet-1) fraction; lane 4, supernatant
after incubation in suspension buffer containing 137 mM NaCl; lane 5, peak
fraction of Superdex 200 gel filtration chromatography. The bands of dimer
components are marked by black triangles. (B) Gel filtration assay of unit
complex fraction using Sephacryl S-400 HR column. The peak positions of unit
complex (dimer) and thyroglobulin (669 kDa) are marked by orange and purple
triangles. (C) BN-PAGE (left) and In-gel ATPase activity assay (right). dimer,
dimer treated with 1.5% sodium cholate (SC treated), and thyroglobulin, which
has no ATPase activity, were subjected to 3 to 12% gradient BN-PAGE. The
bands of dimer and monomer after sodium cholate treatment are marked by
closed and open triangles. White lead phosphate bands, indicating ATPase
activity appeared in the right panel. Molecular masses are shown on the left. (D)
Phosphate release assay of dimer under various ATP concentrations with and
without sodium azide. The ATPase activities under 0- and 15.4-mM sodium
azide are marked by red and green filled circles, respectively (n = 3). These data
were fitted by the Michaelis-Menten equation as solid lines.
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20 nm

FIGURE I-7. Negative-staining EM of dimer. (A) Electron micrograph of
negatively stained particles in unit complex fraction. (B) Images of individual
particles. (C) Representative 2D averaged images. Mirror images are shown to
match the orientation of the hexameric ring observed by HS-AFM in Fig. I-8.
These images have common features as represented long and short protrusions
marked by light blue and orange triangles, respectively. (D) lllustration based on
the averaged image in left upper of panel C. Filamentous structures are marked
by asterisks at an end. The double-headed arrow shows the distance between
the centers of the hexamers.
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FIGURE I-8. HS-AFM of a dimer. (A) Two patterns of HS-AFM images. A dimer
was scanned at 56 x 56 pixels in an area of 70 x 70 nm’ with a scanning rate of
100 ms per frame. lllustrations for patterns | and Il (left side) were depicted
based on 3D chain model shown in Fig. I-11. Observation directions are
indicated by arrows. Lateral protrusions are marked by blue triangles. Images of
patterns | and Il are shown in green and purple frames, respectively. (B)
Averaged images for patterns | (green frame) and Il (purple frame). Dimer was
scanned at 50 x 50 pixels in an area of 40 x 40 nm’ with a scanning rate of 100
ms per frame. The images were produced by averaging three successive video
frames. (C) HS-AFM slice image showing two hexameric rings (upper) and
averaged EM image (lower). Upper: The red broken boxed area in panel B was
sliced for the height 9.8—11.3 nm from the substrate surface, processed for
smoothing, and magnified. The angle alignments of two hexamers are
schematically shown in the left upper. Lower: The central part of the left upper
panel of Fig. I-7C was excised and aligned to compare with the upper panel.
Subunits of the hexamer are marked by red circles. (D) Surface profiles along
the lines in pattern | (green) and Il (purple). The upper and lower images in
panel B were each profiled at the green and purple lines passing the globule
centers. The dimples and the peaks are marked by open and black triangles,
respectively. The slice height in panel C is shown by broken lines. (E) Shedding
process of the peaks of pattern Il particle shown in panel A. The peaks are
marked by red triangles. (F) Surface profile showing the disappeared peaks. The
images in panel E were each profiled at the blue, pink, and light blue lines
passing the globule centers. The peaks are marked by black triangles. The
double-headed arrows show the peak heights. (G) HS-AFM image of a dimer
with seven lateral protrusions. Dimer was scanned at 120 x 120 pixels in an
area of 120 x 120 nm’ with a scanning rate of 500 ms per frame. Lateral
protrusions are indicated by blue triangles. (H) Fluctuations of the protrusions of
the particle shown in panel G. The images were sliced for the height 0—-7.0 nm
from the substrate surface. The moving directions are indicated by arrows. In all
HS-AFM images, the color bar on the right shows the range of image heights.
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FIGURE I-9 Monomer isolation. (A) Gel filtration profile in monomer isolation
using a Sephacryl S-400 HR column. The small peak is marked by a green
triangle. (B) The F1-F13 fractions in the gel filtration indicated by the green line
in panel A were subjected to SDS-12.5% PAGE and stained with CBB. F6, which
corresponds to the small peak in the gel filtration, was used for further analyses
as monomer fraction. Bands of dimer components are marked by black
triangles. Focused proteins were identified by PMF, and molecular masses are
shown on the left.
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FIGURE 1-10. Negative-staining EM of monomer fraction. (A) Electron
micrograph of negatively stained ATPase in monomer fraction. (B) Images of
individual particles. (C) Representative 2D averaged images. (D) Selected 2D
averaged images (upper) and depictions of their structures (lower). Upper: Hook
structures in the hexameric ring and the stalks are marked by green and orange
triangles, respectively. Lower: The hexameric part, hook structures and the stalk
are colored rose, green and orange, respectively.
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FIGURE I-11. Chain structure. (A) Electron micrograph of a negatively stained
chain. The chain structures are marked by blue lines. (B) Magnified chain
images. (C) Representative 2D averaged images. (D) Three-dimensional
reconstruction of a chain containing two F,-like ATPase dimers. The 3D map is
visualized at a density threshold (contour level = 0.026). The central stalks are
marked by open triangles. (E) Superposition of the atomic model of Bacillus F -
ATPase catalytic (aB), (PDB ID 6N2Y) (50) onto the 3D chain structure. The a
and B subunits are colored salmon and turquoise, respectively. The central stalk
and protrusions from hexameric rings are marked by open and black triangles,
respectively. (F) Cross section of mushroom-like structures. Central stalks are
marked by broken circles. The double-headed arrow shows the length of the
protrusion. Corresponding mushroom-like structures are marked (a) to (d) in
panel E. (G) Comparison between the dimer image from Fig. |-7C (left) and the
chain reprojection (middle). The reprojected image is viewed from the angle
used for the right image of panel D. Short filaments corresponding to the position
of the connecting bulge are marked by asterisks. A depiction of a chain model
based on the comparison (right). (H) Comparison between the averaged chain
image from ECT (left) and the chain reprojection (middle). Left: The averaged
chain image was modified from the whole cell ECT image in the previous study
(9). Inner sides and membrane sides relative to the chain are marked by i and m,
respectively. Middle: Chain was reprojected from an angle close to the middle
image in panel D. The protrusion from the globule corresponding to the central
stalk from the hexameric ring, one from the connecting bulge and the globule
attached to the connecting bulge are marked by orange, light blue and green
triangles, respectively. The areas of image densities that were visualized only in
the ECT image are marked by broken lines. Right: An illustration depicts a chain
model based on the comparison.
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FIGURE I-12. Working models for force transmission mechanism. The
gliding direction is indicated by a red arrow. The regions marked in gray were
visualized only in the ECT image. The crank protein Gli521 and the leg protein
Gli349 are colored green and red, respectively. (i) Contraction model: The force
generated by the hexameric ring displaces the dimer along the gliding direction.
The displacements are transmitted through the membrane to Gli521. (ii) Rotation
model: The force generated by the hexameric ring rotates the central stalk in a
mechanism similar to that of F,-ATPase. The rotational motion is transmitted
across the membrane to Gli521.The generation and transmission of forces are
presented by black arrows for both models.
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CHAPTER Il
CryoEM structure of dimeric F1-like ATPase in Mycoplasma
mobile gliding machinery

ABSTRACT

Mycoplasma mobile glides on solid surfaces with a unique mechanism. The gliding
force is generated by an internal motor and transmitted to the surface leg structure.
| reported the structure of the motor as “dimer” unit in Chaper |, but much higher
resolution was required to clarify the force generation mechanism. | obtained the
3D structure of Dimer at 5.7 A resolution by electron cryomicroscopy. Atomic
models predicted by sequence homology were fitted to the 3D map. Two asf33
hexamers with a central shaft in each of them form a paired structure with a
rectangular frame. The motor is featured by six arms, each composed of
phosphoglycerate kinase (PGK), protruding from the 8 subunit homolog of ATP
synthase. The three 3 subunit homologs show different conformations in each
hexamer, suggesting a rotational catalytic mechanism analogous to ATP synthase.
Three a subunit homologs also show different conformations, which may cause
motor-chain retraction discussed previously. In this study, | propose possible force

generation processes in the gliding mechanism.
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INTRODUCTION

The structure of the motor for M. mobile gliding was revealed by negative-
staining EM in Chapter I. The high-resolution structure should provide information
on subunit composition, residue positions, and transition states during the
enzymatic reaction, allowing for a more detailed discussion of the force generation
mechanism.

Electron cryomicroscopy (cryoEM) is a powerful tool which can visualize
biomolecules in a frozen hydrated state (71). The resolution of cryoEM has reached
up to approximately 1.25 A, while the resolution of negative-staining EM is limited
to a maximum of approximately 18 A (72, 73). In cryoEM method, the sample is
flash frozen in liquid ethane at approximately =160 °C. The flash freezing of water
into vitreous ice protects the specimen from drying out and radiation damage in
transmission electron microscopy (TEM). The sample in vitreous ice is then
observed by using TEM incorporating liquid-nitrogen cooled sample stage.

In this study, | applied cryoEM to “dimer” unit of M. mobile motor and
determined the 3D structure at 5.7 A resolution. Based on the constructed atomic

model, | discuss the force generation mechanism of the motor.

MATERIALS AND METHODS
CryoEM and image processing. Isolation of the dimer was done by the same
procedure as in Chapter |. The 2.6 uL of the dimer solution was placed on a glow-

discharged grid. The grid was then automatically blotted from both sides with filter
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paper at 25 °C for 8 s and vitrificated using a semi-automated vitrification device
(Vitrobot; FEI, Eindhoven, Netherlands). The images were observed and captured
at 1.07 A/pixel by a Titan Krios FEG transmission electron microscope (FEI)
operated at 300 kV on an FEI Falcon Il 4 k x 4 k direct electron detector (FEI).

The contrast transfer function parameters for electron micrographs were
estimated using Gctf. Further image processing was performed using RELION 3.0.
A total of 101746 particles was automatically selected with box sizes of 432 x 432
pixels using reference-based auto-picking. These particle images were binned to
4.28 Alpixel. The particle images were subjected to 2D classification. The selected
47738 particles were used to reconstruct the initial model with a final resolution
limit of 15 A. The initial model and selected 86093 particles were used to perform
3D classification. The resulting 2 classes were assessed manually and the class1
3D model with 46432 particles was used for further analyses. The particles were
re-extracted with the pixel size returned to 2.14 A/pixel. | performed 3D refinement
to the dataset and yielded a 3D map with 8.1 A resolution. CTF refinement and
Bayesian polishing improved the resolution to 5.7 A (74).

Structure modeling and refinement. | performed comparative modeling
through the Robetta server (https://robetta.bakerlab.org/) (75) to generate
homology models for Gliapy and PGK. Templates for homology models were F1-
ATPase a subunit from Bacillus subtilis (PDB ID 2QE?7) (76), F1-ATPase 3 subunit
from Saccharomyces cerevisiae (PDB ID 3FKS) (77), F1-ATPase y subunit from

Paracoccus denitrificans (PDB ID 5DNG6) (78) and PGK from Thermus caldophilus
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(PDB ID 2IE8) (79). The generated structures were fitted to the corresponding
densities in the cryoEM map by Situs program (80). These fitting were then
improved with molecular dynamics flexible fitting (81). Their fitted models were
manually inspected and adjusted by using COOT (82) and refined several times by
using phenix.real_space_refine (83). The segmentation of 3D maps was performed

with UCSF Chimera.

RESULTS

CryoEM of a dimer. | performed cryoEM on a dimer (Fig. 1I-1). | picked 101746
particle images automatically using RELION software for 2D-classification (Fig. Il-
1A and B). From the 2D-classification, | obtained clear particle images (Fig. II-1C).
A set of 46432 particle images was selected through the 2D-classification and used
to reconstruct a 3D structure at 5.7 A resolution with C1 symmetry. The analysis
workflow is summarized in Fig. 1I-2.

Overall structure of a dimer. The cryoEM structure showed a supramolecular
complex with a size of 50 x 35 x 20 nm and consisting of more than 20 subunits
with an estimated total of 1.5 MDa (Fig. lI-3A—C). Consistent with the results of
Chapter I, two mushroom structures of 15 nm size, reminiscent of F1-ATPase,
consisting of a characteristic hexameric ring and a central stalk, formed a pair
almost in two-fold symmetry. The hexameric ring was composed of alternating

subunits each similar to the a and 8 subunits of F1-ATPase. The central stalk
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piercing the hexameric ring showed two clear a-helices seen through the cross-
section of the hexameric ring as y subunit in F1-ATPase (Fig. II-3D). The two a-
helices were connected to a 5 nm diameter globular domain protruding from the
hexameric ring (Fig. 11-3B).

The two hexamers were cross-linked by two 7 x 3 x 3 nm rod-like "bridges"
bound to the a-like subunit (Fig. 1I-3C). Across the bridges, two a-helix structures
were attached to the a-like subunits. These two a-helix structures are reminiscent
of the buttress structure that connects the AAA+ ring and stalk in dynein (84). The
paired hexameric rings had two radially protruding 3 nm-long arm structures (short
arm1 and -2) and six 10 nm-long arm structures (long arm1 to -6) (Fig. 1I-3A). Long
arms consisted of two globular domains of approximately 5 nm diameter, while
short arms consisted of a single globular domain of approximately 4 nm diameter.
Long arm3 and -6 and the domain at the tip of long arm1 were only visualized
below a density threshold (contour level = 0.03) due to the flexibility of the
structures.

Next, to identify the proteins in each subunit, | generated homology models for
MMOBs 1660 (1-528aa), 1670 (300-772aa), 1630 (1-336aa) and 4530 (1-397aa)
using the structures of ATP synthase subunits and PGK from different bacteria as
templates. The four generated models were then fitted to the EM map by rigid body
fitting and subsequent molecular dynamics flexible fitting (Fig. II-4E-G). The 1-528
aa region of the a-homolog encoded by MMOB1660 was fitted to a-like subunits in

the heterohexameric ring, while the 300-772 aa region of the B-homolog encoded
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by MMOB1670 was fitted to B-like subunits. | named a- and B-like subunits Glia
and GIiB, respectively. All Gli has an extra structure consisting of a linker and a
bulge structure (Fig. 1I-5B—D). The extra structure should correspond to the extra
N-terminal region of MMOB1670 (1-299aa). The details are to be mentioned later.
At the hexamer interface, Gli1 and GliB4 interacted between loops 382—433aa
(Fig. 1I-3H). In the hexameric ring, five of the six Gliaf interfaces had small
molecule densities but could not be identified due to resolution limitations (Fig. Il-
4). These were thought to be phosphate and/or cell-derived nucleotides, as the
samples were isolated and observed in a buffer containing 9.6 mM phosphate. The
1-329aa region of the protein encoded by MMOB1630 was fitted to the central
stalk. | named this y-like subunit Gliy (Fig.lI-3E-G). The widely conserved 1-397aa
region of PGK (511aa) was fitted to each long arm1 to -6. The fitting of 1-192 aa
and 383-397aa to the tip domain of long arm1 and 1-397aa to long arm3 and -6,
respectively, was done only by rigid body fitting using the Situs program due to low
resolution. The densities corresponding to the C-terminal region of 398-511aa,
which is specific for PGK in M. mobile, were not visualized in all PGK arms. The
short arms were all bound to Glia and the two formed the bridge at the interface of
the two hexamers (Fig. lI-3] and J). | named these short arms GIiD. GIiD protein is
thought to be encoded by MMOB1620, which is the only one of the dimer
components not assigned to the cryoEM structure. Assuming that GliD is a sphere
with a diameter of 4 nm and that the protein mass is 1.37 g/cm? (85), its molecular

weight is about 27.6 kDa, which is slightly smaller than the estimated molecular
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weight 33.7 kDa of MMOB1620. There is an unassigned density surrounded by
Glia1 and the bulge structures of Glif2 and GliB4 (Fig. 11-3K). The density may be
the structure of Glip, extending from the bulge structure.

Subunit structures. Glia+-31-3y1 and its counterpart Glias-sB4-6y2 showed no
structural differences at the present resolution except for the Gli N-terminal
domain. Glia and Glif had three domains conserved in the F1-ATPase subunits
a/B: a crown domain consisting of six B-strands, an ATPase domain with a
nucleotide-binding site, and a C-terminal domain consisting of a bundle of a-helices
(Fig. lI-5A-D). Walker A motif, GGAGVGKT, that binds to the phosphate group of
nucleotides, was found in the ATPase domains of both Glia and GIif. B-subunits of
all F1-ATPases found so far have a loop between two long a-helices in the C-
terminal domain, and it is commonly called the DELSEED loop because it is formed
by residue DELSEED (14). Gli had a loop with the similar sequence DALSEDD
(residues 684—690) in an equivalent position to the DELSEED loop of F1-ATPase
(Fig. 11-5B). Hereafter | refer the DALSEDD loop as to DELSEED loop. The atomic
models of Glias (1-528aa) and Glif1 (300-772aa) are superimposed on the
corresponding parts of the Bacillus F1-ATPase (PDB ID 6N2Y) (50), a (2-501aa)
and B (2—471aa), respectively, showing structural similarity (Fig. II-5E and F).

Glia does not have an a-helix corresponding to the N-terminal a-helix (H1) of
the a-subunit of F1-ATPase (2—17aa), which is the binding region for the peripheral
stalk (Fig. II-5E). This observation is consistent with the fact that there is no

homologue of the gene that constitutes the peripheral stalk on the Type 2 ATPase
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operon. The 501-528aa of Glia is part of the C-terminal region that is non-
homologous to the a-subunit of F1-ATPase and formed two a-helices, helix14 (H14)
and helix15 (H15). A striking difference between Glif and the F1-ATPase B subunit
is the presence of the linker and the bulge consisting of an extra N-terminal region
(1-299aa) (Fig. [I-5B-D). The linker and bulge of all six Gli subunits extend from
the crown domain, and they show slightly different aspects and can be divided into
three types based on their structural features: Type A of Glif1,4, Type B of Glip2,s,
and Type C of GliBse (Fig. II-5B-D, 11-6). Gliy was composed of two long a-helices
at the N- and C-termini and a globular domain composed of 3-sheets and
surrounding a-helices (Fig. II-5G). The superposition of Gliy (1-329aa) with the y
subunit (2—284aa) of Bacillus F1-ATPase (PDB ID 6N2Y) showed a structural
similarity (Fig. [I-5H). The N-terminal a-helix of Gliy was more straightforward with
respect to the C-terminal a-helix compared to that of the y-subunit of F1-ATPase.
The C-terminal a-helix was approximately 3 nm longer than that of the y-subunit of
the F1-ATPase. PGK structure solved in this study is composed of two domains
connected by hinge structure (Fig. 11-51), which is identical to that of conventional
PGK (79). The C-terminal domain (CTD) of all PGK was in contact only with each
of the three types of Glif3 bulge (Fig. lI-5J—-L).

Structural differences in hexamer. To investigate the conformational
differences in Glia, | superimposed Glif1-3 and Gliai-3, respectively (Fig. II-7A and
B). Gli showed a large structural difference in the C-terminal domain (Fig. 1I-7A).

GliBs adopts a closed conformation (C) with the ATPase domain as a lever and the
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C-terminal domain swinging to the Gliy side. Glif2 adopts a half-closed
conformation (HC) with a slight swing at the C-terminus, and Gli1 adopts an open
conformation (O). | found a large structural difference between the three non-
catalytic subunits of Glia in helix 12 (H12) to helix 15 (H15), which are composed of
448-519 aa specific for Type 2-ATPase (Fig. 1I-7B and C). The H12 of Glias was
shifted up to approximately 0.5 nm toward Giliy relative to the other two (Fig. 1I-7C).
Furthermore, the ring-like structure formed by H13—H15 of Glias was shifted by
approximately 1 nm toward Gliy relative to the other two. H12—H15 of Glia2 was
slightly shifted from that of Glia1 toward Gliy. | defined the conformations of Gliai-3
as "Open" (O), "Half-Closed" (HC), and "Closed" (C), as well as the B-subunits.
The two hexamer rings formed an asymmetrical structure, with aofo, acfc, and
aHcPHe dimers arranged in a clockwise direction when viewed from the C-terminus
(Fig. 11-6D). Only the catalytic site of GliaoBo (a1f1) dimer did not bind the small
molecule density (Fig. 1l-4, left upper). The conformational arrangement with
substrate binding in the hexamer is parallel to that of the B-subunit in F1-ATPase.

Next, | focus on the catalytic site at the Glia3 dimer interface (Fig. II-7E).
Superposition of the catalytic site of Gliacpc dimer into that of bovine F1-ATPase af8
dimer revealed that three essential residues in the catalytic reaction of F1-ATPase,
B/K458 (P-loop lysine), B/E484 (catalytic residue), and a/R344 (arginine finger), are
conserved (14).

These results suggest that the dimer is driven by a rotary catalytic mechanism

in which three catalytic subunits continuously hydrolyze ATP in the same direction
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as the F1-ATPase. In F1-ATPase, the force generated by the conformational
change of the B-subunit is suggested to be mainly transmitted through the
interaction between the DELSEED loop and the globular domain of y-subunit (14). |
focus on the interaction between the C-terminal domains of Glia3 and the globular
domain of Gliy. The DELSEED loop of GliB1 (Open) interacted with the globular
domain of Gliy (Fig. 1I-7F). Furthermore, the H13—H15 ring structure in Glias
(Closed) also interacted with the globular domain of Gliy. Next, to investigate how
the conformational change of GliaB acts in the motor, | placed Glif2,3 and Glia1,2 at
the positions of Gli1 and Glias, respectively, in the dimer cryoEM map (Fig. 1I-7G).
This placement showed that the C-terminal domain of 8 subunit shifted to push Gliy
by Open to Closed movement, and almost returns to the Open position by Closed
to Half-closed movement. H12—H15 of Glia shifted up to approximately 1 nm
toward the interacting bridge (GliD) by Closed to Half-closed movements, and
almost stayed at the position by Half-closed to Open movements. These results
suggest that the three Gli3s rotate Gliy by a rotary catalytic mechanism, and that
the Glia-specific C-terminal domain pushes the bridge (GliD) with a conformational
change of approximately 1 nm.

Dimer connection for chain form. To investigate how the dimer structure
obtained by cryoEM are connected, | compared the dimer structure with the chain
3D map obtained by negative-staining EM in Chapter | (Fig. 1I-8A, upper). The
atomic models of Glia1-6B1-sy1,2 solved by cryoEM were fitted to the dimeric F1-like

ATPases in the chain 3D map (Fig. 1I-8A, middle). According to the fitting models, |
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aligned the dimer cryoEM map to produce the montage image (Fig. 1I-8A, lower).
The GliDs from the two dimers were oriented toward each other in the chain
density map, suggesting that dimers are bound to each other through GIiD (Fig. Il-
8B and C). Furthermore, the PGKs at the dimer interface were facing each other,
although they have no corresponding density in the chain map. These possible

interactions may also be involved in the dimer connection.

DISCUSSION

Rotary catalytic mechanism of dimer. The two Fi-like ATPases in the dimer
interacted through the C-terminal region of Glia, where the structural change is
likely to occur. The structural changes may affect the neighboring monomer
ATPase and give rise to cooperativity between monomers that is not present in the
ATP synthase dimer in the catalytic reaction. Assuming cooperativity, | proposed a
three-step reaction model for the dimer (Fig. [I-9A).

The GliaoBo dimer binds ATP and transitions to the GliacpBc dimer because only
GliooBo dimer have no density for small molecule at the catalytic site. When ATP is
hydrolyzed and ADP and Pi are released, the Gliacc dimer transitions to the
GlioncBHe dimer and then back to the GliooBo dimer. By analogy to the rotary
catalytic mechanism of ATP synthase, the reactions in the hexamer are interlocked,
with the three GliBs kicking Gliy in turn, making one rotation in three steps. In this
reaction, a part of the C-terminal domain of Glia contracts about 1 nm during the

transition from O to C and extends about 1 nm during the transition from C to HC.
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This sequence of conformational changes is probably caused by the rotational
action of Gliy through the interaction because the C-terminal domain of Glia does
not contact with the C-terminal domain of Gli3, which undergoes a conformational
change. The conformational change of Glia is thought to distort the bridge structure
by pushing or pulling GliD, resulting in cooperativity in the catalytic reaction of the
two hexamers. GIliDs connecting chains at the dimer interface are also expected to
be pushed and pulled by Glia.The possible movement in GliDs causes the chain
stretching discussed as contraction model in Chapter | (Fig. 1-12i, [I-9B). The
change in distance is estimated to be 2 nm by adding the two 1 nm Glia motion,

which is consistent with the distance of contraction observed by previous EM study

9).
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FIGURE II-1. CryoEM of a dimer. (A) Electron micrograph of a dimer. (B)
Images of individual particles. (C) Representative 2D averaged images.
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FIGURE II-2. Image process procedure for dimer cryoEM analysis. Images
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Fourier shell correlation (FSC) = 0.143.
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FIGURE II-3. Structure of dimer by cryoEM. (A—C) Dimer cryoEM map.
Threshold levels: mesh (gray), 0.03 o; solid, 1.15 o. In the density rendered as a
solid surface, the subunits are colored. Subunits corresponding to gray solid
surface were unidentified. Each illustration was depicted on the right side. (D)
Cross-section through dimer cryoEM map as indicated in panel B. Coiled-coill
domains in the hexamers were marked by broken lines. (E-F) Atomic model of
dimer. Subunits were fitted into cryoEM map by molecular dynamics flexible
fitting. (H) Interaction between hexamers. The broken boxed area in panel E was
magnified. Possible interaction points were marked by asterisks. (l) Interaction
between GIiD and Glia,. The area is marked in panel E. (J) Interaction between
two GIiD. The area is marked in panel F. (K) Unassigned density surrounded by
Glia1 and the bulge structures of Gli, and Gli,. The area is marked in panel A

as a purple triangle.
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FIGURE II-4. Small molecule density at nucleotide-binding site of Glia.

Gliap dimers have density corresponding to small molecule at catalytic site
except for Glia,3, dimer shown in left upper panel. Subtracted cryoEM map is

colored green.
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The illustration was depicted on the lower side. (D) Asymmetrical features in C-
terminal domains of hexamers. (E) Comparison of nucleotide-binding site
between dimer and bovine F,-ATPase (PDB ID 1BMF) (11). The sites were
superimposed by using program Fit in map in Chimera software. (F) Hexamer-
Gliy interaction. Glia. and Gli, interacted with the globular domain of Gliy. (G)
Transition simulation of Glia3. Double-head arrows indicate the distances of
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map obtained by negative-stain EM as shown in Fig. I-11. Middle: Atomic
models of dimer reconstructed by cryoEM were fitted into 3D chain map by
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shown in the middle panel. (B-C) Dimer interface. CryoEM montage fitted into
chain density map is shown here. Possible interactions are marked by asterisks.
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FIGURE 11-9. Model for dimer movement. (A) Possible rotary catalytic
mechanism of dimer. Closed, Half-Closed, and Open states of Gliaf3 are labelled
as “C”, “HC”, and “O”, respectively. ATP is represented by an orange sphere.
White arrows indicate movements. Glia subunits push and pull GIiD by
approximately | nm. (B) Possible chain movement. Red arrows indicate
movement by dimer. Each 1 nm movement by two dimer results in a 2 nm

stretching motion.
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CONCLUSIONS

In this thesis, | elucidated the detailed structure of the Type2-ATPase motor for
M. mobile gliding. The structure shows both common and novel features as F1-
ATPase relatives, which will lead to understanding of the diversity of ATP synthases
and the rotary catalytic mechanism. | also proposed a model for the force
generation and transmission mechanism for M. mobile gliding. To validate these
models, information on the interaction between motor and surface structures is
needed, and the high-resolution visualization by cryoEM and HS-AFM studies
would be critical. | discussed the development of M. mobile gliding from accidental
contact between ATP synthase and adhesin. This idea will be important in

considering the evolution of all motilities.
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