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ABSTRACT

The gliding bacterium Mycoplasma mobile adheres to plastic

surfaces, and moves around vigorously. However, it has not been

possible to control the direction of movements on plain surfaces. Here we

report that, on patterned lithographic substrates, M. mobile cells are unable

to climb tall walls, and move along the bottom edge of the walls. This

property to move persistently along walls enabled us to design patterns that

control direction of movements, resulting in uni-directional circling or

one-way gating between two areas. Furthermore, cells loaded with

streptavidin beads following biotinylation of surface proteins moved at

normal speeds. These bacteria could be useful as living microtransporters,

carrying cargo around within micrometer-scale spaces.

keywords: motor protein, bacterial motility, actuator, bottom up assembly,

synthetic biology



INTRODUCTION

Miniaturization of devices to sizes that traditional mechanical

engineering cannot handle demands innovative manufacturing processes

and principles. Concerning miniature actuators and transporters, a

number of synthetic approaches are currently pursued, including

lithographically fabricated MEMS devices [1, 2], chemically synthesized

molecular motors [3-5], and DNA mechanical devices [6, 7]. Turning our

attention to biological world, diverse, efficient miniature actuators exist,

such as flagellar motors of bacteria, F1ATPase involved in ATP synthesis,

and eukaryotic motor proteins including myosin, kinesin, and dynein.

Researches toward micro- or nano-actuators powered by those attractive

biological molecules are actively proceeding now [8-12]. Especially, the

kinesin-microtubule transport system, which can carry micrometer sized

objects on solid surfaces in micrometer scaled areas, are expected as

driving units for micro mechanical devices, such as delivery or material

transport units in "lab-on-a-chip" devices. However, a number of



problems still remain. For example, efficient methods to assemble

complex artificial devices using biological molecules do not yet exist.

Moreover, such molecules are often unstable under artificial conditions.

An alternative approach that we favor to circumvent those problems is the

use of higher order biological motile systems, such as cells [13, 14] or

organelles [15], rather than purified motor protein itself. We focused here

on gliding bacteria, which are phylogenetically diverse and are abundant in

many environments, move actively over solid surfaces using a process that

does not involve flagella [16].

Mycoplasma mobile was isolated in 1981 from a lesion on the gill

of the tench (Tinca tinca) as one species of gliding bacteria. The

pear-shaped M. mobile cells are about 700 nm in length, 250 nm in

diameter (at their widest) (Fig. 1). When M. mobile cells settle onto a

host cell, or onto a glass or plastic surface in culture medium, they quickly

adhere to the substrate surface and begin gliding while growing via binary

fission. The tapered region is always at the front of gliding cells, and a



number of rod-like structures called “spikes” protrude from the tapered

region and interact with the surface [17]. These spikes are believed to be

the motile structures of this bacterium [18, 19]. The molecular

mechanism of gliding remains unknown, though a mechanochemical

walking model that makes use of the spikes has been proposed [18, 19].

As the name suggests, M. mobile cells have an outstanding ability to glide

[20, 21], moving over surfaces at speeds up to 2~5 ! m/s, which is more

than five times faster than other species, and unlike those of other species

the movements are continuous and uninterrupted by pauses.

Thus, M. mobile cells have a potential to serve as living

microtransporers in artificial environments, with all the features of life such

as capacities to self-organize, self-duplicate and self-repair when damaged.

One of the problems that need to be solved towards this direction is the

lack of methods to control the directions of their movements on surfaces.

Here we report that M. mobile cells tend to move along the bottom of

lithographic walls on surfaces, which allowed us to design patterns to



realize unidirectional circling or one way gating of these cells. We expect

that this M. mobile motility system would be a potential alternative for the

kinesin-microtubule motor system as microtransporters.



MATERIALS AND METHODS

Synthesis of the micropatterns— Polyurethane (NOA73, Norland, USA)

micropatterned film was prepared on glass slides using the replica molding

method [8, 22]. The master plates for the microstamps were made using

electron-beam lithographically with an e-beam resist, SAL601 (Shipley

Microelectronics, Japan), on silicon substrates. Polydimethylsiloxane

(PDMS, Sylgard184, Dow Corning, USA) stamps were obtained by curing

PDMS on the above master plate for 30 min at 120°C on a hotplate.

Construction of 50- to 1,200-nm-high step patterns— The master plates

for a set of 50- to 1,200-nm-high step patterns were obtained by controlling

the duration of etching with reactive ion etch (RIE) on silicon substrates.

Photolithographical patterns with about 20-! m-thick resist, AZ5214-E

(Clariant, Tokyo, Japan), were made on a silicon substrate, after which the

unmasked surfaces were etched by RIE (Anelva, Japan, CF4 gas 12.5 sccm,

SF6 gas 25 sccm, 5 Pa, 30 W) for 7 s (50 nm) to 160 s (1,200 nm). After

removal of the residual resist with acetone, PDMS stamps were obtained



using the etched surfaces as templates. The steepness of the steps was

checked by atomic force microscopy (data not shown).

Use of immunofluorescence to observe M. mobile movement— M.

mobile cells were cultured in Aluotto medium (2.1% heart infusion broth,

0.56% yeast extract and 10% serum) at 25°C [23]. To visualize the cells

on microtracks, they were first immunochemically labeled with a mouse

monoclonal antibody, mAb14, that recognized the surface proteins of the

head and body regions of M. mobile [24], and then with a Cy3-conjugated

anti-mouse secondary antibody (IgG) (Sigma-Aldrich). This

immunofluorescent labelling procedure decreased the sliding velocity by

approximately 20%, but we used this method for observation of movements

along narrow linear channels because it was not posssible to visualize

individual cells clearly by the dark field optics on these line-patterned

surfaces. To remove excess antibody, the mixture was centrifuged at

6,000 x g for 4 min, after which the pelleted cells were suspended in

Aluotto medium by gentle trituration with a micropipette. The suspension



was then poured onto the patterned surface and left for 5 min to allow the

cells to attach. The surface was then rinsed first with fresh medium to

remove unbound cells and then with phosphate buffered saline (PBS; 74

mM sodium phosphate, 68 mM sodium chloride, pH 7,4) containing 20

mM glucose to minimize the background fluorescence.

Cargo attachment onto M. mobile cells— The culture medium of M.

mobile was replaced with PBS containing 20 mM glucose. Surface

proteins of M. mobile cells were functionalized by chemical modification

using 25 ! M biotin -polyethylene glycol-succinimide (Sharewater, USA)

for 15 minutes at room temperature. After washing by pelleting and

resuspending in fresh PBS twice, the biotinylated cells were frozen with

liquid nitrogen and stored at -80 °C.  Gliding activity of the cells was

retained for at least two weeks under this storage condition.  Streptavidin

coated polystyrene beads were prepared by according to the protocol of

Calbodiimide Kit for carboxylated microparticles (Polyscience, Inc., USA).

To attach beads onto M. mobile cells, equal volumes of suspension of M.



mobile cells (1x10 ® cells/! 1) and that of the streptavidin-immobilized
beads (2x10 ° particles/! 1) in PBS containing 20 mM glucose were mixed,
and after 15 min of incubation, a third volume of the culture medium
containing 1 mM biotin was added to stop the reaction. This condition
allowed more than 90% of the cells to bind to one or more beads, and the
rate constant of this reaction corresponds to the diffusion-limited reaction
rate constant (~10 ° M™'s™) calculated from the Smoluchowski-Debye
equation. This indicates that most of the collision events between an M.
mobile cell and a bead in the reaction mixture led to formation of tight
cell/bead complex via the biotin-streptavidin interaction. This high
efficiency should be, at least in part, due to the long linker of polyethylene
glycol (stretched length ~20 nm) between the biotin and succinimide
portions, because a long linker with a high degree of freedom in motion
was very effective to accelerate binding reactions between poorly diffusive
solid and solid micro-objects, such as micro particles and macromoleccular

protein assemblies [25].
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RESULTS AND DISCUSSIONS

When we cultured M. mobile cells on micropatterned surfaces

having vertical steps prepared by replica molding [22], we found that the

directions of the cells’ movements were profoundly affected by the pattern

geometry (Fig. 2a). When an M. mobile cell moving over the flat bottom

bumped against a step, it either climbed the step or changed direction and

continued to glide on the bottom along the wall created by the step. The

probability of the non-climbing change in direction was related to the

approach angle and the height of the step (Fig. 2b). In general, higher

steps and shallower approach angles favored non-climbing changes in

direction. Moreover, M. mobile cells could not climb steps higher than

1,200 nm, irrespective of the approach angle, indicating that the motion of

all M. mobile cells can be efficiently confined within an area surround by

walls higher than 1,200 nm. It is noteworthy that when they did not climb

the step, M. mobile cells typically glided along bottom edge of the wall,

rather than out to the open area away from the wall. We speculate that a
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larger number of spikes can attach to the intersecting surfaces at the bottom

edge of a wall than to a single flat surface, and that this stabilizes the cells’

movements along the bottoms of walls. To evaluate the persistency of M.

mobile cells to move along curved walls, we observed movements of the

cells along two linear walls interrupted by an outward 180-degree turn

away from the cells. Majority of the cells moved around the corner when

the curvature radius was larger than 2 ! m. In contrast, majority of the

cells dissociated from the pattern and moved straightly when the radius was

50 nm (Table 1).

Within narrow, linear channels (500 nm wide and 800 nm deep),

most M. mobile cells glided continuously, without changing direction (Fig.

2c¢ and Supplementary Video 2 online), at an average velocity of 2.30 +

0.57 ! m/s (N=171), which was equal to the velocity on flat surfaces (2.28 +

0.36 ! m/s; N=91). When two cells moving in opposite directions met

within a channel, one of two things happened. In the majority of cases

they passed by one another as if nothing had occurred (Fig. 2¢, arrowhead).

-12 -



This is reasonable because the channels are roughly twice as wide as

typical M. mobile cells. In some cases, however, one of the cells gave

way and moved to the adjacent lane, probably due to collision (Fig. 2d, red

cell indicated by arrow). Collisions were also observed between cells

gliding in the same direction at different speeds. In the case shown in

Figure 2e (arrowhead), the faster cell (yellow) moved to the adjacent lane

after bumping into the rear of the slower cell (green).

We next designed a pattern for unidirectional movement of M.

mobile, which consisted of repetitive broken circles connected by lines (Fig.

3a). With this configuration, an M. mobile cell moving around in the

larger open spaces eventually reached one of the elevated line patterns and

began to move along it. Both ends of the line were curved to introduce

the cell into the circular pattern (Fig. 3b). The ends of the lines were

made sharp with a curvature radius of approximately 50 nm (Fig. 3d), so

that 70~99% of the cells dissociated from the line and moved straight to the

next line in a counter-clockwise direction. This geometry caused most

-13 -



cells to keep moving in a counter-clockwise direction along the inner walls

of the broken circular line patterns. By contrast, a cell moving in the

incorrect (clockwise) direction within a broken circle would escape by

moving along the straight line, but would enter the neighboring broken

circle in the correct direction. As a result, 90.6 + 8.1 % (average from

eight independent patterns) of M. mobile cells on the surface rotated

unidirectionally in a counter-clockwise direction along the broken circle

patterns (Fig. 3¢ and Supplementary Video 3 online).

Other simple asymmetric patterns also affected the direction of M.

mobile movements in interesting ways. For example, aligned crescent or

tear drop patterns functioned as one-way gates, or Maxwell’s demon,

because cells moving on either side would eventually reach the patterns,

glide along the wall and dissociate from the pattern only on the side with

sharp ends (Fig. 3e, f). Thus, randomly moving M. mobile cells within

two square regions separated by aligned crescent patterns gradually

accumulated in the left compartment (Fig. 3g, h). With this pattern, 75.9
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+ 9.2 % (N=5) of the cells were concentrated in the left square after 20 min.

Finally, we demonstrated the ability of M. mobile cells to transport

artificial micrometer-sized objects. It has been already reported that M.

mobile cells can be loaded with a micrometer sized-bead via specific

antibodies and carry it around at normal speeds [26] , but this binding

reaction was rather inefficient. We thus developed an efficient method to

harness the biotin-avidin linkage system to M. mobile cells and to form one

to one complexes of cells and streptavidin-conjugated beads. Surface of

M. mobile cells was biotinylated using biotin-polyethylene

glycol-succinimide ester that specifically reacts with lysine residues of

protein. The covalently biotinylated cells were then mixed with 0.5 ! m

micro bead conjugated with streptavidin. With the optimized cell to bead

ratio and reaction time, 62% of the cells had one bound bead (Fig. 4b-d),

while 9% had none (Fig. 4a), and the remainder were in multiplex

complexes (Fig. 4e).

The gliding velocities of cells carrying one or two beads were 3.26
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+ 1.37 and 3.40 £ 0.94 ! m/sec, respectively, which were not slower than

unloaded cells (3.37 £ 1.02 ! m/s) (n=50 for each type of cells) (Fig. 4f-k

and Supplementary Video 4 online). This is reasonable, since 27 pN

stall force generated by an M. mobile cell [26] is a thousand fold greater

than a viscous drag force on a bead with 0.5 ! m diameter moving at 3 ! m/s

in water. In theory, one M. mobile cell should be able to carry an object

with the size of tens of micrometers without a significant loss of the gliding

speed.

Research aimed at realization of nano- and microactuators powered

by motor proteins is actively progressing [8-12, 27-30]. In particular,

directional transport by kinesin-microtubule motors over surfaces is

thought to be a possible basis for conveyor-belt-like transporters in

miniature bioreactors or lab-on-a-chip type devices [8, 9, 12].  We point

out that the motile properties of M. mobile cells are comparable with, or

perhaps superior to, the current kinesin/microtubule systems (Table 2), and

the methods to control direction of M. mobile movements are now
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presented. Based on these comparisons, we propose that the gliding

motility of M. mobile also has the potential to serve as the basis for

microtransporters of this type.

While there are many potential advantages to using defined

materials derived from living organisms to build integrated nano- or micro

devices, one serious disadvantage, especially of proteins, is their fragility

once they are isolated from living cells. The motility of M. mobile is

robust and superior to that of the purified motor proteins in that regard.

This 1s because in the M. mobile system, the cell, itself, functions as the

actuator with all the features of a living organism (e.g., reproduction and

self-repair). Furthermore, use of M. mobile cells or other higher order

biological structures as motile devices or actuators alleviates many of the

problems associated with the assembly of complex devices and systems

from multiple biological molecules and synthetic nanocomponents.

Finally, since genetic manipulation or modification of M. mobile functions

will likely be necessary to realize mechanical devices powered by the cells,

-17 -



it is helpful that the mycoplasma genome is one of the simplest [31]. We

expect that M. mobile, “domesticated” by molecular genetic methods, will

eventually serve as the basis for microtransporters or microlocomotives that

are able to reproduce and to repair themselves.

- 18 -
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FIGURE LEGENDS

Figure 1

Morphology of Mycoplasma mobile. Rapid-freeze-and-fracture

rotary-shadow electron micrograph of a Mycoplasma mobile cell (scale bar,

100 nm), modified from reference [17]. M. mobile cells glide in the

direction indicated by the arrow. Rod-like “spikes” comprised of motor

proteins protrude from the tapered region (arrowheads). A video for the

movements of M. mobile cells over a flat surface 1s available on web site

(supplementary Video 1).

Figure 2

Behaviors of the cells' movements around vertical steps. (a) Scheme of

the movement of M. mobile on a surface with a vertical step. When a M.

mobile cell arrives at the base of the step, it either climbs up the wall or

glides along it.  (b) The probabilities of non-climbing when motile M.

mobile cells hit the bottom of steps were scored as a function of the
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approach angle (between + 7.5 degrees of the indicated angle) and the

height of the step (open circles, 50 nm; open triangles, 100 nm; open

squares, 200 nm; closed triangles, 400 nm; closed squares, 800 nm; and

closed circles, 1,200 nm). (c-e) Movement of M. mobile cells along narrow

linear channels. Time-lapse fluorescence micrographs showing the

movement of M. mobile cells within 500-nm-wide, 800-nm-deep linear

channels (scale bar, 4 ! m). Selected cells are colored to help tracking.

Two cells moving in opposite directions in the same channel lane either

bypassed one another (panel ¢, green and cyan and then green and red; both

are indicated by arrowheads) or collided, which caused one of the cells to

change lanes (panel d, red and green; arrow). When a faster cell collided

with a slower one from behind, it moved to the next lane but kept moving

in the same direction (panel d, green and yellow; arrowhead). Atomic force

micrograph of the linear channels (e). See a supplementary video 2.

Figure 3
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Use of asymmetric patterns to elicit unidirectional movement along circular

tracks and one-way gating with M. mobile cells. (a) Scanning electron

micrograph of the repetitive broken circular pattern for unidirectional

rotational movement. Scale bar, 10 ! m. (b) A schematic image of the

mechanism by which unidirectional rotation within the repetitive circular

pattern is achieved. An M. mobile cell moving along the linear track

enters the pattern in the correct direction (arrow 1) and is guided along the

circular track, jumping over narrow gaps (arrow 2). By contrast, a cell

moving in the incorrect direction moves out of the circle but enters a

neighboring circle in the correct direction (arrow 3). (¢) Overlay of five

consecutive fluorescence micrographs taken at 0.33 s intervals. The color

gradient shows the counter-clockwise rotation of all 13 cells along the

circular track (time sequence: yellow to orange to red). (d) A magnified

view of the entrance to a circular track. The sharp end has a curvature

radius of 50 nm and allows cells to move straight to the adjacent line.

Scale bar, 1 ! m. (e, f) Aligned “crescent” and “tear drop” patterns. The
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aligned asymmetric patterns function as one way gates that allow cells

gliding along the pattern walls to move from the right to the left, but not the

other way. (g) One-way gating of M. mobile cells between two closed

areas using the aligned crescent pattern. (h) Accumulation of M. mobile

cells against a density gradient using crescent-pattern one-way gates: 76%

of the cells were concentrated in the left square after 20 min of movement.

All scale bars are 5 ! m except panels a and d.

Figure 4

Transport of microbeads by M. mobile cells. (a-e) Scanning electron

micrographs of M. mobile cells attached to 0.5 ! m microbeads. M. mobile

cells attached one bead at the rear (b), front (¢), or along the side (d), or

two beads along both side of the cell body (e). (f-k) Overlays of

sequential micrographs of cells carrying a 0.5 ! m micro-bead(s), taken at

1.0 s intervals. Covalently biotinylated M. mobile cells caught the

streptavidin coated micro-bead(s) and carried it over the surface.
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Unloaded (f) or cells carrying one bead at the rear (g), front (h), center (i),
or along the side (j), or a cell carrying two beads (k) are shown. The
gliding speeds of M. mobile cell were not affected by attaching the

microbead(s). See supplementary Video 4.
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TABLES

Table 1

Behavior of M. mobile cells moving along curved patterns with various

curvature radii

Radius of Straight” L-turn U-turn*

curvature (! m) (< 30 °) Tm E;O - ﬁ* ()> 120 m
0.05 62.4+10.1 % 36.7+10.1 % 0.9+2.1%
0.25 25.7+6.1% 713 +8.8 % 25+3.5%
2.5 0% 19.7 4.2 % 80.3 +4.2 %
10.0 0 % 3.6+72% 96.4+7.2 %

M. mobile cells were allowed to move along patterns that consisted of
straight lines leading to outward 180-degree curvatures with various radii,
and their behaviors were classified into three categories: ~ cells that moved
straight or changed direction by less than 30 degrees and thus moved away

from the pattern;  cells that glided along the curvature halfway and then



moved away from the pattern, resulting in a L-turn (between 30 and 120
degrees); and * cells that glided almost all the way along the curvature and
then moved away from the pattern resulting in a near U-turn (between 120
and 180 degrees), or kept moving all the way along the curvature, resulting
in a complete U-turn. That M. mobile cells responded differently to

curves with radii <0.25 pm and >2.5 pm is likely related to their size.



Table 2

Comparisons between M. mobile and the Kinesin/microtubule system as

micro-transporters

M. mobile kinesin / microtubule
Size ~1 um 0.1~100 pm *
Energy Source glucose ' ATP
Velocity 2~6 pm/s 0.5~1 um/s*
Force ~30 pN 6 pN x kinesin
molecules *
Speed Control temperature temperature, chemical
Directional Possible ' excellent
Control of Gliding
Stability robust unstable
Feature self-repairing very small
self-reproductive defined components
Potential genetic engineering protein engineering

protein chemistry

protein chemistry

* This is the length of typical microtubule filaments polymerized in vitro.

The diameter of microtubules is 25 nm. ' The energy source of the motor

protein of M. mobile is still unknown, but M. mobile cells are able to

synthesize the energy source by catabolyzing glucose contained in the



medium. * This is the speed of the conventional human brain or
Drosophila kinesin that is most widely used in nano-biotechnological
experiments. ° The force generated by a single kinesin molecule is
approximately 6 pN [32], but microtubules are usually powered by an
ensemble of kinesin motors. | Native conventional kinesin is not known
to have a regulatory system for its motor activity, except for cargo binding
[33]. However, we recently used protein engineering methods to install a
simple, Ca*"-sensitive chemical switch into conventional human kinesin (K.
Konishi et al., manuscript in preparation). ' This paper. ~ The lifetime
is mainly limited by the stability of microtubules, rather than of kinesin.
And the stability of microtubule is depends on the materials of the

microtrack [34].



