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The Screw-Like Movement of a Gliding Bacterium Is
Powered by Spiral Motion of Cell-Surface Adhesins
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ABSTRACT Flavobacterium johnsoniae, a rod-shaped bacterium, glides over surfaces at speeds of ~2 um/s. The propulsion
of a cell-surface adhesin, SprB, is known to enable gliding. We used cephalexin to generate elongated cells with irregular shapes
and followed their displacement in three dimensions. These cells rolled about their long axes as they moved forward, following a
right-handed trajectory. We coated gold nanoparticles with an SprB antibody and tracked them in three dimensions in an evanes-
cent field where the nanoparticles appeared brighter when they were closer to the glass. The nanoparticles followed a right-
handed spiral trajectory on the surface of the cell. Thus, if SprB were to adhere to the glass rather than to a nanoparticle, the
cell would move forward along a right-handed trajectory, as observed, but in a direction opposite to that of the nanoparticle.

INTRODUCTION

Bacteria that swim are driven forward by helical filaments
that rotate like propellers. The number and location of fila-
ments vary among different bacteria, yet the core mecha-
nism remains the same. Motile but nonswimming bacteria
do not have propellers, yet they achieve self-propulsion
over surfaces. Such movement is divided into two cate-
gories: 1) twitching and 2) gliding. Twitching involves the
extension and retraction of type IV pili (1-3), but gliding
bacteria do not use type IV pili (4-7). Although the mecha-
nism for gliding is barely understood, we know that Flavo-
bacterium johnsoniae, which exhibits some of the fastest
gliding of all known bacteria, has a powerful rotary motor
(8) and a mobile cell-surface adhesin, SprB (9-11). Proteins
of the type IX secretion system, which are abundant in
gliding bacteria related to Flavobacterium, are required
for secretion of SprB to the cell surface (12—14).

MATERIALS AND METHODS
Generation of elongated cells

F. johnsoniae cells lacking RemA were grown overnight at 25°C in
motility medium (MM; per liter: 1.1 g Casitone, 0.55 g yeast extract,
1.1 mM Tris (pH 7.5)) with shaking at 50 rpm. The cells were inoculated
in fresh MM and grown with shaking at 50 rpm at 25°C in MM with
75 uM cephalexin, a drug that inhibits bacterial cell division. After 6 h,

Submitted April 8, 2016, and accepted for publication July 26, 2016.
*Correspondence: hberg@mcb.harvard.edu or ashrivastava@fas.harvard.
edu

Editor: Kazuhiro Oiwa.

http://dx.doi.org/10.1016/j.bpj.2016.07.043

© 2016 Biophysical Society.

1008 Biophysical Journal 7171, 1008—1013, September 6, 2016

cells were collected, washed once with fresh MM, and then used for
further analysis.

Imaging and analysis of the motion of a pole near
a bend

Elongated cells were poured into a tunnel prepared by mounting a coverslip
on a slide with two strips of double-stick Scotch tape, washed once with
MM, and imaged. For two-dimensional tracking, a phase-contrast micro-
scope with a Nikon Plan 40x BM NA 0.65 objective (Nikon, Melville,
NY) and a Thorlabs DCC1545M-GL camera (Thorlabs, Newton, NJ) was
used. Images were analyzed using a custom MATLAB (The MathWorks,
Natick, MA) code. Cells with bends near one pole on either end were
selected for analysis. The image of one cell was projected on the x-y plane
and two lines (AB and BC) were fit on one cell (Fig. S2). The distance of the
pole near the bend from the long axis of the cell was measured. The power
density spectrum was calculated from the Fourier transform of the signal in
Fig. | B. The peak of the power density spectrum was recorded as the spatial
frequency, the inverse of which was the spatial period.

To track bacteria in three dimensions, a microscope (Nikon Eclipse Ti-U)
with an Apo TIRF 60x 1.49 numerical aperture (NA) objective was used in
bright-field mode, with illumination by a tungsten lamp and recording
by the Thorlabs camera described above. The high NA of the objective
provides a shallow depth of field. Data were analyzed using a custom
MATLAB code that fits a spline along the length of the cell and computes
the total length of that spline. These data were used to test the model shown
in Fig. 2.

Attachment of gold nanoparticles to SprB

We dissolved 2.5 uL of 20 mM freshly prepared succinimidyl 6-(3'-(2-pyr-
idothio)propionamido)hexanoate) (#21651; Thermo Scientific, Waltham,
MA) in dimethyl sulfoxide and added it to 10 uL of 1:10 diluted purified
anti-SprB antibody (9). The mixture was incubated at 25°C for 30 min.
After incubation, 2.5 uL of the preparation was added to 500 uL of
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Cells move sideways as they glide forward. (A) The gliding speed of 53 elongated cells was independent of cell length. Speed was plotted

as dots and a linear regression was fit to the data. The coefficient of correlation was 0.03. (B) The distance of the pole near the bend of one cell, shown
in Movie S1, from the long axis changed periodically with the distance traveled by the cell along its long axis. This distance was calculated using the method
drawn in Fig. S2. (C) The spatial frequency of the displacement of the cell in Movie S moving along its long axis was 0.15 um ™" and the spatial period was
6.6 um. (D) Frequency distribution of the spatial periods for 31 cells. The average spatial period was 6.6 + 1.2 um.

100 nm gold colloid (#EM.GC 100; BBI Solutions, Cardiff, UK), giving a
final antibody dilution of 1/2000, and the mixture was incubated at 25°C for
2 h. After incubation, 10 uL of 1 mM O-[2-(3-mercaptopropionylamino)
ethyl]-O’-methylpolyethylene glycol (#11124; Sigma-Aldrich, St. Louis,
MO) was added and the preparation was incubated at 25°C for 12 h. After
incubation, 100 uL of the solution was centrifuged at 1100 x g for 3 min.
The supernatant fraction was discarded. Then, 40 uL of 1:10 elongated cells
of an F. johnsoniae AremA strain was added to the pellet and mixed gently
by pipetting. After incubation for 10 min, the preparation was imaged.

Imaging and analysis of gold nanoparticle motion

F. johnsoniae cells with attached nanoparticles were poured into a tunnel
slide, incubated for 5 min, washed once with MM, and imaged. Some
F. johnsoniae cells stuck to the glass surface by more than one adhesin
and glided less vigorously than other cells. Since the cells were elongated,
most of them had a slight bend along the cell body. Only cells that were
fixed to the surface in a manner that prevented the shape of the bend
from changing were selected for further analysis.

An evanescent wave was used to illuminate the gold nanoparticles. The
experimental setup was as described by Yuan and Berg (15) except for
two modifications: 1) a glass tunnel slide (described above) was used
instead of a flow cell, and 2) the angle of the incident light from the
655-nm diode laser was changed so that total internal reflection occurred
at the glass-water interface at the bottom of the tunnel slide, rather than
at the glass-air interface at the top of the tunnel slide. The intensity of light
scattered from nanoparticles 0, 1, or 2 cell diameters from the glass surface
provided a calibration of the distance of particles from the glass surface

(and the penetration depth of the evanescent field; Fig. S4). The nanopar-
ticles that bound to cells stuck to the glass slide were imaged using the
same setup. With this setup, the nanoparticles appeared brighter than the
cell bodies (Movie S3). An image of a cell with a nanoparticle was pro-
jected in the x-y plane. The position of the nanoparticle was calculated using
an ImageJ plugin, ParticleTracker. Using a custom MATLAB code, the po-
sition of the nanoparticle was measured relative to that of the cell.

To calculate movement along the z axis, the microscope was calibrated
using three different nanoparticles at known positions along the z axis:
sitting on the glass substrate, sitting on top of one cell, or sitting on top
of two stacked cells (Fig. S4 A). A Gaussian was fit in three-dimensional
space using a custom MATLAB code on the images. Essentially, the
x and y coordinates corresponded to the image pixels, and the z coordinate
was determined from the peak intensity. These values were used to plot the
curve in Fig. S4 B. Using the curve in Fig. S4 B, the z-axis position of
a nanoparticle on a cell was interpolated.

RESULTS

To further our understanding of gliding, we used cephalexin
to generate elongated cells, some of which were bent. The
bend provided a marker to determine anisotropy in the
movement of an otherwise cylindrically symmetric cell.
Such cells were tracked in three-dimensional space, which
showed that they moved forward by a screw-like mech-
anism. When viewed in a two-dimensional projection,
SprB exhibits periodic motion (11). By attaching a gold
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FIGURE 2 Three-dimensional tracking reveals a screw-like mechanism. (A) Diagrammatic representation of a model to test whether a cell rolls like a
screw or rocks back and forth. Conformations a, b, ¢, and d of a bent cell are depicted by black lines. Conformations b and d represent the image of the
bent end of the cell when that segment lies in the microscope’s image plane (z = 0). The dashed line in (i) represents the image of the bent end of
the cell when that segment is above the image plane (z > 0). The part of this segment that extends beyond the edge of the depth of field (represented by
the white line) is not visible using the microscope with the high NA objective described in Materials and Methods. The dashed line in (ii) shows the part
of the cell that is raised above the image plane by the cell rotation but remains within the depth of field. (B) Binary logic for the model. As a result of
the decrease in the overall length of the cell image, a = 0, and b, ¢, and d (in which the imaged lengths are the same) = 1. Sequences for screw-like motion
and rocking back and forth are boxed and the outputs for both scenarios are plotted. The periodicities for these plots are § = 6.6 and 3.3 um, respectively. (C)
Actual imaged cell length plotted as a function of distance traveled by a cell. This curve is similar to that obtained for the simulation of a cell rolling like a
screw. (D) The frequency distribution of 32 $-values has a peak of 6.95 + 1.11 um, which is similar to the simulated frequency distribution of 32 §-values
calculated from five cells that rolled like a screw while gliding forward.

ment with cephalexin, a technique that was demonstrated

nanoparticle to SprB, we were able to track its motion in
earlier by Kempf and McBride (16). Cephalexin inhibits

three-dimensional space. Our results showed that SprB’s

trajectory was a continuous right-handed spiral on the
surface of the cell. When projected on an x-y plane, the
frequency of the lateral displacement of SprB was about
the same as that of the sideways movement of one pole
of the cell. SprB’s motion and its adhesion to a surface
resulted in rolling of a cell and gliding along its long
axis. Our results show that a rod-shaped gliding bacterium
works as a self-propelled screw, with SprB moving along
its external threads.

Some long cells were bent, revealing periodic
motion

Normally, cells of F. johnsoniae are ~6 um long (8). Elon-
gated cells that continued to glide were generated by treat-
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septation, but not growth (17). Cell length, recorded after
growth in cephalexin to ODgyy = 0.4, ranged from 6 to
42 um, and a large number of cells were about twice as
long as normal cells (Fig. S1 in the Supporting Material).
The gliding speeds of such cells were independent of cell
length (Fig. 1 A). Cells with a bend near one pole were
selected and the position of that pole relative to the long
axis of the cell was measured. Fig. S2 shows the image of
such a cell projected on the x-y plane. Two lines, AB and
BC, were fit on the image. One end of line AB (labeled
with a black dot in Fig. S2) was used to determine the dis-
tance between that pole and the long axis of the cell (line
BC). For the cell recorded in Movie S1, the distance of
the pole near the bend from the long axis of the cell changed
periodically with the distance traveled by the cell along its



long axis (Fig. I B). The spatial frequency for movement of
this pole was 0.15 um™"' and the spatial period was 6.6 um
(Fig. 1 C). A similar periodicity was observed for a popula-
tion of 31 cells with a bend near one pole. The average
spatial period for the population was 6.6 = 1.2 um
(Fig. 1 D).

Cell tracking in three-dimensional space revealed
a screw-like mechanism for gliding

Tracking a gliding cell when its image was projected on a
two-dimensional plane did not resolve whether a cell was
turning like a screw while gliding forward or it was rocking
back and forth sideways. To solve this problem, a model
(Fig. 2, A and B) was developed. Briefly, a cell with a
bend, turning like a screw while gliding forward, would cy-
cle sequentially through four distinct conformations (a, b, c,
and d) in a pattern that would be a..b..c..d..a..b..c..d... and so
on. On the contrary, in a scenario where a similar cell would
rock back and forth while gliding forward, three conforma-
tions (a, b, and d) would be observed. The sequence of the
three conformations in this scenario would be a..b..a..d..a..
b..a.d... and so on. When imaged with a microscope with
a small depth of field, cells in conformation a would appear
shorter than those in conformations b, ¢, and d (Fig. 2 A).
Binary logic was assigned to this model, with cells in
conformation a assigned O and cells in conformations b, c,
and d assigned 1. The output of this model when simulated
(Fig. 2 B) showed two distinct curves. From the simulation,
if the cell turned like a screw while gliding forward, the peri-
odicity of the image-length plot, 5, would be 6.6 um. In the
alternate scenario, if the cell rocked back and forth while
gliding forward, ¢ would be 3.3 um. The observed image
length (Fig. 2 C; Movie S2) varied in a manner that would
be expected for the scenario in which cells turned like a
screw while gliding forward. Similar patterns were observed
for four more cells. The frequency distribution for 3 calcu-
lated from all five cells with 32 values of 8 had a mean of
6.95 = 1.11 um (Figs. 2 D and S3). This was similar to
the simulated @ for the scenario in which cells turned like
a screw.

SprB moves along a spiral track

We used gold nanoparticles coated with anti-SprB anti-
bodies as a marker for SprB. Since these antibodies can
cross-react with RemA, a smaller SprB homolog (10),
we used cells lacking RemA. The nanoparticles coated
with anti-SprB moved spirally along the surface of such
cells (Movie S3). Nanoparticles did not move on the sur-
face of cells lacking both SprB and RemA (Movie S5).
To understand the three-dimensional motion of SprB on
the surface of a cylindrical cell, the cell was illuminated
with an evanescent wave produced by a red laser beam
internally reflected at the glass-water interface. This

A Screw-Like Mechanism of Bacterial Motion

enabled us to use the particle intensity as a measure of dis-
tance from the glass surface. The intensities of gold nano-
particles at the surface of the glass, on top of one cell, or
on top of two cells stacked together were found to
decrease exponentially with distance between the nanopar-
ticle and the glass surface (Fig. S4). This was expected
from the known exponential dependence of the intensity
of an evanescent wave with distance, with a decay length
(penetration depth) that depends upon the angle of inci-
dence between the laser beam and the glass-water inter-
face (18). As is evident from the three-dimensional
tracks, SprB moved along a right-handed spiral trajectory
(Figs. 3 A and S6; Movies S3 and S4). The image of the
cell was projected on the x-y plane and the long axis of
the cell was aligned along the x axis. The distance traveled
by the nanoparticle along the short axis of the cell was
measured and plotted with the distance traveled along
its long axis, the result of which was a periodic wave
(Fig. 3 B). The spatial frequency for motion of one nano-
particle was 0.165 um ™' and the spatial period was 6.06
um (Fig. 3 C). A similar periodicity was observed for a
population. The average spatial period of nanoparticle mo-
tion for a population of 10 cells was 5.9 = 0.7 um (Fig. 3
D). The spatial period for the motion of SprB is in the
same range as the spatial period with which the cell rolls
(Figs. 1 D and 2 D). The model shown in Fig. 3 E explains
the geometry of a gliding cell. SprB moves along an
external thread of a right-handed screw. Assuming that
the thread is attached to the rigid framework of the cell
wall (the peptidoglycan layer) and SprB can attach to
the external glass surface, the thread can move relative
to SprB, driving the screw-like motion of the cell.

DISCUSSION

By working with elongated cells of irregular shape and
including displacements in three-dimensional space, we
have shown that the adhesin SprB moves along a right-
handed spiral on the surface of a cell. When SprB binds
to the substrate, the cell rolls to the right as it moves
forward, as a right-handed screw would move into a
wall when driven clockwise. SprB provides the adhesive,
and rotary motors power the motion (8). As is evident
from experiments or models presented by us and others
(4,5,9,10,19-22), mobile cell-surface components are
essential for gliding. The biochemical features of spiral
tracks on which such components are loaded and their
mode of integration with the rotary motor are not known.
One possible model that we previously proposed (4) sug-
gests that similar to the way a bicycle chain is driven lin-
early by a rotating pedal, a rotary motor drives the linear
motion of a tread that moves along a track fixed to the
rigid framework of the cell. While the track is fixed
onto the peptidoglycan layer, SprB and the tread are in
motion relative to the cell surface. Our results show that
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the track from our model acts as the external thread of a
screw on which a mobile tread carrying SprB is loaded.
The ~6 um periodicity suggests that a track completes
one revolution on a cell of normal size. This wavelength
is maintained when cells lengthen in response to treatment
with cephalexin. In order to glide for long distances over
an external surface such as glass, once SprB reaches one
pole, it needs to detach, and another SprB filament that
is moving in the same direction needs to attach to the
external surface.

Myxococcus xanthus is another rod-shaped gliding bac-
terium that is extensively studied. M. xanthus (phylum Pro-
teobacteria) and F. johnsoniae (phylum Bacteroidetes) are
phylogenetically far apart and they do not share similarity
in the sequence of genes that are essential for gliding. A
simple observation of gliding of both bacteria suggests
that these bacteria might move by similar mechanisms.
Yet, genetic evidence suggests that there are clear differ-
ences in their modes of gliding. Two models have been
proposed to explain the gliding of M. xanthus: the focal
adhesion model (23,24) and the helical rotor model (6).
In the focal adhesion model, multiprotein complexes
extend from the cytoplasm to the outer membrane of a
cell and attach to an external surface via focal adhesions.
When these complexes are driven down the length of a
cell by rotation of a cytoskeletal helix, the cell glides. In
the helical rotor model, the multiprotein complexes that
extend from the cytoplasm to the outer membrane do not
penetrate the membrane, but they do perturb its shape.
When this perturbation is driven down the length of the
cell, viscous coupling to the external surface causes
gliding. The mechanism in F. johnsoniae is similar to the
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along the long axis of the cell. (C) The spatial
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shows the right-handed motion of the SprB and
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rotation of the cell body.
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focal adhesion model, with SprB filaments acting as focal
adhesions. However, they are attached to the cell surface
without having to reach from the cytoplasm to the outer
membrane, and this reaching is accomplished by the rotary
motors. Rotary motors similar to those in F. johnsoniae
have not been observed in M. xanthus. There are
obvious differences between the gliding mechanisms of
F. johnsoniae and M. xanthus. F. johnsoniae is 60x faster
than M. xanthus and has mobile cell-surface adhesins that
are needed for attachment to an external surface. Motion
of one such adhesin, SprB, enables movement of the cell.
Motion of SprB is powered by a rotary motor: cells teth-
ered to a glass surface rotate at the speed of 1-3 Hz. Pre-
sumably, linear motion of SprB is achieved by coupling the
rotary motor to a tread. Interaction of SprB with an
external surface results in a screw-like movement of the
cell. For F. johnsoniae, a bacterium that prefers to move
over and colonize external surfaces, designing a mobile
and adhesive external thread and placing it such that it
moves spirally on the surface of the cell appears to be
the mechanism for forward motion.

SUPPORTING MATERIAL

Six figures and five movies are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(16)30654-3.
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Figure S1: Frequency distribution of the length of 53 cells following cephalexin

addition. The bin size is 6 ym, which is the length of an average cell. The

average cell length is 16.5 ym with a SEM of 1.13 ym.

Figure S2: The scheme used to calculate the data shown in Fig. 1B. Two lines,
AB and BC were fit on a cell. The black dot represents one end of line AB, which
was used to calculate the distance (d) of the pole near the bend from the long

axis of the cell. Inset shows an image of an actual bent cell from Movie S1.
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Figure S3: A periodic wave with wavelength 6.6 um, which is the mean spatial
period from Fig. 1D, was simulated using the formula y(6) = Asin(21fd), where
= distance travelled by the cell, A=amplitude, and f=frequency. Conformations
‘a’, ‘b’, ‘c’ and ‘d’ were plotted as circles. While gliding forward, if one bent cell
rolled like a screw, the distance between two consecutive ‘@’ conformations
would be 6.6. If one bent cell rocked back and forth, the distance between two
consecutive ‘a’ conformations would be 3.3. This two-dimensional information

was used for the simulation shown in Fig. 2B.
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Figure S4: (A) A single image with 3 different nanoparticles, each of diameter
100 nm. The nanoparticles are at known positions along the z-axis, sitting on the
glass substrate (a), sitting on the top of one cell (b), or sitting on the top of two
stacked cells (c). (B) Intensity of the three gold nanoparticles plotted as a
function of their distance from the surface of the glass and fit by an exponential of
decay length ~600 nm. Standard deviations of intensity calculated from three
successive images are plotted as black bars. The standard deviations for ‘b’ and

‘c’ are low and are not visible on the plot.
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Figure S5: Three-dimensional trajectories of SprB motion from cell#2 (left) and
cell#3 (right) shown in MovieS3. Arrow indicates the initial position, circle
indicates the final position. Color of the track represents the position of SprB

along the long axis of the cell.
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Figure S6: The trajectories from Fig. 3A plotted in two-dimensional planes.
Position along the long axis (x), Position along the short axis parallel to the glass
surface (y), and Position normal to the glass surface (z) are plotted in the
following combinations: x-y (A), x-z (B) and y-z (C). The cell has a bend which is

evident in Fig. 3A and Fig. S6A.



Supplementary Movies:

Movie S1: An elongated bent cell, moving on a glass surface. In a two-

dimensional plane, the cell appears to move sideways as it glides forward.

Movie S2: An elongated bent cell, moving on a glass surface, imaged by a high
NA objective. When the cell is in conformation ‘a’ (Fig. 2A), the imaged cell

length is shorter. While gliding forward, the cell rolls along a right-handed spiral.

Movie S3: A gold nanoparticle attached to SprB moving along a right-handed
spiral on the cell-surface of an elongated cell. Three cells numbered 1, 2 and 3
are shown. Data for cell#1 are shown in Fig 3A, B and C. Three-dimensional

tracks for cell#2 and 3 are shown in Fig. S5.

Movie S4: Three-dimensional track of cell#1 from MovieS3, shown sequentially

from different azimuth and elevation angles.

Movie S5: A gold nanoparticle does not move on the surface of a cell lacking

SprB and RemA.
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