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Abstract

The role of flagellar motors in bacterial motility and chemotaxis is well-understood. Recent discoveries suggest that flagellar motors are able
to remodel in response to a variety of environmental stimuli and are among the triggers for surface colonization and infections. The precise
mechanisms by which motors remodel and promote cellular adaptation likely depend on key motor attributes. The photomultiplier-based bead-
tracking technique presented here enables accurate biophysical characterization of motor functions, including adaptations in motor speeds and
switch-dynamics. This approach offers the advantage of real-time tracking and the ability to probe motor behavior over extended durations. The
protocols discussed can be readily extended to study flagellar motors in a variety of bacterial species.

Video Link

The video component of this article can be found at https://www.jove.com/video/55240/

Introduction

Flagellar motors enable cells to swim by rotating helical extracellular filaments. The amount of torque the motor can generate for a given
length of the flagellum (i.e., the viscous load) determines the swimming speeds. On the other hand, its ability to switch the direction of rotation
controls cell migration in response to chemicals, a process known as chemotaxis. Chemotaxis and motility being virulence factors 1-3, flagellar
motors have been well-characterized over the years 4. Mounting evidence now suggests that the motor acts as a mechanosensor — it
mechanically detects the presence of solid substrates 5,6. This ability likely helps in triggering surface colonization and infections 5,7. As a result,
the mechanisms whereby the motor senses surfaces and initiates signaling are of significance 8,9.

The flagellar motor can be readily studied by tethering the flagellum to a substrate and observing cell rotation. Such tethering was first achieved
by Silverman and Simon, who worked with a polyhook mutant in E. coli and successfully attached hooks to glass substrates with anti-hook
antibodies 10. The tethered-cell assay enabled researchers to study the responses of the motor-switch to a variety of chemical stimuli. For
example, Segall and co-workers chemically stimulated tethered cells with the aid of iontophoretic pipettes. The corresponding changes in CWbias
(the fraction of the time motors spin clockwise, CW) enabled them to measure the kinetics of adaptation in the chemotaxis network 11,12. While
the tethered cell assay was effective in studying switch responses, it was only able to offer insights into motor mechanics over a limited range
of viscous loads 13. To overcome this problem, Ryu and co-workers tethered spherical, latex beads to filament stubs on cells stuck to surfaces.
The beads were then tracked using back-focal interferometry with weak optical traps 14. By working with beads of different sizes, researchers
could study the motor over a much wider range of loads. This assay was later improved by Yuan and Berg, who developed a photomultiplier-
based bead-tracking technique combined with laser dark-field illumination. Their method enabled tracking of tethered gold nanobeads that were
so tiny (~ 60 nm) that the external viscous resistances were lower compared to the internal viscous resistances to rotation 15,16. This led to the
measurements of the maximum achievable speeds in E. coli (~ 300 Hz). In V. alginolyticus, similar bead assays enabled measurements of the
spinning rates at intermediate viscous loads (~ 700 Hz) 17. By enabling measurements of motor responses over the entire possible range of
viscous loads (from zero-load to near-stall), the bead-assays provided an important biophysical tool to understand the torque-generation process
18,19.

Recently, we modified the Yuan-Berg assay to include optical tweezers that enabled us to apply precise mechanical stimuli to individual motors
6. Using this technique, we showed that the force-generators that rotate the motor are dynamic mechanosensors — they remodel in response
to changes in viscous loads. It is possible that such load-sensing triggers cell differentiation into swarming bacteria, although the mechanisms
remain unclear. It is also likely that the flagellar motors in other species are also mechanosensitive 20, although direct evidence is lacking. Here,
we discuss the photomultiplier-based (PMT) approach for tracking the rotation of latex beads tethered to flagellar filaments 15. In comparison to
tracking with ultrafast cameras, the photomultiplier-setup is advantageous because it is relatively straightforward to track single beads in real-
time and over long durations. It is particularly useful when studying long-time remodeling in flagellar motor complexes due to environmental
stimuli 21. Though we detail protocols specifically for E. coli, they can be readily adapted for studying flagellar motors in other species.
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Protocol

1. Cell Preparation

1. Grow overnight cultures of the desired strain carrying the sticky fliC allele 15,22 in Tryptone Broth (TB, 1% Peptone, 0.5% NaCl) followed by
inoculation at 1:100 dilution in 10 mL fresh TB. Grow the culture at 33 °C in a shaker incubator until OD600 = 0.5.

2. Pellet the cells at 1,500 x g for 5 - 7 min and re-disperse the pellet vigorously in 10 mL of filter sterilized motility buffer (MB; 10 mM phosphate
buffer: 0.05-0.06 M NaCl, 10-4 M EDTA, 1 µM methionine, pH 7.0).

3. Repeat step 1.2 two more times and re-disperse the final pellet in 1 mL MB.
4. Shear the suspension by passing back and forth ~ 75 times between two syringes with 21 to 23 gauge adapters connected by polyethylene

tubing (7 - 12 cm long, 0.58 mm inner diameter). Limit the total time for shearing to 30 - 45 s.
5. Centrifuge the sheared cells at 1,500 x g for 5-7 min and re-disperse the pellet in 100 - 500 µL of MB.

2. Slide Preparation

1. Prepare an imaging chamber by sandwiching two double-sided adhesive tapes between a cover-slip and a microscope slide. For chemotaxis
assays, employ any microfluidic chamber that enables the exchange of MB and chemical stimulants.

2. Add 0.01% poly-L-lysine solution in the chamber and after 5 min gently rinse the surfaces with MB (80 - 100 µL).
3. Add 40 µL of the cell suspension into the chamber and allow sufficient time for attachment to the glass surface (7 - 8 min). Flow out unstuck

cells by adding 100 µL MB on one side of the chamber, while wicking the solution with a filter paper from the other side.
4. Add 10 - 15 µL of latex beads into the chamber and allow the beads adequate time to settle and attach to the cells (7 - 8 min). Gently rinse

with 100 µL of MB, as described in step 2.3, to remove unstuck beads. Use a range of bead-sizes for the experiments so long as a good
contrast is available.

3. Bead Tracking

1. Place the sample on a microscope stage and scan the surface for beads attached to motors. Use a 40X phase objective to make
observations although phase microscopy is not necessary. Alternatively, employ bright-field imaging so long as sufficient contrast is
maintained to clearly distinguish a bright bead on a dark background.

2. Once a bead has been selected, move the stage laterally to position the bead in a pre-determined corner as shown in Figure 1B. Position
beads at the same corner to ensure that the direction of rotation of the bead is correctly known. The ideal bead trajectory is approximately
circular but elliptical trajectories are admissible.

3. Maintain the sampling frequency higher than twice the rotational frequency of the motor to avoid errors associated with aliasing. In this work,
use a motor that was rotating at 50 Hz and sample at frequencies that were 10 times higher (500 Hz), to obtain a smooth signal.

4. Data Analysis

1. Center and scale the PMT output voltages and correct ellipticity in the trajectories with affine transformations if needed 23. Use a power-
spectrum analysis to determine rotation rates 17.

2. Determine polar angles, θ(t) = atan (y(t)/x(t)). Determine the variations in motor speeds and switching over time by calculating ω 
14.

3. Employ a median filter to smooth the motor speed data. A filter window over two full rotations is recommended 23,24.

Representative Results

The photomultiplier setup is shown in Figure 1A. It is important that the PMTs have high sensitivities over the range of wavelengths scattered by
the beads of interest. The PMTs employed here operate in the visible and near-infrared ranges, and were able to detect light scattered by beads
illuminated by a halogen light source. The optimum lighting conditions and supply voltages will vary from one setup to another. For the setup
used in this work, a PMT gain ~ 104 - 105 proved adequate. Each photomultiplier was covered except for a 3 x 1 mm slit positioned in front of the
photomultiplier. The slits limit the region in the cell-sample from which light can enter the photomultipliers, and the two slits are orthogonal to one
another. When a rotating bead is positioned at the correct location (Figure 1B), the amount of light entering the photomultiplier increases as the
bead comes in the view and decreases as its circular path takes it away from the view. The frequencies of the sinusoidal PMT voltage outputs
indicate the speed of rotation and the phase differences between the two signals indicate the direction of rotation. The use of an oscilloscope to
display the PMT outputs enables visualization of bead trajectories in real-time.

The time-varying PMT signals, y(t) and x(t), from a representative motor are shown in Figure 2A. The orthogonality of the two slits introduces
a phase lag between the two signals. The signal amplitudes depend on the signal-to-noise ratio as well as the eccentricity of rotation. The
corresponding trajectories of the bead are indicated in Figure 2B.
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A histogram of the speeds measured from a representative motor in a cheY- deleted strain is shown in Figure 3A. The deletion ensures that
flagellar motors cannot switch and rotate exclusively counterclockwise (CCW). The average speed from this particular motor was 60 Hz and the
measured speeds are consistent with previous reports for motors tethered with 1 µm beads 25. The bead was first positioned at the lower right
corner, as seen in the schematic in Figure 1B. The corresponding angular speed is shown in Figure 3B (top panel). Positioning the bead to the
adjacent lower left corner resulted in inversion of the sign on the motor speeds (bottom panel). Thus, moving the bead to an adjacent corner
will change the observed direction of motor rotation. In this regard, diagonally opposite corners are identical. It is therefore crucial to know the
location of the bead during measurements to correctly determine the switching dynamics. Figure 3C shows repeated transitions of a wild-type
motor between the two directions of rotation.

Custom codes for data-acquisition software were adapted from prior work to record the data on a computer 15. The PMT output was AC-coupled
and low-pass filtered with a cutoff frequency of 100 Hz. Real-time tracking was enabled by connecting the filtered outputs to an oscilloscope.

 

Figure 1: Bead-tracker Setup. A) Schematic of the PMT-based tracking setup. B) The ideal position of the bead (black sphere) relative to the
two orthogonal slits. The trajectory is indicated by the dotted lines. The eccentricity e is the radius of the dotted circle. Please click here to view a
larger version of this figure.

 

Figure 2: PMT Outputs. A) Low-pass filtered outputs from the two photomultipliers, after centering/scaling. B) The bead trajectories obtained
from the PMT data, sampled over 3 s. Please click here to view a larger version of this figure.
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Figure 3: Bead Trajectories. A) Histogram of CCW-only speeds of a representative motor. B) Rotational speeds of a CCW-only motor imaged
at lower right corner (top panel). Rotational speeds of the same motor when positioned at the lower left corner (bottom panel). C) Switching in a
representative wild-type motor. Please click here to view a larger version of this figure.

Discussion

In order to facilitate tethered bead-tracking and correct estimation of motor-torques, the following information should be reviewed. When
performing these measurements with flagellated cells, shearing is a critical step. Shearing reduces the flagellar filament to a mere stub, thereby
ensuring that the viscous load on the motor is predominantly due to the bead and can be estimated within 10% error 16. Shearing also improves
the chances of finding circular trajectories with tightly distributed eccentricities (< bead diameter 14). Improper shearing results in wayward
trajectories, which compounds errors in tracking and in the calculation of viscous drags, as well as resulting in poor signal-noise ratios. The
use of an oscilloscope allows rapid elimination of such data. Since the biomechanical properties of flagellar filaments are expected to vary with
species, shearing methods will likely need to be adapted to ensure adequate shearing in the bacteria of interest. An effective way of reducing
errors associated with shearing is to work with cells that lack the genes that encode the filament proteins. Probe beads can then be attached
directly to the hook via anti-hook antibodies.

Finding a bead that is appropriately tethered can be challenging. This is because most beads in the field of view will either be stuck to the cell
bodies or the glass surface. Such beads can be readily brought into sharp focus. Other beads will appear to vibrate or rotate visibly with large
amplitudes or large eccentricities (> 1.5 - 2x bead diameter). These are typically tethered to flagellar filaments that have not been fully sheared
or rotate in a plane that is inclined to the focal plane. Sampling of such beads will typically result in higher noise, and time-variations in viscous
loads may result in an underestimation of motors torques for a given bead-size. A small fraction of tethered beads will undergo random motion;
these are merely undergoing Brownian rotation. A fraction of the beads will appear blurred and cannot be brought in focus easily. These are most
likely to be motors which have been tethered appropriately and are the motors of interest.

Among the limitations of single-motor tracking such as the one described here is the inability to conduct high-throughput experiments. A high-
speed camera that images a larger region of interest can be advantageous in this regard. Other limitations include errors associated with multiple
signals arising out of closely spaced rotating beads in the field of view of the PMTs. Finally, errors in determination of the correct position of the
recorded bead with respect to the two photomultiplier slits will result in imprecise estimation of the switching dynamics.
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Advantages of the setup described here include the ability to track the rotation of the beads over long durations and in real-time. This
enables rapid elimination of error-prone trajectories, something that maybe difficult to achieve with ultrafast cameras. Additionally, with a few
modifications this setup can be integrated with assays designed to subject cells to a variety of stimuli. Combined with thermoelectric cooling 26,
the technique can be employed to measure the responses of individual motors to thermal stimuli. Integration with optical tweezers can enable the
measurements of remodeling of individual motors in response to mechanical stimuli, as has been done recently 6. Finally, the adaptation of the
motor to chemical stimulants can be measured with the use of an appropriate perfusion chamber and pumps 11.

A majority of known bacterial species are motile and flagellar-mediated motility is predominant in nature. The methods demonstrated here are
expected to continue to aid in the development of insights into structural-remodeling and the adaptability of the flagellar motor.
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