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Abstract

A Caulobacter crescentus swarmer cell is propelled by a helical flagellum, which is rotated by a
motor at its base. The motor alternates between rotating in the clockwise and counterclockwise
directions and spends variable intervals of time in each state. We measured the distributions of
these intervals for cells either free-swimming or tethered to a glass slide. A peak time of around one
second is observed in the distributions for both motor directions with counterclockwise intervals
more sharply peaked and clockwise intervals displaying a larger tail at long times. We show that
distributions of rotation intervals fit first passage time statistics for a biased random walker and
the dynamic binding of CheY-P to FliM motor subunits accounts for this behavior. Our results
also suggest that the presence of multiple CheY proteins in C. crescentus may be responsible for

differences between its switching behavior and that of the extensively studied E. coli.



Bacterial flagellar motors rotate helical flagella to propel cells through their fluid envi-
ronment. The direction in which the motor rotates and the time intervals between switches
in rotation direction determine the cell’s trajectory. For uni-flagellated bacteria, a cell
swims forward as a pusher or backward as a puller [1] depending on rotation direction.
Specifically for C. crescentus, since its flagellum is a right-handed helix [2], the cell swims
forward /backward when its flagellar motor rotates clockwise/counterclockwise (CW/CCW).
The motor of C. crescentus has a high CW bias, i.e., the fraction of time spent rotating in
the CW direction is greater than 0.5. CW intervals, on average, are longer than CCW inter-
vals. Since the forward and backward free swimming speeds are roughly equal [3], greater
CW bias results in greater displacements during forward swimming.

There has been recent debate as to how the intervals between motor switches are dis-
tributed. An equilibrium model of the flagellar motor, in which it switches between the CW
and CCW states at constant rates, would produce exponentially decaying distributions [4].
In contrast, a distribution peaked above zero seconds would require a more complex switch-
ing mechanism [4, 5]. For E. coli, both exponentially decaying and peaked distributions have
been reported [5-11]. A peaked distribution has recently been observed for uni-flagellated
Vibrio alginolyticus [12]. In this study, we measure the distribution of intervals of both CW
and CCW rotation for C. crescentus by observing cells either tethered to a glass slide or
free-swimming. We compare the results from these two experiments to check for artifacts
or biases introduced by either method.

Cells attached to a glass slide were imaged at 60X magnification using phase contrast
and recorded at 30 frames per second (see supplemental material IV for detailed materials
and methods). The length of CW and CCW rotation intervals were measured by marking
frames where the cell body and motor switch rotation direction. To compensate for the short
lifetime of the motile swarmer phase, which can end prematurely due to physical effects of
tethering [13], a total of 36 cells were observed. Whereas large cell to cell variability has

been observed in clonal populations of E. coli [14], only small deviations in CW bias were
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FIG. 1. Distributions of motor rotation intervals for tethered cells. Top: Cell body rotating around
a fixed point (green dot) with the direction of rotation noted by an arrow. A switch from CW to
CCW rotation occurs at time 0 ms. Bottom: Distribution density of motor rotation intervals for
both directions plotted along with fit lines to first passage time theory. Inset: The angular velocity
of a rotating cell over a short duration showing a pair of CW and CCW intervals. Angular velocity
is nearly constant during rotation intervals and quickly switches sign when the motor switches

direction. A total of 2338 CW and 2236 CCW intervals were recorded (supplemental video 1).

observed in our sample (supplemental material I). Distributions of CW and CCW rotation
intervals were created using data pooled from all cells. For both directions, the distributions
peak slightly under one second and decay at longer times (fig 1). The CCW distribution
is more sharply peaked whereas the CW distribution decays more slowly at longer times
such that the average interval is 2.5 times that of CCW rotation. Distributions of intervals

created from single cell data also show these patterns, but with more noise due to small

sample size (supplemental fig S2).

Free swimming cells were imaged at 10X magnification using darkfield. Swimming trajec-

tories were observed over a 1 mm field of view in a thin sample to minimize measurement bias
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FIG. 2. Distribution of motor rotation intervals for free-swimming cells along with fit lines to
first passage time theory. Both distributions agree with results from tethered cells. Inset: Sample
trajectory of a cell with forward (CW) and backward (CCW) swimming segments drawn as blue
and red lines, respectively. The green dot and arrow mark the beginning and end of the trajectory,

respectively. A total of 525 CW and 575 CCW intervals were recorded (supplemental video 2).

against long rotation intervals. Frames in which cell swimming and motor rotation switched
direction were marked. Aided by differences between forward (CW) and backward (CCW)
swimming, in particular the handedness of circular trajectories near the sample’s surfaces
and a reorientation event at the start of foward swimming, referred to as a flick [12, 15],
motor rotation direction was determined for every interval. Combining data from 100 tra-
jectories yielded distributions similar to those of tethered cells (fig 2).

The distributions observed using both techniques are clearly peaked near one second, in-
dicating that motor switching is not an equilibrium process and violates detailed balance [4].
The distributions do, however, closely follow fit lines produced by first passage time theory

for a biased random walker.
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where P(t) is the probability of a random walker passing a threshold a given distance x away

from its starting position at time ¢, given a diffusion constant D and an underlying bias v
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CW(T) CW(FS) CCW (T) CCW(FS)
A Best Fit 2.0 2.3 3.3 5.4
B Best Fit 3.0 3.1 0.97 0.99
R Squared 0.96 0.88 0.99 0.96

TABLE I. First passage time fit parameters for tethered (T) and free-swimming (F'S) cells. B is 3

times larger for CW than CCW rotation whereas A is slightly larger for CCW rotation.

(a constant drift velocity) [16]. We reparametrize this expression using two independent

parameters,

A Ay
= - e2t (1-5)
P(t) =\ 5oge 05 2)

where A = % and B = £, both with units of time. A, a measure of diffusivity, is the time at
which the walker’s root mean squared displacement due to diffusion is equal to the distance
between the starting position and the threshold. B, a measure of bias, is the time required
to reach the threshold from the start position moving at the bias velocity. This distribution
is also known as an inverse Gaussian, where B is the mean and A is the shape parameter.

We found the best fit parameters for both sets of data (table 1). B is, as expected, ap-
proximately equal to the average interval time and significantly larger for CW rotation. A is
slightly larger for CCW rotation than CW but less consistent between the two experiments.
Changing the value of A within this range, however, alters the fit line to a much lesser
degree compared with changing the value of B, which has excellent agreement between the
two experiments. We suspect the discrepancy in A values may be due to noise. The agree-
ment between the free-swimming and tethered cells also indicates that the motor switching
mechanism is not dramatically altered by the load on the motor and the resulting decrease
in rotation speed. This contrasts with experiments using E. coli that show motor switching
rates vary with rotational speed [7, 17].

To understand why motor rotation intervals exhibit first passage time behavior, we seek a
model based on the structure of the motor and recent models of allosteric response [18, 19].
Motor switching is controlled by the C-ring, a structure composed of proteins F1iM, FIiN, and
FliG. There are approximately 34 F1liM subunits in the C-ring [20, 21]. Each subunit can be
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in either CW or CCW conformation, but with a significant energy cost for adjacent subunits
existing in opposing conformations [18, 19]. It is most energetically favorable for all subunits
to be in the same conformation, resulting in motor rotation in the corresponding direction.
In order for the C-ring to switch between CW and CCW conformations, one or more subunits
must initially switch to oppose the others with their neighbors quickly doing the same until
all subunits have flipped into the new conformation. Recent work suggests that this process
occurs on the order of tens of milliseconds [22]. During second(s)-long rotation intervals,
individual subunits can be taken to be in mostly congruous arrangement. Subunits can also
be bound by CheY-P, the phosphorylated form of signaling protein CheY [23]. Tt is well
established that CheY-P regulates motor switching behavior and chemotaxis [24]. Thus,
every subunit can be in one of four states, CW or CCW conformation in combination with
CheY-P bound or unbound. Depending on a subunit’s directional conformation, there is
an energetic cost or saving from CheY-P binding (fig 3A). Bound subunits minimize their
energy state by switching to the CW conformation while the reverse is true for unbound
subunits [25]. Each subunit can independently bind and unbind such that the total number
of bound subunits in the C-ring varies over time (fig 3B). The C-ring as a whole has two
semi-stable states, with all subunits in either CW or CCW conformation. The energy levels
of these states depend on the number of CheY-P bound subunits (fig 3C) [26]. As more
subunits are CheY-P bound, the energy of the CW state decreases while that of the CCW
state increases and vice versa. We should note that two competing models have also been
recently proposed, based on experiments on FE. coli, in which switching rate varies due
to fluctuations in CheY-P concentration [8] or due to increased mechanical load on the
motor [9]. These alternative models, however, can not be reconciled with our observations

of C. crescentus (supplemental material III).

Focusing on the binding of CheY-P to individual FliM subunits, we build a simple model
that explains the biased random walk behavior seen in our experiments. We define the
variable n as the total number of subunits with CheY-P bound at a given time, such that
there are (34 — n) subunits unbound. As individual subunits independently become bound
or unbound, n fluctuates between 0 and 34. Over time, individual subunits will bind to
CheY-P at some rate C'k,,, which is directly proportional to the concentration of CheY-P,
and unbind at some rate k,rr. We expect Ck,, to remain constant in our experiments as

the cells do not experience any chemical gradients. These rates will differ for (un)binding to
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F1iM subunits in CW or CCW conformation due to CheY-P’s different affinity for each. We
also define switching rates between CW and CCW rotations using the common assumption
that the rates are proportional to the exponential of the energy difference between the states
(see supplemental material 11 for detailed math). For values of E on the order of kgT, these
rates increase drastically above and below n = 17, respectively. The probability that a
switch occurs in a small time step dt quickly transitions from near zero to one once n is
sufficiently large or small (fig 3D). The values of n that enable switching act as the thresholds
for a first passage time random walk. A CW rotation interval begins when n is large and

ends when n is small. The time required for this process is dictated by random binding and

unbinding of individual F1liM subunits (fig 3E).

The mean B and shape parameter A of the curves produced by this model depend on the
(un)binding rates and energy of CheY-P to FliM. In particular, the diffusion timescale, A,
decreases as the (un)binding rates increase, whereas the bias timescale, B, depends on the
difference between the two rates. Solving for the exact relationship between these parameters
is complicated by variable instantaneous bias in the n random walk (see supplemental mate-
rial IT). Incremental adjustments of the (un)binding rates, however, can lead to a parameter

set that reproduces the distributions seen in our experiments.

While our model is based primarily on extensively studied E. coli, motor structure is
mostly conserved among many bacterial species. Our data, however, suggests that C. cres-
centus motor switching must differ from that of E. coli in one key manner. The first passage
time fit yields a significant bias towards the switching threshold (B is positive) for both CW
and CCW intervals. This is not possible in a single CheY-P system, as in E. coli, for
which the conformational spread model produces near exponential rotation interval distri-
butions [22]. C. crescentus, however, expresses multiple CheY proteins. Their exact roles
in chemotaxis and motility are not currently known. They may exist in different concen-
trations within the cell and have different binding affinities to FliM. Complex interactions
could also exist, including cooperative and competitive binding. To test how such interac-
tions impact motor rotation, we simulate a system in which two different CheY molecules
are present. The first acts like the single CheY of E. coli. For reference, experiments on £.
coli have found binding rates on the order of 10 s~ [27, 28] and simulations of the allosteric
regulation model have suggested a binding energy of ~1 kT [22]. The second CheY has
negligible binding energy, but it competitively binds to CW conformation F1iM. This simple
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FIG. 3. Schematic illustration of conformation and binding states of FliM subunits in the C-ring.
(A) Individual FliM subunits can be in either CW or CCW conformation and either CheY-P bound
or unbound. Subunits in CCW conformation are at higher energy when bound whereas the reverse
is true for subunits in CW conformation. There is a large energy cost for adjacent subunits in
opposing conformations [18]. (B) The number of subunits with CheY-P bound performs a random
walk between 0 and 34 according to rates of binding and unbinding. (C) The C-ring occupies
one of two energy states corresponding to CW and CCW rotation with all subunits locked in the
same conformation. The CW state lowers its energy level compared to the CCW state as the
number of bound subunits increases, promoting switching from CCW to CW rotation. Decreasing
the number of bound subunits has the opposite effect and promotes switching from CW to CCW
rotation. (D) The probility of a motor switch occuring in a small timestep jumps for near 0 to 1
once the energy states become sufficiently unbalanced. (E) Individual subunits bind or unbind to
CheY-P over time, and the C-ring switches conformation when a threshold is reached. The system
continuously follows this loop and the time required to reach one threshold when starting from the

other determines the length of a rotation interval.
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FIG. 4. Distributions of simulated motor rotation intervals using a single CheY-P (dashed lines)
or two competitively binding CheY-P molecules (solid lines). When simulation parameters are ad-
justed so that average interval length matches experimental values, only the competitively binding
scheme can produce the peaked distributions that match our experimental results (triangles). 1

million intervals were simulated for each curve.

model can be exactly fit to our experimental data, while a single CheY-P system can not (fig
4). While many schemes invoking a multitude of CheY-P interactions are possible and this
particular fit is not unique, this example does suggest that interactions between multiple

CheY molecules can account for C. crescentus switching behavior.

While our experiments observed cells at equilibrium behavior, our model can also account
for the chemotactic response of a cell. While k,f; is constant, changing levels of CheY-P
induced by the cell’s chemical sensing processes will change the value of Ck,,,, thereby alter-
ing the average length of rotation intervals. As CheY-P concentration increases, the value
of B will simultaneously increase for CW rotation and decrease for CCW rotation, resulting
longer CW intervals and shorter CCW intervals. The model captures these results correctly
as CW bias displays a sigmoidal form as a function of CheY-P concentration (supplemental
fig s4). Distinctively, changing CheY-P levels do not simply shift the distribution’s peak
position to achieve a new average time. Instead, the relative prominence of the peak ver-

sus the tail is altered. Future measurements under chemotactic conditions can test for this



effect.

The peaked distributions of motor rotation intervals have a large impact on the motility
of C. crescentus, as rotation time determines swimming distance. Since uni-flagellated swim-
mers follow a ”run-reverse-flick” swimming pattern [12, 15] dissimilar to the ”run-tumble”
behavior of multi-flagellated swimmers [29], their switching behavior may have evolved dif-
ferently. Notably for uni-flagellated swimmers, forward swimming is always followed by
backward swimming and the net displacement over each complete cycle is proportional to
the difference in CW and CCW rotation times. Additionally, uni-flagellated swimmers travel
in circular trajectories of varying handedness and radius near different surfaces [30, 31] such
that rotation intervals determine reorientation. The effects of peaked interval distributions
may be particualrly relevant to the ability of cells to explore their environments, navigate

chemical gradients, and perform other biological functions [32].
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