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ABSTRACT

Recent work has shown that the bacterial flagellar motor is able to regulate its
structure in order to adapt to long-lived perturbations in the cell’s thermal, chemical,
electrical, and mechanical environments. These flagellar adaptations play a key role in
invasion, colonization, and pathogenesis. However, the mechanisms of adaptations are
unknown. Here, we determined the mechanisms of motor adaptation to mechanical and
chemical stimuli with the overall goal of explaining how the motor regulates cell
physiology.

The flagellar motor consists of a membrane-embedded stator and a transmembrane
rotor. We determined the mechanisms whereby the flagellar stator-complex senses
mechanical signals and remodels in response. The remodeling involves recruitment of
additional stator-units to the original complex as the viscous load increases. Our
experiments suggested that the association of stator units to the motor was strengthened
when the torque they delivered to the rotor increased. An analytical model that
incorporated an exponential decay of the stator unit’s dissociation rate with increasing
torque provided accurate fits to the experimental measurements of stator-rotor binding
over a wide range of loads. When mechanical resistance to motor rotation increases, the
torque delivered by each unit also increases. This leads to remodeling under increased

viscous loads.



Next, we utilized flagellar motor output as a probe for the chemotactic responses
of E. coli to a prominent gut microbiota metabolite, indole. Indole regulates numerous
bacterial phenotypes, however, its role in the modulation of bacterial chemotaxis is poorly
understood. We discovered that E. coli exhibited a time-dependent inversion in response
to indole; a strong repellent response inverted to a potent attractant response above a
threshold concentration of indole. The opposing responses were mediated by two major
chemoreceptors. Interestingly, the flagellar motor itself mediated a repellent response
independent of the receptors. Our chemotaxis assays revealed the broad implications of
this inversion —wild-type cells were attracted to regions of high indole concentrations only
if they had adapted to it previously. Otherwise, they were repelled. We propose that indole
likely segregates beneficial and harmful bacteria based on their state of adaptation to

promote the development of healthy niches in the Gl tract.
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1. INTRODUCTION

The bacterial flagellum is widely known as the output of the chemotaxis network.
However, recent work has shown that the flagellar motor is able to regulate its structure
in order to adapt to long-lived perturbations in the cell’s thermal, chemical, electrical, and
mechanical environments. These flagellar adaptations appear to play a key role in
invasion, colonization, and pathogenesis. Hence, in this work we were interested in
determining the mechanisms for the motor’s adaptive responses, in particular, to
mechanical and chemical stimuli.

In Section 2, we have reviewed the current literature to better understand bacterial
surface-sensing and mechanosensing. Surface sensing in bacteria is a precursor to the
colonization of biotic and abiotic surfaces, and an important cause of drug resistance and
virulence. As a motile bacterium approaches and adheres to a surface from the bulk fluid,
the mechanical forces that act on it change. Bacteria are able to sense these changes in the
mechanical load through a process termed mechanosensing. Bacterial mechanosensing
has featured prominently in recent literature as playing a key role in surface sensing.
However, the changes in mechanical loads on different parts of the cell at a surface vary
in magnitudes as well as in signs. This confounds the determination of a causal
relationship between the activation of specific mechanosensors and surface sensing. Here,
we explain how contrasting mechanical stimuli arise on a surface adherent cell, and how
known mechanosensors respond to these stimuli. The evidence for mechanosensing in

select bacterial species is re-interpreted, with a focus on mechanosensitive molecular



motors. We conclude with proposed criteria that bacterial mechanosensors must satisfy to
successfully mediate surface sensing.

Next, in Section 3, we investigated the bacterial flagellar motor as mechanosensor.
The flagellar motor consists of a membrane-embedded stator and a transmembrane rotor.
We first determined the mechanisms whereby the flagellar stator-complex senses
mechanical stimuli and responds. The stator-complex remodels in response to
perturbations in viscous loads (mechanical stimulus), recruiting additional stator-units as
the load increases. We tested a hypothesis that the amount of torque generated by each
stator-unit modulates its association with the flagellar rotor. To do this, we measured
stator-binding to the rotor in mutants in which motors reportedly develop lower torque
compared to wildtype motors. Then, we developed an analytical model that incorporated
an exponential dependence of the unit’s dissociation rate on the force delivered to the
rotor. The model provided accurate fits to measurements of stator-rotor binding over a
wide range of loads. Based on these results, we propose that the binding of each stator-
unit is enhanced by the torque it develops.

Next, in Section 4, we utilized flagellar motor output as a probe for the chemotactic
responses of E. coli to a metabolite indole. Indole, a key gastrointestinal tract microbiota
metabolite, regulates numerous bacterial phenotypes, including stress response, drug
resistance and biofilm formation. How indole modulates bacterial chemotaxis, an
important virulence factor, is unclear. Here, we dissected the mechanisms underlying
chemotaxis signaling in response to indole in E. coli. Tethered cells were stimulated with

a range of indole concentrations and the chemotactic responses were inferred from the



output (CWhias) of the flagellar switch. Below 1 mM indole concentration, a repellent
response was observed. Between 1 — 2 mM concentrations of indole, a time-dependent
inversion from repellent to attractant response was observed. Cells lacking the Tsr receptor
exhibited an attractant response and those lacking the Tar receptor exhibited a strong
repellent response, suggesting competing mediation by Tsr and Tar chemoreceptors.
Additionally, direct interactions between indole and flagellar switch proteins induced a
network-independent repellent response. Chemotactically-adapted cells migrated towards
and adhered to indole-rich regions. In comparison, there was a 250% reduction in the
number of adherent cells when they were not adapted to indole. Our observations are
consistent with a model in which indole helps maintain healthy metabolite niches in the
gastrointestinal tract by promoting selective colonization by beneficial bacteria.

In Section 5, we investigated the surface-drag force experienced by motile
bacteria in proximity of agar surface to understand the underlying mechanical forces
required to trigger morphological changes in motile bacteria. Surface-dependent
collective motility of elongated, flagellated bacteria known as swarming represents an
important mechanism for colonies to effectively cover large distances on soft surfaces and
tissues. Swarming, involved in urinary tract infections, is likely initiated when the flagella
sense higher viscous loads such as those experienced near solid boundaries. As cells of E.
coli transition into the swarmer state, they develop twice as many flagella to overcome the
surface drag. However, the underlying assumption that soft surfaces like agar result in
high loads on the flagella remains untested. Here, we developed an approach to estimate

the hydrodynamic drag as a function of separation from soft-agar interfaces. Blinking



optical tweezers were employed to estimate the variation of diffusion coefficient of latex
beads as a function of separation from soft substrates interfaces using a novel geometry.
A hard surface was used to validate the novel geometry and results of the transverse
diffusion coefficient were in good agreement with published literature.

Lastly, in Appendix A, | describe the detailed Lambda Red recombination

protocol we have employed to generate E. coli mutants in our lab.



2. A SKEPTIC’S GUIDE TO BACTERIAL MECHANOSENSING*

2.1. Introduction

Motile bacterial species spend a small fraction of their lifetime in a planktonic or
vegetative state in a liquid medium. In their natural habitat, bacteria spend a majority of
their lifetime in surface-associated states, for example, in biofilms or in swarmer colonies
[1-5]. The transition from the planktonic state to a surface-associated state is typically
initiated when a swimming bacterium encounters and senses a surface. The mechanisms
responsible for the initiation of this transition are of considerable interest given the
importance of bacterial surface-colonization in host invasion and infections, and in the
failure of biomedical implants [6, 7]. Furthermore, bacteria in surface-associated states

tend to exhibit elevated resistance to antibiotics [8-10].

The mechanical load on a bacterium changes as it approaches and adheres to a
surface from the bulk fluid. Similar to mammalian cells [11-15], bacteria sense changes
in the mechanical load through a process termed mechanosensing. Bacterial
mechanosensing is likely to play a major role in surface sensing and in the initiation of
intracellular signaling [16-19]. However, bacterial cells might experience varied

mechanical stimuli at a surface, which can make it challenging to identify the role of

*Adapted with modifications from “A skeptic’s guide to bacterial mechanosensing” by R.
Chawla, R. Gupta, T.P. Lele, P.P. Lele, 2019. Journal of Molecular Biology, Article
reference: 66263, doi.org/10.1016/j.jmb.2019.09.004, ©2019 distributed under Creative
Commons Attribution 4.0 International (CC BY) license
(http://creativecommons.org/licenses/by/4.0/)



specific mechanosensors in signaling. Also, surface sensing may occur through
mechanisms that do not necessarily involve the detection of changes in mechanical loads.
The cell could sense alterations in its chemical, electrical, or thermal environments upon

surface-attachment and initiate intracellular signaling [20].

In order to correctly determine the role of mechanosensing in the transition from
the planktonic state to a surface-associated state, it is critical to understand the type of
mechanical load changes experienced by a cell at a surface. This in turn depends on how
the bacterium attaches to the surface that is, the specific organelle(s) and/or portion of the
cell body which mediate the surface attachment. The nature of the surface attachment
determines which mechanosensors are triggered. However, an analysis of the type and
magnitude of stresses that cells encounter at a surface is lacking. This may in part be
responsible for why the surface sensing mechanisms and the molecular pathways involved

in bacterial mechanotransduction remain obscure.

Here, we discuss prominent modes of bacterial attachments to a surface and how
they lead to mechanical load-changes of varying magnitudes and contrasting signs. We
explore how such opposing nature of load-changes pose a challenge in the analysis and in
the interpretation of experimental results. We reinterpret prominent evidence for
mechanosensitive signaling in select bacterial species in the context of mechanosensors.
We then conclude with criteria that bacterial mechanosensors must meet in order to trigger

mechanosensitive pathways.



2.2. Changes in Mechanical Load Following Surface-Attachment

Motile planktonic cells experience viscous resistance to their motion due to the
surrounding fluid. A typical planktonic, flagellated bacterium swims at 30-100 um/s in
water and experiences a viscous drag force of ~ 0.5-1 pN. The cell body counter rotates at
a speed of 10-20 Hz due to the rotation of the flagellar filament, resulting in a resistive
torque on the cell body of ~ 1600 pN.nm. The resistive torque and the viscous drag
together with the mechanical forces that arise due to contact with other cells and due to
transient attachments to solid surfaces, establish a baseline viscous load that is ever-
present on the cell body. When attachment to a surface obstructs motility in a quiescent
fluid (Figure 2-1A), there is a dramatic reduction in the shear load on the cell body relative
to the baseline (Figure 2-1B). These negative mechanical load changes occur the moment
a cell ceases to swim, whether due to surface attachment or due to the loss of ion-motive-
force that drives flagellar rotation. Such cessation in motility may activate putative

mechanosensors on the surface of the cell body.

A membrane-embedded motor that actuates an extracellular appendage is a natural
candidate for mechanosensors. This is because the motor can track changes in the
mechanical loads by sensing changes in the viscous resistance to the movement of its
appendage (i.e., the viscous load). Two motor-driven appendages, the flagellum and the
type 1V pilus, have been implicated in surface-sensing [21, 22]. The flagellum consists of
an extracellular flagellar filament that is rotated by an electric transmembrane motor. The
flagellar motor itself consists of a multi-unit stator that generates torque to rotate the rotor

with the aid of the proton (ion)-motive-force [23]. The major components of the type IV



pilus include an extensible/retractile extracellular filament, and the ATPases responsible
for retraction and extension. In order for the flagellar and pilus motors to sense surface-
attachment and initiate signaling via mechanosensitive mechanisms, the viscous load on
the respective appendages must change following the attachment.

N PO

Drag
Bulk fluid, pre-stimulus

Surface attachment (stimulus)

— pili
~~ flagella

B) 1 Cell
1 (1600) body

Shear Load, pN
(Resistive torque

pN.nm)
o

A 4

Pre-stimulus Post-stimulus

Figure 2-1 Load experienced by the bacterial cell body. A) A swimmer experiences a
persistent viscous drag force (Forag) and a resistive torque (torag) due to its motility (top).
When it encounters a surface that obstructs its motility, it immediately experiences a
reduction in Fprag and torag in a quiescent fluid. B) The pre-stimulus load on the cell body
is proportional to the swimming speed and the cell’s counter-rotation frequency.
Attachment to a surface causes a negative change in load: change in Fprag ~ -1 pN, and
change in zprag ~-1600 pN-nm. Reprinted with permission from Chawla et al, 2019 [102].
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Figure 2-2 Load experienced by the bacterial appendages. A) Scenario | —cell body is
surface-attached but the appendages are free and unloaded. Scenario Il — the cell and
prominent appendages become surface-attached and thus, loaded. B) Flagellar attachment
to the surface will cause a rotation of the cell provided other appendages remain
unattached. C) Cases where cell may attach to a surface due to the presence of adhesive
components on its body, and is able to freely-pivot around the joint. Cell rotation occurs
either due to hydrodynamic interactions of the rotating flagellum with the surface (left) or
due to off-axis flagellar thrust that generates a torque on the cell (right). Another
possibility is that the cell simply counter-rotates around the fluid joint due to on-axis
flagellar rotation. D) Increase in flagellar and pili-loads when the respective appendages
attach to the surface and are stalled, as indicated in scenario 1. Reprinted with permission
from Chawla et al, 2019 [102].



The magnitudes of load changes on these appendages depend on the manner of cell
attachment to the surface (Figure 2-2A). For example, the cell body might attach to the
surface such that the appendages remain free (scenario 1). Alternately, the cell body
including some or all the appendages may adhere to the surface (scenario Il). Often, a
single flagellum alone may attach to the surface (Figure 2-2B). This is typically achieved
in the laboratory with the aid of flagellin variants that stick readily to hydrophobic surfaces
[24], or with anti-flagellin antibodies that link the flagellum to the surface [25, 26]. In
these cases, the cell has been ‘tethered’ and it rotates. Rotation of the cell body does not
require flagellar tethering to a surface though. It can also occur due to hydrodynamic

interactions of the rotating flagellum with the surface (Figure 2-2C, [27]).

The load on the flagellar motor due to viscous drag on the rotating flagellar
filament in a swimming cell is ~ 5 pN.nm.s/rev. The motor experiences a significant
mechanical load (> 150 pN.nm.s/rev, [28]) if the filament adheres to the surface (Figure
2-2A, scenario Il and Figure 2-2B). As a result, the attachment corresponds to a significant
increase in the load on the flagellum of > 145 pN.nm.s/rev (Figure 2-2D). In contrast, the
flagellar load changes are modest in a rotating cell body which appears to be tethered via

its flagellum, but is actually surface-adherent due to a fluid joint (Figure 2-2C).

The pili are free from any attachments in a swimming cell. Therefore, they should
experience negligible tensile loads during swimming. When they adhere to the surface,
they are capable of pulling and moving the entire cell body, resulting in twitching motility
[29, 30]. Tensile forces within the extracellular filament balance the retracting force

applied by the force-generating enzymes in the pilus, and these forces can range from 8 -

10



100 pN [31-34]. The tensile forces act as the load on the force-generating pilus motor. The
load is high when the pilus adheres to the surface (e.g., scenario Il, Figure 2-2A), and it is
negligible when the pilus detaches from the surface and extends (e.g. scenario I, Figure
2-2A\). Because the pili stochastically attach and detach from the surface [35], the load on
the pilus-motor changes over time. Nonetheless, the load-change experienced by a

surface-adherent pilus can be as high as 100 pN (Fig 2E).

Since the appendages are not easily observable, it is not straightforward to
determine how they interact with the surface in standard microscopy experiments [36].
Yet in each of the above representative scenarios, the type and magnitude of mechanical
load change is different. Therefore, the knowledge of the nature of surface-attachment is
crucial in order to discriminate between mechanosensitive and non-mechanosensitive

signaling during bacterial-surface interactions.

In addition to the changes in load depicted in Figure 2-1 and Figure 2-2, the
bacterium may experience other types of mechanical stimuli at a surface, especially when
exposed to fluid flows. Gravitational forces are negligible because of the small size of the
bacterium; likewise any balancing reaction force from the surface is also negligible. But,
strong adhesion interactions can occur between the surface and the cell [20]. These forces
can resist detachment forces as high as a few nN [37] and are predicted to cause cell wall
deformations [38]. Mechanosensitive proteins within the cell membranes are believed to
be able to detect deformations in the cell wall [18, 39]. However, significant cell
deformations do not seem to occur in surface-adherent wildtype bacteria even over an hour

following attachment [40].

11



Swimming bacteria in the bulk fluid frequently encounter other cells or diffusing
objects, physically. In order to prevent premature turning-on of mechanosensitive
signaling in the bulk fluid, a bacterial mechanosensor should become activated and initiate
signaling primarily in response to load-changes that arise during surface attachment. One
way to ignore basal mechanical loads and to respond selectively to surface-attachment is
by discriminating between load changes based on their magnitudes. However, as should
be evident from the foregoing discussion, not only the magnitudes but also the signs of
the surface-induced mechanical stimuli are different on different parts of the cell. Several
types of load-changes can occur simultaneously during surface-attachment. For example,
when a swimming bacterium adheres to a surface along with its appendages (Figure 2-2A
scenario 1), not only does the viscous drag on the cell body decrease, but the flagellar and
the pili loads also increase simultaneously. There may be an additional increase in the
adhesive forces on the cell in presence of hydrodynamic flows. This suggests that a
primary criterion for the effective functioning of a bacterial mechanosensor is that it must

be able to discriminate between the magnitudes as well as the signs of mechanical stimuli.

In the next sections, we discuss the response of bacterial mechanosensors to load
changes, and the challenges in interpretation of experimental results involving bacterial

mechanosensing.

2.3. Sensing of load changes
The levels of select messenger molecules in the bacterium can change when the
cell attaches to a surface. Examples are the global regulators cyclic diguanylate

monophosphate (c-di-GMP) and cyclic adenosine monophosphate (CAMP), which

12



regulate a variety of cellular processes such as surface colonization, biofilm formation,
cell cycle regulation, and virulence [17, 41-46]. Here, we focus on how mechanosensors,
especially mechanosensitive molecular motors, detect load-changes to modulate the

activity of regulatory molecules.

2.3.1. Mechanosensing by motors

Mechano-sensing by the flagellar motors: Flagella have been implicated in sensing of
and cellular adaptation to surfaces in numerous bacterial species [2, 22, 47, 48] and large
number of bacterial species carry flagellar genes [49]. To determine how flagella respond
to mechanical load-changes (Fig 2D), Lele and co-workers employed optical traps to stick
beads to shortened flagellar filaments in E. coli cells. Because the load on the flagellar
motor scales cubically with the size of the object that it rotates, attachment of the bead to
the short flagellum instantaneously increased the load on the motor by a factor of ~ 8000
[50]. In an alternate experiment, they tethered the cell to a surface similar to the manner
depicted in Fig 2B. In either case, the flagellar stator complex responded by adding ~ 6 -
11 stator units to increase the flagellar power under high loads [50]. Another study showed
that such load-dependent binding of stator units to individual motors was persistent; the
remodeled units continued to associate with the motor despite the stalling of rotation for
several minutes [51]. These observations and other observations suggest that the flagellar
stator is the mechanosensitive protein complex. The structural remodeling of the stator
complex and the resultant functional adaptation in response to flagellar load changes has

so far been reproducibly observed in E. coli and B. subtilis [28, 50-55].
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The viscous load on the extracellular flagellum should be experienced by the
flagellar motor only so long as the stator continues to generate torque. Consistent with this
idea, torque-generating stators were observed to remodel when the flagella were tethered
to the surface, but paralyzed stators that were unable to generate torque did not remodel
in tethered cells [28]. These findings are consistent with a model in which the
unbinding/binding rates of a stator-unit to the motor are controlled by the torque the unit
generates [28]. There is additional support for this idea; recent experiments indicate that
the unbinding rates of stator molecules decrease as torque increases, and the on-rates

decrease with speed when the motor speeds are high [56].

Mechanosensing by stators may contribute to the initation of biofilm formation,
swarming, increased expression of virulence genes, as well as in the regulation of genetic
competence [47] [57]. The mechanisms are unknown. One possibility is that stator-
remodeling under high loads modifies the local cell membrane potential, which could
subsequently initiate signaling [58]. Or the increased torque upon remodeling might
modify rotor interfaces to enhance the binding of downstream effectors that are involved
in signaling. Another model involves the depletion of the pool of free stator units in the
cell due to load-dependent remodeling. The depletion in free stator units could trigger
downstream signaling. There is some experimental support for this. For example, two
types of stators, MotA-B and MotC-D, are responsible for flagellar-rotation in P.
aeruginosa. MotC-D is recruited by the motor in preference to MotA-B under high loads,
which appears to modulate interactions with diguanylate cyclases and the levels of c-di-

GMP [44, 57]. However, there are around 100-200 total stator units in a cell [59], with
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each motor likely binding around 4-6 units at loads experienced in swimming cells, and
no more than 11-16 units at maximum loads [60-62]. In the depletion model, the
messenger molecule levels would have to be very sensitive to small changes in the number
of freely-available stator units in the cell (of the order of 7-10 stator units). In species such
as P. aeruginosa that carry a lone flagellar motor, the reduction in the number of free stator
units upon surface-attachment is expected to be < 5%. This mechanism poses a challenge
as it may necessitate an impracticably tight control over cell to cell variability in stator

protein copies.

Mechanosensing by the type 1V pilus: Mechanical stimuli-induced structural
modifications and functional adaptations that are readily measurable in flagellar motors
have not been reported in the type IV pilus yet. However, the activity of the motor enzymes
is likely responsive to mechanical contact between the tip of the pilus and a surface [63].
Sensing of the surface by the pilus is typically inferred from subsequent downstream
effects in signaling [64-69]. In Pseudomonas aeruginosa, the extracellular pilin filament
consists of PilA subunits and the retraction is facilitated by the ATPase PilT. PilT has been
implicated in downstream signaling events and the upregulation of virulence [66, 70]. If
PilT is capable of sensing the tensile load in the extracellular filament, it could function

as a mechanosensitive protein similar to stator proteins in the flagellar motor.

A prominent example of pili-mediated post-translational signaling is that of hold-
fast induction in Caulobacter crescentus [69]. The hold-fast is a strong adhesin which
irreversibly attaches a cell via its pole to a surface, resulting in rapid surface-colonization.

The induction begins almost immediately following surface-attachment [71, 72].
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Although some evidence indicates that the pili induce holdfast synthesis, other
experimental observations point to a prominent role for the flagellar motor instead [73].
This might likely be due to a cross-talk between the two appendages [34, 74]. Interestingly,
holdfast induction is observed even in strains lacking the pili and the extracellular
components of the flagella, so long as functional components of the flagellar rotor and the
stator units were present within the cell body [73]. This type of sensing has been termed
as tether-less surface-sensing. As discussed before, without the extracellular tethers,
motors are unlikely to sense changes in extracellular viscous loads. Hence, whether
surface-sensing by the pili and the flagella in C. crescentus is evidence of mechanosensing

remains an open question.

2.3.2. Mechanosensing with non-motor proteins

Putative non-motor bacterial mechanosensors include protein-sensors that may
reside on the cell surface. Motile cells in gram negative species may sense reduction in the
viscous drag on their bodies (Fig 1B) with the aid of outer-membrane mechanosensors.
Alternately, the sensors might undergo conformational changes due to the proximity to
charged entities on a surface or due to some other reason [20]. Parsing the extent to which
these sensors respond to surface conditions versus changes in mechanical load is a

significant challenge.

Candidate mechanosensors include the outer-membrane lipoprotein NIpE in E.
coli which likely triggers the CpxA-R two component signaling pathway upon surface
contact [75]. The CpxA-R system is involved in the invasion of host cells, as well as in

multidrug resistance [76-79]. Recent work implicates the RcsCDB phosphorelay system
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in surface-sensing, which involves the outer-membrane lipoprotein RcsF [80]. The Rcs
system regulates biofilm growth, modulates the expression of motility genes, and mediates
a variety of bacterial functions [81]. In P. aeruginosa, outer-membrane protein PilY1

likely mediates bacterial attachment to surfaces [67, 82].

The area of contact between the bacterial body and the surface is typically small,
probably < 5% of the total area of the bacterial surface (Figure 2-3A). Furthermore, a thin
fluid layer ~ 5-20 nm separates the two [83, 84]. As any part of the bacterial outer surface
may randomly come to rest on the surface, the limited contact area imposes a spatial
constraint on the functioning of outer membrane mechanosensors. This is because the
large majority of these mechanosensors are on the non-contacting cell area (> 95 %), and
do not experience the mechanical perturbations experienced by the contacting
mechanosensors. How might such a small number of contacting sensors trigger signaling?
Additionally, how might membrane mechanosensors distinguish between attachment to a
surface and the occasional contact with objects in the bulk fluid? One possibility is that
the cell relies on temporal integration of the signal that is received from the
mechanosensors such that once a signal-threshold is exceeded, mechanosensitive
pathways are triggered. In such a mechanism, transient contacts will be filtered out since
the integrated signal will remain below the threshold. If however, the cell relies on spatial
integration of sensor-signals, then a high sensitivity to mechanical contact and a high
degree of cooperativity among the contacting and non-contacting sensors could help limit

the number of sensors required on the cell body, while possibly resolving conflicting
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signals. A good example of high cooperativity is seen in bacterial chemoreceptors that are

distributed in dense patches in the inner membrane [85, 86].
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Figure 2-3 Adhesion forces and putative mechanosensitive channels. A) Top: The
contact area between the surface and the attached cell is a tiny fraction of the overall
surface area of the cell (top view). The adhesion forces act only on this area. Bottom: In a
non-quiescent fluid, the tensile force on a surface-adherent pilus is a combination of the
shear force, the adhesion force, and the retractile force. When the fluid flow is in a
direction opposite to the retractile force, it reduces the total tensile force. B) An attached
cell viewed along its pole. Top: the un-deformed cell diameter is a. Inactive putative
mechanosensitive channels embedded within the cell membrane are indicated in the inset
figures. Bottom: The cell deforms over a period of time to h, and the channels along the
top and side sections of the cell experience different forces as indicated in the inset.
Reprinted with permission from Chawla et al, 2019 [102].

lon channels such as MscL and MscC in the inner membrane of bacteria respond
to stresses generated in the membranes [38, 87, 88]. In addition to adhesion forces, the

strong forces generated by the pilus and/or flagellar motors upon surface-attachment could
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modulate the mechanical stresses within the membranes, and trigger these sensors. Typical
host surfaces that may be colonized by bacteria such as cells, tissues, or mucosal layers
are soft and deformable, though. Their flexibility will limit the development of mechanical
stresses in bacteria. The cell wall is highly rigid (~ 0.1 GPa,[89-91]) such that for a
characteristic cell dimension of ~1 um, a force of 100 pN motor-force will cause
insignificant overall cell wall deformation (< 1 nm). If significant deformation does occur,
different parts of the cell wall will experience either compressive or tensile stresses,
resulting in contrasting stimuli on putative sensors (Figure 2-3B). Much work remains to
be done to uncover whether and how non-motor mechanosensors respond to such

contrasting and small mechanical stresses.

2.4. Dynamics of Mechanosensing
The bacterium likely discriminates between real mechanical signals that arise due

to surface attachment from those that might be transient or short-lived, such as the

occasional interactions with another cell or solid objects in the bulk fluid, by sensing the
persistence of mechanical signals. Sensing only those stimuli that persist for long enough
times may help reduce the occurrence of erroneous signaling . Measurements of the
relevant time scales are limited, but they are likely to be on the order of several seconds.
For example, in E. coli, stator remodeling initiates within ~ 10 seconds after the load
change on the flagellar motor [50, 92], while in P. aeruginosa, the flagellar motor

modulates c-di-GMP levels within a few seconds of surface attachment [93].
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For a motor-based mechanosensor, temporal persistence in mechanical stimulus is
force- or torque-dependent as inhibition of force/torque dissipates the load. For non-motor
based mechanosensors, temporal persistence in mechanical stimulus is probably
dependent on the specificity of adhesive interactions with surfaces. For example, the type
1 fimbrial FimH adhesin binds with high specificity to D-mannose, and the adhesion is
shear-dependent [94-96]. Specificity in binding might help trigger specific pathways due
to strong and persistent interactions. Non-specific adhesions are likely to be transient and
weak, therefore, such interactions may not trigger specific signaling pathways, or may be
too slow to initiate signaling. Testing of these ideas will likely contribute to a better

understanding of mechanosensing.

Disruption in enzymatic functions via genetic modifications has been widely-
employed to study the role of mechanosensitive proteins in the initiation of intracellular
signaling. However, bacterial mechanosensing and mechanotransduction are dynamic
processes, and approaches that involve load-changes through genetic modifications may
not be optimally suited for exploring these dynamics. This is because the
mechanosensitive response may adapt to the loss or mutation of a putative critical enzyme.
If the responses pre- and post-genetic modification happen to be similar, then the role of
the mechanosensitive protein encoded by that gene may remain undetected in experiments
altogether.

2.5. Mechanosensing, Shear Rate Sensing and Swimming-Speed Sensing
A common approach to mechanically stimulate bacteria is to adhere them to a

surface, and then apply increasing shear stresses through fluid flows over the cell and its
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appendages (Fig 3A). The typical viscous stresses on the bacterium in such experiments
are very small (Fshear ~ 0.002-0.01 pN, [82]), partly owing to the small chamber sizes in
laboratory flowcells. Recent experiments with this approach indicate that c-di-GMP levels
in surface-adherent P. aeruginosa increase with hydrodynamic flow rates, with the current
interpretation being that the shear stresses generated by the flows are responsible for the
increase [82]. The applied stresses on adherent cells in these experiments though are orders
of magnitude smaller than those typically experienced by swimmers (Fprag ~ 1 pN, Figure
2-3B). If high shear stresses on the cell body elevate c-di-GMP levels, then the levels
would be higher in swimming bacteria, which is not the case. Perhaps these flows increase
the load on surface-adherent pili and the pili mediate downstream signaling in response.
However, the tensile loads on a surface-adherent and retracting pilus are already ~ 100 pN
(Figure 2-1E). Hence, an Fshear ~0.01 pN is not expected to change pilin loads appreciably
(Figure 2-3A). Since the loads on the pili with and without the hydrodynamic flows are
likely similar, the mediation of biochemical signaling by the pili may occur through non-
mechanosensitive pathways in this example. Alternately, the c-di-GMP levels are
modulated by the adhesion forces between the bacterium and the surface, which balance
the hydrodynamic shear force. If this is the case, the phenomenon may be
mechanosensitive, with a small number of outer membrane-embedded mechanosensors in

the narrow contacting area playing a key role.

Hydrodynamic flows reduce the concentrations of secreted chemical species that
build up near surface-adherent cells. The depletion of these chemicals due to the flows

could also play a role in initiating cell-signaling. This notion is consistent with recent
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findings that suggest that the expression of certain genes in Pseudomonas aeruginosa is
regulated by hydrodynamic shear rates, rather than the shear forces induced by flows [97].
Because the shear rate in such experiments is a measure of the fluid velocity relative to
the surface-adherent cell body, another way of interpreting the results is to ask whether
the expression of genes is tied to the swimming speed of the bacterium in quiescent fluid.
Higher the swimming speed, greater the apparent shear rate. An intriguing possibility then
exists — does the cell sense how fast it swims and thereby regulates signaling? One
mechanism for the cell to determine its own swimming speed is to keep track of the
flagellar rotation rates based on the proton (or ion) influx through flagellar stators. Another

mechanism could be to track the levels of the chemical species it secretes.

Not all mechanosensitive signaling pathways are surface-dependent. For example,
the transition of B. subtilis into the so-called K-state promotes natural competence [98].
Entry into the K-state is independent of surface-adhesion and correlates with basal levels
of DegU phosphorylation. DegU is a transcriptional regulatory protein and a response
regulator in Bacillus subtilis that regulates genetic competence and biofilm formation [99].
Diethmaier and co-workers recently observed that a reduction in flagellar loads correlated
with elevated DegU-P levels and reduced K-state transition probabilities. Flagellar stalling
also seems to elevate DegU-P levels [48, 100]. This surface-independent, flagellar-
mediated control of DegU-P levels appears consistent with a mechanism in which the
viscous load on the flagellum is optimal in a wildtype swimmer for maintaining basal
DegU-P levels. However, as flagellar mechanosensing is mediated by flagellar stators, it

is possible that these proteins regulate DegU-P. Yet, in the above experiments that
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interfered with flagellar functions, the swimming speed of the cell was affected as well.
Therefore, an alternate interpretation is that at least in some of these experiments,
reduction in viscous drag (Figure 2-1B) caused by the disruption of flagellar rotation
activates mechanosensors on the cell surface. Yet another possibility is that a loss of

motility may by itself activate signaling.

2.6. Summary and future directions
The evidence summarized in this paper suggest the following criteria for the proper

functioning of a bacterial mechanosensor:
a. Ability to sense differences in the signs and magnitudes of mechanical stimuli.
b. Ability to detect temporal persistence of mechanical stimuli to filter out noise.

c. High sensitivity to mechanical signals and cooperative behavior, especially in case

of mechanosensors that do not rely on motor action.

There are multiple challenges that limit our understanding of bacterial
mechanosensing. First, the dynamics of mechanosensing are relatively understudied and
not well-understood. Challenges also exist in the design of experiments for stimulating
putative mechanosensors. Among these is determining whether a particular appendage
such as the flagellum or the pilus is actually loaded in a mechanical-stimulation assay. To
obtain unambiguous evidence regarding the role of a specific type of appendage in
mechanosensing, it may help to simultaneously load all or a majority of the multiple
appendages of that type on the cell. This can be challenging, in part, due to the technical

difficulties in appendage-visualization. These challenges are being overcome with
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exciting techniques based on interferometric approaches [63, 101]. To distinguish between
signaling events that are activated by mechanosensing from those that may be activated
by other types of surface sensing phenomena, a comparative analysis of the
mechanosensing response in the bulk fluid away from any surfaces will be necessary.
Determining how mechanosensors initiate post-translational modifications, how various
regulatory events are controlled by shear rates and shear stresses on the cell, and
discriminating between mechanosensing mechanisms from other surface sensing

mechanisms are among the key challenges for the future.
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3. TORQUE REGULATES MECHANOSENSITIVE FLAGELLAR MOTOR

FUNCTION*

3.1. Background

The bacterial flagellar motor consists of a membrane-embedded stator and a
transmembrane rotor. The stator is responsible for surface-sensing, an ability that likely
helps initiate biochemical signaling. It remodels in response to perturbations in viscous
loads, recruiting more units as the load increases. Here, we tested a hypothesis that the
amount of torque generated by each unit modulates its binding to the rotor. We measured
remodeling in strains lacking FliL, a membrane protein that is believed to be important in
stabilizing motor torque. Measurements revealed that the torque as well as stator-rotor
association in fliL mutants was comparable to that in wild-type cells. On the other hand,
the association was weaker in paralyzed motors that were unable to generate torque,
consistent with our hypothesis. An analytical binding model that incorporated an
exponential dependence of the stator dissociation rate on the amount of force delivered to
the rotor was able to provide accurate fits to the measurements of stator-rotor binding over
a wide range of loads. Based on these results, we propose that the binding of each unit to
the motor is enhanced by the force it develops. We further conclude that FliL does not

play a significant role in motor function in E. coli.

*Adapted with modifications from “Torque, but not FliL, regulates mechanosensitive
flagellar function” by R. Chawla, K.M. Ford, P.P. Lele, 2017. Scientific Reports, 7, Article
number: 5565, ©2017 distributed under Creative Commons Attribution 4.0 International
(CC BY) license (http://creativecommons.org/licenses/by/4.0/)
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The flagellar motor is able to undergo structural and functional modifications in
response to long-lived perturbations in thermal *?, chemical >’ , electrical ®°, and
mechanical 1 environments. Structural remodeling improves the odds of survival; for
example, remodeling of rotor complexes enables motor-level adaptation that extends the
range of signal detection during chemotaxis >’. In Escherichia coli, the motor is rotated
by a set of stator units consisting of two proteins, MotA and MotB, that utilize the proton
motive force (pmf) to deliver torque to the rotor *°. In previous work, we showed that the
stators are mechanosensitive and adapt the motor to dramatic changes in viscous loads *°.
Adaptation is facilitated by stator remodeling, enabling the motor to retain a higher
number of stator units under high viscous loads %13, Stator remodeling modulates motor
torque, which is likely to be advantageous for swimmers that find themselves in high-
viscosity environments or for swarmers that need to overcome higher shear when
swarming on substrates. The ability of the motor to sense and adapt to mechanical signals
makes it one of the clearest examples of a mechanosensitive biological motor %6,

The role of the mechanosensitive motor in surface sensing and triggering of
biochemical pathways is of significant interest 1-?°, but the mechanisms underlying its
response to mechanical signals remain unclear. Previously, we proposed a mechanism for
remodeling that was torque dependent ° — the torque generated by individual stator units
modulates the accessibility of cryptic binding sites, thereby controlling the binding affinity
to the motor. Higher torque stabilizes the association, whereas lower torque results in
weaker stator-rotor association. According to such a mechanism, any degradation in

torque generated by individual units is expected to weaken its association with the rotor.
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To test the hypothesis, we measured stator binding under conditions in which
torque was anticipated to be weak or negligible. Recent work suggested that FliL, a
membrane-associated 17 kDa protein 2!, stabilizes the torque generated by the stators as
well as the chemotactic response at high loads in E. coli and S. enterica 22. However, these
findings are at odds with earlier reports by the Macnab group that suggested that FliL does
not regulate chemotaxis and motility in E. coli 2. Nonetheless, several other species have
been observed to be deficient in swimming (under high loads) and swarming when lacking
FliL, presumably because the motors fail to deliver adequate torque at high loads 242°,
Hence, we measured torque and stator-binding in a strain of E. coli lacking FliL. Our
observations indicated that the loss of FliL did not significantly affect motor torque over
a wide range of loads. Consistent with our hypothesis, stator-rotor association was not
affected either. Furthermore, these mutants swarmed, in agreement with recent reports 2.
Next, we worked with strains carrying paralyzed stators that were unable to develop
torque, as a result of which tethered cells remained predominantly locked. In these strains,
stators exhibited weaker association with the rotor lending support to the notion that
remodeling is regulated by absolute torque. An analytical model was developed that
explained load-dependent stator remodeling by incorporating an exponential dependence
of the stator-unit’s off-rate constant on the amount of force delivered to the rotor. The
model was able to fit accurately the dependence of stator binding on viscous loads
measured by Tipping and co-workers 1. Our results suggest that a torque-dependent
mechanism likely underlies mechanosensitive remodeling of the motor and emphasize the

indispensable role of remodeling in swarming.
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3.2. Results
3.2.1. FliL and Torque at High Loads

Employing the tethered-cell assay, we determined the torque developed by
individual motors at near-stall viscous loads in the fliL and wildtype strains. Cells were
tethered to the glass surface via the filaments and were observed to rotate at constant
speeds several minutes after tethering (Materials and Methods). The cells switched
between clockwise (CW) and counterclockwise (CCW) directions of rotation. A subset of
the total data that had a narrow distribution of cell length was selected for further analysis
(mean fliL mutant cell length = 2.28+0.44 um and wild-type control cell length =
2.40£0.26 um). The rotational speeds of motors in the fliL strain are shown in Figure 3-1A,
for both directions. The corresponding wild-type motor speeds are also indicated. The
flagellar motor generates nearly constant torque at high loads and, as a consequence, its
speed decreases with increasing load 28. Consistent with this, speeds were observed to
decrease with increasing cell lengths (Figure 3-1). The motors in the two strains exhibited
similar speed versus cell-length characteristics in either direction, and the differences in
the mean motor speeds were not significant (p-value > 0.05, Figure 3-1A). To compare
the torque generated in the two strains, we first calculated the torque developed by each
motor in the fliL strain by taking into account the size of the cell (see Materials and
Methods). Individual torque was then normalized by the mean torque generated by wild-
type motors. The normalized torque over a range of speeds is indicated in Fig 1B, for both

directions. The mean normalized values were 1.09 = 0.06 (CCW) and 1.03 £ 0.06 (CW).
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We concluded from these results that the absence of FliL did not adversely affect the

torque developed by flagellar motors at near-stall loads.
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Figure 3-1 Comparison of motor performance fliL mutant with wild-type under
high-load conditions. A) Steady-state speed versus length: The rotational speeds and cell-
length in the fliL (open circles, n=18 motors) and wild-type (filled gray circles, n=16
motors) strains are indicated. The left panel indicates speeds in the CCW direction and the
right panel indicates speeds in the CW direction. The mean CCW speeds were 5.65 + 1.44
Hz (wild-type strain) and 7.24 + 2.93 Hz (fliL strain). The mean CW speeds were 5.96 +
1.75 Hz (wild-type strain) and 7.28 + 3.19 Hz (fliL strain). Differences in the mean speeds
were not significant (p-value > 0.05) between the two strains. B) Torque versus speed:
Torque generated by motors in the fliL mutant was calculated from mean rotational-speed
and cell-geometry. The left and right panels indicate the CCW and CW data respectively.
7 represents the torque generated by individual motors in the fliL strain and 7T represents
the mean torque generated by motors in the wild-type strain. Reprinted with permission
from Chawla et al, 2017 [45].
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3.2.2. Stator-Rotor Association and Torque
fliL strains

Since torque was not deficient at high loads in the absence of FliL, we tested
whether stator-rotor binding remained unchanged as well. The rotational speed (Figure
3-1A) depends not only on the torque developed by individual units within the stator
complex but also on the number of units bound to the rotor. To determine the number of
bound stator-units, we applied step increments in viscous loads on individual motors by
allowing cells to tether and recorded their rotation following the onset of tethering *°. The
response of a representative fliL motor is shown in Figure 3-2A. The motor initially rotated
at a low speed. Over the next hundred seconds, the speed increased in a step-wise fashion
to reach a maximum value (~12.75 Hz). The adaptation in speed is consistent with our
observations with wild-type motors (data not shown) and is indicative of stator-
remodeling. This confirmed our previous result that flagellar mechanosensing is
independent of FIiL °.

At very low loads, stators deliver a small amount of torque (~ 10 pN-nm), and the
number of bound units at these loads has been observed to be ~ 1-2 units in wildtype
motors °. To estimate the number of stator units in fliL motors at very low loads, we
employed a step-finding algorithm and calculated the mean speed at each step in the speed
data 1°. Next, we identified the initial speeds at which the fliL motors rotated (indicated by
the 1% step in the inset in Figure 3-2A). Based on these speeds and the cell-geometry, the

initial torque generated (zni) was determined for each motor. The torque values were

normalized by the mean torque generated by single-units in wildtype cells (7VT1). The
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normalized torque data (n = 17 motors) are shown in Figure 3-2B as a function of speed
and can be approximately placed into two groups. The first group in the lower left corner
represents motors that initially carried single units (zni / 2/"1 ~ 1). and the second group,
on the upper right corner, represents motors that carried two units (zini / 771 ~ 2). Since
the load on the motor prior to tethering is very low, this indicated that motors in fliL
mutants employ no more than 1-2 stator-units at very low loads, similar to the wild-type
cells °,

To measure stator-rotor association at high loads, we obtained the mean step
increment in speed for each motor from the adaptation data. Dividing the final speed
attained by the motor by the step size enabled us to estimate the number of units bound to
each rotor upon the completion of remodeling. This approach is appropriate because at
high loads, each new unit that binds to the motor has been shown to contribute equivalent
torque as its predecessors 2°. Calculations indicated that the mean number of stator units
engaged by the motors at high loads in the fliL mutant was 8.7 + 3.0, similar to the wildtype

(9.1 £1.87). Thus, the lack of FliL had little effect on the stator-rotor association.
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Figure 3-2 Adaptive remodeling to mechanical stimulus. A) Response to mechanical
stimulus: The adaptive response of the stator to mechanical stimulus in a representative
fliL motor is visible from the step-wise increments in speeds over time. Inset shows the
response of the motor (gray) over the first few seconds and the black line is the output of
the step-finding algorithm, indicating the 1% and the 2" step. B) Stator-binding: Initial
torque developed by fliL motors (zni) normalized by the average torque developed by
single units (7'"1) in wildtype tethered cells 1°. Torque was determined from the cell-
geometry and the initial speed (inset Fig 2A). The data near the lower left corner
corresponds to 1 unit (z/2"V71 ~ 1) and the data near the upper right corner represents two
units (z/2"T1 ~ 2). C) Remodeling in paralyzed motors: Distributions inferred from stator-
intensity measurements in paralyzed motors (black) and functional motors (gray) are
shown. The mean values were 1.5 £+ 0.14 a.u. (paralyzed) and 4.63 + 0.4 a.u. (wildtype).
The difference in means was highly significant (p-value < 0.01). Reprinted with
permission from Chawla et al, 2017 [45].
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Paralyzed motors

To test whether a full complement of stators could assemble around the rotor when
the torque is degraded, we employed a strain that carried chromosomal eyfp-motB and a
point mutation in motA that resulted in paralyzed motors . In these motors, the paralyzed
stator binds to the rotor 3° but cannot generate torque, causing tethered cells to remain
predominantly locked. Cells were tethered, and fluorescently labeled stators associated
with the motors were imaged via TIRF after ~ 600 seconds. The intensities of the motor-
bound stators was quantitatively determined using previous protocols é. The kernel density
estimates of intensities in the paralyzed strain are shown in Figure 3-2C. The
corresponding intensities of wild-type motors with functioning-units are also indicated.
The raw data have been included in the Appendix B (Figure B1). The difference in the
mean intensities was highly significant (p-value < 0.01, Figure 3-2C). Evidently,
functional units bound to the motor in higher numbers than the paralyzed units. The mean
intensity in wild-type motors was ~ 3 times higher than the mean intensity in paralyzed
motors. A functional stator unit generates a significant amount of torque (~100-200 pN-
nm) in a tethered cell. On the other hand, in paralyzed strains the stators do not generate a
torque. Therefore, these measurements support the hypothesis that torque regulates
binding of the stator units to the rotor.
FliL and Torque over a Range of Loads

To determine if FliL affected motor-function at viscous loads other than near-stall

conditions, we measured torque in fliL strains over a range of loads. Hydrodynamic
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screening near solid substrates ensures that the viscous loads (¢) on motors in swarmer
cells are higher than the viscous loads on motors in swimmer cells. Hence, we first tested
motor performance at swimming loads (Sswimming). Wild-type motors at these loads
typically rotate at ~165-175 Hz 3. To determine if the fliL mutants exhibited subnormal
motor torques at Sswimming, We compared swimming speeds in wild-type and fliL strains in
liquid growth media. The motion of swimming cells was recorded and speeds were
quantitatively determined as discussed in Methods and Materials. Unbiased kernel density
estimates of speeds obtained from our measurements are shown in Figure 3-3A for the
wild-type and fliL strains. The difference in the mean swimming speed was significant (p-
value < 0.05, Figure 3-3A). Assuming a similar number of flagella per cell in the fliL and
the wild-type strains, the torque generated by motors in the fliL strain was estimated to be

~ 90% of the torque generated by wild-type motors.
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Figure 3-3 BFM response to a range of viscous loads. A) Swimming speeds: Kernel
density estimates of swimming speeds in fliL (black) and wildtype (gray) strains. The
difference in the mean swimming speeds was significant (p-value < 0.05). The mean
swimming speed in the wild-type strain was 20% higher than that in the fliL strain. B) and
C) Tethered beads: Signals from representative fliL motors, one rotating a 750 nm and
another rotating a 1 um bead. Peaks correspond to ~106 Hz and ~ 55 Hz, respectively. D)
Torque-speed curve: The average torque generated by motors in the fliL strain (black
symbols) and in the wild-type strain (gray symbols) is plotted against the average motor
speed. The torque-values (7) have been normalized by the maximum torque (7V7)
measured in wild-type tethered cells. Reprinted with permission from Chawla et al, 2017
[45].

Motors were subjected to higher loads by tethering them to beads of different sizes.
Single-motor rotation was measured with a photomultiplier setup that enabled high-speed

tracking of bead rotation 2. The photomultiplier-output signals were sinusoidal, each
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wave corresponding to one full turn of the motor. Power spectral densities (PSD) were
calculated from the output signals to obtain the rotational speed. Representative PSDs for
a fliL motor rotating a 750 nm bead and another motor rotating a 1 um bead are shown in
Fig 3B and 3C, respectively. The peaks were sharp, indicating a good signal-to-noise ratio
and enabling us to determine accurately the frequency of rotation. For wild-type motors,
our measurements yielded mean speeds of ~47 = 6 Hz (1 um, 14 motors) and ~ 103 £ 25
Hz (750 nm, 15 motors), similar to earlier measurements with the wild-type strain 28, The
mean speeds for the fliL strain were ~ 51 + 11 (1 um, 15 motors) and ~ 95 + 11 Hz (750
nm, 13 motors). A non-parametric statistical test revealed that the differences in means
between the two strains were insignificant (p-value > 0.05).

The average torque was then determined for all the viscous loads used in this work
(Materials and Methods). A comparison of the motor torque vs speed curve for the fliL
and wild-type strains is shown in Figure 3-3D. The differences between the two curves
were minor, suggesting that the absence of FliL does not significantly affect torque
generation or stator-rotor association over a wide-range of loads.

Swarming in fliL strains

FIiL has been reported to be crucial for bacterial swarming in a variety of species.
We carried out measurements to test whether FliL had a measurable impact on the switch
function, which in turn could affect swarming. This was done by determining the CWhias
(probability of CW rotation) and motor reversal frequencies. As indicated in Figure 3-4A,
the mean CWhias Was not appreciably different in the two strains (p-value > 0.05). The

difference between the mean reversal frequencies was negligible as well (p-value > 0.05).
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Motor-switching is indispensable for swarming, *3 and considering that the switch function
was not affected in the fliL strain, we tested whether the loss of FliL indeed prevented E.
coli from swarming. Figure 3-4C shows a representative image of a swarm plate
inoculated with the fliL strain in the environmental chamber (Methods and Materials). As
is evident, the loss of FliL did not inhibit swarming. This was further confirmed by
imaging swarming under phase microscopy with a 40x, ph3 objective. The results were

reproducible (swarm diameter = 4.06 + 1.13 cm over 8 hour incubation, 10 plates).
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Figure 3-4 Switching behavior of the strains. A) Probability of CW rotation. The
mean CWhias Was 0.28 + 0.03 (n = 16 motors) in wild-type motors and 0.22 + 0.03 (n =
18 motors) in fliL motors. The difference in the means was not significant (p-value >
0.05). B) Switching-frequencies: The mean reversal frequency was 1.1 + 0.77 per second
in wild-type motors and 1.4 + 0.87 per second in fliL motors. The difference in the
means was not significant (p-value > 0.05). C) Swarming: A representative swarm-plate
with the fliL mutant. The average swarm diameter was 4.05 + 1.13 cm, n = 10 plates (8-
hour incubation). Reprinted with permission from Chawla et al, 2017 [45].

3.2.3. Model for mechanosensitive stator-remodeling
Stator units that are a part of a functioning stator complex have been shown to

continually exchange with freely diffusing units in the cell membrane **. According to our
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hypothesis, the number of stator-units associated with each motor varies with the amount
of torque developed by each unit. To explain the dependence of stator binding on torque,
we assumed that the dissociation rate constant (koff) is a function of the force applied by
each unit on the rotor, F, whereas the on-rate (kon) is constant. The stator-exchange Kinetics

can be represented in a straightforward manner as follows:

& = konUB — ko (F)n )

Here, n represents the number of bound units (or occupied sites) and B represents the
number of vacant binding sites. U is the total number of units available in the cell and
remains more or less constant. At steady state (s.s), the total available binding sites Bt (=

Bss + Nnss) and the number of bound units are related by:

n 1
S - 2
Bt 1+k0ff(F)/konU ( )

We assumed that kot depends exponentially on force similar to the Bell model for slip-
bonds *, although with a negative sign in the exponent, such that kot = Ko®exp(-F ks T),

where kot is the off-rate constant at zero force and ¢ 'is the characteristic bond length.

Ngs _ 1
BT - 1+@exp(—F&/kgT) (3)

Here, ¢ = (koffo/konU). We constrained 1/¢ ~ 0.01 — 1 based on prior estimates with
other motor-associated proteins ®. The amount of force generated by each unit, F, is known

to increase with load and was assumed to decrease linearly with rotation speed.

F:Fmax(l_ . ) 4)

VUmax

Fmax Is the maximum force (at near-stall conditions) that a single unit can apply on a rotor

with a radius r = 22.5 nm. More-accurate, non-linear models are available elsewhere®6-3,
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From prior measurements, Vmax = 300 Hz%8. Also, Fmax = Zimax /(Nss I) and zmax is the total
stall-torque applied by a full complement of stator-units 2. The dependence of motor-
speed on viscous load (7= ¢ v) was estimated from the experimentally measured torque-
speed relationships?:2°,

Equations 3 and 4 were combined to yield a single analytical expression that was
fitted to the measurements of stator-rotor binding over a range of viscous loads **. The fits
to the experimental data for the CCW and CW directions are indicated in Figure 3-5. As
detailed in the supplementary text, the model was linearized and fits were obtained via
linear regression. The fits were excellent (Figure 3-5) and yielded characteristic lengths of
0~2.48 nm (CCW) and 6~ 2.65 nm (CW). These lengths are equal to approximately half
the size of a single step of the rotor and provide a measure of the distance over which force
F acts during stepping to modulate binding. Thus, the simple model provided excellent
fits and matched the shape of the non-linear experimental data reasonably well, providing

further support to the torque hypothesis.
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Figure 3-5 Model for mechanosensitive-remodeling. Experiments versus analytical
model. The measurements of stator binding to motors over a range of loads are indicated
by symbols for the CCW (left-panel) and the CW (right-panel) directions . The model-
fit is indicated by the curve. For the CCW direction, 1/¢ ~ 0.053 and 6 = 2.48 nm and for
the CW direction, 1/¢ ~0.035 and & = 2.65 nm. The values of the coefficient of
determination (R?) were 0.95 (CCW) and 0.99 (CW). Reprinted with permission from
Chawla et al, 2017 [45].
3.3. Discussion

Several studies have shown that the motor is highly dynamic - it remodels
component complexes to adapt its function in response to a variety of stimuli 14 The
stator-complex is the mechanosensitive part of the flagellar motor and it responds to
mechanical stimuli by remodeling. A sudden and significant increase in the load on a
motor that is rotated by a single unit results in a drop in the flux of protons through the
unit as well as the rotational speed. Simultaneously, the stator-unit increases the amount

of force delivered from < 1 pN to ~ 5-15 pN. It is less likely that a change in the flux of

protons or the drop in rotational speeds is the signal for remodeling. This is because a
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disruption in the pmf, which reduces speeds as well as flux, has been observed to result in
the disassembly, rather than the assembly, of stator units, at high loads &°.

In this work, we have tested the notion that torque regulates stator binding to the
rotor °. It is likely that each stator unit carries cryptic binding sites that typically remain
inaccessible when the unit delivers a low torque (at very low loads). However, when the
unit delivers a high torque (at high loads), these sites become accessible due to the
development of high tensile forces during a power stroke. In such a mechanism, higher
torque strengthens the stator-rotor association, leading to stator remodeling. We tested this
idea by measuring stator binding in mutants in which torque was anticipated to be weak
or negligible at high loads. Our measurements indicated that the binding was unaffected
by the absence of FliL, consistent with measurements that showed no reduction in torque
in the fliL strain. On the other hand, stator-binding to the rotor was reduced in the
paralyzed motA strain compared to the wildtype strain. An analytical model was developed
that incorporated an exponential dependence of the stator unit’s dissociation rate constant
on the force generated by that unit. The model provided accurate fits to the available
experimental data, and suggested a characteristic bond length (o) that was ~ half the size
of a rotor-step. It would be interesting to determine if there is a correspondence between
o and the length of single-steps in the motor. Specifically, does each unit combine the
action of two half-steps to complete one full step of the rotor?

Earlier resurrection experiments demonstrated that the expression of functional
MotA units in tethered cells of the paralyzed mutant resulted in step-wise increments in

speeds 3, similar to the data in Figure 3-2A. Our data suggest that the paralyzed motors
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in those resurrection experiments did not carry a full complement of paralyzed units.
Therefore, the defective units did not sterically hinder the binding of newly expressed
functional units. Instead, resurrection occurred because the high load, that each newly
bound functional unit needed to work against, ensured that the rate of its dissociation from
the rotor was slow.

In Vibrio alignolyticus, experiments suggest that FliL localizes with stators in the
sodium-driven polar flagellum 3. Defects in FIliL result in the degradation of swimming
and swarming in Proteus mirabilis %. However, in E. coli earlier reports suggested that
FIiL is not important in swimming and chemotaxis 2. Our quantitative measurements
confirmed the earlier findings and ruled out a role for FliL in any of the important motor-
related functions, including torque-generation, switching and mechanosensitive
remodeling at high loads. To exclude the likelihood that our observations were specific to
the strains developed in our lab, we tested motor responses to high loads and swarming in
fliL mutants (JP1297 and JP633a) obtained from the Harshey group 22. Measurements
revealed no significant differences between the mean rotation-speeds in the JP1297 and
wildtype strains (Fig B2, Appendix B). In our hands, the JP633a strain was able to swarm.
3.4. Conclusions
In summary, we have experimentally tested a probable mechanism for the remodeling of
stators in flagellar motors in response to mechanical stimuli. Our findings are consistent
with the notion that higher torque exposes cryptic binding sites that strengthens stator-
binding to the rotor. An analytical model that incorporates an exponential dependence of

the stator unit’s off rates on the torque delivered was able to fit previously measured load-
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binding curves accurately. The combined experimental and analytical results presented
here represent the first steps towards establishing a plausible mechanism for stator-
mechanosensitivity and motor adaptation.
3.5. Materials and methods
3.5.1. Strains and media

The fliL strain (PL111) was generated by employing the A-red mediated
homologous recombination technique to delete nt 61-405 in the fliL gene “°. The deletion
was confirmed by sequencing. Mutations in fliL were previously observed to result in
intergenic mutations in the motB region of Rhodobacter sphaeroides °. Sequencing
revealed no such compensatory motB mutations in our strain. The paralyzed motA strain
(PL64) was generated by exchanging the wild-type motA allele with a motA mutant
(parent strain HCB84), in a strain carrying genomic eyfp-motB 0. Strains JP1297 (AfliL,
carrying the sticky fliC allele) and JP633a (AfliL) were obtained from the Harshey group
22_QOvernight cultures were grown from isolated colonies in 5mL of Tryptone broth (TB)
and day cultures were subsequently grown (1:100 dilution) in 10 ml of fresh TB at 33°C.
After growing to an ODsoo ~ 0.5, cells were washed in motility buffer (0.01 M Phosphate
buffer, 0.067 M NaCl, 10* M EDTA, 0.01 M Sodium Lactate and 1 uM Methionine, pH
~ 7.0) before conducting motor-measurements. Swarm-agar plates (Peptone, 10g/L;
NaCl, 5g/L; Beef extract, 3g/L; 0.45% Eiken Agar, 0.5% Glucose) were prepared fresh,
dried after pouring for an hour at room temperature and then inoculated with the strains of

interest (2 pl, overnight culture grown at 30°C).
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3.5.2. Motility Assays

Tethering: Cells were prepared for motor-assays as discussed elsewhere 2. Standard glass
flow cells were prepared by using double-sided adhesive tapes to stick two glass surfaces
together. Cells were tethered via a sticky filament mutant that adheres to glass and beads
41 Cell rotation was imaged and recorded on a Nikon microscope (Nikon Eclipse Ti-E)
with a 20x phase objective at ~60 fps with a CCD camera (DCC1545M-GL, Thorlabs Inc).
Bead-rotation was imaged on a Nikon Optiphot with a 60X phase objective coupled to a
photomultiplier setup 2. Swarming: Swarm-assays were carried out in an environmental
chamber (ETS Model 5472, Electro-Tech Systems, Inc) that allowed a fine control over
humidity and temperature. Swarm-plates were imaged ~ 8 hours after inoculation with a
digital camera (Nikon Coolpix L330). Swimming: Cells were grown to an ODego ~ 0.5 in
TB and then diluted in fresh TB (1:40 dilution). The dilute suspension was observed in a
standard flowcell and cell-motion was recorded with the Thorlabs camera at 60 fps.
3.5.3. Data Analysis

Tethered-Assays: Videos of tethered cells were analyzed with custom-written codes in
MATLAB to determine the angular speed as a function of time*?. Mean speeds for
individual cells were determined from Gaussian fits to speed-distributions. Swarming:
ImageJ plugins were employed to determine swarm radii from swarm images following
previous protocols “3. Briefly, since swarms rarely progressed symmetrically, the swarm
expanse was first determined by manually drawing swarm-boundaries around the colony.
Swarm-radius was then reported as the radius of an equivalent circular area corresponding

to the selected region. Swimming: Most cells swam in straight lines for limited time-
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periods in the liquid medium. For each cell, the frames over which straight-line motion
was observed were averaged which resulted in a single image with bright streaks on a gray
background. The corresponding length of the straight-line intensity profile was determined
and divided by the period of observation to obtain swimming speed.
3.5.4. Torque Calculations

Cell-tracking enabled quantitative estimates of cell-geometries and the drag on
tethered-cells was determined based on previous approaches 4. A 2 um long and 1 pm
wide cell body tethered at a distance of 0.75-1 um from the center offers an effective
viscous load of ~ 150 pN-nm-s/revolution. The drag coefficient of a bead tethered to a
filament stub and undergoing rotation along a circular trajectory with a non-zero
eccentricity can be determined by representing the stub as a thin ellipsoid 2°. For stub
lengths (~ 0.1-0.4 um) and eccentricities (~ 0.15 - 0.5 um), the loads due to 750 nm and
1000 nm beads at room temperature are ~ 9 and ~ 20 pN-nm-s/revolution, respectively.
3.5.5. Statistical analysis
All statistical analyses were performed in MATLAB either with the Student’s t-test or the
non-parametric Wilcoxon rank-sum test. Results with p<0.05 were considered

statistically significant and p < 0.01 were considered highly significant.
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4. INDUCTION OF BIPHASIC CHEMOTAXIS IN E. COLI BY GUT METABOLITE

INDOLE

4.1. Introduction

The mammalian gastrointestinal (G1) tract harbors a diverse community of ~10%**
microorganisms, collectively known as the gut microbiota. Metabolites produced by the
gut microbiota from dietary nutrients are key regulators of inflammation and infection in
the Gl tract [1-6]. In particular, indole — produced from the metabolism of tryptophan
through the catalytic activity of the bacterial enzyme Tryptophanase A (TnhaA) — has
received wide attention for its role in regulating a broad range of bacterial phenotypes,
including motility, stress responses, biofilm formation, antibiotic resistance, and virulence
[7-11]. In addition to regulating bacterial physiology, indole also modulates indicators of
inflammation and barrier function in intestinal epithelial cells [12]. Moreover, other
indole-like metabolites derived from aromatic amino acids such as indole-3-acetate and
tryptamine have also been shown to inhibit inflammation in macrophages and hepatocytes
[13]. These varied functionalities underscore indole’s importance as an interkingdom

signaling molecule [12, 14-16].

Several species that inhabit the gut, especially those belonging to the phyla
Bacteroidetes, Firmicutes, Proteobacteria and Actinobacteria, carry the tnaA gene and
produce indole [14]. Indole production likely promotes gut health, since it inhibits
colonization and virulence in several pathogenic species including enterohemorrhagic E.

coli (EHEC) [18, 19], Salmonella [20, 21], and Vibrio cholerae [22]. However, indole can
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exhibit contrasting roles in the regulation of virulence. For example, it promotes biofilm
formation by Pseudomonas aeruginosa [24] and the survival of Salmonella enterica under
antibiotic stress [14], two species that are incapable of producing the metabolite. The
persistence of Clostridium difficile in the human colon also appears to be correlated with
an increase in the fecal indole levels [25]. Since high concentrations of indole can inhibit
cell growth, this suggests that certain metabolically-robust pathogens probably hijack
indole production by the gut microbiome to out-compete commensals. Thus, the
regulation of pathogenesis by indole is likely dependent on its local concentrations,

although the underlying reasons are unclear.

Previous reports indicate that indole elicits a chemorepellent response in
Salmonella enterica and Escherichia coli [26, 27] mediated through the Tsr
chemoreceptor [28-31]. Other studies suggest that indole can induce an attractant response
as well [29, 30]. Interestingly, strains of E. coli lacking all major chemotaxis genes other
than the chemotactic response regulator cheY have been found to exhibit a repellent
response to indole [32]. The mechanisms underlying these unusual chemotactic responses

to indole and its analogues remain poorly understood.

The flagellar motor forms the output of the chemotaxis signaling network. Ligand
binding to chemoreceptors modulates the phosphorylation levels of the CheY. CheY-P
binds to a switch in the flagellar motor to regulate it’s reversals between clockwise (CW)
and counterclockwise (CCW) directions of rotation. The cell’s chemotactic response can
be measured in terms of the motor CWhiss, i.€., the fraction of the time that it rotates CW

[40].
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In this work, we investigated the mechanisms underlying the response of a lab E.
coli strain to indole by tracking CWhias with the aid of tethered cell assays, and demonstrate
selective filtering of E. coli cells by indole on the basis of their chemotactic responses.
Based on the biphasic chemotactic response elicited by indole, we propose a theoretical
model wherein indole serves to both attract indole-producing commensals near the
mucosal interface and repel pathogenic bacteria closer to the lumen.

4.2. Materials and methods
4.2.1.1. Strains and plasmids

All strains were derivatives of E. coli RP437 and are listed in Table 1.
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Table 4-1: List of strains and plasmids.

Strain or | Relevant genotype Source of
plasmid reference
PL14 PL4 (AcheY, sticky fliC) with pTrc99A- fliGEW [33]

PL15 HCB33, sticky fliC allele [34]
PL278 PL15 Atar This work
PL225 PL15 Atsr This work
PL139 PL 15 AcheRcheBcheY This work
PL190 AcheRcheBcheY, Atsr This work
PL221 AcheRcheBcheY, Atar This work
PL234 AcheRcheBcheY, AtsrAtar This work
PL238 PL234+pPL3 This work
PL255 PL139+pPL3 This work
PL256 PL190+pPL3 This work
PL257 PL221+pPL3 This work
Plasmids

pPL3 pBAD34-cheY [34]

pPL1 pTrc99A- fliGEW [34]
pPL60s pBAD34-eyfpvar This work
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4.2.1.2. Chemotactic Stimulation

A three-directional valve (Hamilton, Inc) was employed to exchange the fluid in
the perfusion chambers with MB or MB containing chemoeffectors. The flow-rate (260
ul/min) was controlled by a syringe pump (Fusion 200, Chemyx Inc.). Separate calibration
experiments were performed with a colored fluid to accurately estimate the average time
of entry of chemoeffectors in the perfusion chamber, following a switch in the three-way
valve.

4.2.1.3. pH-measurements

The pH-sensitive yellow fluorescent protein (KR-eYFP) was prepared based on an
earlier approach that had been developed for the green fluorescent protein [38, 39]. The
following mutations were introduced in the eyfp gene to generate the variant: S202H,
E132D, S147E, N149L, N164l, K166Q, 1167V, R168H, L220F and M153R. It was then
encoded on an inducible vector (ptrc99A) and transformed into the wildtype RP437 strain
(HCB33). The expression level was controlled with IPTG (100 uM). Excitation of the
fluorophore was carried out on a Nikon Ti-E with an LED illumination source (SOLA SE
Il 365 light engine, Lumencor) filtered with a zet514/10x filter (Chroma Technology
Corp). Approximately ~ 100-200 cells were excited in the field of view with a 60x water
immersion objective (Nikon Instruments). The emission was collected by a sensitive
photomultiplier (H7421-40 SEL, Hamamatsu Corporation) after passing through a
bandpass emission filter (FF01-542/27, AVR Optics). Custom-written LabView codes
were employed to record the photon-count over time. For calibration purposes, the

emission from the cells was measured for ~ 100 s in MB. Then, the medium was
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exchanged with one containing 40 mM benzoate/MB at pH 5. To test the effect of indole
on internal pH, MB was replaced with MB containing 2 mM indole after 100 s. There was
on pH-difference in the MB solutions with and without indole. During stimulation, cells
were allowed to equilibrate for ~ 3 min before switching back to MB. Complementary in
vitro assays with the purified protein showed a similar proportional increase in emission
upon treatment with a pH 5 buffer solution.

4.2.1.4. Transwell Assay

A thin agar layer was poured in individual trans-well inserts (Nunc™ cell culture
inserts), and then soaked overnight in motility buffer containing desired concentrations of
indole. The inserts were then carefully transferred to individual wells in a 24-well plate
(Carrier plate systems, ThermoFisher Scientific, Catalog #141002) carrying a suspension
of GFP-expressing E. coli (see Appendix C, Figure C1). In the primed case, the cell
suspension contained indole. In the unprimed case, the cell suspension contained no
indole. A concentration gradient of indole was established within minutes in the wells.
Cells that migrated towards the agar source (attractant response) become attached to the
bottom of the agar insert. Control experiments were conducted in an identical manner
except that the agar was soaked in motility buffer only and there was no indole present in
the cell suspension. After 5 minutes, the insert was carefully removed, gently washed with
MB to remove unstuck cells, and then imaged via confocal microscopy. Custom-written
MATLAB codes were then employed to count the number of cells adhered to the surface.
4.3. Results

4.3.1. Tsr receptor dominates repellent response at low concentrations of indole
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We employed the tethered cell assay to measure CWhias during the stimulation of
individual cells with indole in perfusion chambers. When wildtype cells were stimulated
by 0.02 mM indole, a strong and reproducible repellent response was immediately
observed. The response precisely adapted to the original value within ~ 30-50 s, as shown
in Figure 4-1A. When indole was replaced with motility buffer, it had the opposite effect;
the CWhias decreased initially and subsequently adapted to its pre-stimulus value (see
Appendix C, Figure C2). Stimulation of isogenic mutant cells lacking the Tar receptor
did not significantly alter the response (Figure 4-1A). However, the deletion of the other
major receptor, Tsr, caused complete inhibition of the repellent response. This suggested

that Tsr mediates repellent responses at low concentrations of indole (0.02 mM).
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Figure 4-1 Response of wild-type, tar and tsr mutant to Indole. A) Averaged response
of tethered cells to 20 uM indole. The arrow indicates the approximate time of exposure
to indole. The wildtype (black curve) and the tar knockout (red curve) both exhibited a
brief increase in CWhias, indicating a repellent response. The response precisely adapted
such that the pre- and post-stimulus CWhias Were similar. The tsr knockout showed no
response to the stimulation. B) The short-time repellent response was evident over the
entire range of concentrations tested, as indicated the increase in CWhpias ~ 20-50 s
following stimulation. At longer times (> 50 s), an attractant response was evident when
cells were treated with 1 mM indole. A similar inversion was observed upon treatment
with 2 mM indole (see Fig S2). C) A strong repellent response was observed in case of
the tar mutant over the entire range tested. The adaptation was precise in each case. D)
Attractant responses were observed in the Tsr mutant over the 0.2 — 1 mM concentration
range. The delay in adaptation in response increased with indole concentrations. All
response curves in A, B, C, and D represent an average over n = 11-21 motors. The average
error was 0.0122.
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4.3.2. Tar Mediates an Attractant Response at High Indole Concentration

At higher concentrations of indole (0.2 — 0.7 mM), wildtype cells continued to
exhibit the initial repellent response that adapted precisely. However, the initial repellent
response inverted to an attractant response ~ 50 s later when the cells were treated with 1
mM indole, as shown in Figure 4-1B. A similar inversion was observed at 2 mM indole

concentratrion (see Appendix C, Figure C2).

When stimulated with 0.2 — 1 mM indole, mutants lacking Tar exhibited repellent-
only responses that adapted precisely to the pre-stimulus levels. The degree of increase in
the CWhias appeared to be relatively insensitive to indole concentrations, suggesting that
the repellent response saturated above 0.2 mM indole. The absence of inversion in the
response, even at 1 mM indole, suggested that Tar likely mediated the attractant responses
that were observed in the wildtype (Figure 4-1C). A mutant lacking Tsr exhibited a strong
attractant response to 0.2 — 1 mM indole, consistent with the notion that the repellent
response is dominated by Tsr. Adaptation in the tsr mutant occurred with increasing delays
as the concentration of indole increased, as shown in Figure 4-1D, making it unlikely that

the attractant response.

The replacement of indole with motility buffer had the opposite effects in the
wildtype, tsr and tar strains (see Figure C2). The opposite mediation by Tar (attractant
response) and Tsr (repellent response) were also observed at 2 mM indole. A modified
version of the standard chemotaxis model [41] that accounted for differential binding

affinities for indole in the Tar and Tsr receptors was able to qualitatively reproduce the
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results. This included the inversion in response at higher indole concentrations (see

supplementary text and Figure C3).
4.3.3. Flagellar Switch Mediates a Network-Independent Response

Next, we stimulated a mutant lacking the Tar and Tsr receptors with 1 mM indole.
The mutant exhibited a strong repellent-only response that did not adapt even over ~ 200
s (Figure 4-2A). Considering the weak adaptation in the tar-tsr mutant, it was possible
that CheA activity itself was not significantly perturbed during the stimulation. If so, then

the observed repellent response was likely receptor-independent.
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Figure 4-2 Network-independent Indole response. A) Averaged response of a tar-tsr
mutant to 1 mM indole. The entry and exit of indole from the flowcell is indicated by the
down and up arrows. A repellent-only response was observed with minimal adaptation. B
and C) Averaged responses of different cheR-cheB mutants to 0.2 mM and 2 mM indole,
respectively. Data indicated by the black, blue, red, and the green curves represent the wt
(AcheR-cheB), tsr (AcheR-cheB-tsr), tar (AcheR-cheB-tar), and tsr-tar (AcheRcheB-tsr-
tar) strains, respectively. The responses are purely repulsive with no adaptation. All
response curves in A, B, and C, were averaged over n = 11 to 22 motors, and the average
error was 0.0114.
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To test the hypothesis, we stimulated motors in a AcheRB strain with indole. In the
absence of the CheR and CheB (methyltransferase/methylesterase) enzymes, the
sensitivity to stimulants (chemoeffectors) is drastically reduced [42]. We predicted that if
the strong repellent response in Figure 4-2A was indeed CheA-independent, then a similar
repellent response might occur even in the de-sensitized AcheRB strain. Since the basal
kinase activity in a AcheRB strain is higher [42], the motors rotate predominantly in the
CW direction. To ensure that the pre- and post-stimulus CWhias remained within the
dynamic range (0 < CWhias < 1), we deleted the chromosomal cheY gene and expressed
CheY from a low copy number plasmid [43]. The induction level was tuned such that
tethered cells exhibited an averaged pre-stimulus bias similar to wildtype cells (See Figure

C4 in Appendix C).

The AcheRB strain as well as AcheRB strains lacking either Tsr, Tar, or both
receptors, consistently demonstrated repellent-only responses of similar magnitudes,
when stimulated with indole. The responses did not adapt. The degree of change in CWhas
increased with increasing concentrations of indole over the range of 0.2 mM (Figure 4-2B)
to 2 mM (Figure 4-2C). The attractant response that was observed in the tsr mutant was
completely abolished in the AcheR-cheB-tsr strain. This was consistent with the notion
that even at the maximum concentrations tested (2 mM), indole failed to significantly
stimulate CheA in the absence of CheR and CheB, despite which a repellent response was

observed.
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4.3.4. Switch Response Is Independent of Cytoplasmic pH

Although the cytoplasmic pH is insensitive to indole [44, 45], Gaimster and
Summers reported that bursts of high concentrations of indole (~ 60 mM) produced by
stationary phase E. coli cells in rich media led to a reduction of the cytoplasmic pH. Since
such a pH-reduction can elicit a chemorepellent response [44, 46], we hypothesized that
the receptor-independent repellent-response to indole occurred due to a reduction in the
cytoplasmic pH. To test this, we expressed a variant of the yellow fluorescent protein in
the wildtype strain to probe if indole altered the intracellular pH (see Materials and
Methods). Cells adhered to a glass surface in a perfusion chamber were treated with a mix
of 40 mM Benzoate and buffer (at pH 5), following previous approaches [47, 48], and
illuminated with an appropriate excitation source. Treatment with benzoate permeabilizes
the membrane and equalizes the cytoplasmic pH and extracellular pH. A strong change in
the emission intensities was observed when the neutral buffer medium was exchanged
with a buffer containing 40 mM Benzoate at pH 5 (Figure 4-3A). However, repeated
cycles of exposure to 2 mM indole failed to elicit a measurable change in the emission
intensities (Figure 4-3B). This suggests that the exposure to 2 mM exogenous indole did
not cause a measurable change in the cytoplasmic pH, subject to the detection limits of

our experimental setup.
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Figure 4-3 Interaction of indole with switch protein. A) Emission intensities of a pH-
sensitive eYFP variant expressed in a wildtype strain. The first 100 s indicate the
intensities when cells experienced a neutral buffer solution (MB, pH ~ 7). At ~ 100 s, MB
was replaced with an acidic medium (MB, pH 5 plus 40 mM Benzoate). The acidification
of the intracellular milieu resulted in a drop in the emission intensities. When the medium
was exchange with MB (pH ~ 7) again at ~ 300 s, the emission intensity returned to a
value very similar to the pre-stimulus level. The slight difference in pre- and post-stimulus
values was due to photobleaching. B) Cells were stimulated with 1 mM indole at times
indicated by the down arrows. No measurable change in the emission intensities was
observed in the presence of indole. Signal was obtained over n ~ 100-200 cells. C)
Averaged response to indole of FIiGEW-FIiGWT motors that switch despite the lack of
CheY.

4.3.5. Indole Interacts with Switch Proteins to Induce Repellent Response

The switch consists of the FIiM and FIiN complexes to which CheY -P binds, and
the FIiG ring which interacts with the stators to rotate the motor. We hypothesized that
indole permeated the membrane and interacted with the flagellar switch, either directly or
indirectly, to activate it. To test the hypothesis, we generated a AcheY strain, but in which
the motors were capable of switching [33]. Although motors rotate only CCW in a AcheY
strain, they are able to switch in this particular strain due to the presence of a few mutant

FIiG subunits in an otherwise wildtype FliG ring. These mutant subunits are locked in the

active conformation (FIiG®Y) and switching occurs incessantly through FIliG-FliG
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cooperative interactions [33]. Mixed FIiG motors were generated by expressing the mutant
subunits from an inducible vector, while the native FliG subunits were genomically-
expressed. The response of the AcheY mixed FliG motors to 2 mM indole is shown in
Figure 4-3C. Stimulation was followed by an increase in the CWhias that was of a similar

magnitude as the changes observed in Figure 4-2A-C.

Chemotactic Adaptation to Indole Promotes Rapid Colonization of Indole-Rich

Surfaces

Considering that the repellent response to indole appeared to saturate but not the
attractant response (Figure 4-1A-C), we hypothesized that cells that became adapted to
lower concentrations of indole might exhibit attractant-only response at higher
concentrations. To test this hypothesis, we repeatedly stimulated the same population of
wildtype tethered cells with increasing concentrations of indole. Expectedly, an immediate
repellent response was observed at concentrations below 1 mM. However, once the cells
had precisely adapted to 0.7 mM indole, exposure to higher concentrations of indole (1
and 2 mM) induced attractant-only responses, as shown in Figure 4-4A). In such
chemotactically-adapted or primed cells, the Tsr-mediated repellent response was absent

at high indole concentrations.

Next, we investigated whether priming could induce an attractant chemotactic
behavior leading to elevated attachment of cells to indole-rich substrates. To do this, we
employed an inverted transwell assay (see Materials and Methods), as done previously

[51, 52]. Agar pads pre-soaked in 2 mM indole were brought in contact with E. coli that

75



had been primed in 2 ml of MB containing 0.7 mM indole. Over the duration of 5 min, the
primed cells migrated towards the indole-soaked agar and became stuck to the surface.
Adhesion to the agar substrate was higher in primed cells compared to unprimed cells that
were suspended in 2 ml MB-only (Figure 4-4B). Similarly, the adhesion of primed cells
was higher relative to the basal adhesion level that was observed with agar pads soaked in

MB-only and exposed to cell suspensions lacking indole.
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Figure 4-4 Stimulation with increasing concentration of indole and transwell assay.
A) Wildtype cells were stimulated with increasing concentrations of indole. Once the cells
had adapted to a lower concentration of indole (0.7 mM), they exhibited an attractant-only
response at higher concentrations (> 0.7 mM indole). The preliminary repellent response
that was observed in unprimed cells (Fig 1B) was absent in these primed cells. B) Cell
migration towards and adhesion to indole-rich sources was measured with transwell
assays. The average number of adherent cells was higher in case of the primed cells when
exposed to agar soaked in 2 mM indole. In the case of unprimed cells belonging to the
same wildtype strain, the average number of adherent cells was ~ 50% lower when
exposed to agar soaked in 2mM indole. The basal average adhesion was also lower in case
of unprimed cells exposed to agar soaked in MB-only.
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4.4. Discussion

Biphasic sensing of molecules by Tar and Tsr has been reported for media of
varying pH, neurotransmitters, and leucine [53-57]. Our results demonstrate that the two
major receptors, Tar and Tsr, demonstrate a biphasic response to the Gl tract metabolite
indole by mediating attractant and repellent responses, respectively. Higher concentrations
of indole (> 0.2 mM) trigger a time-dependent inversion from a Tsr-mediated repellent
response to a Tar-mediated attractant response. Tsr dominates the short-time responses

(~0-50 s), whereas Tar dominates the long-time responses (> 50 s).

The CWhias Varies steeply over a narrow range of CheY-P levels, and the dynamic
range of the motor bias (0 to 1) is easily exceeded by relatively small changes in CheY -P
levels [37, 58, 59]. The increasing delays in the adaptation in the tsr mutant are reflective
of the degree of change caused by indole in the CheY-P levels — the greater the reduction
in [CheY-P], longer the time necessary to restore [CheY-P] to pre-stimulus values. This
indicates that the Tar response does not saturate at the levels of indole tested in this work.
In contrast, Tsr’s repellent response and hence, [CheY-P], saturates at indole
concentrations 0.2 mM and higher. The time needed for adaptation is also insensitive to
indole concentrations. Based on these observations, we propose that Tsr has a higher

affinity for indole relative to Tar, and that the rate of indole binding to Tsr is also faster.

The domains of Tar and Tsr that bind indole are unknown. The repellent-response
to indole is retained even in periplasm-void E. coli cells, which might suggest that the
periplasmic binding domain of the Tsr receptor is not important in indole-sensing [60].

However, considering that repellent responses can also arise due to the interactions of the
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flagellar switch with indole, further experimentation is necessary to identify the correct
receptor domains involved in indole sensing. Since Tar mediates an attractant response,
the domains responsible for indole-sensing may be different from those in Tsr. These
questions can be addressed with receptor hybrids that exchange domains between the two

major receptors [61, 62].

Part of the repellent response to indole is receptor-independent and likely arises
due to the interactions of the flagellar switch with indole as the metabolite permeates the
membranes. It is possible that the interactions with indole induce FIiG subunits to increase
their propensities for the active (CW) conformation. The increased propensity is stabilized
by the binding of CheY-P to the motor, resulting in an increase in CWhias even when CheA
activity remains unchanged. A two-state model for the flagellar switch, which was adapted
from previous work [37], was able to correctly predict the receptor-independent motor

responses to indole based on this idea (see Appendix C and Figure C3).

Our data indicate that in presence of ~ 0.7 mM indole, the Tsr receptors become
immediately saturated whereas the Tar receptors do not. Upon adaptation to the threshold
level of 0.7 mM indole, no short-time repellent response is observed when the primed cells
are further exposed to higher indole concentrations. Instead, only the Tar-induced strong
attractant response is observed. In unprimed cells however, the short-time repellent
response persists even at high indole concentrations. Based on this, we propose a two-
zone model in the Gl-tract, where the physiological effects of indole differ based on its
concentrations. In the proximity of the mucosal interface where indole-producing

commensal microbes exist, indole concentrations are high (0.3 to ~ 6.5 mM in human stool
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samples [45]). Commensal bacteria present in these microenvironments likely sense
indole as a chemoattractant since they are primed through continuous exposure to
concentrations above the threshold. Away from the mucosal interface, indole levels drop
below the threshold in the lumen of the Gl tract [21]. In this region (zone 2), bacteria sense
indole as a chemorepellent, which prevents chemotactic migration towards the mucosal
interface (Figure 4-5). This is supported by our observations that indicate a higher number

of primed cells migrate and adhere to sources rich in indole concentrations, relative to

unprimed cells.
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Figure 4-5 Filtering action of indole in the Gl-tract. The indole levels near the mucosal
layers (zone 1) are above the threshold concentration. Primed cells are attracted to the
source, leading to recruitment of commensal bacteria to existing microbial communities.
Away from the source (zone 2), indole concentrations are lower than the threshold. Low
indole concentrations prevent cells from becoming primed, inducing a strong repellent
response. This causes pathogens to migrate towards the lumen.
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The induction of biphasic chemotaxis by indole has significant implications in the
maintenance of gut health. The chemoattractant response induced by high indole
concentrations near the mucosal interface likely promotes the recruitment of motile
commensal bacteria to existing microbial communities and the development of new
microbial niches [9]. On the other hand, the chemorepellent response induced by low
concentrations of indole in the lumen likely thwarts motile pathogenic bacteria such as E.
coli 0157:H7 and Salmonella from gaining a foothold in the mucosa. Since indole’s ability
to attract or repel bacteria depends on its concentrations, we speculate that its production
is tuned by the microbial community in the gut to complement the host’s natural defense
mechanisms. It is also likely that indole plays a key role in the regulation of biofilms in
abiotic environments, by recruiting bacteria through positive chemotaxis during biofilm
formation and by promoting bacterial spread through negative chemotaxis during biofilm
dispersal. Our findings provide the first explanation for indole’s dose-dependent

regulation of the formation and maintenance of microbial communities.
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5. SURFACE-INDUCED DRAG ON MOTILE BACTERIA
5.1. Introduction

Flagellated bacteria often exhibit a surface-dependent collective motility known as
swarming. Swarming represents an important mechanism for bacterial colonies to cover
large distances on soft surfaces and tissues, and has been implicated in infections of the
urinary tract [1]. Swarming in E. coli and other swarmer species is typically studied on
agar surfaces, which mimic tissues to an extent. E. coli swarm over a very narrow range
of agar concentrations (0.45-0.5% of Eiken agar) but are unable to exhibit swarming at
higher concentrations of agar. Furthermore, when swarmer cells are removed from the
substrate and dispersed in liquid cultures, they revert back to planktonic cells.

The key difference between growth on a substrate and the liquid culture is the
difference in the frictional forces experienced by bacteria in the two cases. It has been
proposed that the agar surface represents a high load condition on the flagellum and the
cell body [1, 2]. Sensing of the high loads by flagella likely initiates the transition from
the planktonic to the swarming state [2]. However, the underlying assumption that
proximity of the flagella or the cell to soft surfaces such as agar can result in an increase
in viscous loads remains untested. Here, we attempted to measure surface drag as a
function of agar concentrations. The goal was to determine the role of surface drag near
soft-substrates in the transition from planktonic to swarmer states. To do this, we
employed optical traps to catch and release 2um-spherical beads at discrete separations

from an agar surface. The diffusion of the beads was measured at these discrete separations



to indirectly determine the surface drag at two different agar concentrations. Our methods
and results are explained ahead.

As the gap between a particle and a no-slip solid surface becomes small, it requires
increasingly large amounts of pressure to push in or squeeze out the fluid mass between
the two [3]. This leads to strong frictional forces, which slow the movements of the
particle with respect to the surface [3]. These effects are particularly significant at very
short separations from the surface of the wall (separation ~ 0.01 radius of the bead). Hence,
the diffusion of a spherical particle near a solid boundary is dampened. The behavior is
not understood for a partial slip surface [4]. This reduction in diffusion is true for the
lateral mode (parallel to the surface) as well as transverse model (normal to the surface).
The closer the bead to the surface, the lower its diffusion coefficient. The first crude
approximations for the dependence of spherical particle surface-drag (or, from which
equivalent expression diffusions can be calculated) as a function of separation from a rigid
wall were developed by Lorentz and Faxen [5, 6]. Later work by Brenner et al. provided
exact expressions for both the transverse (perpendicular mode) and lateral (parallel mode)
components of diffusion coefficient near a no-slip boundary [7-9]. Various experimental
approaches have been used to successfully test the validity of these predictions for range
of particle sizes [3]. These approaches include photonic force microscopy [10], optical
trap microscopy[11], near-wall velocimetry measurements [12], three-dimensional total
internal reflection velocimetry (TIRV) [13], standard and multilayer nano-PI1V [14], and

different dynamic light scattering (DLS) approaches like standard DLS [15], low-
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coherence DLS [16], resonance-enhanced DLS [17], and evanescent wave DLS [18, 19].
The experimental observations closely match theoretical predictions for the no-slip
conditions. Therefore, by measuring the diffusion coefficient of a bead at varying
separations from a surface, it is possible to estimate the surface drag and surface
properties. For soft surfaces such as agar, the no-slip condition is expected to apply only
partially given the porous nature of the substrate. Our expectation is that the larger the
pore size of agar, the lower the surface drag. Since pore size decreases with agar
concentrations, we expect that the surface drag will also increase with agar concentrations.
5.2. Methodology

Our approach was to measure the diffusion coefficient of a spherical particle as a
function of its separation from agar. To do this, one must allow the bead to diffuse over a
long period of time to collect adequate statistics. However, since diffusion may cause the
particle to move far from the original separation, it is not possible to accurately calculate
the diffusion coefficient at a given separation. This can be remedied with the aid of optical
traps. The optically-trapped bead is positioned at a fixed separation from the surface
(Figure 5-1A). The trap position is held fixed with respect to the surface for the duration
of the experiment. Next, the trap is turned off and on repeatedly with a chopper that rotates
at high speeds. When the trap is off, the bead is released and allowed to diffuse for a short
period of time (Figure 5-1B). Before it can diffuse too far, the trap is turned back on, which
causes the bead to return back to the same starting separation from the surface each time.

By repeatedly releasing and re-trapping the bead with such blinking optical trapping, it is
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possible to generate thousands of diffusion trajectories for the bead at a given separation,
allowing adequate statistical sampling to calculate the diffusion coefficient at that
separation. The entire experiment is repeated at a new separation. In this manner, the
dependence of the diffusion coefficient on separation from the surface can be obtained.
5.2.1. System

A challenge in microscopy experimentation is the 2D nature of imaging. Assume
that the x-y plane defines the focal plane. If a bead was optically trapped and translated
along the z-axis to bring it close to the coverslip surface that is parallel to the focal plane,
it is not straightforward to determine its separation from that surface. Hence, even though
its diffusion coefficient along the x-y plane (lateral mode) can be measured, calculating
the separation is a challenge, which is typically overcome by placing probes on the surface
[20]. However, there are numerous practical challenges that prevent us from using such a
technique to determine the separation when the surface is made of agar.

To overcome the above-mentioned challenge, a custom-made flow cell was
designed that enabled us to orient the agar surface perpendicular to the focal plane. In this
geometry, the distance between the bead and the surface was defined by the x-axis.
Diffusion along this axis represented the transverse mode. Diffusion along the y-axis
(parallel to the surface) represented the lateral model. Around 1000 particle trajectories
were recorded at each separation by blinking the tweezers. Particle tracking techniques

were employed to calculate the x-y position of the bead with respect to the surface. The
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positions yielded the mean-squared displacements for each of the two modes for each

separation. Finally, the two diffusion modes were calculated as a function of separation.

A) Particle held in B) Particle diffuses
position when freely when the
the laser is on laser blinks

)

A
Laser On Lascnl' Off

Figure 5-1 Optical trapping experiment. A) Blinking optical tweezer approach
employed to estimate the diffusivities of spherical latex bead close to soft interfaces. The
particle is held in position (at beam-center) while the laser is on (indicated by the cross).
B) The particle diffuses away when the beam is blocked by the chopper wheel. C) Flow
cell used for the experiment. Soft-substrate (2% agar; yellow surfaces in the figure) with
vertical interface were generated in a custom flow cell, and inlet and outlet ports are shown
in green boxes).

5.2.2. Experimental setup

Autoclaved media (2% Eiken agar, 10g/L Peptone, 5g/L NaCl, 3g/L Beef Extract)
was prepared a day before the experiment and maintained at 60°C. It was poured into the
custom flow cell on the day of the experiment (Figure 5-1C). Two vertically-placed
coverslips (22mm by 22mm) ensured that the agar was restricted to the two sides of the

cell as shown. After the agar was cured (~3h), the vertical coverslips were gently removed
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to create empty space in the center, which was to be later occupied by a buffer containing
latex beads. The flow cell was sealed with coverslips at the bottom and top using an
ultraviolet curing adhesive (Norland Optical Adhesive# 611, Norland Products Inc.). An
inlet and an outlet port were retained for the introduction of buffer containing 2-um
diameter (Cat# 19814, Polysciences Inc.). A syringe was employed to inject the bead
suspension.

The optical traps were generated with a laser of wavelength of 976 nm (CW, 10W,
Azur Light Systems, ALS-IR-132) at 0.51W power. A Nikon Eclipse Ti microscope with
a high N.A. water immersion objective (60X, N.A.1.2) served as both the imaging and
optical trapping system. An optical chopper wheel was introduced in the optical path
(ThorLabs Optical System-MC2000; chopper wheel MCF1F2) and rotated at a frequency
of 8Hz to generate blinking traps. The duration between two laser ‘on’ events was ~0.14s,
during which the bead diffused. Videos were recorded using uEye cockpit (Ul-3240LE-

M-GL, IDS Imaging Development Systems GmbH).

5.2.3. Analysis

A single trajectory comprised of the displacement of the bead center between two
blinking events captured over 10 camera frames. The particle position in each frame was
calculated with sub-pixel accuracy using custom-written Matlab codes based on a standard
approach [21]). If ¥ denotes the position vector of the bead center then the total mean-

squared-displacement (MSD) (<Ar?>) is given by:
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SAIZS= <AXZS 4 SAY >, Equation 1
where <Ax?> and <Ay?*> are mean-squared-displacement in x and y axis, respectively.
Thus,

MSD = MSDx + MSDy ..t Equation 2
where MSDy and MSDy, reflect the transverse and lateral mode, respectively. The diffusion
coefficient was calculated from the MSD using:

MSD = 2dD T .o Equation 3
where, d is the dimensionality for the track (d=1, 2, or 3 for one, two, and three-
dimensions), D is the diffusion coefficient, t is the lag time, and a is the diffusion
exponent. The diffusion coefficients along the modes were calculated from the slopes in
the respective MSD plots. The transverse (or normal) mode diffusion coefficient was
calculated using the following relation (Brenner’s model [7]):

D, _ 4sinha nn+1)

Zoo 2sinh[(2n+1)al+(2n+1)sinh[2a]
Dy 3 n=1 on-1)(2n+3)

(25inh[(n+§)a])2 —((2n+1)sinha)?

=1 Equation 4

where @ = cosh™! (%) R is the radius of the sphere, h is the distance of the sphere center

from the surface, D. is the diffusion coefficient in the normal direction and Dy is the bulk
diffusion coefficient. The diffusion coefficient in the lateral (or parallel) mode was

calculated using (Faxen’s model [6]) :

T e Equation 5

where Dy is the diffusion coefficient in the direction lateral (or parallel) to the surface.
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5.3. Results and Discussion

To validate the approach, we first used glass as the surface since the dependence
of diffusion coefficient on separation from a glass surface is well established [20]. We
measured the diffusivities of the bead as a function of separation from the surface as
discussed in Figure 5-2. The linearity of the MSD curve indicated the absence of
hydrodynamic flows due to leakage or evaporation in the setup (Figure 5-2A). The
diffusion coefficient was calculated from the slope for the MSD plot for each separation.
The dependence of D on separation for the two modes is shown in Figure 5-2B. The
transverse (red circles) and lateral (blue circles) measurements were in good agreement

with the respective predictions.
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Figure 5-2 Mean-squared-displacement plot and diffusion coefficient for a no-slip
wall. A) MSD plot. The plot shows mean-squared-displacement (MSD) plotted against
lag time to calculate diffusion coefficient of 2-um latex bead. Linearity of the curve can
be used a guide to detect leakage or evaporation induces flows, which show up as non-
linearity on the plot. B) Diffusion coefficient as a function of separation for a no-slip
boundary. The variation of perpendicular and parallel component of the diffusion
coefficient with separation distance from the coverslip is indicated in the left and right
panel respectively. The experimental measurement are shown by red and blue data points
for transverse and lateral components respectively. Theoretical predictions for no-slip
boundary are indicated by the solid curves (red: Brenner’s model, blue: Faxen’s model).

5.3.1. Variation of diffusion coefficient with separation from soft-substrate
Next, we used the blinking optical tweezer to study the effect of surface drag in
the case of 2% agar. The variation of the diffusion coefficient in transverse mode (red

circles) and lateral mode (blue circles) as a function of separation from the agar surface is
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indicated in Figure 4. Contrary to our expectations, these experimental values also agreed
with the predictions of the no-slip model (red and blue curve). This suggests that 2% agar

offers similar resistance to the diffusion of a 2-um particle as a solid glass surface.
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Figure 5-3 Diffusion coefficient as a function of separation for a partial-slip
boundary. The variation of perpendicular and parallel component of the diffusion
coefficient with separation distance from 2% Eiken agar is indicated in the left and right
panel respectively. The experimental measurement are shown by red and blue data
points for transverse and lateral components respectively. Theoretical predictions for no-
slip boundary are indicated by the solid curves (red: Brenner’s model, blue: Faxen’s
model).

The reason for this could be that the pore size of 2% agar is much smaller than the
diameter of the bead. Although measurements of the pore size variation with Eiken agar
concentration was not available in the literature, a crude approximation of the behavior of
the agar with agarose (a purified component of the agar) was employed. The pore size for
agarose ranges from 500-1200 nm for 0.5% agarose, and reduces to 100-200 nm for 2%

agarose [22]. It could be that swarming is prevented on such high agar concentration
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surfaces due to the increased drag. More measurements are needed to make definitive
conclusions.
5.3.2. Future directions

Future investigations are anticipated to help explain the effect of surface drag on
the initiation of swarming. Such measurements are likely to help researchers characterize
soft interfaces with probe beads. To best of our understanding, there are no available
measurements or models of surface drag near a soft-substrate, with only one available
study investigating the simulation near a partial-slip conditions using two fundamental

singularities of Stokes flow-the point force (Stokeslet) and the point force [4].

5.4. Conclusions

In this work, we employed blinking optical tweezers to measure normal mode of
diffusion coefficient of probes near surfaces. We first validated our approach by
measuring diffusion coefficient of a bead as a function of separation from a no-slip
boundary. The results were in a good agreement with the model predictions. Next, we
measured diffusion coefficient of the probes in proximity of 2% agar surface and found
that it matched the predictions for no-slip condition, suggesting that 2% agar may offer a

similar frictional resistance to cell movements as a solid non-porous surface.
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6. CONCLUSIONS AND FUTURE WORK
6.1. Conclusions

Recent work has shown that the bacterial flagellar motor is able to regulate its
structure in order to adapt to long-lived perturbations in the cell’s thermal, chemical,
electrical, and mechanical environments. These flagellar adaptations play a key role in
invasion, colonization, and pathogenesis. However, the mechanisms of flagellar response,
especially to mechanical stimuli, were unknown. | have addressed this key gap in
knowledge in my work.

In Section 2, we reviewed the evidence for mechanosensing in select bacterial
species with a focus on mechanosensitive molecular motors. Mechanosensing can help a
bacterium sense its adhesion to a surface provided there is a change in the mechanical
load. We discussed two prominent mechanosensitive appendages, the pilus and the
flagellum, which experience viscous load changes when attached to a surface. For the load
change to persist, their respective motors need to continue generating a force or a torque.
The ability to sense differences in the signs and magnitudes of the load change, the ability
to detect temporal persistence in mechanical stimuli, and a high sensitivity to mechanical
signals are key attributes of effective bacterial mechanosensors.

In Section 3, we experimentally tested our model to explain the remodeling of
flagellar stators under mechanical stress. Our findings are consistent with the notion that
higher torque generated by the stators exposes cryptic binding sites that strengthen their

association to the rotor. Our analytical model that incorporated an exponential dependence
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of the stator unit’s off-rates on the torque delivered was able to fit previously measured
load-binding curves accurately. The combined experimental and analytical results
presented in this work represent the first steps towards establishing a plausible mechanism
for stator-mechanosensitivity and motor-adaptation.

In Section 4, we utilized flagellar motor output as a probe for the chemotactic
responses of E. coli to indole, a key gastrointestinal tract microbiota metabolite. Indole
regulates numerous bacterial phenotypes including stress response, drug resistance and
biofilm formation. In this work, we dissected the mechanisms underlying chemotaxis
signaling in response to indole in E. coli. We exposed E. colito a range of indole
concentrations and measured the dynamic responses of individual flagellar motors to
determine the mechanisms of chemotaxis. We found that wild-type E. coli cells exhibited
a time-dependent inversion response from repellent to attractant mediated by opposing
responses of two major chemoreceptor. We also found that flagellar motor itself mediated
a repellent response independent of the receptors. Furthermore, our chemotaxis assays
revealed that wild-type cells were attracted to regions of high indole concentration if they
had previously adapted to indole but were otherwise repelled. Overall, our results suggest
that indole acts to spatially segregate cells based on their state of adaptation and may help
guide the development of niches in the Gl tract.

In Section 5, we tested the underlying assumption that flagella and the cells
experience higher drag near soft surfaces such as agar by measuring surface drag as a

function of agar concentrations. We employed blinking optical tweezers to measure the
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diffusion coefficient of probes near surfaces along the normal and transverse modes. A
custom-made flow cell was designed that enabled us to orient the agar surface
perpendicular to the focal plane. We validated our approach by measuring diffusion
coefficient of a bead as a function of separation from a no-slip boundary. The results were
in a good agreement with the model predictions. Next, we measured diffusion coefficient
of the probes in proximity of 2% agar surface and found that it matched the predictions
for no-slip condition, suggesting that 2% agar may offer a similar frictional resistance to
cell movements as a solid non-porous surface.

Overall, we took various biophysical approaches to understand the mechanisms of
adaptive response of bacterial flagellar motor to mechanical and chemical stimuli.
6.2. Future directions

Our model for stator remodeling is based on the idea of a catch-bond; tensile forces
increase the binding affinity of ligands to their receptors. There is additional evidence for
this idea; recent experiments by Wadhwa et al, 2019 indicate that the unbinding rates of
stator molecules decrease as torque increases, and the on-rates decrease with speed when
the motor speeds are high. However, much work needs to be done, especially to elucidate
specific binding sites within the stator units which confers mechanosensitivity.
Specifically, what are the domains of MotA and MotB involved in the remodeling? It
could be that the cytoplasmic domain of MotA domain is involved, considering it interacts
with the rotor where the load arises. One approach to test this idea is to measure the torque-

speed curve and stator-remodeling characteristics for MotA mutants. Similar experiments
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with MotB mutants with altered ability to attach to the peptidoglycan layer will provide
further insights into torque-dependent mechanosensing. Lastly, how is the
mechanosensitive nature of the motor maintained between CCW and CW switching state?
This is interesting since there is an asymmetry in the torque generated in the two
directions.

Tar and Tsr are the two major receptors that mediate opposite responses to indole.
However, more work is needed to determine the local determinants in the Tar and Tsr
receptors that mediate these responses. Indole could elicit opposing responses by diffusing
into cytoplasmic membrane to influence the equilibrium position or structural stability of
the transmembrane helices, thereby modulating the packing stability of the HAMP bundle
in a manner similar to phenol (Pham et al, 2011). Future investigation by using different
chimeras and point mutants of Tsr and Tar, as approached previously by Pham et al, 2011
to determine the sites involved phenol sensing, would help isolate the interacting domains.
These include the periplasmic, transmembrane and cytoplasmic domains of the receptors
Moreover, molecular dynamics simulations along the line of recent work of Bai et al, 2018
would help computationally predict the receptor domains of receptors that mediate the
indole response. Beyond establishing the molecular determinants in indole sensing, other
experimental observations need further investigation. We observed a receptor mediated
response and a network-independent flagellar response to indole. However, the wild-type
cells exhibited precise adaptation in response, suggesting the two responses do not act

simultaneously. This raises the question if there are any mechanisms that switch responses
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between the two. Second, our preliminary experiments with tethered cells (sticky mutant)
of CCW mutant did not show a rotational speed reduction upon 2mM indole stimulation,
while there was a significant reduction in the swimming speed of a CCW mutant. This
raises a conundrum, as the former observation suggests no change in PMF (Gabel et al),
whereas the latter argues for a reduction in PMF. More experiments, taking into account
the dose- and load-dependence, will be required to resolve this paradox. Finally, future
work is required to establish the physiological role of indole to test the relevance and
validity of our spatial segregation model of indole action in-vitro and in-vivo. Moreover,
the physiological response and signal integration in cells experiencing multiple chemical
compounds which invoke opposing phenotypic responses (for e.g. indole and
norepinephrine) is an interesting problem for further investigation (Lopes et al, 2018).
Future work could focus on determining the surface drag as a function of agar
concentrations, especially around the range of 0.45% agar, which is conducive for
swarming. Additionally, to the best of our understanding there are not many available
theoretical models that predict surface drag near a soft-substrate. One simulations-based
study modeled the case with partial-slip conditions using two fundamental singularities of
Stokes flow-the point force (Stokeslet) and the point force. These theoretical predictions
would provide a useful guide to validate the experimental results near soft-substrates.
Additionally, we used spherical beads as a model system; however, swarming cells like
E. coli are rod shaped. This would result in anisotropic drag forces. Hence, future

investigations with anisotropic particles would provide valuable insights into the surface
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drag experienced by the bacteria. Moreover, on the leading edge of a swarming plate,
bacteria swarm with soft-substrate at bottom and a thin-fluid film on the top. This could
be taken into account with a combination of interfacial geometries and our flowcells.
Lastly, we focused on mechanical and chemical stimuli and cell responses.
However, in a real environment, bacteria encounter multiple types of stimuli
simultaneously. For example within the gut, bacteria experience multiple types of
chemical signals in presence of highly viscous mucosal layers. Future work is needed to
understand how bugs integrate these complex signals to initiate colonization and

virulence.
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APPENDIX A
LAMBDA RED RECOMBINATION PROTOCOL FOR ALLELE EXCHANGE

Al. Introduction

In this appendix, | describe the Lambda Red recombination (“recombineering”)
technique we have employed for generating mutants in the Lele lab. It is a frequently used
technique in genetic engineering that utilizes phage-derived Lambda Red recombination
system to generate genetic modifications like precise insertion, deletion, and point
mutations in E. coli and other bacteria [1-6]. Specifically, this method involves
introduction of a foreign, linear piece of DNA in bacteria with sufficient homology in
presence of three phage-derived recombinases-Gam, Exo and Beta [7]. The linear piece
of DNA is designed to have a degree of homology to the original DNA (as indicated by
the green regions as shown in Figure 1A). A homology of at least 35-50 bp on either side
of the flanking region is typically employed [1, 4]. Gam inhibits RecBCD and ShcCD
nucleases from digesting the linear piece of DNA [8]. Exo degrades the linear DNA from
5’ to 3’ direction, leaving behind a partial double stranded DNA with single-stranded DNA
in the cleaved region [3, 9]. Beta binds to the single-stranded regions generated by EXxo,
and promotes its annealing to the homologous target site [3-5]. This is shown in Figure
A1B. Recent work suggest that the integration of this DNA fragment takes place as an

Okazaki fragment on the lagging strand during DNA replication [7].

110



Y Y
’/ | . DNA to be replaced . "-\\.

5 3

A)

3 5

Beta Beta

Figure Al. Overview of Lambda Red recombination. A) Overview of the overall goal
of the Lambda Red recombination. The linear piece of DNA is designed to have a degree
of homology to the original DNA as indicated by the green regions. B) Components of
Lambda Red system. Three phage-derived recombinases-Gam (orange), Exo (green) and
Beta (yellow) are involved in processing the foreign, linear piece of DNA. See text for
details.

A2. Experiment overview

We used a two-step approach [1] for the experiments as shown in Figure A2.

Step 1. The strain of interest is transformed with pKD46, a temperature-sensitive plasmid
carrying the Lambda Red recombinase genes and inducible with L-arabinose. The strain
is grown at 30° C in LB with Amp and ~0.1% L-arabinose to early exponential growth
phase. The linear DNA for the first cross is obtained from a PCR reaction with pKD45 as
template and introduced in the cell via electroporation (pKD45 encodes a kanamycin
resistance cassette and a ccdB toxin under the control of a rhamnose-inducible promoter).
We typically name primers used for pKD45 reactions with ‘RED’ prefix or suffix.

Alternatively, if there is already a successful kan-ccdB insert available in the lab strain

list, then use the primers to amplify the region and use this DNA for transformation. In
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either case, it is important to use PCR purified DNA of high quality (260/280 ratio ~1.8)
and high concentration (>100 ng/ulL) as we found that this yields more number of
successful colonies. The workflow of replacement of the target gene with kan-ccdB occurs
is illustrated in Figure 2.
Preparation for Step 2.
Cells which have lost the original DNA due to replacement with kan-ccdB gene are
selected from either Kan plates or Kan-Amp plates. Here, it is important to verify whether
the kan-ccdB has crossed in. This is done by running a PCR and checking on the gel. Two
set of design primers are used for carrying out this diagnostic:
1. The first primer pair is such that they start from regions outside the target DNA.
Usually the DNA band size will be ~1600-2000 bp depending on primer design.

2. A second pair of primer pair with one primer in the kan-ccdB region and the other
in a region upstream or downstream of the site of modification in genome is used
if the region being replaced is same size as kan-ccdB cassette (~1600bp).

Motility of RP437 strain provides us with a powerful phenotype that can be used to
verify if genetic manipulation somehow interfered with the strain creation process. To
use this to our advantage, we check the motility of the kan-ccdB intermediates which has
successfully passed the diagnostic PCRs under the microscope. For example, insertion of
kan-ccdB gene in tsr gene should not interfere with motility of the strain. Therefore, any
non-motile intermediate strain in this case should be discarded and a motile strain should

be used for any steps to follow. However, this luxury of testing motility of an intermediate
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strain is not available when modifying genes whose products are responsible for motility
or if the intermediate gene exerts a polar effect on motility-associated genes. The final
intermediate strain obtained above is then re-transformed with pKD46. Note: pKD46 re-

transformation step is skipped entirely with kan-amp selections.
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Selection for kanamycin resistance and kanamycin-
ampicillin resistance is done on Kan plates (37°C) and
Kan-Amp plates (30°C) respectively. Successful
insertion of kan-ccdB is verified using diagnostic PCR.

Selection for removal of kan-ccdB is done by growth on
RMM plates (37°C). Colonies from RMM plates are
further tested by streaking on RMM, Kan and LB plates.
Successful colonies are then sent out for sequencing.

Figure A2 Overview of the two step Lambda Red recombination. Step 1. Linear piece
of DNA in this step is obtained through a PCR reaction using the plasmid pKD45 (yellow
piece) as template. The homology (green stubs) is achieved by correct primer design,
usually with 40 bp on either ends. Upon successful replacement, genome carries
kanamycin resistance (kan gene) and will not grow on rhamnose plates (ccdB suicide
gene). Step 2. Here, linear piece of DNA is obtained through a PCR reaction with primer
design dictating the length of homology, shown here in light orange. Yellow strip on the
genome is the kan-ccdB part obtained from pKD45. In theory, there is no limit to the
degree of homology one can use in step 2, especially when deleting genes (see text for
details on reported maximum lengths successfully employed in practice). Upon integration
of the desired DNA in the genome, cells lose the ccdB gene and can now grow on
rhamnose plates, allowing selection of the appropriate colonies.
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Step 2: This step involves crossing out of the DNA (deletion) or crossing in a DNA with
desired characteristic (Figure A2). The kan-ccdB strain with pKD46 is grown at 30° C,
LB, Amp induced with L-arabinose as in Step 1. Freshly made electrocompetent from
exponential growth phase are electroporated with the desired linear DNA. The cells are
then cured at 37°C for 3h; this also excludes pKD46 from the strain. Cured cells are
washed three times with 1X RMM liquid media, pelleted and plated on L-rhamnose plates.
The colonies on rhamnose plates are re-streaked on Kan, LB and RMM plates for further
testing. The final streaks are on LB and grown at 37°C. If allele exchange is successful,
the strain loses Kan resistance and is able to grow on RMM plates since ccdB gene is also
lost. This allows selection for the correct cross in (or out). A detailed description of the
experimental details is provided under the sub-heading ‘Detailed experimental protocol.’
A3. Deletions achieved in the lab

Using our protocol | was able to successfully generate intermediate strains,
deletions and mutations in tsr, tar, fliL, fliG, motB and cheRB region of the genome in
various backgrounds (strains with a prior mutations/deletions) in RP437, and the lab in
general has succesfully employed it to generate other range of genetic modifications. Of
special note here is the tar mutation/deletion. Generating the tar deletion turned out
trickier than other deletions. We first had challenges in inserting the kan-ccdB in the tar
region, but this was overcome by playing with regions of homology of the primers with

tar region. However, even with a successful intermediate | was not able to generate a
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deletion in the tar region. To ultimately generate a successful deletion, we used an
intermediate strain with kan-ccdB in the cheRB region and employed a linear fragment of
DNA with tar deletion (we retained 30bp from the original sequence) combined with
intact tap and cheRBY sequence. This fragment was about ~4.8kbp in length and helped
us generate our final deletion which was verified using sequencing. Similarly, in a tar
deletion background, the kan-ccdB insertion in tsr region was replaced with a ~5kbp
fragment.
A4. Perspective

Lambda Red technique is an extremely powerful tool which has been successfully
used to make genetic modifications in E. coli (both non-pathogenic [1, 2] and pathogenic
strains [10-12]) and in bacteria like Salmonella [13], Bacillus [14], Vibrio [15],
Pseudomonas [16] and others. Despite its usefulness, the technique has often yielded
variable frequency in my own experience, with some regions of genome easier to target
than others (e.g. frd and tar were more difficult to manipulate than other regions listed
above). Moreover, same region (e.g. tsr) became more difficult to delete in strain with a
previous deletion of tar compare to wild-type. Lambda Red technique is a stochastic
process [17] and the recombination frequency of gene insertion is rather low (~5x10*
recombinants per viable cell) [2] . The recombination frequency is dependent on multiple
factors like cell growth cycle, lengths of the homology arms, DNA concentration, use of
oligonucleotides versus double stranded DNA, and presumably the region of target gene
[5, 7].
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Lambda Red recombineering with fragments from up to 3-4 kbp are reported in

the literature, although another study specifically investigating the effect of length on
recombineering on size found these sizes (and larger) to be prohibitively difficult due to
nonspecific recombination of fragment into sites other than the target ([18, 19]).
The use of rational design approaches are now paving way to incorporate larger fragments
of DNA into (cite dissertation) from ~9-15kbp [18, 20] and with up to 15% deletion of E.
coli genome [21]. Specifically, improved understanding of the mechanisms is being used
for rational design and improvements in Lambda Red [7].

Recent work has shown that the use of oligonucleotides strand is more effective in
smaller deletions whereas double stranded is more effective for larger deletions [7, 22-
25]. Other work from the same lab showed that phosphorothioate (PT) bonds to protect 5’
end of lagging-targeting strand results in a significant improvement of recombination
frequency, while the PT bonds on leading targeting strand reduce the recombination
frequency, presumably through inhibiting Lambda Exo from the lagging-targeting
intermediate[24]. A later work from the authors shows the detrimental and beneficial role
of the PT bonds depends on the background nuclease activity in the recombineering strain
[7]. Moreover, their work showed removal of endogenous nuclease (or exonuclease)
ExoVII results in significantly improved double-stranded DNA recombination frequency
[24]. Based on their work, the limiting factors for Lambda Red recombination are the
number of oligonucleotides within the cell and the amount of accessible sSDNA at the

laggings strand.
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Recent advances in the mechanistic understanding, modifications, and
improvements in Lambda Red along with incorporation of newer techniques are being
used to increase the efficiency of Lambda Red recombination [5, 26, 27]. A recent work
coupling CRISPR/Cas9 with Lambda Red was able to successfully deleted ~19kbp from
E. coli chromosome [28]. Thus, an improved understanding of the mechanism and rational
design combined with new emerging techniques has tremendous scope to improve genetic
modifications in bacterial chromosome.

Ab. Detailed experimental protocol
1. Transformation of strain with pKD46

e Start an overnight culture in SmL LB at 37°C. Grow the day cultures in 25mL LB
at 37°C to an OD of 0.5-0.6.

e Make strain electro-competent (EC) and transform with pKD46. Use ~ 75uL of
EC cells and 1.5uL of ~50-60ng/uL of plasmid (pKD46). Save the remaining EC
cells in 10% glycerol at -80°C.

e Cure the transformed cells, suspended in SOC media (1 ml), for 30min-1h at 30°C.
pKD46 has a temperature-dependent origin of replication, so it is necessary to
grow the cells carrying pKD46 at 30°C and ampicillin.

e Plate different dilutions on LB+Amp plates and store overnight at 30 °C:

» 100uL cured cell culture

» 25uL cured cell culture +75uL LB

» 8uL cured cell culture +92uL LB
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e Re-streak the isolated colonies on LB+Amp plates and grow an OC (LB+Amp)

from a single colony the next day. Grow at 30 °C, not 37°C.

2. Transformation with RED DNA

e Store the strain at -80C and label it strain name-pKD46. Start a day culture in a
250mL flask by inoculating 25mL of LB with 250uL of OC. Add 50uL of
50mg/mL ampicillin stock and 500uL of 10%(w/w) sterile filtered L-Arabinose.
Ensure the cap of the flask is not tight and there is plenty of aeration, grow at 30°C
to an OD of 0.6-0.7. To ensure aeration, you may use an aluminum foil or saran
wrap to cover the flask.

e Make cells electro-competent by washing them in cold water (25 ml) three times.
Before the third and final wash, place the SOC medium in 30°C incubator.

e Electroporate 75uL of electrocompetent cells with ~200-300ng of A-red DNA.
Note: Keep a record the time constant values! Successful transformations have had
a time constant of 4.6 -5.0. Immediately cure the cells with ImL SOC media. Split
the 1 ml culture equally (500uL) into two test-tubes. Note: The A-red DNA comes
by amplifying the kan-ccdB allele in pKD45, see step 3 for more information.

e Cure one at 30°C and the other tube at 37°C for 3h. Keep 3 LB-Kan-Amp plates at
30°C and 3 LB-Kan plates at 37°C for at least 20-30min before utilizing them for
plating in the next step. Remember that Kan plates will be warmed at 37 °C and

kan-amp plates at 30 °C.
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Spread the entire 30°C culture on the 3 LB-KanAmp plates and store overnight at
30 °C. Similarly, spread the other tube on LB-Kan plates and store overnight at
37°C. Suggested volumes are 150uL, 150uL and 200uL.

Next day, streak isolated and uniform colonies on LB-Kan-Amp plates. To do this,
first draw 6 equal spaces (using a marker) on each plate. Then for each space, select
one colony and apply one primary streak, discard the toothpick. Select a new
toothpick and apply two streaks, dragging the cells from the primary streak.
Discard the toothpick. Finally, pick a fresh toothpick and then apply three tertiary
streaks, dragging cells from the secondary streak. Store at 30°C to test for false

positives. Do the same for LB-Kan plates and store at 37 C.

3. RED PCR

Run 3 PCR reactions, 50 ul each (use NEB Phusion Mastermix-High Fidelity) with
RED primers to isolate the linear piece of DNA (with Kan-ccdB cassette) from
pKD45.

Run the gel with the 3 reactions in adjacent lanes. Cut the three DNA bands (should
be ~ 1650 bp) together and purify in the same purification column. Final

concentration should be ~ 75-80 ng/uL.
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4. Growth on LB-Kan-Amp/LB-Kan plates

A diagnostic PCR (use Econotaq) reaction is carried out on the colonies that have
grown robustly on the new Kan or Kan-amp plates, using primers that lie well outside the
anticipated RED insertion- do not use the same RED primers that you employed in Step
3! If the cells take longer than 16-20 hours to grow (to individual colonies of ~ 1-1.5 mm
diameters), something’s probably wrong — speak with Dr. Lele before proceeding further.
Remember to run the diagnostic for kan and kan-amp colonies in parallel. Run gel
electrophoresis to confirm the insertion of the RED DNA*. The ideal result is that one of
the kan-amp colonies is a positive (contains kan-ccdB in the correct region). This saves
you an extra step - if not, use colonies that are positive from the kan colonies and transform
that colony with pKD46. *Note: Streak out the kan-ccdB positive colony (or colonies)
from the diagnostic step on RMM plate to ensure no growth on RMM plates. It is important
to only use the colonies that do not grow on RMM plates for the next steps as the number
of false positives severely increases in next step if this not verified.

Grow the intermediate strain (strain + kan-ccdB + pKD46) in an overnight culture
(5ml) in LB+Kan+Amp at 30°C. Next day, store the strain as frozen stock at -80°C. A
250uL overnight culture is then introduced in 25mL of fresh LB medium (supplemented
with Kan and Amp) and 500uL of 10% sterile-filtered L-arabinose. Cells are grown to an
O.D. of 0.6-0.7, and made electro-competent. The EC cells (75uL) are then electroporated

with 200-300ng of the desired DNA (the actual desired allele). Add 1mL of SOC medium
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immediately after electroporation and the cells are cured at 37°C for 3h. Remember to
keep the SOC medium at 37°C for 30minutes prior to electroporation.
Note: Like RED PCR step, we run three PCR reactions to obtain the desired DNA, at a
concentration of at least 75-80ng/uL.
5. Selecting for desired deletion/insertion

The cured cells are then centrifuged at 1500g for 7min and the supernatant is
discarded. The cells are then given a sequential washing of 3mL, 2mL and 1mL of
rhamnose buffer (brought to 37°C) at 15009 for 5 min. The pellet obtained after the last
step is re-suspended in 300uL of rhamnose buffer. Three RMM plates (maintained at 37°C
half an hour prior to plating) are each gently plated with 100uL of above cell suspension,
and incubated at 37°C for ~40-48h. Multiple white colonies should be visible (~ 1 mm
diameter). Select colonies that are at least ~ 1 mm in diameter. Ignore pin-point like
colonies, they’re probably false positives. Select suitable colonies streak them in the
following manner. First, draw at least 9 equal spaces on the backs of 1 Kan, 1 RMM and
1 LB plate. Label each space with a unique letter or number. For example, ‘1’ on the kan,
‘1’ on the RMM, ‘1’ on the LB plate. You will streak a single colony in these identically
labeled spaces on the 3 types of plates. To do this, select a single suitable colony from the
original rhamnose plate. Use a toothpick to pick the colony gently and apply a primary
streak first on rhamnose plate in space ‘1’. Then use the same pick to apply a primary
streak on the Kan plate in space ‘1’ and then finally a primary streak on the LB plate in

space ‘1°. Then discard the toothpick. Select a new colony and do the same for space ‘2’
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and so on. Once all colonies of interest have been streaked in this manner, select fresh
toothpicks and apply two secondary streaks on all the primary streaks in the kan and LB
plates. Make sure that you are not using the same toothpick for different colonies (e.g. ‘1’
and ‘2”). There should be no cross-contamination. If there are 9 different colonies, you’ll
have used 9 fresh picks for the Kan plate and 9 fresh picks for the LB plates. Now do the
same for tertiary streaks. Around 20-30 colonies are typically tested.

The colonies that do not grow on Kan plates are the desired positive colonies. They
should grow on RMM and LB. A diagnostic PCR and gel is then run to ensure the correct
deletion/insertion is in place. The purified DNA cab be sent to Eurofins Genomics for
sequencing. Upon confirmation of sequencing results, an overnight culture of the correct

colony is grown in LB (only) at 37°C and frozen stock stored at -80°C the following day.
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APPENDIX B
SUPPLEMENTARY INFORMATION TO SECTION 3

B1. Stator-Rotor Binding
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Figure B1: Raw intensity data from figure 2C. Differences between the two means were
statistically significant, with fewer eYFP-MotB bound to individual rotors in paralyzed
motors.

B2. Steady-state speed
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Figure B2. Speed comparisons. Steady-state speed distributions determined for the wild-
type motors (left panel, MT02, 50 motors), fliL mutant (middle panel, strain PL62, 58
motors) and another fliL mutant (right panel, strain JP1297; n=30 motors) are shown. The
p-values were > 0.05.

B3. Model-linearization and best-fits

We linearized the model presented in equations 3 and 4 as:

T

log (:—; — 1) =log(¢) — T axl (1 — )/rkBT

maxz
1)

The experimental data was then replotted, log (:—T — 1) vs t/{. The chi-square value

was ~ 0.1 and R? > 0.93-0.99, indicating very accurate fits.
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APPENDIX C

SUPPLEMENTARY INFORMATION TO SECTION 4

Soak agarose with Insert transferred

Indole solution to a well ”

Figure C1: Transwell insert assay. Agar was soaked in indole solutions overnight in the
insert (left) and the insert was then transferred into a well containing cells (middle). A
concentration gradient formed within a few minutes and the cells actively migrated in
response to the stimulant. The insert was carefully removed after 5 min, gently washed in

MB and imaged via confocal microscopy (right).
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Figure C2: Tethered-cell responses to the addition and removal of indole. Indole was

replaced with MB in the perfusion chamber at ~ 300 seconds.
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Analytical Modeling of Receptor and Flagellar Motor Mediated Responses

Receptor effects: To simulate the activation of the histidine kinase (CheA) by
interactions between the ligand (indole) at a concentration L and the chemoreceptors, we
adopted the standard Monod-Wyman-Changeux (MWC) approach. The receptor cluster
was assumed to be made up of N sub-clusters, with tight coupling of receptors in each
subcluster. The only contributors to the kinase activity were assumed to be Ntar and Nrsr
subclusters (N = Ntar + Ntsr), representing the two major receptors that form 90% of the
total methyl-accepting chemoreceptors. Each subcluster adopted either an inactive or
active state, represented by values 0 and 1, respectively. The overall level of activity of

the kinase was represented by:

<a> = (1 - exp(_NTsrAGTsr - NTarAGTar))_1 (1)

The difference in free energy between the active and inactive states for the respective
receptor subcluster, AG, is a combination of the inherent free energy difference that
depends on subcluster methylation level (AG,,) and the free energy change due to ligand
binding to that subcluster (AG;):

AG = AG,,(t,m) + AGL(L) 2

where m represents the methylation level and 7 represents the time elapsed since
stimulation. Stimulation by indole was assumed to effect an instantaneous change in the

free energy due to ligand binding at the instant of stimulation:

AG, = In (T25) 3)

1+L/Kq

K1 and Ko represent the ligand dissociation constants for the active and inactive receptors.
Indole was assumed to preferentially bind to the inactive Ntar subclusters (K1 >> Ko) and
it was assumed to preferentially bind to the active Ntsr subclusters (K1 << Ko), stabilizing
the inactive and active states of the Tar and Tsr subclusters, respectively. This represents

the competing responses of the two receptors to indole.
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The adaptation in the kinase activity upon stimulation was represented by:
MG =0 (mo)=cc () -, (4)
where the time constant ¢ determined the adaptation rate and « represented a
proportionality constant. A high value of ¢ was assumed for the Tar receptor to reflect its
slow adaptation in Fig 2D and a low value of ¢ was assumed for the Tsr receptor to
reflect the faster adaptation kinetics observed in Fig 2C.
Motor effects: The kinase activity directly sets the level of CheY-P and the CWhias depends
ultrasensitively on CheY-P levels. The bias was modeled as:
CWhias = (1 — exp(AGryg — a.€)) ™" )
where AGg;; represents the free energy difference between the CW and CCW
conformations of the FIiG ring, and € represents the binding energy per molecule of CheY -
P, which remains constant. AGg;; was assumed to change linearly with Indole
concentrations to mimic the modulation of FliG subunit energetics by the metabolite.
Thus, equation 5 enabled predictions of the combined receptor- and motor-mediated
responses to Indole. Setting a constant (and independent of L) at a basal activity level (ao)
enabled predictions of the switch-only response to indole. On the other hand, assuming
AGric to be invariant with respect to indole concentrations and a non-zero ¢ enabled

predictions of receptor-only mediation to Indole.

Fig S2A shows receptor-only effects, where the stimulation of wild-type cells with
increasing indole concentrations is correctly predicted to result in a repellent peak at short-

times. At low concentrations (20 uM), the Tsr contribution (black curve) is dominant, and
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the response adapts over long-times to the pre-stimulus values. However, at higher
concentrations of Indole, the contribution from the Tar receptor begins to dominate over
long-times, as observed by the reduction in post-stimulus CWhiass below the pre-stimulus
levels. The deletion of the Tsr or Tar receptors, can be modeled by setting Ny, and Ny,
values to 0, respectively. The resultant responses were correctly predicted to be purely

attractive (Tsr deletion) or repulsive (Tar deletion), respectively (results not shown).

As discussed in the previous section, indole likely offsets the free energy
difference AGg;;; between the CW and CCW conformations of the individual FliG ring,
directly. At a constant receptor activity level ao,, an indole concentration-dependent
decrease in AGgy;; is predicted to cause a concomitant step increase in the post-stimulus
CWhias (Fig S2 B). Finally, the predictions for the combined effects of receptor stimulation
and switch stimulation by Indole (equation 5) are shown in Fig S2C. Although the 20 uM
case (black curve) correctly predicts the purely repellent response and adaptation that was
observed in the wild-type motors (Fig 1A), increasing concentrations of indole are
predicted to cause a disappearance of the attractant response that is mediated by Tar with
a steady non-adapting offset (long-time post-stimulus response is higher than pre-stimulus
response). The disappearance of the attractant response and the emergence of the offset
were due to the purely-repellent response of the flagellar switch to Indole, which was
observed experimentally (Fig 2). Although the Tsr-mediated short-time repellent response
was observed in the predictions at all concentrations, the permanent long-time offset was
not seen over the duration of the experiments (~300 s). Further modeling under the
assumption of imprecise adaptation to indole to compensate for the switch-induced offset
did not resolve the discrepancy in predictions (receptor plus switch effects) and

experiments (Fig 1, 2).
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(repellent response) and the long-time decrease in bias (attractant response), respectively.
B) Predictions for direct Indole action on motor responses. The offset in AGg;;; (equation
5) was assumed to increase with Indole levels. A constant receptor activity-level a was
assumed. The post-stimulus levels do not adapt and the response at all concentrations is
purely repellent and independent of receptor-mediation. C) Combined effects of motor-
and receptor-mediation. A repellent response is predicted at low concentrations (20 pum)
that adapts perfectly. At higher concentrations of Indole, the attractant response disappears

and is replaced by a permanent offset (post-stimulus response > pre-stimulus levels).
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Figure C4: CWhias distributions as a function of the expression levels of CheY in a
AcheRcheBcheY background. The cheY allele was encoded on a pBAD34 vector which is
inducible with L-arabinose. The inducer concentrations are indicated for each plot.
Induction with 0.001% L-Arabinose enabled sampling of tethered cells with a pre-stimulus
bias of ~0.2.
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