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ABSTRACT

The bacterial flagellum is a fascinating corkscrew-shaped macromolecular rotary machine used
primarily to propel bacterial cells through their environment via the conversion of chemical
potential energy into rotational power and thrust. Flagella are the principal targets of complex
chemotaxis systems, which allow microbes to navigate their habitats to locate favorable
conditions and avoid harmful ones by continuous sampling of environmental compounds and
cues. Flagella serve as surface and temperature sensors, mediators of host cell adherence by
bacterial pathogens and symbionts alike, and important virulence factors for disease-causing
microbes. They play several essential roles in accelerating the foundational stages of biofilm
formation, during which bacteria build highly intricate microbial communities with increased
resistance to predation and environmental assaults. Flagellum-mediated chemotaxis has broad
and impactful implications in fields of bioremediation, targeted drug delivery, bacterial-mediated

cancer therapy and diagnostics, and cross-kingdom horizontal gene transfer.

While the core structural and functional components of flagella have been well characterized in
the closely related enteric bacteria, Escherichia coli and Salmonella typhimurium, major
departures from this paradigm have been identified in other diverse species that merit further
investigation. Many bacteria employ additional reinforcement modules to surround and stabilize
their more powerful flagellar motors and provide increased contact points in the inner membrane,
the peptidoglycan sacculus, and, in Gram-negative bacteria, the outer membrane. Additionally,
the soil-dwelling bacterium Sinorhizobium meliloti exhibits marked distinctions in the regulation,
structure, and function of its navigation systems. S. meliloti is a nitrogen-fixing symbiont of the
agronomically valuable leguminous plant, Medicago sativa Lucerne, and uses its coupled

chemotaxis and flagellar motility systems to search for host plant roots to colonize. Following



root colonization, the bacterium converts to a nitrogen-fixing factory for the plant and the

combined influences of this symbiosis can quadruple the yields of the host.

This dissertation is aimed at delivering a thorough representative overview of the processes
facilitating bacterial flagellum-mediated chemotaxis and motility. Chapter 1 describes the
interplay between chemotaxis and flagellar motility pathways as well as the structure, function,
and regulation of these systems in several model bacteria. Particular emphasis is placed on the
comparison of flagellar systems from the soil-dwelling legume symbiont, Sinorhizobium meliloti
with other model systems, and a brief introduction is provided for its primary counterpart, the

agronomically valuable legume, Medicago sativa, more commonly referred to as alfalfa.

Chapter 2 embodies the first report of a flagellar system to require two copies of a protein known
as FIiL for its function. FIiL is found in all bacterial flagellar systems reported to date but is only
essential for some to drive motility. The more conserved copy of the protein has retained the title
of FIiL and several experiments to assay the proficiency of flagellar motor function revealed that
in the absence of FliL swimming is essentially abolished as is the presence of flagella on the cell
body. Flagellar motor activity and swimming proficiency of mutants lacking the FliL-paralog
MotF was nearly as abysmal as those without FliL but flagellation was essentially normal
indicating distinct roles for the two proteins. FliL is implicated in initial stator recruitment to the
motor while MotF was found to serve as a power or speed modulator. A model to accommodate

and explain the roles of these proteins in the flagellar motor of S. meliloti is provided.

Chapter 3 links a never-before characterized flagellar protein, currently named Orf23, to a role in
promoting maximum swimming velocity and perhaps stator alignment with the rotor in a
peptidoglycan-dependent manner. The loss of LdtR, a transcriptional regulator of peptidoglycan-
modification genes, caused defects in swimming motility that are restored only by removal of
Orf23 or by replacing a nonpolar glycine with a polar serine in the periphery of stator units.
Bioinformatics analyses, immunoblotting, and membrane topology reporter assays revealed that
Orf23 is likely embedded in the inner membrane and that the remainder of the protein extends
into the periplasm. Building on findings from Chapter 2, Orf23 is anticipated to influence stator
positioning through interactions with MotF, FliL, and/or stator units directly. The chapter is



concluded with the description of future experiments aimed to more thoroughly characterize
Orf23.

Altogether, this work increases the depth and breadth of knowledge regarding the composition
and function of the speed-variable bacterial flagellar motor. We have identified several
components required for stator incorporation and function, as well as an accessory component
that improves stator performance. A wise society will draw inspiration from these fascinating
and powerful machines to inform new technologies to achieve modern goals including targeted

drug delivery, bioremediation, and perhaps one day our own exploration.
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GENERAL AUDIENCE ABSTRACT

Bacteria are small autonomous single-celled organisms capable of existing and thriving in highly
diverse environments. Motility is achieved by these organisms in various ways, but the most
common approach is to produce one or more corkscrew-shaped propeller systems known as
flagella that are constructed upon and anchored within the wall of the bacterial cell. Rotation of
these propellers relies on power converters known as stators to transform the flow of ions down
self-produced gradients into useful rotational energy. This process can be likened to the way that
the stored energy of water behind a dam can be harnessed and used to power hydroelectric
generators. While the core components of flagellar motors are well conserved and understood
among distantly related bacteria, billions of years of evolution and refinement of additional
structures have allowed bacteria to accommodate swimming in diverse habitats with e.g. low

nutrient availability or high viscosity.

Here we describe the discovery and characterization of additional components in the flagellar
motor system of the soil-dwelling bacterium Sinorhizobium meliloti to navigate soil
environments. We report the first identification of a flagellar motor that requires two copies of a
pervasive flagellar motor protein known as FliL and have named the more distinct version of the
protein MotF. We found that FIliL is required for the power converter components to install into
the motor and that MotF is necessary to activate them. Next, we identify another motor
component, Orf23, that is dispensible for motility but appears to be required to achieve
maximum swimming velocity and may serve to shift the motor into a “higher gear”. We find that
disruption of a regulator of cell wall modification systems leads to defects in motility that are

only restored when Orf23 is removed or when the power converter is modified. ldeas are



proposed for how FIliL, MotF, and Orf23 are integrated into the motor and may contribute to

stator function.

An advanced understanding of the mechanisms governing flagellar motor structure and function
will provide avenues for the improvement of bacteria-based agricultural improvements,
development of optimized bacteria-mediated drug delivery systems, bioremediation techniques,

and more.
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Chapter 1: Main Introduction

Sinorhizobium meliloti and its symbiosis with Medicago sativa

The leguminous plant Medicago sativa, better known as alfalfa, is a highly valuable forage and
cover crop and is therefore very important for supply of beef and dairy products as well as for
preventing soil erosion (1). Alfalfa also serves as a green alternative to synthetic nitrogenous
fertilizers, which tend to: leech into water supplies and promote high nitrate accumulation in
leafy vegetables causing health risks, disrupt the soil microbiome balance by repressing the
growth of nitrogen-fixing bacteria, and cause the physical structure of the soil to degrade as the
soil microbiome structure changes and valuable nutrients are consumed (2).

Sinorhizobium meliloti is a Gram-negative rod-shaped bacterium and member of the soil-
dwelling order of Rhizobiales, within the alphaproteobacterial class. In nature, S. meliloti may
exist in a free-living form or in a symbiotic relationships with leguminous hosts of the Medicago
genera through formation of root nodules, where it serves to fix atmospheric nitrogen into usable
reduced forms (3). The S. meliloti RU11/001 genome is comprised of a ~4 Mbp circular
chromosome, two large plasmids (pSymA and pSymB) of approximately 1.6-1.7 Mbp each, and
four smaller plasmids ranging in size from between 55 and 170 kbp (Genbank assembly
accession number: GCF_001050915.2). The chromosome encodes housekeeping genes for
various metabolic processes, stress response, motility, chemotaxis, and plant interactions.
pSymA encodes genes necessary for converting atmospheric nitrogen to ammonia while pSymB
is required for host invasion and nutrient acquisition (4, 5). Little is known regarding the roles of
the accessory plasmids. In the soil environment, S. meliloti may be commonly found in a motile
form making use of 4-8 peritrichous flagella: corkscrew-shaped helical propellers comprised of a
cytoplasmic C-ring that responds to chemotactic signals, a stabilizing rings embedded in the cell
wall, and a long thin helical filament that rotates rapidly to provide propulsive thrust (6).
Alternatively, they may be found as bacteroids, non-reproducing nitrogen-fixing factories, within

root nodules following root hair colonization of their symbiotic hosts (5, 7-9).

Plant root colonization by S. meliloti is a multi-step process initiated by sensing of plant-derived
compounds secreted into the soil from the site of the plant root (10). Specific plant-derived
sugars, organic acids, and amino acids exuded by the plant into the soil have been shown to

promote chemotaxis and draw bacteria towards host plant roots (10-12). In addition, host-
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specific flavonoids in the environment are sensed by S. meliloti, and drive the synthesis and
secretion of lipopolysaccharide-based Nod factors into the soil (13, 14). These Nod factors are in
turn sensed by the host to induce vascular modifications at the plant root to promote efficient
colonization by the microbe (8, 15). Once colonized, S. meliloti undergoes major morphological
changes from the motile independent form to a nitrogen-fixing factory known as a bacteroid (7).
Under appropriate conditions, addition of S. meliloti to the soil of leguminous hosts such as M.
sativa (alfalfa) can lead to increased growth of the latter by up to four-fold as compared to plants
grown in the absence of their microbial symbiont (16).

Chemotaxis signaling

Although not absolutely necessary for colonization, the coupled action of chemotaxis and
motility employed by S. meliloti vastly improves colonization efficiency of host plant roots (17).
This advantage is likely due to the enhanced ability of motile and chemotactically-proficient
cells to reorient themselves and approach potential colonization sites in response to gradients of
plant-derived chemical stimuli (18). Such compounds, including sugars, quaternary ammonium
compounds, carboxylates, and amino and organic acids are recognized by a polarized cluster of
small molecule sensors known as chemoreceptors, which influence a series of phosphotransfer

events resulting in modulation of flagellar motor rotation (12, 18-21).

Chemotaxis is best studied in the gammaproteobacterium Escherichia coli (22-24). In this and
other Gram-negative organisms, chemotaxis begins with diffusion of environmental compounds
through the outer membrane into the periplasm where they are bound by a highly organized array
of chemoreceptors localized to the cell pole (Figure 1.1) (25-27). Chemoreceptors typically
contain a variable periplasmic sensor or ligand-binding domain (LBD) flanked by two
transmembrane regions, one of which serves as a linker to a highly conserved cytoplasmic
signaling domain (22, 25). Most chemoreceptors characterized to date are methyl-accepting
chemotaxis proteins (MCPs), which bind small molecules in the periplasm via the LBD and
transmit signals through the membrane causing conformational changes in the signaling domain
(28, 29). MCPs relay changes in signal concentration and have thus been referred to as biological
gradient sensors (30). MCPs influence the activity of a specialized two-component system
composed of the histidine kinase, CheA, and the response regulator, CheY (22). CheA interacts

with and senses conformational changes in MCP signaling domains to control its own



autophosphorylation (22). The coupling protein CheW stabilizes interactions between MCPs and
CheA, presumably by linking the two proteins and aiding in signal transmission from the
chemoreceptor to CheA (31, 32). In the absence of an attractant or presence of a repellent, CheA
autophosphorylates at a conserved histidine residue in its C-terminal domain (22, 33). Activated
CheA-P in turn transfers its phosphate group to a conserved aspartate residue in the response
regulator, CheY, which diffuses through the cytoplasm to interact with the C-ring components of
the flagellar motor, FIiM and FIiN (22, 34). Therefore, in contrast to typical two-component
systems, which target promoters to control gene expression, this specialized two-component
system targets the flagellar motor to directly modulate motility (35, 36).

In E. coli, the interaction between CheY-P and the C-ring results in a switch from
counterclockwise (CCW) to clockwise (CW) flagellar rotation (37, 38). The asynchrony of
flagellar filament rotation within the flagellar bundle causes dissociation of one or more flagella
from the bundle to promote a brief tumbling behavior by the cell, thus reorienting the cell in a
new random direction (39). CheY spontaneously dephosphorylates to terminate the signal, a
process accelerated by the phosphatase CheZ (22). In the presence of an attractant,
conformational changes in corresponding MCPs hinder autophosphorylation of CheA leaving
CheY in an unphosphorylated state. Thus, flagellar motor rotation is uninhibited and the cell
engages in extended runs or a “biased random walk” up the attractant gradient or down a

repellant gradient (40).

MCPs additionally undergo methylation and demethylation events at conserved aspartate
residues to alter the ligand sensitivity of chemoreceptors, which serves to expand the dynamic
range of MCP-ligand sensitivity and serve as a temporal memory system (22). The
methyltransferase CheR constitutively adds methyl groups to MCPs while the antagonistic
protein CheB is responsible for the demethylation of MCPs and is only active following
phosphorylation by CheA-P (40-42). In this way, the concerted action of the chemical sensors,
methylation-modifying memory proteins, phospho-relay mediators, and flagellar motor effectors
allows bacteria to make informed decisions to navigate towards environments most favorable for

the cell.



Distinctions of chemotaxis signaling in S. meliloti

S. meliloti exhibits several important departures from the chemotaxis pathway of E. coli
including an increased chemoreceptor repertoire (eight in S. meliloti compared to five in E. coli)
(19, 43, 44). These include the broad range carboxylate sensor McpT, amino acid sensor McpU,
the short-chain carboxylate sensor McpV, and the quaternary ammonium compound sensor
McpX, which are thought to play direct roles in sensing these compounds released into the soil
by host plant roots (12, 19-21). An additional adaptation protein, CheD, is also present (45).
Although not experimentally verified in S. meliloti, a CheD homolog from Bacillus subtilis
serves as a deamidase, which alters the number of methylation sites in chemoreceptor signaling
domains to expand the dynamic range of chemoattractant concentrations sensed by the modified
receptors (46). S. meliloti encodes two CheY homologs, CheY1l and CheY2 (47). CheY2
functions as the primary response regulator (47). Importantly and in contrast to that of E. coli,
the flagellar motors of S. meliloti rotate strictly CW and are speed variable (48-51). Therefore,
instead of switching rotary direction of flagellar motors to cause cell tumbling, phosphorylated
CheY2-P is thought to interact with flagellar motor components to slow the rotary speed of
individual motors causing asynchrony of bundle filament rotation (49). For signal termination,
CheY2-P is dephosphorylated by CheA via retrophosphorylation events and CheY1 functionally
replaces E. coli CheZ as a phosphatase to facilitate dephosphorylation of CheA-P (49, 52). This
activity is further enhanced by yet another soluble protein, CheS, which promotes rapid
phosphate transfer from CheA to CheY1l by promoting the CheA/CheY1 interaction and
accelerates phosphate drainage from the latter (53). Another protein, CheT, remains to be
thoroughly characterized but is required for taxis toward chemoattractants and on soft-agar plates
(unpublished data).

Regulation of chemotaxis and flagellar gene expression in S. meliloti

Bacterial flagella are composed of three main components: the basal body embedded in the cell
envelope, a flexible hook extending from the basal body outward from the cell, and a helical
filament, which extends from and rotates rapidly with the hook and basal body core to provide
thrust (32, 37, 38, 54, 55). The basal body is comprised of the rotary motor that rotates the
flagellum, protein secretion machinery necessary to export many components of the flagellar
structure, and a rod structure extending from the core of the basal body to the hook through a

series of rings embedded in the cell wall (37, 38, 54). The P-ring is embedded in the
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peptidoglycan layer and the L-ring is in the outer membrane/lipopolysaccharide layer (38, 54).
These rings act as bushings and allow for smooth rotation of the rod through the cell wall (38,
54).

The motility and chemotaxis system of S. meliloti relies on activity and/or production of over 50
different protein products, all encoded by genes of the flagellar regulon located in a contiguous
region of the S. meliloti chromosome (56). The final flagellar product consists of approximately
20,000 proteins, and thus the corresponding genes are tightly regulated in a hierarchical fashion
(54). These are broken up into four distinct classes: class IA, class IB, class Il, and class Ill
(Figure 1.2) (57). The class IA genes, visN and visR, encode the LuxR-type global transcriptional
regulators, VisN and VisR, named for being vital for swimming (58). VisN and VisR are
suggested to form heterodimers and are produced throughout growth (58). VisNR acts at the top
of the transcriptional hierarchy to control expression of the class IB gene, rem, by binding both
of its promoters, P1 and P2 (57). The rem gene encodes the regulator of exponential growth
motility (Rem), an OmpR-like master regulator that directly influences its own transcription
from the P1 promoter in addition to directly activating class Il genes during the logarithmic
phase of growth (57).

Class 11 genes include components of the basal body (class IlA: flg, flh, and fli) and motor (class
I1B: mot) genes, while class Il genes include flagellin (fla) genes and those involved in
chemotaxis (che) (57). Rem directly binds Class Il promoters such as those for flgB, fliF, and
orf38, and perhaps those of motA and orf20, all of which share consensus promoter binding
regions for Rem activation (57). It has been speculated that the products of class I1A genes fliM
and orf38 regulate expression of class Il genes, as promoters for the latter lack Rem binding
sequences (18, 57). Class Ill genes include those encoding flagellin and components of the
chemotaxis signaling system. In contrast, activation of class 11l genes in E. coli requires the -
factor FliA whose activity is repressed by the anti-c factor FigM prior to completion of basal
body-hook complex assembly (38, 59, 60). Neither fliA nor flgM homologs have been identified
in S. meliloti. However, the flagellin gene regulator encoded by flIbT is predicted to control of
flagellin gene regulation (45, 57). As S. meliloti reaches high cell densities, the quorum sensing
system master regulators Sin/ExpR repress motility and chemotaxis through suppression of

ViSNR gene expression (45, 61).



Flagellum biosynthesis

Flagellum assembly, which is best characterized in E. coli, occurs in a proximal to distal fashion
and is initiated by insertion of the MS-ring of the basal body into the cytoplasmic membrane
(Figure 1.3) (55, 62-64). The flagellar type-three secretion machinery (fT3SS) comprised of
FIhAB, FIIOPQR, and Flil, assembles within a cavity of the MS-ring, where proton motive force
drives secretion of the axial components of the rod, hook, and filament (65).The MS-ring is
comprised of 26 copies of FliF and acts as a scaffold onto which remaining components of the
basal body are built. The C-ring is assembled on the cytoplasmic face of the MS-ring and is
comprised of FIiG (26 copies), FIiM (34-45 copies), and FIiN (34-45 tetramers) (66, 67).
Together, the C-ring components act as a switch to control direction (in E. coli) or speed (S.
meliloti) of flagellar rotation. The rod contains a proximal region comprised of FIiE, FIgB, FlgC
and FIgF and is interlinked with the fT3SS through interactions between FIiP and FliR with FliE
and FIlgB. A distal region is formed by FIgG (65). During rod assembly, the Ilytic
transglycosylase FlgJ aids in degradation of the peptidoglycan layer to permit rod passage
through the sacculus (68-70). Notably, FlgJ exhibits diverse domain architecture across the
bacterial kingdom. FlgJ homologs in alphaproteobacterial including S. meliloti and Rhodobacter
sphaeroides possess only the rod-binding domain Flgdn domain, which acts as a cap to stabilize
the distal end of the rod structure (71, 72). Peptidoglycan hydrolysis required for flagellar rod
formation in these organisms is thought to be performed by alternative lytic transglycosylases
such as the R. sphaeroides soluble lytic transglycosylase SItF, S. meliloti hypothetical protein
SMc03045, and Caulobacter crescentus PleA. Notably, Gram positive bacteria use an alternative
enzyme class, the B-N-acetylglucosaminidases (73, 74). Following rod construction, the P-ring
(FIgl) is inserted into the peptidoglycan layer with the aid of a periplasmic chaperone, FIgA, and
the L-ring lipoprotein, FIgH, is inserted into the outer membrane (75, 76). The L- and P-ring
structures form a fused bushing in the cell envelope during rod rotation and the rod extends just
past the outermembrane where the hook is synthesized next (77). A representation of the solved
cryo-EM structure of MS-ring-rod-PL-ring assembly reported by Johnson et al. is shown in
Figure 1.4.

The flagellar hook is a ~55 nm long flexible polymer of repeating FIQE subunits comprised of 11
parallel rows arranged in rings of approximately 11 subunits each (37, 38, 55, 63, 78). The hook
assembles at the distal end of the rod with the hook-cap protein, FIgD, stabilizing the tip of the
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growing hook as additional FIgE subunits are incorporated (54). During hook assembly, an
infrequent molecular ruler, FliK, is secreted until the hook reaches an appropriate length and
polymerization is terminated (79). This occurs as a result of interactions between FliK with the
substrate-specificity determinant of the flagellar secretion system, FIhB (79). FliK is periodically
secreted along with hook monomers and upon reaching an appropriate hook length, decreased
velocity of FIiK secretion increases the probability of productive interactions between the FIiK
C-terminal domain which facilitates autoproteolysis of FIhB (80). FIhB cleavage changes the
specificity of substrate secretion to favor flagellin monomer export and promote filament
synthesis (80). Concurrently, the hook-cap protein, FIgD, is eliminated and replaced by the hook-
associated proteins (HAP), FIgK and FIgL, which form the hook-filament junction rings, and
FliD, the filament-cap protein (54). FIiD forms a stool-shaped homopentamer, each monomer
contributing one of five legs buried within FIgL and part of a pentameric plate at the distal end
(54). Unfolded flagellin monomers are then secreted through a hollow cavity within the growing
axial structure to a space accommodated between two legs of the FIiD cap such that just one
flagellin monomer may be inserted at a time (54). Sequential helical addition of many thousands
of flagellin monomers at the end of the growing filament leads to the formation of a long
corkscrew-like structure (54). Flagellum-length control is diffusion-dependent with an
exponential decrease of flagellin export occurring with increased filament length (81). Recent
models describing the injection-diffusion control of filament growth have been proposed
whereby proton motive force is used to drive secretion of unfolded flagellin monomers through a
2 nm channel within the filament (82, 83). Addition of new unfolded monomers to the growing
filament is limited by two-dimensional diffusion and monomers are prohibited from passing
through the occupied channel until the previous monomer is incorporated into the growing
filament (82). Therefore, shorter filaments grow very quickly but exhibit an exponential decay in

growth rate with increased filament length.

Similar to the hook, the mature flagellar filament possesses 11 parallel rows of protofilaments
engaged in varying degrees of twist within the filament, which contributes to the helical nature of
the structure (38). In E. coli, the helical twist of the filament is left-handed and conformational
changes in interflagellin bonds during CCW to CW switching can result in a transition to right-
handed helicity (38). The surface of E. coli filaments appears smooth or “plain” as determined by

electron microscopy (84). In contrast, the flagellar filaments of S. meliloti exhibit a ridged or
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screw thread-like surface appearance and are referred to as “complex” filaments (84-87). In
addition, S. meliloti filaments are rigidly locked into right-handed helicity without the freedom to
switch to left-handedness (84, 86). These characteristics, which distinguish the complex flagella
from their plain counterparts, are attributed to the production of filament subunits that are
composed of flagellin dimers. Variations in the basal flagellin protein structure are also known to
be quite substantial. Some organisms such as B. subtilis and Kurthia sp. produce flagellin
composed only of the highly conserved flagellin core domains (Do and D1) found in all known
flagellated bacteria, while other organisms such as C. jejuni and S. meliloti have been reported to
produce up to three additional highly variable domains (D2-D4) (84, 86-88). It is hypothesized
that the physical properties of complex flagella, in addition to strictly CW and speed-variable
rotation, arose as adaptations to the variably viscous environment of the soil (49, 87, 89). An
additional distinction from the E. coli paradigm is the presence of multiple flagellin homologs in
the S. meliloti filament (86). While E. coli encodes just one type of flagellin, FIiC, S. meliloti
produces four closely related types: FlaA, FlaB, FlaC, and FlaD. FlaA is the most abundant
(comprising at least 50% of the filament) and is absolutely required for production of a filament
in addition to at least one other homolog (86).

Mechanisms powering flagellar motor function

Rotation of the bacterial flagellum is driven by circumferentially-placed stator units comprised of
MotA and MotB proteins for H*-type stators or PomA and PomB for Na*-type stators (38, 90).
MotA contains four transmembrane a-helix domains, one large cytoplasmic loop between TM2
and TM3, and a short C-terminal tail (54, 91, 92). MotB possesses an N-terminal transmembrane
domain, a short proton plug region, a linker region, and a peptidoglycan binding domain in the
periplasm, the latter of which serves to securely anchor MotA-MotB complexes to the cell wall
following stator incorporation into the motor (93, 94). During stator assembly, a ring of five
MotA monomers assemble around a dimer of MotB in the inner membrane to form two proton
channels between the TM domains of the stator components (38, 91, 95, 96). The proton
channels of free stators in the inner membrane are maintained in an inactive state by MotB
proton plug regions trapped between short periplasmic loops in MotA until contact is made
between the rotor and free stators (97, 98). Subsequent conformational changes in MotB result in
extension of the flexible linker region such that the proton plug is released from blocking the

proton channels and the peptidoglycan-binding domains of MotB dimerize and secure
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interactions with the sugar moieties of the sacculus (94, 99). As protons (or Na* ions) flow down
their electrochemical gradient from the periplasm into the cytoplasm through open stator
channels, the MotA pentamer rotates clockwise around MotB driving counterclockwise rotation
of the entire rotor-hook-filament assembly through charged residue interactions between MotA
and FliG (38, 100). When phosphorylated CheY binds to the C-ring, dramatic conformational
changes result in expansion of the C-ring diameter and repositioning of FIiG such that contact is
now made with MotA on the distal side of the stator units. This rearrangement drives opposite
(clockwise) rotation of the rotor (54, 101-104).

An additional component of the flagellar motor, FliL, plays multifaceted roles in the function of
bacterial flagella. In-frame fliL deletion mutants in enteric bacteria tend to exhibit minor defects
in swimming motility but suffer a rod breakage phenotype and marked losses in a social motility
known as swarming whereby bacteria migrate in a coordinated fashion in a thin fluid over
surfaces (105, 106). In contrast, alphaproteobacteria suffer more pronounced swimming defects
indicating that FliL plays a more essential role in flagellar motility of these organisms (107,
108). FIliL is an inner membrane protein largely localized in the periplasm and has been found to
associate with stators in several distantly related species (109, 110). Additionally, FliL
localization at the flagellar motor is influenced by the presence of stators and mutations that
disrupt the MotB plug region tend to improve flagellar motility of S. enterica and R. sphaeroides
fliL deletion mutants (110-113). In V. alginolyticus and B. burgdorferi, FliL forms partial rings
of about 4 monomers adjacent to the basal body where they recruit incoming stators into the
motor. Additional FliL oligomers are thought to further enclose the stators to form a cage around
the stator units with a central cavity through which the MotB linker regions extend to contact the
sacculus (112, 114).

Variations on the flagellar theme

Flagella are truly fascinating organelles and are found in impressive varieties with regards to
flagellation patterns, motor operations and motor accessory structures (115). The flagellar motors
of S. meliloti, Agrobacterium spp., and R. sphaeroides are locked into unidirectional clockwise
rotation, which suggests that the C-ring is likely locked in the extended conformation in these
organisms (48, 116-118). Monotrichously flagellated bacteria, which employ switch-type motors
but are unable to form a flagellar bundle, would only run forward and reverse upon simple

rotational switching as it tends to occur in peritrichous bacteria. As such, Vibrio spp. and
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Shewanella putrefaciens have adapted a run-reverse-flick mechanism to promote redirection, in
which forward motion imposes forward momentum in the flagellum and a quick reverse-flick of
the motors induces a kink-push on the flagellum. In this way, the filament is said to be used as a
rudder rather than a propeller (119, 120), although we suggest it is more accurately likened to a
hybrid propeller and oar. Some bacteria can alternate between polar and peritrichous flagellar
systems and others can adapt their flagellar motors to run on alternative fuel types including
calcium, magnesium, and potassium (121-123). The planar waveshape of B. burgdorferi cells is
caused by several periplasmic flagella that are wound around and attached at both ends of its
long thin cell body (124, 125).

The maximum number of stator positions accommodated by a single motor ranges from 11 to 18
depending of the diameter of the C-ring, which correlates well with the maximum torque
achieved by a given motor. For example, the C-ring diameter of S. enterica is 44 nm,
accommodates 11 stators and achieves a torque of about 1,260 pN-nm. This pales in comparison
to the 52 nm-wide C. jejuni C-ring around which 17 stators can be recruited to achieve about
3,600 pN-nm of torque (126). Borrelia burgdorferi boasts an impressive 80 nm-wide stator ring
diameter, a 16 stator limit, and 4,000 pN-nm of torque with additional accommodations to

provide increased torque described below (127).

Additional structures in high-torque motors

Over the last decade, several distantly related bacteria have been shown to recruit additional
structures to their flagellar motors. The purpose of these extra features is to provide
reinforcement through additional contacts within the cell wall to withstand greater forces than
those required to navigate enteric bacteria habitats (115, 121, 126-129). Importantly, the stator
dwell time in the flagellar motor of enteric bacteria is only about 30 seconds after which it is
exchanged back into pool of inactive stators in the inner membrane (130-133). In contrast,
additional structures found in non-enteric bacateria stabilize stator association within the motor
(134), representatives of which are shown in Figure 1.5. Vibrio and Shewanella spp. incorporate
a T-ring (comprised of MotXY proteins) adjacent to the peptidoglycan-associated P-ring that
aids in stator recruitment and stabilization. Further stabilization is provided to Shewanella,
Vibrio, and R. sphaeroides motors by the H-ring (comprised of FIQOPT proteins), which is
recruited to the lipopolysaccharide associated L-ring just below the outer membrane. Together,

PL-ring associated H- and T-rings form a flagellar outer membrane complex (FOMC) that
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reinforce the flagellar motor at several points in the cell envelope. Pseudomonas aeruginosa and
Legionella pneumophila also exhibit P-rings decorated with additional structures for which a
protein entity has yet to be assigned and P. aeruginosa recruits additional stator amenities, MotC
and MotD, when more torque is necessary for example in higher viscosity conditions (129).
Additionally, Helicobacter pylori harbors a basal disk beneath the outer membranous flagellar
sheath. The outer perimeter of the basal disc associates with a cage that surrounds the stator units
and spans the distance of the periplasm. B. burgdorferi uses a collar similar to the cage in H.
pylori (127-129). Finally, transient cytoplasmic rings of unknown composition were recently
reported to assemble around FliG in the C-ring in a manner dependent on transmembrane
components of the fT3SS, FIiO and FliQ. These periplasmic rings were reported to facilitate
stator assembly in flagellar motors known to produce higher torque than enteric bacteria and
appear to dissociate from the motor once synthesis is complete. Notably, these were identified in
various beta-, gamma-, and epsilonproteobacteria suggesting that transient periplasmic rings are

a common tool used for stator recruitment in flagellated bacteria (134).

Additional flagellar motor components in the S. meliloti

No structural information is currently available for the S. meliloti flagellar motor. Prior to this
study, S. meliloti was known to produce two noncanonical periplasmic Mot proteins, MotC and
MotE, that are essential for flagellar motor function. MotC appears to stabilize the periplasmic
region of MotB and MotE is a chaperone for MotC, supporting its proper folding and
stabilization in the periplasm (135, 136). However, the precise roles of MotC in motor function
are unknown. It has been proposed that stabilization of MotB by MotC may be required for
efficient motor rotation in the viscous soil environment. Importantly, S. meliloti MotB contains a
stretch of about 90 amino acid residues in its periplasmic region, which is predicted to mediate
interactions with MotC as well as previously unidentified flagellar motor components (135).

Objectives of this work

Chapter 2 recounts the first reported instance of a flagellar system using dual FliL paralogs in
alpha-proteobacteria, which we have demonstrated in S. meliloti. The less conserved paralog was
named MotF. Motility defects of deletion mutants lacking either FliL or MotF were thoroughly
characterized. FliL is absolutely required for swimming motility and normal flagellation, and we
hypothesize that it may serve as a scaffold for stator recruitment. In contrast, the motF deletion

mutant exhibits jerky and low-speed motility, and we provide evidence that MotF plays a role in
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MotB proton plug modulation. We identified additional alterations in the flagellar motor that
compensate for the loss of MotF and propose a model for the incorporation of MotF and FliL

into the S. meliloti flagellar motor.

Chapter 3 describes ongoing work characterizing the relationship between the peptidoglycan
modification gene regulator, LdtR, and a previously uncharacterized protein, currently referred to
as Orf23, in S. meliloti flagellar motility. We determined that LdtR does not control motility gene
transcription but that the presence of Orf23 in mutants lacking LdtR drastically reduces
swimming motility. An amino acid substitution was identified in stator components that restores
the motility when LdtR is absent from the cell. Bioinformatics analysis, structure predictions,
and homology modeling revealed putative domains of Orf23 and provided some insights into
possible quaternary structures that Orf23 may assume in the flagellar assembly. Drawing on a
model proposed in Chapter 2, a possible arrangement for Orf23 placement around the motor is
proposed. The combined evidence points to a role for Orf23 in providing maximum torque to S.
meliloti flagellar motors and implicates its function in speed variability. Further investigation of
S. meliloti flagellar motor composition and interaction dynamics will answer remaining questions

regarding the mechanistic functions of unidirectional speed-variable flagellar motors.

Altogether, the results of these endeavors provide several important answers regarding the
distinctions of speed-variable flagellar motor composition from that of other bacteria. Further
characterization of flagellar and chemotaxis from diverse bacteria including S. meliloti will
permit the future development of bioengineering objectives aimed at e. g. fine-tuning bacterial
chemotactic abilities for recognition of and migration towards specific signals or structure-based
selection of bacterial vehicles (and corresponding flagellar systems) to deliver therapeutics or

bioremediation payloads to desired targets depending on the anticipated medium to be traveled.
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FIGURE 1.1 Chemotaxis in E. coli. Environmental attractants interact with the LBD of MCP-

CheW-CheA complexes resulting in decreased phosphorylation by CheA and no interactions

between CheY and the flagellar motor. Alternatively, loss of attractants results in increased

CheA autophosphorylation leading to subsequent phosphorylation of CheY by CheA-P. CheY-P

interacts with the flagellar motor to alter motor rotation form CCW to CW. ChezZ

dephosphorylates CheY-P to terminate the signal. CheR of the methylation adaptation system

methylates MCP signaling domains while phosphorylated CheB demethylates MCPs. Image

from (137). Image falls within the terms of “fair use” as determined by the Fair Use Indicator

TOOl (https://librarycopyright.net/resources/fairuse/howitworks.php).
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FIGURE 1.2 Regulation of flagella and chemotaxis genes in S. meliloti. The class 1A genes,
visN and visR, are expressed throughout growth and the protein products, VisN/R, control
transcription of the class IB gene, rem, by influencing the P1 and P2 promoters. During
exponential growth, Rem positively regulates its own transcription from the P1 promoter, as well
as that of class Il genes. The class I1A gene products, FIiM and Orf38, in turn upregulate the
class 111 genes involved in chemotaxis (che) and flaA. Class 11B gene products, MotA, MotB, and
MotC, do not influence transcription of other flagellar or chemotaxis genes. Image from (57).

Image falls within the terms of “fair use” as determined by the Fair Use Indicator Tool

(https://librarycopyright.net/resources/fairuse/howitworks.php).
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FIGURE 1.3 Components of the flagellum of E. coli (green) and additional/alternative flagellar
proteins found in S. meliloti (pink). The flagellar basal body is composed of the stator, made up
of MotA and MotB, and the rotor which is in turn comprised of the C-ring (FliG, FliM, and
FIiN), the MS-ring (FliF), and the rod (FIgB, FIgC, FlgF, and FIgG). In S. meliloti, MotC and
MotE are involved in stabilization of MotB, and MotF (03057) may play a role in proper motor
function. The rod runs through and rotates within the bushing-like ring proteins, Flgl (the P-ring
embedded in the peptidoglycan layer) and FIgH (the L-ring embedded in the lipopolysaccharide
layer). FIgA acts as a chaperone for Flgl. A type Il secretion system composed of FIhA, FIhB,
FIiO, FliP, FliQ, FIliR, and Flil sits within the basal body and exports periplasmic and
extracellular components of the flagellum. The hook (comprised of FIgE) extends out from and
rotates with the rod to rotate the flagellar filament. Proper assembly of the hook requires the
hook cap protein, FIgD, and hook length-control protein, FliK. The hook and filament are joined
by adapter proteins, FIgL and FIgK. The filament consists of thousands of copies of FIliC in E.
coli or FlaA, FlaB, FlaC, and FlaD in S. meliloti. A homolog or analog of filament cap of E. coli,
called FIiD (not shown), has not been identified in S. meliloti. VisN, VisR, and Rem functionally
replace the master regulators of flagellar genes, FIhD and FIhC. Figure provided by and used

with permission from Dr. Scharf.

26



YecR
FigH

Figl

oM

13 FlgG-¢

' 5 FlgG-a
5 FIgF

6 FigC
5 FigB
5 FliE-b

1 FliE-a

FIiF

; S5 FIP

IM

Figure 1.4 Image reconstruction of the LP-ring bushing structure (A and B) and the intact core
flagellar rotor structure including most of the fT3SS components (FIIiPQR) and all rod
components (FIiE and FIgBCFG; B and C). The periplasmic region of the MS-ring (FIliF) is also
shown. Image adapted from (65). This is a U.S. government work and not under copyright

protection in the U.S.
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Figure 1.5 Representative images of the paradigm flagellar motor structures exemplified by (A)

Salmonella and additional substructures found in the flagellar motors of (B) Pseudomonas, (C)

Legionella, and (D) Shewanella. Image adapted from (129).
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ABSTRACT

The bacterial flagellum is a complex macromolecular machine that drives bacteria through
diverse fluid environments. Although many components of the flagellar motor are conserved
across species, the roles of FliL are numerous and species-specific. Here, we have characterized
an additional player required for flagellar motor function in Sinorhizobium meliloti, MotF, which
we have identified as a FliL paralog. We performed a comparative analysis of MotF and FIiL,
identified interaction partners through bacterial two-hybrid and pull-down assays and
investigated their roles in motility and motor rotation. Both proteins form homooligomers,
interact with each other, and with the stator proteins MotA and MotB. The AmotF mutant
exhibits normal flagellation but its swimming behavior and flagellar motor activity is severely
impaired and erratic. In contrast, the AfliL mutant is mostly aflagellate and nonmotile. Amino
acid substitutions in cytoplasmic regions of MotA or disruption of the proton channel plug of
MotB partially restored motor activity to the AmotF but not the AfliL mutant. Altogether, our
findings indicate that both, MotF and FIliL, are essential for flagellar motor torque generation in
S. meliloti. FliL may serve as a scaffold for stator integration into the motor, and MotF is

required for proton channel modulation.

INTRODUCTION

Bacterial flagellar motility is a complex process whereby chemotactic signals culminate in the
control of flagellar motor rotation to drive bacteria towards favorable and away from harmful
conditions. The extensive evolutionary history and distinct selective pressures imparted by
diverse environmental habitats correspond to the variability found in the regulation, structure,
and function of the flagellar machinery from diverse bacterial species (138-143). Nonetheless, a
core set of flagellar structural features are conserved across the bacterial kingdom. The basal
body at the proximal end of the flagellum is anchored in the cell membrane and is comprised of a
trans-envelope axial rod and connected to the MS-ring in the inner membrane and the C-ring on
the cytoplasmic face of the MS-ring (144). A peptidoglycan-associated P-ring and
lipopolysaccharide-associated L-ring together form a bushing between the rod and cell wall
components during flagellar rotation (145). A short flexible hook is attached to the extracellular
end of the rod and is followed by a rigid helical flagellar filament of up to several microns in
length (38).
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Rotation of the continuous basal body-hook-filament structure is mediated by conversion of ion
motive force formed across the inner membrane into rotational energy by stator proteins MotA
and MotB (or PomA and PomB in the Na*-driven motors of Vibrio species). Between 11 to 18
stator units form studs around the rotor, with each stud consisting of five MotA and two MotB
units (98, 129, 146). Each MotA monomer contains four transmembrane (TM) helices with a
large cytoplasmic loop between TM2 and TM3 and a cytoplasmic C-terminal tail distal to TM4
(91). MotB contains a short cytoplasmic N-terminal domain followed by a transmembrane
domain, and a large periplasmic domain comprised of a proton channel plug region and an
OmpA-like peptidoglycan-binding domain near the C-terminus (99, 147, 148). Prior to
assembling into the flagellar motor, inactive stator complexes form in the inner membrane with
one MotB dimer surrounded by a MotA pentamer (97, 98, 141). Two proton channels formed by
the transmembrane domains of MotA and MotB are locked in a closed state by the periplasmic
plug regions of each MotB monomer wedged between short periplasmic stretches of MotA
(149). Once contact is made between the cytoplasmic loop of MotA and the C-ring component
FIiG, conformational changes in the stator units cause extension of the MotB periplasmic
domains such that the peptidoglycan-binding domain of MotB associates with peptidoglycan to
stabilize the stators near the basal body and the proton channel plug of MotB assumes an open
conformation (94, 147, 150-153). As protons flow through the now-open stator proton channels,
conformational changes in the MotAsB, complexes cause clockwise rotation of the MotA
pentamer around the MotB dimer, which - through interactions between MotA and FliG -

imparts opposite rotation of the axial components of the flagellum to provide thrust (141).

In the last two decades, another ubiquitous flagellar motor component, FliL, has gained
considerable attention given its variable roles in flagellar motility (Figure S2.1). FliL is a
membrane protein that is primarily localized in the periplasm where it is generally thought to
interact with MotA and MotB. However, fliL mutant phenotypes differ considerably across the
bacterial kingdom and a definitive role for FliL has yet to be determined. In several bacterial
species, FliL has been implicated in various aspects of stator activity including stator assembly,
association with the rotor, torque generation, surface sensing, and proton channel modulation as
well as roles in flagellar filament (or rod) stability and orientation (108-113, 149, 154-168).
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Efficient flagellar-driven movement in bacterial chemotaxis depends on the extension of run
lengths in favorable directions and the decrease of tumbling events to reorient bacteria when less
favorable conditions are detected. In peritrichous bacteria, runs are driven by synchronous
rotation of several flagella in a propulsive flagellar bundle to provide thrust. Tumbling events are
caused by disruption of the flagellar bundle when one or more flagella switch the direction of
rotation from counterclockwise to clockwise or by slowing or pausing flagellar rotation (138).
Tumbling mechanisms are best understood in the switch-type motors of Escherichia coli and
Salmonella typhimurium, whereby the phosphorylated response regulator CheY binds to the C-
ring (switch) components FIiM and FIiN causing conformational changes that result in a greater
C-ring diameter (169). This restructuring of the C-ring causes reorganization of MotA-FIliG
contacts such that continued clockwise rotation of the stator units now drives clockwise rotation
of the rotor (97, 146). The soil-dwelling plant symbiont Sinorhizobium meliloti employs a speed-
variable unidirectional flagellar motor, which rotates solely in the CW direction and asynchrony
of flagellar motor rotation induces bundle separation and cell tumbling (50). Molecular
corollaries to these observations are found with the presence of additional motor proteins in S.
meliloti, namely a periplasmic protein MotC and its chaperone MotE (135, 136). MotC is
believed to interact with MotB; however, its role in flagellar motor function has yet to be

elucidated.

Here, we describe MotF as a novel flagellar motor component and paralog of FliL in S. meliloti.
MotF and FliL possess one transmembrane domain and reside mostly in the periplasm where
both proteins engage in interactions with the stator components MotA and MotB. However,
while AmotF and AfliL mutants exhibit severe reductions in swimming motility and defects in
flagellar motor function, a very small population of the normally flagellated AmotF mutant
retains poor swimming motility while the generally aflagellate AfliL mutant is nonmotile.
Furthermore, we demonstrate that second-site mutations in the stator components MotA or MotB

partially restore motility to the AmotF but not the AfliL mutant.
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RESULTS
Identification of three new flagellar genes and one new motor gene in Sinorhizobium
meliloti

In a search of additional genes involved in S. meliloti motility, a mini-Tn5 transposon
mutagenesis screen of the wild-type S. meliloti strain RU11/001 was carried out on soft agar
swim plates. Upon sequencing of transposon insertion sites for 26 mutants with observed
motility defects, the majority of insertions occurred within known flagellar genes. One mutant,
however, contained an insertion in the gene locus SMc03057, which is one of four
uncharacterized genes clustered immediately downstream of fliR, the last annotated gene of the
contiguous flagellar regulon on the S. meliloti chromosome (Figure 2.1A). To confirm that
SMc03057 contributes to flagellar motility and to determine the role of the other three genes in
motility, strains with in-frame deletions were constructed and tested for swimming proficiency
on soft agar swim plates (Figure 2.1B). All four mutants exhibited a loss of motility in this assay.
A BLAST search of the gene products revealed that SMc03071 shares homology with the N-
terminal rod-binding domain of FlgJ (Flgdn) while SMc03072 is a homolog of the type-three
secretion system chaperone FIgN involved in secretion of the hook-associated proteins FIgK and
FlgL (170, 171). A search with SMc03057 resulted in matches with a FliL-like protein in
Agrobacterium tumefaciens or hypothetical proteins in an array of alphaproteobacteria, while
SMc03056 did not yield any homology or domain similarities to other characterized proteins
using SignalP, TMHMM, and Pfam (Table 2.1) (172-174).

Flagellar gene transcription and biosynthesis occur in a hierarchical manner with production of
flagellin and assembly of the filament taking place after completion of the basal body and hook
structures (38, 57). Therefore, to determine if any of these genes are required for flagellar
synthesis, we analyzed the production of flagellin proteins by immunoblot analysis. Three of the
four mutants did not produce flagellin; however, the ASMc03057 strain produced flagellin at
levels comparable to wild type (Figure 2.1C). In agreement with these results, we found that the
promoter activity of the principle flagellin gene flaA (PflaA) was markedly reduced for the three
mutants lacking flagellin production throughout the motility phase of cell culture growth when
compared to the wild type (Figure S2.2). Such downregulation of flaA transcription has been
reported for mutants defective in basal body production (58). This result was expected for
ASMc03071 and ASMc03072 considering the predicted structural roles of FlgJy and FIgN in
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basal body synthesis. These analyses also categorized the hypothetical gene SMc03056 as
flagellar assembly or structural gene. In contrast, the flaA promoter activity in the ASMc03057
strain was mostly comparable to wild type (Figure S2.2). The finding that the deletion of
SMc03057 resulted in a non-motile (Figure 2.1B) but flagellin-producing mutant (Figure 2.1C
and Figure S2.2) defined it as motility gene, and we thus named it motF. The AmotF motility
defect was complemented upon ectopic expression from a self-replicating plasmid (Figure S2.3).
When the AmotF strain was viewed by phase contrast microscopy, most of the cells in the
population were nonmotile. Interestingly, a very small percentage of cells exhibited slow
swimming motility interrupted by frequent jerking and pauses, and abrupt directional changes.
Altogether, these results suggested that MotF is required for flagellar function but not synthesis,

and its role in motility was further characterized.

MotF is a distantly related paralog of S. meliloti FliL

An NCBI BLASTP search of the nonredundant database with the MotF amino acid
sequence Yyielded results for many hypothetical proteins from various rhizobial species as well as
proteins from the FliL family in Agrobacterium tumefaciens (51% identity) and Rhizobiaceae
bacterium LC148 (49% identity). FIliL is described as an enigmatic protein with diverse roles in
flagellar swimming and swarming in E. coli, S. typhimurium, Vibrio alginolyticus, Rhodobacter
sphaeroides, Caulobacter crescentus, and Bradyrhizobium diazoefficiens, surface sensing in
Proteus mirabilis, and flagellar orientation in Borrelia burgdorferi (Figure S2.1) (108-111, 113,
155, 156, 159, 161, 163, 166, 168, 175). The flagellar regulon of S. meliloti contains a gene
annotated as fliL located between the L-ring encoding flgH and the flagellar biosynthetic gene
fliP (Figure S2.4). However, the role of FliL in S. meliloti swimming motility had yet to be
determined. A multiple sequence alignment of S. meliloti MotF and FliL with FliL sequences
from diverse bacterial species revealed that S. meliloti FliL aligns more closely with FliL from
other species than with S. meliloti MotF (Figure 2.2A and Table S2.1) implying that MotF is a
FliL paralog with substantial evolutionary divergence from the ancestral protein. It should be
noted that the genomes of V. alginolyticus and R. sphaeroides encode two fliL gene copies.
However, each FliL functions separately in independent flagellar motor systems in these two
species (112, 155).
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The V. alginolyticus FliL structure has been determined (Figure 2.2B) (112) and was used to
generate a structural model of S. meliloti MotF using the SWISS-MODEL server. The V.
alginolyticus FliL segment encompassing amino acid residues 40 to 167 (PDB ID: 6AHQ) was
used to model MotF residues 38-140 (Figure 2.2C). Although low QMEAN (-4.64), GMQE
(0.28), and QMEANDIsCo (0.45 + 0.08) scores suggested an overall low confidence, the
homology model supports a possible evolutionary link between MotF and FliL. These data

indicate that MotF is a highly divergent FliL paralog in S. meliloti and related bacteria.

The fliL deletion mutant is nonmotile and exhibits reduced flagellation and flaA gene
transcription

The evolutionary relatedness of MotF and FliL led us to an initial motility assessment of an in-
frame fliL deletion mutant. The AfliL strain is nonmotile on soft agar swim plates (Figure 2.3A)
and appeared similarly nonmotile when observed by phase contrast microscopy. We used
immunoblot analysis to compare flagellin levels in the AfliL strain with wild type, the AmotF
strain and a AflaA strain, which has previously been shown to exhibit reduced flagellation
(Figure 2.3B) (176). The AfliL strain exhibited substantially reduced flagellin levels comparable
to the AflaA strain. Additionally, while the wild type and the AmotF strain were similarly
flagellated as determined by transmission electron microscopy, the AfliL strain was mostly
aflagellate (Figure 2.3C).

To determine whether the loss of FliL causes a dysregulation of flaA transcription, we
investigated PflaA activity in the AfliL strain (Figure 2.3D). Transcription of flaA was about 50%
reduced compared to wild type or the motF deletion strain, which both exhibit normal
flagellation. Furthermore, the reduction of PflaA was greater than that of the AfliM strain, which
served as a measure for low PflaA activity due to feedback inhibition by accumulation of
intracellular flagellin (58). In conclusion, the presence of FliL is required for wild-type PflaA
gene transcription and production of flagellar filaments, whereas MotF appears more strictly

linked to flagellar motor function.

MotF protein architecture resembles that of FliL
All known FIliL proteins have a short (comprised of less than 15 aa) N-terminal region in the

cytoplasm and a single transmembrane domain, with the remainder of the protein residing in the
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periplasm. Bioinformatics analysis of S. meliloti FliL using the TMHMM server for
transmembrane domain prediction were in good agreement with this protein organization: aa 1-
12 were predicted to be localized in the cytoplasm, aa 13-35 to form a transmembrane helix, and
aa 36-163 to be localized in the periplasm (Fig. 2A) (112, 113, 174). A domain prediction for S.
meliloti MotF by TMHMM vyielded similar results (174). In contrast, consensus predictions by
programs such as SignalP 5.0 suggested that the hydrophobic N-terminal region in MotF serves
as a signal peptide with a canonical AXA signal peptidase | cleavage site after aa 28 for secretion
of the protein into the periplasm (Figure 2.2A, 2.4A). If MotF (20.5 kDa) is translated as a pre-
protein, the cleavage by a signal peptidase would yield a mature MotF (MotF") of 17.5 kDa. To
investigate the size of MotF and to gain insight into its subcellular location, a series of
biochemical analyses were performed. Immunoblot analysis of S. meliloti wild-type cell lysates
detected MotF at the full-length size of 20.5 kDa compared to purified recombinant MotF™ at
17.5 kDa indicating that MotF is not being cleaved (Figure 2.4A). To confirm that MotF is
localized to the membrane via its N-terminal transmembrane domain, we performed cell
fractionation experiments and probed for MotF in the soluble and membrane fractions (Figure
2.4B). The majority of MotF was detected in the membrane fraction. The small amount of MotF
in the cytoplasm likely stems from translated protein that has yet to be inserted into the

membrane.

Next, we sought to determine the orientation of the MotF transmembrane domain by employing
the dual reporter plasmid system pKTop (177, 178). The pKTop system drives production of a
fusion protein comprised of a protein of interest translationally fused at the C-terminus to the E.
coli alkaline phosphatase (AP, encoded by phoA) and the alpha subunit of B-galactosidase
(encoded by lacZa), which are only active in the periplasm and cytoplasm, respectively.
Periplasmic AP converts the substrate X-Pho to an insoluble blue precipitate while cytoplasmic
LacZa converts a substrate Red-Gal to an insoluble red precipitate. Control plasmids include the
unmodified pKTop plasmid, which produces a AP-LacZa fusion protein that remains in the
cytoplasm, and a periplasmic control plasmid encoding the first outward-facing transmembrane
domain of E. coli YmgF (YmgFi39) fused to AP-LacZo (177, 178). When we introduced a
pKTop derivative harboring the full-length motF coding sequence into E. coli DH5a and plated
transformants on LB agar supplemented with X-Pho, we observed blue coloration comparable to

a periplasmic control strain indicating that the C-terminus of MotF is located in the periplasm
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(Figure 2.4C). To confirm that the MotF transmembrane domain alone is sufficient to place
PhoA-LacZa in the periplasm, we introduced the corresponding MotF coding region (aa 1-28)
into pKTop. Transformants harboring this construct also produced a blue coloration. Altogether,
these data demonstrate that MotF contains an N-terminal transmembrane domain and that the

majority of the protein is located in the periplasm similar to FIiL homologs characterized to date.

The MotF interactome resembles the FIliL interactome

FliL from S. enterica and V. alginolyticus have been reported to exhibit self-interaction, as well
as interactions with the MS ring component FliF and the stator proteins MotA and MotB (112,
113). To determine how S. meliloti FliL and MotF compare in their respective interactomes to
FliLs from other species, we performed bacterial two-hybrid (BACTH) analyses for FliL and
MotF with various basal body and stator components using MacConkey plates and quantitative
colorimetric [-galactosidase assays. We transformed E. coli BTH101 AflhC with pKT25 and
pUT18C derivatives to avoid interference from the host flagellar machinery (113). Similar to
previous reports with other FliLs, we determined that S. meliloti FIiL interacts strongly with
itself and moderately with both stator components MotA and MotB (Figure 2.5A and B). The
BACTH data suggested that FliL interacts with FIiF but not FliG while the B-galactosidase data
showed the opposite. However, it should be noted that Partridge et al. also reported weak and
inconsistent interactions between FliL and both basal body components (113). Intriguingly, FliL
interacted strongly with MotF. When we performed the BACTH experiments with MotF and the
various basal body and stator components, we found similar interaction as described above for
FIiL. MotF interacted strongly with itself and FliL, moderately with MotA, and weakly with
MotB and possibly FliF, but not with FIiG (Figure 2.5C and D). Control experiments with
protein pairs such as MotA/MotA and MotA/MotB yielded the expected positive interactions
(Table S2.2). However, interactions could not be detected between other known interacting pairs
such as MotA/FliG and FliF/FIiG, perhaps due to limitations of expressing functional and/or
stable FliF and FliG proteins in the heterologous E. coli host. Altogether, these results
demonstrate that S. meliloti FliL and its paralog MotF form homooligomers, interact with each
other, and interact with both stator components.

To provide additional evidence of MotF interaction partners, we performed immobilized metal

affinity chromatography (IMAC) pull-down assays. Candidate interaction partners, each fused
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N-terminally to a 6xHis tag, were used as bait, coexpressed with MotF as prey, pulled down via
IMAC, and assayed using anti-MotF antiserum. We also included MotC in this experiment,
which is an alphaproteobacteria-specific protein that is required for flagellar motor function in S.
meliloti (135). The cytoplasmic chemotaxis protein CheR was employed as a negative control.
As seen in Figure 2.6, MotF could be detected robustly in pull-down fractions with 6xHis-FIliL
and 6xHis-MotA, weakly with 6xHis-MotC, and very weakly with 6xHis-MotB, but not with, -
FliF, -FliG, or -CheR. Importantly, we were able to detect all our bait proteins with an anti-His-
antibody in corresponding soluble and pull-down fractions except for FliF, presumably due to
solubilization issues (data not shown). Altogether, these data further indicate that MotF and FliL
interact with each other and that MotF interacts with MotA, MotB, and MotC.

The periplasmic domain of MotF forms multimers and interacts with MotC and the
periplasmic domain of MotB

We next tested whether the periplasmic region of MotF (MotF*) alone can interact with the
periplasmic regions of MotB (MotB*) and FliL (FliL*), and with MotC by BACTH analysis and
in vitro crosslinking with purified proteins. The BACTH assay detected self-interactions for
MotF*, MotB*, and FliL* but not between different proteins (Table S2.3). It is conceivable to
speculate that the conditions in the cytosolic environment were unsupportive of these protein-
protein interactions. However, using in vitro crosslinking of purified proteins with
glutaraldehyde, we detected interactions of MotF* with MotB* (Figure 2.7B) and with MotC
(Figure 2.7C) but not with FliL* (Figure 2.7A). MotF* was detected as a monomer at ~18 kDa
without crosslinker or as a monomer, homodimer (~36 kDa), and homotrimer (~54 kDa) when
glutaraldehyde was present in the reaction mixture. In addition to these signals, we discovered
high molecular weight complexes of 75-250 kDa in cross-linking reactions with MotF* and
MotB* or MotC suggesting that they associate with and promote higher-degree MotF*
oligomerization. Taken together, we infer that the periplasmic domain of MotF is sufficient for
the formation of homo-oligomers and to interact with MotB and MotC, but that MotF and FliL

might associate via their transmembrane domains.

MotF and FIiL stabilize each other
We have shown that MotF and FIliL interact with each other as well as with the stator

components MotA and MotB. Thus, we asked whether FliL and the Mot proteins promote
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stability of one another (179). To investigate this possibility, we first compared cellular levels of
MotF in mutants lacking individual mot genes or fliL. As presented in Figure 2.8A, MotF levels
in the AmotA, AmotB, and AmotC strains are comparable to those in wild type and in the control
strain AcheY1 implying that individual Mot proteins are not required for MotF stability. In
contrast, MotF levels were reduced in the AfliL strain suggesting that MotF requires FliL for
stability (Figure 2.8A). We also investigated whether MotB, MotC, or FliL require MotF for
normal cellular abundance (Figure 2.8B-D). While MotB and MotC levels in the AmotF strain
were comparable to wild type, FliL levels were strongly reduced in the absence of MotF.
Altogether, these results imply that the interaction between MotF and FliL promotes their

stability and integration into the S. meliloti flagellar motor.

The motF and fliL deletion strains exhibit severely impaired but distinct motility
phenotypes

An initial test of the motF and fliL deletion strains showed that neither mutant is able to spread
on soft agar plates (Figure 2.1B, Figure S2.3, and Figure 2.3A). However, a quantitative analysis
indicated that AmotF produces swim rings that are slightly larger than those formed by AfliL
(Figure S2.5). To thoroughly assess swimming motility behavior, we determined percentages of
motile cells and free-swimming velocities of bacteria by phase contrast microscopy and
computerized motion analysis using TumbleScore (180). The percentage of free-swimming
AmotF cells was reduced by nearly 20-fold to 2.1 + 0.5% compared to 36.0 + 8.2% for the wild-
type population (Figure 2.9A and Table 2.2). For the small motile population of AmotF cells,
average swimming velocities were 10.9 + 0.6 um/s, which was about 70% lower than that of the
wild type (37.7 = 1.7 um/s). Thus, the swimming defect exhibited by the AmotF strain is due to a
substantial reduction of the motile population and severely reduced swimming velocity. The
AfliL strain was nonmotile, with the exception of an extremely low number of cells (<1%) that

exhibited stationary rotational movement.

The decreased swimming capacity exhibited by AmotF could be caused by reduced flagellar
motor rotation or the inability to form a propulsive bundle due to asynchronized rotation of
flagellar motors along the cell. If the swimming defects are caused by asynchronized rotation of
the motors, we would expect to observe similar motor rotation rates for this mutant compared to

wild type. In contrast, if motors are generally defective in their rotation, then we would expect an
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overall decreased prevalence of rotating motors as well as diminished rotation rates. To
distinguish between these possibilities, we performed cell tethering assays and analyzed motor
behavior (Figure 2.9). Rotation rates of wild-type motors averaged approximately at 12.5 Hz, as
previously documented (181), with maximal rotation rates of up to 28 Hz (Figure 2.9B). In
contrast, motor rotation rates of AmotF averaged at 0.8 Hz and reached a maximum rotation rate
of 7.5 Hz, clearly indicating an overall diminished functional capacity. Further exemplifying this
point, a representative graph depicting activity of an individual wild-type motor over a 60-second
time period revealed high overall rotation rates with brief fluctuations above and below the
average of about 12 Hz (representative image shown in Figure 2.9C). The AmotF mutant
consistently exhibited low level rotation rates around 1 Hz with brief pulses of rotation above the
average rotation rate interspersed between periods of no or low activity (Figure 2.9C).
Additionally, the number of rotating AmotF bacterial cells was substantially reduced compared
to wild type. These data demonstrate that the swimming defect exhibited by the motF deletion
strain is caused by an inability to induce consistent motor rotation. Since a very small population
of AfliL cells exhibited stationary motion, we also quantified motor rotation of this mutant in the
tethered cell assay. The percentage of rotating AfliL bacteria was far smaller than for the already
severely defective AmotF strain but with similar average and maximum rotation rates (Figure
2.9B). In conclusion, the absence of MotF, and to an even greater degree of FliL, severely
reduces the number of flagellar motors engaged in rotation. However, once motors are engaged,
both deletion strains exhibit comparably abysmal rotation rates.

Mutations in the stator genes motA and motB restore motility to the motF but not the fliL
deletion strain

To further investigate the mechanism by which MotF and FliL contribute to flagellar motility,
we imposed selective pressure to produce second-site suppressor mutations in both deletion
mutant backgrounds by extended incubation on soft agar swim plates. Under the conditions of
this assay, motile bacteria exhibit a fitness advantage by swimming outward from the inoculum
towards regions with higher levels of nutrients. Despite several attempts, we were unable to
obtain AfliL suppressor mutants. However, we independently isolated five AmotF suppressor
mutants and found via whole-genome sequencing that all five strains contained single mutations
in coding regions of motA corresponding to amino acid substitution G136S in the cytoplasmic

loop connecting TM 2 and 3 (two of five mutants) or Y248H in the C-terminal, cytoplasmic tail
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region (three of five mutants) (Figure 2.10A). We then performed targeted mutagenesis to
generate the corresponding motA variants in wild type, AmotF, and AfliL background strains and
performed quantitative swim ring analyses. As was reported for the original suppressor mutants,
the AmotF motAci3ss and AmotF motAyz4en double mutant strains exhibited partially restored
swimming on soft agar with an average swim ring diameter of about 20-25% of wild type
(compared to about 5% for the AmotF mutant; Figure 2.11A). The percentage of motile AmotF
motAc13ss and AmotF motAyza4sn mutant cells was twice that of the AmotF parental strain (from
2.1 + 0.5% to 3.5 + 1.8 and 5.5 £ 2.5, respectively), and the average swimming velocity was
marginally improved (Table 2.2). Furthermore, both mutants exhibited increased average
rotational velocity in tethered cell experiments compared to the wild type (Figure 2.12A).
However, neither of the motA second-site mutations conferred motility to the AfliL parental strain
on swim plates or in motility medium (Figure 2.11A and Table 2.2). Finally, the respective motA
point mutations in the wild-type background elicited no effect on motility (Figure 2.11A, Table
2.2, and Figure 2.12A).

It has been previously reported that point mutations in the plug region of MotB can partially
restore motility of AfliL strains in R. sphaeroides and S. typhimurium, namely F63L and A67D/E,
and L56A and AG60E, respectively. A multiple sequence alignment using T-Coffee identified
equivalent residues in S. meliloti MotB as K60 and A64 (Figure 2.10B). Thus, we created
similarly disruptive mutations by introducing either a neutralizing (K60A) or a negatively
charged (A64E) residue in wild-type, AmotF, and AfliL backgrounds. Additionally, we asked
whether removal of the entire MotB plug region (corresponding to residues 58-69) would
influence motility. All three strains with mutations in the plug region, specifically motBkeoa,
motBasae, and motBapiug, referred to here as motBpiyg mutants, restored the motility of AmotF on
swim plates to about 20% of wild type, similar to the motA second-site mutants (Figure 2.11B).
The percentage of motile cells (5%) and average swimming speed (13.9 mm/s) was similarly
improved for AmotF motBkeoa (Table 2.2). The introduction of motBaese and motBapig into
AmotF resulted in an even greater enhancement of the percentage of motile cells (~10%) and
swimming velocity of the motile population (~17 pm/s). All three second-site mutations in the
AmotF background caused improved tethered cell rotation rates compared to the AmotF parent
strain (Figure 2.12B). Introduction of motBapie resulted in the greatest improvement with an

average rotation rate of 4.1 Hz. In contrast, motB plug mutations in the AfliL background did not
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permit swimming on soft agar plates. The AfliL motBasse and AfliL motBape mutants exhibited a
very small degree of swimming ability (<0.5% motile and swimming velocities of <9 um/s),
albeit still inferior to the AmotF mutant. It should be noted that the introduction of the motBapiug
mutation in the wild-type background reduced motility in all assays (Figure 2.10, Figure 2.11,
and Table 2.2). Altogether, these data suggest that mutations that disrupt the MotB proton
channel plug can partially bypass the requirement for MotF in flagellar motor function but not

for FIliL, and by extension that MotF is required for proton plug modulation.

DISCUSSION

MotF and FIliL: paralogous proteins required to drive the flagellar motor

In this work, we provide the first report of a novel FliL paralog, MotF, operating in conjunction
with FIliL to drive motor rotation. Our motility analyses demonstrate that MotF and FliL are both
essential to support flagellar motor function in S. meliloti. The presence of two fliL copies has
been described for bacterial species that employ more than one type of flagellar system, such as
V. alginolyticus, Bradyrhizobium diazoefficiens, and Shewanella putrefaciens (110, 154, 155).
However, in all of these cases, the two FliL paralogs are part of separate flagellar systems,
specifically a lateral multi-flagellar system or a single (sub)polar flagellum. In contrast, S.
meliloti is only known to possess one flagellar system, and thus we explored the specific roles of
the two FIliL paralogs employed within their peritrichous flagella. Our combined experimental
evidence suggests co-dependence of MotF and FliL and closely linked functions: 1) MotF and
FIiL levels are reduced in deletion mutants of fliL and motF, respectively; 2) both proteins
interact with each other in BACTH and pull-down assays; and 3) strains lacking motF or fliL

exhibit severe flagellar motor impairment.

Roles of MotF and FIiL in flagellation

While the AmotF mutant retained flagella at wild-type levels and quality, transmission electron
microscopCy analysis showed that the AfliL mutant was mostly aflagellate, and transcriptional
and immunoblot analyses revealed reduced flagellin production. The inability to produce
functional filaments negatively regulates the promoter activity of the principal flagellin gene flaA
in a feedback mechanism (176). We can only speculate how FliL contributes to production
and/or stabilization of S. meliloti flagellar filaments. Reduced flagellation in the absence of fliL

has been reported previously in Pseudomonas putida (165) and Silicibacter sp. strain TM1040
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(162). A Salmonella fliL mutant exhibits a rod-breakage phenotype under swarming conditions
implying a role for FIliL in rod stability under high load (113, 163). Although this was not the
main focus of the current work, it would be interesting to determine whether S. meliloti FIiL is
involved in anchoring the flagellum in the cell wall by stabilizing the rod.

In contrast to Salmonella and E. coli, the lack of fliL in P. mirabilis caused a more pronounced
swimming defect, and swarming was only affected in a temperature-dependent manner (175).
Additionally, while P. mirabilis wild-type cells require 1.5% agar for swarmer differentiation,
AfliL mutant cells also swarm on 0.9% agar, suggesting a role of FliL in surface sensing-
dependent differentiation (175). Thus, FIiL in P. mirabilis is not a rod-reinforcement module as
seen in swarming Salmonella. To add to the variable function of FliL, cells of C. crescentus
(108), R. sphaeroides (111), as well as swimming Salmonella (163) exhibit normal flagellation in
the absence of fliL. Thus, S. meliloti MotF would be appropriately placed in the FliL-class
described above. Another phenotype has been observed in B. burgdorferi, in which the lack of
FIiL caused a decrease in swimming velocity due to misorientation of 50% of its internal flagella
(161). In summary, while FliL proteins in various bacterial species exhibit some unifying
characteristics as they are linked to flagellar motor performance, their functions are numerous

and appear to be largely species-specific.

Importance of MotF and FliL in torque generation and MotB plug function

The motF and fliL deletion strains both exhibited very poor motor performance in tethered cell
experiments. However, it was much more difficult to find examples of rotating AfliL cells, an
observation which may be explained by strongly diminished flagellation and/or further
impairment of motor function. In accordance with these observations, the AfliL mutant was
completely nonmotile and less than 1% of cells were found to twirl in place. Although AmotF
cells were mostly nonmotile, about 2% of bacteria (compared to 36% motile for the wild type)

retained some degree of slow and jerking swimming motility.

We isolated suppressor mutants with partially restored swimming ability after extended
incubation of the AmotF strain on soft agar. The two unique SNPs in motA, motAcisss and
motAv24gH, When introduced into S. meliloti wild type, had little effect on motility, but improved

overall swimming population, swimming velocity, and tethered cell rotation rates of the AmotF
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strain. The same mutations were unable to restore motility of the AfliL strain, which is supporting
evidence for distinct functions of MotF and FliL. Intriguingly and despite multiple attempts, we
have not been able to obtain suppressor mutants for the AfliL strain, suggesting that S. meliloti

FIliL is indispensable for flagellar function and swimming motility.

Specific second-site mutations in the MotB plug region restore motility defects in R. sphaeroides
(111) and S. enterica (113) AfliL mutants. Thus, we tested whether comparable mutations in S.
meliloti MotBpiug would similarly improve the fliL or motF deletion phenotypes. We saw no such
restoration for the AfliL mutant, other than a minimal increase in the number of cells with
motility reminiscent of the AmotF mutant. However, disruption of the MotB proton channel plug
greatly improved the swimming and flagellar motor rotation defects of the AmotF mutant as did
deletion of the entire MotB plug. Motility phenotype restoration was comparable to that of the
motA second-site mutants suggesting that the latter modifications may distort the proton channel

sufficiently to mimic removal of the MotB plug region.

In addition to its role in MotBpug modulation, FliL has been linked to the
stomatin/prohibitin/flotillin/HfIK/C (SPFH) family of scaffolding proteins (112). In R.
sphaeroides and S. enterica, it was shown that FliL associates with basal body components (111,
113). Additionally, the localization of V. alginolyticus MotAB stator units at the basal body is
reduced in the absence of FliL (110). From these findings, coupled with our behavioral data, we
speculate that S. meliloti FIiL may serve as an essential primary scaffold at the flagellar basal
body, which stators may assemble onto and become stabilized. Then, MotF may assemble
around the stators to unlock the MotBpug from its inactive state within the periplasmic
crenelations of pentameric MotA and modulate the MotBpig region. This hypothesis is in line
with the observations that (1) FliL is essential, (2) the absence of MotF can be overcome by
removing the MotBpiug, and (3) removal of the MotBpiyg is equally detrimental as the loss of
MotF.

Partridge et al. proposed that FIiL may either increase stator occupancy or alternatively increase
the dwell time of stators at the motor (113). Based on the tethering results reported here, both
hypotheses are plausible for S. meliloti MotF and FliL. Clearly, MotF is directly and FIiL directly

or indirectly required for torque generation in S. meliloti as has been observed for FliL in other
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alphaproteobacteria including R. sphaeroides and C. crescentus and the lateral flagellar system
of B. diazoefficiens (108, 111, 155). Structural analyses have informed a model in which FliL
forms a partial ring, which serves as a scaffold awaiting incoming stators, before it oligomerizes
into a fully encapsulating ring structure. The FliL proteins in C. jejuni and B. burgdorferi readily
form such partial rings of 4-5 monomers (114, 149). We similarly observed dimers and trimers
of the periplasmic region of MotF in chemical crosslinking experiments. Additionally, the
periplasmic domain of MotB or MotC were found to promote further MotF oligomerization into
high molecular weight complexes reaching up to ~250 kDa, perhaps corresponding to a MotB*
or MotC dimer (~80 kDa) in complex with up to a decamer of MotF* (185 kDa). In contrast, the
periplasmic regions of MotF and FliL did not interact with each other implying that their

transmembrane domains (directly or indirectly) are mediating their association.

S. meliloti MotB contains one large (~90 aa residue) insertion in its periplasmic domain
compared to E. coli MotB indicating the existence of additional contacts with other components
of the S. meliloti flagellar motor. Some preliminary data point to an interaction of S. meliloti
MotB with the alphaproteobacteria-specific MotC protein. In addition, work presented here
demonstrate interactions between MotF and FliL with MotB and MotA and provided evidence
for a MotF/MotC interaction. We propose that MotF is the primary MotBpiyg modulator, while
FIiL and/or MotC engage with this additional MotB region.

Model and concluding remarks

Altogether, these data lead to a model where partial rings of S. meliloti FliL and MotF assemble
at the basal body prior to stator incorporation (Figure 2.13). As stators engage the basal
body/FliL/MotF complex, additional FliL and MotF proteins complete their rings to stabilize the
stators and modulate the MotB plug region. In the absence of either of these proteins, stator
assembly and torque generation are drastically reduced. For motors without the FliL scaffold,
stator assembly is nearly abolished, whereas motors lacking MotF can achieve stator
incorporation by FIliL, although the MotB plug remains primarily in the inactive state resulting in

slow or no motor rotation.

Why would S. meliloti employ two distinct proteins to do the job that one can accomplish in

other bacteria? This may be driven by the distinct motility behavior of this organism: S. meliloti
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employs unidirectional speed-variable motors whereas many other characterized bacteria use
variations on the reversible switch type-motor theme. S. meliloti is also capable of effectively
swimming in environments of higher viscosity, which is mediated by the screw-like surface
structure of its flagellar filaments (84, 87, 89). These adaptations may require additional motor
components, such as MotF and MotC. It would also be interesting to explore the architecture of
the S. meliloti flagellar motor in light of the intricacy and diversity of basal body structures from
distantly related organisms (65, 90, 97, 98, 112, 114, 121, 146, 147, 149, 182-184). It is
intriguing to speculate how exactly MotF and FIliL are arranged in the S. meliloti flagellar motor.
Do they form stacked or concentric rings around the stators? It also remains to be determined
how MotC fits into the structure and function of the S. meliloti flagellar motor. How is rotational
speed modulated and how is the motor locked into a clockwise rotation? These questions and
more will be the focus of future studies as we dissect the mechanisms driving the function of this

macromolecular marvel.

MATERIALS AND METHODS

Strains and plasmids

Derivatives of E. coli K-12, highly motile derivatives of S. meliloti MVII-1, and the plasmids
used in this study are described in Table S2.4.

Media and growth conditions

E. coli strains used for IMPACT protein purification, pull-down assays, or bacterial two-hybrid
(BACTH) analyses were grown in lysogeny broth (LB; (185)) at 37°C or 30°C with appropriate
antibiotics at the following concentrations: ampicillin (Ap) at 100 pg/ml and kanamycin (Km) at

50 pg/ml.

S. meliloti strains were routinely grown in tryptone-yeast extract-calcium chloride (TYC)
medium supplemented with streptomycin (Sm; 600 pug/ml) at 30°C (20). For motility assays,
stationary phase cultures were diluted to an ODeoo of 0.01 and grown for 24 h. Cultures were
diluted to an ODego of 0.004 in 10 ml Rhizobium basal medium (RB) [6.1 mM K2HPO4, 3.9 mM
KH2PO4, 1 mM MgSOas, 1 mM (NH4)2SO4, 0.1 mM CaClz, 0.1 mM NacCl, 0.01 mM Na2MoQsg,
0.001 mM FeSOg4, 20 mg/l biotin, and 100 mg/l thiamine] on Bromfield plates and grown at
30°C for 16 h to an ODeoo of 0.25 = 0.05 (Bromfield overlay plates) (20). Antibiotics for S.
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meliloti strains bearing plasmids were provided at the following concentrations: neomycin at

120 pg/ml and tetracycline at 10 mg/ml.

Swim plate assays

Swim plates (0.3% agar) containing Bromfield medium (0.04% Bacto tryptone, 0.01% yeast
extract, 0.01% CaCl, 0.3% agar) were inoculated with 3 pl of stationary-phase cultures and
incubated for 3-5 days at 30°C.

Cell fractionation

Bacterial cells from 20 Bromfield overlay plates were harvested by centrifugation at 5,000 x g
for 10 min at 4°C. Samples were kept on ice/at 4°C for the remainder of the experiment. Bacteria
were suspended in C-buffer (10 mM MgCl,, 50 pg/ml DNase A, 50 pg/ml RNase I, 20 mM
Tris/HCI, pH 8.0) and lysed by three passages through a mini-French pressure cell at 14,000
Ib/in? (SLM Aminco, Silver Spring, MD). Unlysed cells were removed by centrifugation for 5
min at 15,000 x g and the supernatants were recovered. Membranes were pelleted at 160,000 x g
for 90 min at 4°C, and the supernatants retained as soluble fractions. Membranes were washed
once in C-buffer and suspended in Laemmli buffer. All samples were boiled for 10 min prior to
SDS-PAGE and immunoblotting.

Purification of recombinant proteins

Periplasmic domains of MotF (MotF*), MotB (MotB*), FliL (FliL*), and mature MotC (MotC¥*)
were expressed from pBS357, pBS56, pBS1286, and pBS54, respectively, in E. coli ER2566
(Table 2.4) using the Intein-Mediated Purification with an Affinity Chitin-binding Tag
(IMPACT™) method as described previously (186). Briefly, cells were grown to an ODeoo 0f 0.5
to 0.7 at 37°C in LB broth and expression was induced by the addition of 0.3 mM isopropy! B-D-
1-thiogalactopyranoside (IPTG) and incubation overnight at 16°C. Cells were harvested at
16,000 x g for 10 min at 4°C, suspended in IMPACT buffer (20mM Tris-HCI, 500mM NacCl,
1mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF), pH 8.0) and lysed by three passages
through a French pressure cell at 14,000 Ib/in?. Cell debris was removed by centrifugation at
56,000 x g for 90 min at 4°C and the soluble fraction was loaded onto a gravity flow column
containing a 25-ml bed of chitin-agarose that was pre-equilibrated with IMPACT buffer.
Cleavage was performed by addition of IMPACT buffer supplemented with 50 mM dithiothreitol
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and continued incubation at 4°C for 40 h, and cleaved proteins were eluted with IMPACT buffer.
Proteins were concentrated in an Amicon ultrafiltration apparatus with a regenerated 10 kDa
MWCO cellulose membrane and further purified by fast performance liquid chromatography at 1
ml/min using a HiPrep 26/60 Sephacryl S-200 HR column (Cytiva) equilibrated in crosslinking
buffer (150 mM NaCl, 20 mM sodium phosphate, 5% (w/v) glycerol, pH 8.0). Fractions
containing target proteins were concentrated as described above and protein concentrations

determined by the Bradford protein assay (Bio-Rad) prior to use in crosslinking experiments.

In-vitro crosslinking experiments

Purified proteins at a concentration of 10 uM were incubated in crosslinking buffer (150 mM
NaCl, 20 mM sodium phosphate, 5% (w/v) glycerol, pH 8.0) in the presence or absence of 10
mM glutaraldehyde for 1 h prior to quenching with an equal volume of Laemmli buffer. Reaction
mixtures were boiled at 100°C for 10 min and analyzed by immunoblotting.

SDS-PAGE and immunoblotting

When necessary, polyclonal antibodies were affinity-purified as described previously (176).
One-ml culture aliquots grown in Bromfield overlay plates were pelleted at 15,000 x g and all
but ~15 pl of the supernatants removed. Cells were suspended in the remaining supernatant and
15 ul Laemmli buffer was added prior to boiling for 10 min. For S. meliloti flagellin
immunoblots, 15 pl of cell culture were mixed with 15 pl of Laemmli buffer and boiled for 10
min. All samples were stored frozen at -20°C until further processing. Immunoblot analysis was
performed essentially as described previously (187) except that four washes were used after each
antibody incubation. Primary antibodies were used in blocking buffer (PBS supplemented with
5% (w/v) skim milk) at the following concentrations: polyclonal rabbit anti-flagellin, -MotF, -
FIiL crude sera were used at 1:10,000; affinity-purified anti-MotB, -MotC, -MotE, and -CheR
antibodies were used at 1:100, 1:67, 1:200, and 1:1,000, respectively, and monoclonal mouse
anti-6x-His antibody (Santa Cruz Biotech, Santa Cruz CA) was used at 1:50. Donkey anti-rabbit
HRP secondary antibody (NA-934, Cytiva) was used at 1:10,000 and anti-mouse HRP (NXA-
931, Cytiva) was used at 1:1,000.
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Bacterial two-hybrid analysis

Triplicate LB-Ap-Km cultures were prepared from single colonies in LB broth and grown
overnight at 30°C. Four microliters of stationary-phase cultures were spot-inoculated on
MacConkey/lactose agar (Difco) plates supplemented with ampicillin and kanamycin (188).
Positive interactions were identified as colonies yielding red color after a 48-h incubation period

at 30°C. Representative results from three independent experiments were reported.

Membrane topology reporter assay

MotF topology was investigated using a transcriptional fusion of phoA and lacZa to the 3” end of
motF or the 3’ end of the MotF transmembrane domain-encoding region in the reporter plasmid
pKTop (177, 178). E. coli DH5a was transformed with the resulting plasmids, pBS1319 and
pBS1320, and single colonies were streaked on LB agar plates supplemented with 1 mM IPTG
and 80 pg/ml 5-chloro-4-bromo-3-indolyl phosphate (X-Phos) (RPI, Mt Prospect, IL, USA ) and
incubated overnight at 30°C. Strains harboring pKTop or pKTop encoding a C-terminal fusion of
the first 39 amino acids of YmgF (178) served as negative and positive control for cytoplasmic

or periplasmic localization, respectively.

B-galactosidase assays

Stationary cultures of co-transformed E. coli BTH101 AfIhC strains were diluted 1:100 in LB
broth and grown to an ODego of 1.6 £ 0.2. An appropriate amount of culture was collected and
stored at -20°C. Z-buffer (60 mM NaxHPOs4, 40 mM NaH2PO4, 10 mM KCI, 1 mM MgSOs, 50
mM B-mercaptoethanol, pH 7.0) was added to obtain a final volume of 1 ml prior to addition of
30 pl chloroform and 30 pl of 0.1% SDS. Samples were vortexed vigorously for 10 sec and
incubated for five min at 28°C. Two hundred microliters of 4 mg/ml O-nitrophenyl-f-D-
galactoside (ONPG) was added, reactions were continued until a faint yellow appearance was
observed and stopped by addition of 500 pul 1 M Na>COs. Samples were centrifuged at 21,000 x
g for two min and the absorbance at 420 nm of the supernatants was recorded. Relative -
galactosidase activity was expressed in Miller units and determined using the formula:
(1000)*(As20)/(At*v*ODsoo), where At is the reaction duration and v is the culture volume in
milliliters in the reaction. Reported values are the averages and standard deviations of three

experiments each performed in triplicate. Cultures of S. meliloti containing pflaA-lacZ fusions
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were sampled, diluted 1:1 in Z buffer (189), permeabilized with 30 pl chloroform and 30 pl

0.1% SDS, and assayed for B-galactosidase activity as described above.

Pull-down assays

Overnight cultures of E. coli BL21 (DE3) with pETDuet-1 derivatives (Table S2.4) were diluted
1:1,000 in LB broth and grown at 37°C to an ODeoo 0f 0.5 to 0.7 prior to induction with 0.3 mM
IPTG for four h at 25°C. Aliquots of 70 ml were harvested by centrifugation at 16,000 x g for 5
min at 4°C and stored at -20°C. Cell pellets were thawed and suspended in 2 ml Ni-NTA
MagBeads prewashed with binding buffer (20 mM sodium phosphate, 500 mM NaCl, 20 mM
imidazole, 0.4% CHAPS (3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate), 1
mM PMSF, 1 mg/ml lysozyme, and 5 pg/ml DNase | pH 7.4) . Cells were incubated on a
rotisserie incubator for 1 h at 4°C and lysed by two passages through a mini-French pressure cell
at 14,000 Ib/in? (SLM Aminco, Silver Spring, MD). Unlysed cells and insoluble debris were
removed by centrifugation at 16,000 x g for 45 min at 4°C. PureCube Ni-NTA MagBeads (Cube
Biotech, Monheim am Rhein, Germany) were prepared by washing 20 pl resin slurry thrice with
1 ml binding buffer. Soluble fractions were mixed with the washed resin and incubated on a
rotisserie incubator for 1 h at 4°C. The unbound fraction was removed and the resin washed four
times each with 200 pl binding buffer without CHAPS. Bound proteins were eluted twice by
addition of 50 pl elution buffer (20 mM sodium phosphate, 500 mM NaCl, 500 mM imidazole,
pH 7.4). Samples of the soluble fraction (200 ng of total protein) and elution fraction (25 ng of
total protein) were analyzed by immunoblotting as described above.

Computerized swimming and cell tethering analysis

Bacteria were grown on Bromfield overlay plates to an ODeoo of 0.25 £ 0.05, harvested by
centrifugation at 4,000 x g for 8 min at room temperature, and suspended in overlay broth that
was prepared by incubating Bromfield plates with a 10-ml layer of RB at 30°C for 16 h and
passing the supernatant through a 0.22 mm PES filter. To assess the percentage of motile cells
and determine swimming velocities, bacteria were adjusted to an ODsoo 0of 0.05 and analyzed by
phase contrast microscopy using a Nikon Eclipse E600 microscope with a 40x objective and a
custom Nikon CMOS camera from The Imaging Source (Charlotte, NC, USA). Five-second
videos were analyzed using the TumbleScore program to quantify swimming velocities (180).

For quantification of percent motile bacteria, the videos were shortened to two seconds, and the
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number of motile bacteria was determined. The two-second videos were reanalyzed with the
“stuck distance” setting — corresponding to the distance a bacterium must move in a trajectory to
be considered not stuck — was reduced to zero and the number of bacteria in the video was
counted. The percentage of motile bacteria was calculated by dividing the number of motile
bacteria by total bacteria in the two-second videos. For tethering analyses, chloramphenicol (Cp)
was added at a final concentration of 30 pug/ml to 2 ml of cell suspension standardized to an
ODesoo of 0.20 and incubated at room temperature for 20 min. Flagella were sheared by 15
passages through syringes equipped with 26-gauge beveled needles attached by plastic tubing.
Cells were pelleted by centrifugation at 3,000 x g for 6 min at room temperature and washed in
one ml of overlay broth supplemented with Cp to remove sheared flagella. Cells were suspended
in 500 pl overlay broth with Cp and tethering to glass coverslips was achieved by incubating 10
pl of cell suspension with 10 pl anti-flagellin antibody (176) diluted 1:1,000 in overlay broth
with Cp for 30 min at room temperature. Coverslips were inverted and fixed to glass slides with
three layers of tape on either side and thin strips of Apeizon M grease. Unattached cells were
removed by several washes of 100 pl overlay broth with Cp through the channel between the
slide-tape-coverslip assembly and visualized under a 100x objective lens using a Nikon Eclipse
microscope equipped with a custom Nikon CMOS camera. Tethered cell rotation rates were

quantified using custom scripts written in MATLAB.

Transmission electron microscopy

Motile cells (30 ml) were harvested at an ODesoo Of 0.25 + 0.05 by centrifugation over
Fluorolube® at 7,000 x g for 10 min at room temperature. The supernatant was removed and cells
washed twice with 15 ml overlay broth over Fluorolube®. The majority of the supernatant was
removed and the concentrated layer of cells (~1000 pl) on top of the Fluorolube® layer was
collected. A sample was observed by phase contrast microscopy to ensure motility. Cells were
fixed through the addition 4% glutaraldehyde (diluted from a 50% stock solution in overlay
broth) to a final concentration of 2% and stored at 4°C until further processing. Cells were
stained for two min in 1% uranyl acetate and fixed to a 200-mesh copper grid (Electron
Microscopy Sciences, Hatfield, PA, USA), visualized using a JEM-1400 JEOL transmission
electron microscopy equipped with a W filament at 80 kV, and imaged with a Gatan Orius
SC100 CCD Camera (Gatan, Pleasonton CA, USA).
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TABLES

TABLE 2.1 Predicted molecular weight and function of newly discovered motility genes.

Protein Molecular weight (kDa) Description

SMc03056 15.3 Hypothetical protein
SMc03071 19.5 FlgJn rod-binding protein
SMc03072 135 FIgN flagella synthesis protein
SMc03057F 20.5 FliL-like protein

T Renamed MotF.
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TABLE 2.2 Quantification of motile populations and swimming velocities of S. meliloti wild

type and mutant strains.

Strain Percent motile Swimming velocity (um/s)
WT 36.0+£8.2 371717
MotAci3ss 184+19 37.3+0.8
MOtAy248H 21.1+4.0 37.4+1.6
motBkeoa 25.0+8.9 36.3+0.7
motBasae 22.8+10.6 38.7+16
MOtBapiug 16.4+6.5 19.9+ 2.0
AmotF 21+05 10.9+0.6
AmotF motAgizes 3.5+1.8 13.1+04
AmotF motAvasgn 55125 124+13
AmotF motBkeoa  5.3+1.2 139+1.6
AmotF motBasse 9.3+ 3.8 16.7+1.1
AmotF motBapg  10.7£4.9 174+1.2
AL Nonmotile Nonmotile
AfliL motAc1ses Nonmotile Nonmotile
AfliL motAya4gH Nonmotile Nonmotile
AfliL motBkeoa Nonmotile Nonmotile
AfliL motBaese 0.2+0.2 88+14
AfliL motBapiug 04+0.2 7.7+1.9
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FIGURE 2.1 Identification of genes required for flagellar motility in S. meliloti. (a) Genomic
context of four uncharacterized motility genes located on the S. meliloti chromosome
downstream of fliR, the last gene in the flagellar regulon. The currently annotated flagellar genes
flhA and fliR are shown in dark grey, structural genes SMc03057, SMc03071 and SMc03072 are
shown in light grey, SMc03057 (renamed motF in this study) is shown in black, and a putative
glycosyltransferase gene, SMc03058, encoded on the (-) strand, is shown in white. (b) Swim ring
analysis of in-frame deletions of SMc03056 (A56), SMc03071 (A71), SMc03072 (A72), and
SMc03057 (A57) compared to wild type (WT). Stationary phase cultures (3 pl) of each strain
were transferred onto swim plates and incubated at 30°C for three days. (c) Anti-flagellin
immunoblot analysis of wild type, A56, A71, A72 and A57. A mutant lacking all four flagellin

genes (Afla) was used as a negative control.
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FIGURE 2.2 Comparison of MotF and FliL from different bacterial species. (a) Clustal Omega
multiple sequence alignment. The light grey bar indicates the N-terminal cytoplasmic domain
common to FliL but not MotF sequences, the black bar indicates the transmembrane domain, and
the dark grey line indicates the C-terminal extension found only in MotF. The black arrow
indicates the predicted signal peptide cleavage site in MotF, and the recognition site is

highlighted in green. (b) Ribbon structure of the FliL, ., crystal structure from V. alginolyticus
(PDB ID: 6AHQ). (c) Homology model of MotF,y 4, using V. alginolyticus FliL,, ., as a

template.
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FIGURE 2.3 Motility behavior and flagellation of the AfliL strain. (a) Swim ring analysis of
wild type, AfliL and AfliL complemented in trans. (b) Anti-flagellin immunoblot analysis of wild
type, AflaA-D, AflaA, AmotF, and AfliL cell cultures. (c) Transmission electron microscopy
(TEM) analysis of wild type (WT), AmotF, and AfliL grown in Bromfield overlay cultures.
Bacteria were fixed in 2% glutaraldehyde and stained with 1% uranyl acetate. (d) Activity of the
flaA promoter in wild type, AmotF, AfliL, and AfliM as negative control. Shown are the averages
and standard deviations of (3-galactosidase activity for three independent experiments with three
technical replicates each. Asterisks (*) indicate significant difference from the wild type
(p<0.02).
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FIGURE 2.4 Subcellular localization and topology of MotF. (a) anti-MotF immunoblot analysis
of wild type (WT) cell lysates compared to purified MotF lacking the predicted signal sequence
(MotF") in AmotF cell lysates. The topologies of the detected proteins are illustrated to the right.
(b) Immunoblot analysis of MotF (top panel) and CheY1 (bottom panel) in subcellular fractions.
The MotF and CheY1 bands are indicated by arrows. Lys, whole cell lysate; Sol, soluble
fraction; Mem, membrane fraction. (c) MotF topology analysis in an alkaline phosphatase (AP)
reporter assay. E. coli DH5a with pKTop expressing AP fusion proteins with full-length MotF
(1), the MotF transmembrane domain (2), unmodified AP (3), or the periplasmic control YmgFi-
39 (4) were incubated on LB agar plates supplemented with the chromogenic substrate X-Pho.

Blue color indicates periplasmic localization of the C-terminus of the expressed protein.
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FIGURE 2.5 Bacterial two-hybrid (BACTH) assays of FliL and MotF interactions with basal
body components. FliL and the indicated proteins were tested for interaction in E. coli BTH101
AfIhC cells on MacConkey/lactose plates at 30°C for 48 h (a) and by B-galactosidase assays (b);
MotF and the indicated proteins were tested for interaction in E. coli BTH101 AfIhC cells on
MacConkey/lactose plates at 30°C for 48 h (c) and by B-galactosidase assays (d). Interaction pair
labels correspond do proteins produced from pKT25 and pUT18C, respectively.
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FIGURE 2.6 Pull-down assays of MotF. Genes encoding putative MotF interaction partners
were cloned in MCS-1 of pETDuet-1 to yield proteins N-terminally fused with a 6x-his tag;
motF was cloned in MCS-2. Pull-down assays using IMAC were performed as described in
Materials and Methods. L, loaded fraction; P, pulled-down fraction.
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FIGURE 2.7 In vitro glutaraldehyde crosslinking assay of the purified periplasmic domain of
MotF (MotF*) with (a) the periplasmic domain of MotB (MotB*), (b) MotC, and (c) the
periplasmic domain of FliL (FliL*). Grey arrows mark different oligomeric states of MotF* and
black arrows mark the heterooligomers with MotF* and MotB* or MotC. Purified proteins at 1
MM were incubated in the presence or absence of 1 mM glutaraldehyde for 1 h at room

temperature prior to gel electrophoresis and immunoblot analysis with the anti-MotF antibody.
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FIGURE 2.8 Immunoblot analysis of cellular protein levels in wild type and deletion strains.
Levels of MotF in various deletion strains (a). Levels of MotB (b), MotC (c), and FliL (d) in

AmotF. Equal amounts of lysates from cells grown in Bromfield overlay cultures were analyzed

using polyclonal antibodies raised against the specified protein.
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FIGURE 2.9 Swimming and flagellar motor behavior of S. meliloti wild type, AmotF and AfliL

in the tethered-cell assay. (a) Swimming velocity and percentage of motile bacteria. (b) Average

rotation rates of single flagellar motors (n=100 for wild type and AmotF, and n=40 for AfliL).

Asterisks mark average rotation rates and boxes correspond to the interquartile ranges. (c) Traces

of representative rotation rates for each strain.
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FIGURE 2.10 Topology and sequence alignment of stator proteins. (a) Topology of MotA and
MotB marking the position of mutated residues. G, Gly136; Y, Tyr248; PBD, peptidoglycan
binding domain; ED, S. meliloti extra domain; Plug, MotB plug region (aa 58-69) (b) Multiple
sequence alignment of the N-terminal region of S. meliloti, R. sphaeroides, and S. typhimurium
MotB using the T-Coffee server (190). MotB TM domains are indicated by a black line and the

plug regions are bracketed. The position of mutated residues is labeled with the corresponding S.

meliloti MotB amino acid residue number.
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FIGURE 2.11 Swim ring analysis of AmotF and AfliL strains with second-site mutations in
motA (a) and motB (b). Horizontal black lines serve as reference of the AmotF swim ring

diameter. Data are averages and standard deviations for at least three independent experiments

with three technical replicates.
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FIGURE 2.12 Flagellar motor behavior of AmotF and AfliL strains with mutations in motA (a)
and motB (b) in the tethered-cell assay. Tethered cell rotation rates of wild type (WT) and mot
mutants (n=100 each for wild-type and AmotF background strains and n=40 for AfliL
background strains). Dots indicate average rotation rates and boxes correspond to the
interquartile ranges. Asterisks indicate significant difference of the means (P>0.02) from the
corresponding parental strain as determined by the Kruskal-Wallis and Dunn’s multiple

comparison post-hoc tests. NS, not significant.
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FIGURE 2.13 Model describing the roles of MotF and FliL and effects of their absence on
flagellar motility in S. meliloti. (a) In the wild type, stator units are recruited to basal bodies by
partial rings of FliL and MotF (top left panel), which recruit additional FliL and MotF proteins to
form a cage around the stators. MotF modulates the MotBpiug to promote motor rotation (top
right panel). (b) In the absence of MotF, stators are stabilized by FliL near the basal body but are
unable to release MotBypiug resulting in overall low torque generation. (c) In motors without FIiL,
stators associate with MotF but remain unable to securely integrate into the basal body leading to

low torque generation.
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ABSTRACT

Stabilization of the bacterial flagellar motor in the peptidoglycan sacculus is a critical
prerequisite for proper flagellar motor function in bacteria. Among the proteins with known roles
in peptidoglycan regulation that impact motility is the transcriptional regulator LdtR, a MarR-
type regulator known to regulate peptidoglycan synthesis genes in Sinorhizobium meliloti and
Liberibacter spp. Here, we report that the loss of LdtR nearly abolishes S. meliloti motility but
not production of flagella and that deletion of a previously uncharacterized gene in the flagellar
regulon, orf23, mostly restores the motility defect. Immunoblot analysis with protein-specific
antibodies revealed that LdtR does not regulate motility genes including orf23. Furthermore, the
osmotic stress defect of a AldtR mutant is not restored upon deletion of orf23. Intriguingly,
suppressor mutant and homology modeling analyses revealed that a mutation in motA causing a
G12S amino acid substitution at the periphery of MotAB stator units restores motility to the
AldtR strain similar to removal of Orf23. Our combined work suggests that Orf23 may serve an
accessory role to improve stator performance but is not critical for function. Furthermore, Orf23
may engage in peptidoglycan-dependent alignment of flagellar stators that becomes detrimental
when peptidoglycan crosslinking is disrupted.

INTRODUCTION

The bacterial flagellum is a highly complex rotary machine that requires the activity of about 50
different protein products for its regulation, synthesis, and function. (1). Each flagellum consists
of a staggering number of 20,000 proteins and thus the genes encoding these are tightly regulated
in a hierarchical fashion (2). In the soil bacterium Sinorhizobium meliloti the regulation of
motility genes occurs in a three-tiered system. At the apex of the motility regulatory cascade are
the class IA genes, visN and visR, which encode the LuxR-type global transcriptional regulators,
VisNR, named for being vital for swimming (3). VisNR are produced throughout the growth
phases but only activate the class IB gene, rem, during exponential growth (3, 4). rem encodes
the regulator of exponential growth motility (Rem), an OmpR-like master regulator that directly
influences its own transcription in addition to activating class 1A (flagellar basal body) and class
1B (motor) genes. Following proper assembly of the basal body, rod, and hook structures, class

[11 genes including those coding for flagellin and chemotaxis proteins are activated in a manner
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dependent on the uncharacterized protein Orf38, the flagellin regulator FIbT, and the flagellar C-
ring component FliM (4, 5).

Flagellum biosynthesis is initiated by construction of the flagellar type-three secretion system
(fFT3SS) and the MS-ring, which surrounds the secretion system in the inner membrane (6). The
fT3SS is a portal for secretion of the main axial components, namely the rod, hook, and filament
structures and associated adaptor proteins (6). The MS-ring serves as a scaffold onto which the
cytoplasmic C-ring assembles as well as an adapter for the transmission of torque from the C-
ring to the flagellar rod in the periplasm. The C-ring, comprised of FliG, FliM, and FIiN,
influences flagellar rotation in response to chemotactic signals (7, 8). The flagellar rod is built
atop the MS-ring and protrudes through the periplasm, peptidoglycan layer, and the outer
membrane. During rod formation, the peptidoglycan-associated P-ring component Flgl and
lipopolysaccharide-associated L-ring component FIgH are secreted through the SEC pathway
and assemble to form a fused bushing structure through which the rod rotates (9). The flexible
hook (FIgE) is produced next and serves as a universal joint to permit the smooth transmission of
rotary torque from the rod to the long (two to several micrometer) rigid flagellar filament as the

motor rotates (10).

Flagellar rotation is driven by the conversion of ion motive force into rotary motion by stator
units comprised of MotA and MotB for proton-driven stators or PomA and PomB for Na*-driven
stators (e.g. in Vibrio spp.), which are positioned as 11-18 studs in the inner membrane at the
periphery of the basal body (11-13). MotA consists of four transmembrane (TM) helices with a
large cytoplasmic domain between TM2 and TM3, and a cytoplasmic C-terminal domain distal
to TM4 (14). MotB consists of a short N-terminal stretch of amino acids in the cytoplasm
followed by a TM domain and a periplasmic domain comprised of a proton channel plug region,
a linker region, and a peptidoglycan-binding domain (15-17). Inactive stator complexes form in
the inner membrane as a MotA pentamer surrounding a dimer of MotB (11, 12, 18). Two proton
channels formed between the TM helices of MotA and MotB are maintained in an inactive state
by the MotB plug regions, which remain wedged within the crenelations formed between short
periplasmic sections of MotA (19). This arrangement prevents unnecessary proton flow until the
stators are activated by contact between MotA in free stators and the C-ring component FliG in

the cytoplasm. Upon stator-rotor contact, the periplasmic regions of the MotB dimer extend
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upward to secure interactions between their peptidoglycan-binding domains and the rigid
sacculus (15, 20-24). Consequently, the MotB proton plugs are released, the proton channels are
opened, and proton flow through the stator units drives rotation of the MotA ring around MotB
(11). This rotational energy is transmitted from MotA through interactions between MotA and
FIiG in the cytoplmasmic C-ring, which drives rotation of the entire basal body-hook-filament

superstructure.

Peptidoglycan remodeling is a critical process in flagellum biosynthesis (25). The rod, consisting
of proximal rod (FliE, FlgB, FIgC, and FlgF) and distal rod (FIgG) substructures, spans the
periplasm and must therefore pass through the peptidoglycan and outer membrane layers of the
cell envelope (6). As the average pore-size of the peptidoglycan meshwork is about 2-4 nm and
the rod diameter boasts about 10-20 nm, peptidoglycan remodeling is a necessary phase of rod
synthesis. In some bacteria including Escherichia coli and Salmonella enterica, peptidoglycan
deconstruction required for rod insertion is catalyzed by the rod-associated FlgJ hydrolase, which
caps the growing rod structure via its N-terminal rod-binding domain and contains a [-N-
acetylglucosaminidase domain in its C-terminal region (26). Interestingly, in Rhodobacter
sphaeroides, the functional components of FlgJ are accomplished by two separate proteins: a
FlgJn-like rod-binding protein and a lytic transglycosylase enzyme, SItF (25, 27). In S. meliloti,
Flgdn is encoded by SMc03071 and the peptidoglycan hydrolytic domain is predicted to be

encoded by SMc03045 (nttps:/iant.toulouse.inra.fribacteria/annotation/cgi/thime.cgi). ~ SPecific  peptidoglycan

architecture is required for stator association with the peptidoglycan (28), which serves as a
chassis within the cell envelope to stabilize the motor against the substantial forces required to
drive flagellar filament rotation. It has been proposed that proteins with an OmpA-like domain
such as MotB bind to the peptidoglycan by a flexible clamp, which allows for dynamic
associations of stators with the sacculus (29). Additionally, MotB has been shown to bind the

NAM component of peptidoglycan directly (24).

Here, we have determined that a transcriptional regulator of peptidoglycan-modification genes,
LdtR, is required for robust motility on soft agar swim plates. We found that spontaneous
suppressor mutations in the previously uncharacterized flagellar gene orf23 readily arise in the
AldtR background strain resulting in restored motility on soft agar swim plates from 25% to

about 75% of those produced by the wild type. The Aorf23 strain produces swim rings with a
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25%-reduced diameter compared to the wild type suggesting that the Aorf23 phenotype is
dominant over that of the AldtR mutant. Additionally, alteration of the transmembrane domain 1
(amino acid substitution G12S) of the flagellar stator component MotA greatly restores motility
to the AldtR strain. Orf23 possesses a single transmembrane domain and is localized mainly in
the periplasm. Homology modeling revealed that Orf23 may form a -sandwich domain in the C-
terminal region, and mutational analysis suggests that this region is critical for Orf23 function.
Possible implications of the MotAci2s mutation in stator function are discussed. Our data suggest
that Orf23 may be involved in fine-tuning of peptidoglycan-dependent stator placement and high

velocity swimming in the flagellar motor of S. meliloti.

RESULTS

LdtR is required for motility but not synthesis of flagella in S. meliloti

We performed a mini-Tn5 transposon mutagenesis screen to identify genes required for
swimming motility in the wild-type S. meliloti strain RU11/001. Whole genome sequencing
revealed that out of 32 mutants sequenced, one mutant harbored a disruption of SMc01768
causing reduced swimming capacity on soft-agar swim plates to about 20% of the wild type.
Similar results were obtained for an in-frame deletion mutant of SMc01768 and the phenotype
was complemented to about 65% of wild type levels by ectopic expression (Figure 3.1A).
Notably, a small population of ~5-10% of bacteria appeared motile when samples of liquid

culture were observed by phase contrast microscopy.

SMc01768 encodes a MarR family transcriptional regulator, members of which usually serve
roles in stress responses and neutralization or export of harmful compounds (30). Pagliai et al.
reported that the protein product, named LdtR for L,D-transpeptidase Regulator, regulates its
own gene transcription, an adjacent gene encoding the L,D-transpeptidase, LdtP, and several
other genes encoding peptidoglycan-modifying enzymes and small molecule transporters in
response to high osmotic stress (31, 32). Additionally, mutants lacking either LdtR or LdtP show
reduced osmotic stress tolerance in Liberibacter crescens and S. meliloti strain 1021. We
determined that the AldtR mutant of S. meliloti strain RU11/001 exhibits similarly reduced

osmotic stress tolerance in the presence of 0.45 M sucrose (Figure 3.1B).
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The genes encoding bacterial flagella are transcribed such that the structural components of the
basal body synthesized prior to the highly abundant flagellin proteins that comprise flagellar
filaments. This quality control ensures that copious levels of filament protein are only produced
once a functional basal body is present on which to build the filament structure. Therefore, to
determine whether LdtR is involved in flagellar gene regulation, we compared the levels of the
flagellin proteins for the wild type and the AldtR strain by immunoblot analysis (Figure 3.1C).
We found no difference in the flagellin levels between these strains indicating that LdtR is
unlikely to influence motility at the transcriptional level and that the main axial flagellar
structures required for filament synthesis are properly assembled in the AldtR mutant. Altogether,
these data suggest that balanced levels of LdtR are important for osmotic stress tolerance and

motility but not production of flagella in S. meliloti.

Disruption of orf23 or alteration of the TM1-coding region of motA restores motility to the
AldtR mutant

Motility assays of the AldtR strain on soft agar swim plates revealed a uniquely robust tendency
of this mutant to produce spontaneous suppressor mutations resulting in strongly restored
motility (Figure 3.2A). Importantly, we tested two of the suppressor mutants for osmotic stress
tolerance and found a very modest (if at all) improvement compared to the AldtR parent strain on
0.45 M sucrose (Figure 3.2B) suggesting that although the suppressor mutations caused restored
motility, the mutants likely retained substantial peptidoglycan defects. Whole genome
sequencing of four suppressor mutants revealed that one strain had a mutation in the coding
region of MotA corresponding to a G12S amino acid substitution in the first transmembrane
domain (Table 3.1 and Figure 3.3A). The three remaining strains all had mutations in an
uncharacterized gene, SMc03026 (the 23" gene in the flagellar regulon and referred to hereafter
as orf23; Table 3.1), which is located in the contiguous flagellar regulon of the S. meliloti
chromosome (Figure S3.1). Introduction of the motAgi2s mutation or the Aorf23 mutation into
the AldtR mutant similarly restored motility to approximately 75% of the wild type (Figure
3.3B). Similar results were obtained for the AldtR Aorf23 motAcizs triple mutant indicating that
the restorative effects of these mutations AldtR strain are not additive. Notably, we found that
spontaneous suppressor mutations also readily arise in orf23 in an Agrobacterium sp. H13-3
AldtR strain indicating that Orf23 and LdtR exert similar functions in these related

alphaproteobacterial species (data not shown).
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In an attempt to identify other AldtR suppressor mutations, we isolated additional suppressor
mutants. We introduced the pBS538 plasmid for ectopic expression of orf23 into each mutant to
eliminate the candidates with mutations in this gene from our screen. For 23 out of 24 mutants
screened, the original swimming defect was observed (data not shown) indicating that disruption
of the orf23 gene is the primary cause for motility restoration to the AldtR strain. Since flagellum
assembly is unperturbed in the AldtR strain (Figure 3.1C) and thus flagellar type-three secretion
system (fT3SS) and axial components of the flagellum are clearly operational in terms of axial
structure synthesis, our combined suppressor mutant results suggest that in the absence of LdtR,

either stator function or torque transmission to the rotor is impaired by the presence of Orf23.

LdtR does not regulate Orf23

One possible explanation for the suppressor mutant data is that LdtR controls orf23 gene
transcription. However, this is unlikely because orf23 is the last gene in a four-gene operon,
which also codes for important flagellar rod and fT3SS components. Nonetheless, to determine
whether LdtR is regulating Orf23 levels we performed immunoblot analysis with an Orf23-
specific polyclonal antibody. As expected, we found no difference in the abundance of Orf23 in
the AldtR mutant compared to the wild type further indicating that LdtR does not regulate
motility genes (Figure 3.4).

Orf23 contains a transmembrane domain near its N-terminus and resides mainly in the
periplasm

To determine how the suppressor mutations in orf23 improve motility of the AldtR strain, we
first investigated the cellular localization of Orf23. The signal peptide prediction server SignalP
6.0 (33) found no putative signal peptides in Orf23. Additionally, we detected Orf23 in S.
meliloti wild type near its predicted molecular weight of 20.4 kDa indicating that the protein is
unlikely to be cleaved by signal peptidases (Figure 3.4). Furthermore, the TMHMM server (34)
predicted that Orf23 contains a short cytoplasmic domain (aa 1-25) followed by a
transmembrane helix (aa 26-48) and a periplasmic domain (aa 49-183; Figure 3.5A). To
experimentally validate these predictions, we employed the pKTop system, which drives
production of a protein of interest fused at its C-terminus to E. coli alkaline phosphatase (AP,
encoded by phoA) and the alpha subunit of B-galactosidase (LacZa) (35). If the C-terminus of

Orf23 is located in the periplasm as predicted, PhoA will become activated and an E. coli DH5a
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strain expressing the fusion protein will appear blue on indicator LB plates supplemented with
the chromogenic alkaline phosphatase substrate X-Pho. However, if the C-terminus is located in
the cytoplasm, AP will remain inactive and the bacterial growth will appear off-white. Bacteria
possessing a positive control plasmid encoding AP-LacZa fused to the C-terminus of the
outward-facing transmembrane domain of YmgF (YmgFi-30) and unmodified pKTop negative
control that encodes the cytoplasm-localized AP-LacZa fusion alone responded appropriately on
indicator plates (Figure 3.5B). As predicted, bacteria producing the Orf23-AP-LacZa fusion
protein produced blue colonies on X-Pho plates confirming that the C-terminal region of Orf23 is

located in the periplasm.

Orf23 may possess a C-terminal -sandwich domain similar to components of the type four
pilus and type four secretion system

To investigate the putative structure of Orf23, we submitted its amino acid sequence to
AlphaFold Collab (36). The results of this analysis suggest that the first 22 aa of Orf23 are
disordered followed by an alpha helix comprised of aa 23-48, a long region with no predicted
secondary structure from aa 50-127, and the remaining aa 128-183 are predicted to form a -
sandwich domain (Figure 3.6). The AldtR suppressor mutant analysis identified three mutations
that appear to cause a loss-of-function phenotype for Orf23 (Table 3.1). In two cases, disruption
of orf23 by frameshift mutation (Suppressor 1) or a transposon insertion (Suppressor 3) resulted
in truncation of the Orf23 protein product by 16 aa or 79 aa, respectively, whereas the third
mutation caused a single amino acid substitution (P163L). Notably, each of these mutations

would have disruptive consequences for the putative 3-sandwich domain.

We submitted the putative Orf23 structure predicted by AlphaFold to the DALI server to identify
proteins with similar structures. The top hits were for different chains of the PilP protein from
Pseudomonas aeruginosa (PDB ID: 2Y4Y) with an RMSD of 2.8 over 80 aa coverage. PilP is
part of the type IV pilus (T4P) alignment complex that spans the periplasm connecting the inner
membrane complex and cytoplasmic ATPase assembly to the outer membrane complex of T4P.
Additionally, we submitted a query to the SWISS-MODEL server, which resulted in a top hit for
the Dot/lcm type IV secretion system component DotF from Legionella pneumophila with an
additional convincing hit for the Neisseria meningitidis PilP protein (Figure 3.6 and Table 3.2).
DotF, along with DotG, is thought to form the periplasmic region of the TIVSS (37, 38).
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Interestingly, both PilP and DotF form central rings in their respective macromolecular

complexes.

The MotAci2s mutation is predicted to occur at the periphery of the MotA pentamer ring
To understand how the MotAgi12s mutation restores motility to the AldtR mutant, we performed
homology modeling to map the putative location of the Gly12 residue of S. meliloti MotA using
the recently solved C. jejuni MotAsMotB; crystal structure (12) using the SWISS-MODEL
server (Table 3.2). The G12S mutation is predicted to be positioned on the outside of the MotA
pentamer ring about midway through TM1 of each monomer (Figure 3.7). Similar results were
obtained when S. meliloti MotA was modeled to the recently solved B. subtilis MotAs structure
(Table 3.2) (39). The high GMQE, QMEAND:IsCo scores and high coverage of these models
suggest high confidence in the putative location of the affected MotA residue.

DISCUSSION

Multiple cellular pathways converge to influence flagellar motility in S. meliloti at the
transcriptional level. However, in each of these cases, control over motility is exerted through
modulation of visNR or rem gene expression. Examples include the succinoglycan pathway
controlled by ExoR, ExoS, and Chvl, the quorum sensing system Sinl and ExpR, and the
exopolysaccharide, motility, and membrane stress regulators EmmABC, all of which negatively
influence VisNR transcription. In contrast, the plant symbiosis regulator CbrA, positively
regulates visNR. Additionally, the exopolysaccharide regulator MucR controls motility by

negative regulation of rem transcription (5).

It has previously been suggested that LdtR regulates motility in S. meliloti 1021 (40). In
correlation with this notion, either loss of LdtR or its overproduction negatively impacts motility.
However, in both circumstances, bacteria were found to exhibit altered cellular morphology: a
short-cell phenotype was described for the AldtR mutant while a strain that overexpressed IdtR
was found to exhibit a branched-cell morphology (41). These phenotypes are likely linked to the
abolished and enhanced activity of the peptidoglycan regulator LdtR, as it is directly linked to
transcriptional control of peptidoglycan modification genes and stress responses (31, 40-44).
Such disruptions in cell morphology are plausibly explained by disrupted peptidoglycan

remodeling when LdtR levels are imbalanced, but it is unclear whether they are responsible for
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the substantial loss of motility exhibited by IdtR mutants. Immunoblot analyses clearly show that

LdtR does not regulate flagellum synthesis in S. meliloti (Figure 3.1C).

Our suppressor mutant data demonstrate that the AldtR motility defects are overcome by
alteration of the motor protein MotA or inactivation of Orf23. Since the AldtR strain produces
flagella, we hypothesize that altered peptidoglycan remodeling in the AldtR strain severely
disrupts rotor-stator interactions resulting in the observed motility defect. Notably, flagellin
levels in the AldtR strain are comparable to the wild type, which also implies that peptidoglycan
remodeling necessary for production of the axial rod-hook-filament structure is not impeded.
From this observation we infer that LdtR plays a role in mediating control of peptidoglycan
remodeling necessary for 1) stator association with the peptidoglycan and/or 2) association of a

stator alignment module with the sacculus.

The suppressor mutant analysis revealed a striking selective pressure to disrupt orf23 in the
AldtR strain on swim plates (Table 3.1). Since Orf23 levels are comparable in wild type and
AldtR strains, we conclude that the presence of Orf23 is detrimental for flagellar motor function
when peptidoglycan crosslinking is disrupted and propose that Orf23 may be involved in rotor-
stator alignment in a peptidoglycan-dependent manner. Notably, motility of the Aorf23 single
mutant is only slightly impaired, which indicates that the role of Orf23 in swimming motility is
secondary and perhaps aimed towards fine-tuning of the rotor-stator arrangement to maximize

power transfer.

We recently characterized the roles of S. meliloti FliL and its paralog MotF in stator function
(Sobe et al. under review). FIliL is required for stator function and perhaps recruitment of stator
elements to the basal body while MotF appears to modulate the MotB proton plug. Both proteins
were found to interact with one another as well as with both stator components, MotA and MotB.
Since Orf23 contains a putative transmembrane domain and resides mostly in the periplasm
(Figures 3.4 and 3.5), we predict that it interacts with other membrane-bound components of the
flagellar motor by associating with stator components directly and/or indirectly through
interactions with FliL and/or MotF. Future experiments aimed at identifying Orf23 interaction
partners will include bacterial two-hybrid analysis and immobilized metal affinity
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chromatography (IMAC) pull-down assays using Orf23 and each of these candidate interaction

partners.

It was intriguing to find that the motAcizs mutation, which corresponds to the first
transmembrane region (TM1) of MotA, affords the same motility restoration to the AldtR mutant
as does the deletion of orf23 (Figure 3.3). Our homology modeling suggests that the Gly-12 is
located on the outside of the MotA pentamer and a G12S mutation would likely alter interactions
with the recently characterized S. meliloti MotF and FliL proteins that are hypothesized to

surround stators much like a cage (Sobe et al. under review).

Protein structure predictions and homology modeling propose that the C-terminal region of
Orf23 (aa 128-183) forms a B-sandwich domain similar to the C-terminal regions of the type IV
pilus PilP proteins from P. aeruginosa (PDB ID: 2Y4Y) or N. meningitidis (PDB ID: 2IVW) and
the Dot/lcm type IV secretion system protein DotF from L. pneumophila (PDB ID: 7MUC).
Notably, PilP and DotF proteins form part of a tube/ring structure in their respective
macromolecular machines as do essentially all components of the flagellum, pili, and secretion
systems. Therefore, we can speculate with some confidence that Orf23 will likely associate with
the motor as one or more rings. It will be interesting to determine with which other structures in
the flagellum Orf23 interacts and whether it surrounds the rod to position stators appropriately
for maximal torque generation. Additional flagellar motor structures beyond those produced by
E. coli and S. enterica have been identified in the form of various disks and rings in Vibrio spp.,
C. jejuni, B. subtilis, and Borrelia burgdorferi (45, 46). These are thought to serve stabilizing
roles in their various motors due to increased demands such as higher velocity or sustained
performance in high viscosity conditions. Thus, we anticipate that S. meliloti employs interesting
structural diversity compared to other systems to meet its need to power through the soil

environment.

We speculate that disruption of peptidoglycan crosslinking in the AldtR mutant causes improper
placement of the stators with respect to the rotor in an Orf23-dependent manner and that removal
of Orf23 or deformation of MotArm1 with the substitution of Gly1l2 by a polar serine residue
allows the formation of new contacts between MotA and the rotor component FliG. Both

secondary mutations, however, provide less optimal contacts between the stator and rotor than is
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observed for wild-type motors, which manifests as diminished swimming capacity. Notably, a
small population (~5-10%) of the AldtR strain in liquid culture retains high velocity swimming
(data not shown) suggesting that LdtR-mediated control of peptidoglycan crosslinking is not
absolutely required for motility but improves the probability that stator units will have
appropriate binding sites in the sacculus to position the stators appropriately near the rotor. This
small population could represent low-level regulatory heterogeneity of the peptidoglycan-

modifying enzyme genes under control of LdtR by an alternative regulator.

Important experiments to complete this study will include stability analysis of Orf23 in deletion
mutants lacking various motor components and vice versa to gauge the dependence of these
proteins on one another. We will also investigate whether Orf23 is associated with peptidoglycan
and, if so, does this occur directly or through interactions with the P-ring protein Flgl or some as
yet unidentified component? We will quantify swimming velocities, the percentage of motile
bacteria, and tethered cell rotation rates in various AldtR, Aorf23, and motA point mutants to
better understand how these mutations impact swimming and motor performance. Analysis of
these behaviors in different viscosities will help reveal possible roles for Orf23 maximizing
torque under high-load conditions and perhaps as a “high-gear” in the speed-variable motor of S.
meliloti. Additionally, experiments to analyze the Aorf23 strain under swarming conditions
reveal a more pronounced phenotype and could strongly implicate Orf23 in torque generation.
Cryo-electron tomography studies to determine the precise localization of Orf23, MotF, and FliL
within the flagellar motor will yield exciting details regarding the structure of the speed-variable

motor of S. meliloti.

MATERIALS AND METHODS

Strains and plasmids

Derivative strains of E. coli K-12 and BL21 (DE3), highly motile derivatives of S. meliloti
MVII-1, and plasmids used in this study are described in Table 3.3.

Media and growth conditions
E. coli strains were routinely grown in lysogeny broth (LB; (47) at 37°C or 30°C supplemented
with appropriate antibiotics at 100 pug/ml ampicillin (Ap) and 50 pg/ml kanamycin (Km). S.
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meliloti strains were grown in tryptone-yeast extract-calcium chloride (TY C) broth supplemented

with streptomycin (Sm) at 600 pg/ml at 30°C.

Swim plate assays
Stationary phase cultures were spot-plated (3 pl) on Bromfield swim plates (0.04% Bacto
tryptone, 0.01% yeast extract, 0.01% CaCly, 0.3% agar) for 3-5 days at 30°C.

Osmotic stress assays
Stationary phase cultures were spot-plated (3 pl) on LB agar plates supplemented with 0.45 M
sucrose and incubated for 3 days at 30°C.

Purification of recombinant proteins

The periplasmic domain of Orf23 (Orf23*) was expressed from pBSX1331 in E. coli ER2566
(Table 3.3) and purified by Intein-Mediated Purification with an Affinity Chitin-binding Tag
(IMPACT™) as described by Mitchell and Lorsch (48). Cells were grown to an ODeoo of 0.5-0.7
in LB broth at 37°C prior to induction of protein expression by addition of 0.3 mM isopropyl B-
D-1-thiogalactopyranoside (IPTG) and incubation overnight at 16°C.

SDS-PAGE and immunoblotting

Aliquots (1 ml) of cultures grown in Bromfield overlay plates were harvested at 15k x g, all but
~15 pul of the supernatant removed, and resuspended in 15 pl Laemmli buffer. Samples were
boiled for 10 min. For flagellin immunoblots, 15 ul culture was mixed directly with Laemmli
buffer and boiled for 10 min. Samples were stored at -20°C for at least 2 hours prior to further
processing. Immunoblot analyses were performed as previously described (49). Polyclonal anti-
flagellin and anti-Orf23 crude sera were used at 1:10,000 and donkey anti-rabbit HRP secondary
antibody (NA-934, Cytiva) was used at 1:1,000.

Membrane topology reporter assays

Membrane topology reporter assays used in this study employ a phoA-lacZo transcriptional
fusion to the 3’ end of orf23 in the pKTop plasmid to produce pBS1330 (35, 50). Strains with
the positive control plasmid pBS1193 (producing YmgFi39-AP-LacZa) and negative control
plasmid pKTop (producing AP-LacZa) plasmids were also used. Colonies of E. coli DH5a
strains transformed with pKTop plasmids were streaked on LB agar supplemented with 1 mM
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IPTG and 80 pg/ml 5-chloro-4-bromo-3-indolyl phosphate (X-Pho) (RPI, Mt Prospect, IL, USA)
and incubated for 18 hours at 30°C.
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TABLES

Table 3.1. Locations and effects of mutations identified in AldtR suppressor mutants from S.

meliloti RU11/001 and Agrobacterium sp. H13-3

Mutant ID (RU11/001 AldtR) Mutation Protein effect

Suppressor 1 orf23cs02- Disruption of Gly168, loss of 16 aa
Suppressor 2 orf23casan Orf23p1ssL

Suppressor 3 orf23::1ISR21m Disruption of Leul04, loss of 79 aa
Suppressor 4 mMotAG3aa MotAgi2s

Table 3.2. Quality scores and similarity characteristics homology models obtained for S. meliloti

Orf23 (aa 128-183) and MotA using the SWISS-MODEL server.

Hits for Orf23 PDBID GMQE QMEANDIsCo Sequence Sequence Coverage
(organism) Global score identity similarity

DotF (L. pneumophila) 7MUC  0.67 0.61+0.11 28.3% 35% 95%

PilP (P. aeruginosa) 2Y4AY 0.28 0.56 +£0.12 27.3% 35% 59%

Hits for MotA

(organism)
MotA (B. subtilis) 6YSL 0.54 0.52 £ 0.05 20.7% 31% 91%
MotA (C. jejuni) 6YKM 055 0.57 £0.05 18.7% 30% 86%
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Table 3.3. Bacterial strains and plasmids used in this study.

Strains Genotype Reference

Escherichia coli
DH50 F~ ¢80lacZAM15 A(lacZYA- (51)
argF)u169 recAl endAl hsdR17(rk", mk*) phoA supE44 A~

thi-1 gyrA96 relAl

ER2566 lon ompT lacZ::T7 New England
Biolabs
S17-1 recA endA thi hsdR RP4-2 Tc::Mu::Tn7 Tp" Sm' (52)

Sinorhizobium meliloti

BS244 AldtR (ASMc01768) This study
BS274 AldtR Aorf23 This study
BS278 motAcizs This study
BS279 Aorf23 motAcizs This study
BS280 AldtR motAcias This study
BS281 AldtR Aorf23 motAcios This study
RU11/001 Wild type, spontaneous Sm' (53)
RU11/552 Aorf23 This study
RU11/555 Arem 4)
Plasmid Description Reference
pBBR1MCS-2 Nm', Broad host-range expression vector (54)
pBS502 Km', 560 bp HindIII/EcoRI PCR fragment containing AIdtR  This study
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pBS539

pBS598

pBS601

pBS1193

pBS1330

pBS1331

pK18mob sacB

pKTop

pRU2202

pTYB11

cloned into pK18mob sacB

Km', 513 bp Kpnl/Xbal PCR fragment containing IdtR
cloned into pBBR1MCS-2

Km', 552 bp Spel/HindIll PCR fragment containing orf23
cloned into pBBR1MCS-2

Km', 519 bp Hindlll/Xbal PCR fragment containing
motAc12s cloned into pK18mob sacB

Km', 117 bp PCR fragment containing ymgF fragment 1-
117 (aa 1-39) cloned into pKTop

Km', 552 bp Xbal/Sacl PCR fragment containing orf23
cloned into pKTop

Ap', 408 bp Sapl/Pstl PCR fragment containing orf23*
fragment 145-552 bps (aa 49-183) cloned into pTYB11
Km" lacZ mob sacB

Km', vector expressing dual reporter PhoA22.472/LacZs-60,
pl15 ori

Km', 575 bp BamHI/HindIll PCR fragment containing
Aorf23 cloned into pK18mob sacB

Ap", Expression vector

This study

This study

This study

(55)

This study

This study

(56)

(55)

This study

New England

Biolabs

97



FIGURES

A B
0 1 -2 3 4 -5 6
1001
— wT |
E g 801
T AldtR
€Eo
S = 60
T 2 AIdtRIpIdtR
25
c
¥ 407
[}]
3 C  pa WT  Arem AR
®a 201
N -
O - — .
AldtR AldtR 37 —

pldtR

Figure 3.1. Investigation of the role of LdtR in motility and osmotic stress tolerance in S.
meliloti. (A) Swim ring analysis and (B) osmotic stress tolerance assay of the AldtR and
complemented strain. For swim ring assays, stationary phase cultures (3 pl) were spot-plated
onto swim plates and incubated at 30°C for five days. Shown are the averages and standard
deviations of swim ring diameters for three independent experiments with three technical
replicates each. (C) Anti-flagellin immunoblot analysis of wild type, Arem (negative control),
and AldtR strains.
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Figure 3.3. MotA topology (A) and swim ring analysis of AldtR mutants (B). The TM domains
of MotA are labelled and the approximate location of the G12 residue is shown as an asterisk.
For swim ring analyses, shown are the averages and standard deviations of swim ring diameteres

for three independent experiments with three technical replicates each.
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Figure 3.4. Immunoblot analysis of Orf23 levels in wild type and AldtR. Black arrow indicates
full-length Orf23 and the grey arrow indicates Orf23*.
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Figure 3.5. Membrane topology of Orf23. (A) A schematic showing the predicted topology of
Orf23. Light grey, cytoplasmic domain; dark grey, transmembrane domain; pink, periplasmic
domain. (B) Orf23 membrane topology analysis by alkaline phosphatase (AP) reporter assay. E.
coli DHS5a strains expressing unmodified AP (top) or AP fusion proteins with the periplasmic
control YmgFi39 (middle) or with Orf23 (bottom) were incubated on LB agar plates
supplemented with X-Pho overnight at 30°C. Blue growth indicates that localization of the C-

terminus of the corresponding protein is in the periplasm.
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Figure 3.6. Protein structure prediction and homology modeling for Orf23. (A) AlphaFold
prediction of Orf23 structure and (B) recolored rendering of the predicted Orf23 structure
developed in PyMOL. (C) Homology models of the Orf23 C-terminal domain (aa 117-183)
based on solved structures of DotF from L. pneomophila (top) and PilP from N. meningitidis
(bottom) developed in SWISS-MODEL. (D) SWISS-MODEL multiple sequence alignment of
Orf23 to DotF and PilP.
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Figure 3.7. Homology modeling and identification of the location of the MotAg12s Substitution

in S. meliloti MotA. Side views (A and B) and top views (C and D) of the MotA pentamer
showing the location of the G12S mutation in one MotA chain. In (A), the membrane-embedded

region of the MotA pentamer is indicated by white brackets.

105



Chapter 4: Final Discussion

The bacterial flagellum is a wonderous and powerful nanomachine capable of propelling bacteria
at extraordinary velocities. To put this into a relatable context, the world record for human
swimming speed is held by Michael Phelps at 2.7 m/s. With a height of 1.9 m, Phelps achieves
an average speed of about 1.4 body lengths per second (BL/s). Many flagellated bacteria
including Escherichia coli and Sinorhizobium meliloti swim through liquid media with average
velocities ranging between 25-40 um/s and therefore, at about 2 um long, these organisms swim
at 13-20 BL/s. The fastest sea fish known to date are black marlin with body lengths of about 3.4
m. Top speeds have been recorded for these organisms at around of 36.7 m/s or 10.8 BL/s and
thus reach comparable speeds achieved by E. coli. However, the average vibrio bacterium has
been clocked darting through their medium with a burst velocity of over 400 um/s or an
astonishing 200 BL/s (1, 2). Thus, relative to their size, flagellated bacteria can achieve

considerably greater speeds than other self-propelled swimming organisms known to humankind.

Added power and structural stabilization are of great benefit to bacteria attempting to explore
soil environments, which are known to vary considerably in their viscosity depending on rainfall
and irrigation in a particular habitat. It is therefore unsurprising that our investigations of the S.
meliloti flagellar motor have revealed marked compositional differences compared to other
bacteria characterized to date. Indeed, we expect to find more. It has been reported that the
addition of Rhizobia selected for heightened motility as soil inoculants intended to boost plant
yields exhibit a competitive advantage in host root colonization (3). Therefore, in efforts aimed
to select for Rhizobia with improved plant-growth promoting properties, researchers would be
wise to also select for heightened motility as manifested in increased torque generation and
improved swarming capacity (4). It is intriguing to speculate how our knowledge of additional
structures employed by the powerful flagellar motors of S. meliloti could be used to engineer
other Rhizobia for improved swimming capacity in their soil environments, thus transforming

these improvements to symbionts of other valuable plant hosts.

Experimental techniques that improve our understanding of flagellar motor function
For the characterization of new motor proteins identified in S. meliloti, the various behavioral
assays used in Chapter 2 were highly valuable. Tethered cell analyses are particularly beneficial

for understanding flagellar motor function in peritrichous bacteria, as it is important to observe
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the behaviors of single flagellar motors to best explain the resulting influences of specific
mutations on swimming behavior. Determination of swimming velocities and the fraction of
motile bacteria in cell populations revealed that most cells in the AmotF population are
nonmotile and the remaining few swam slowly with erratic behavior. However, the swimming
behavior only conveys the combined performance of flagellar motors but conceals the behavior
of single motors. Our tethered cell behavioral analyses with the AmotF mutants characterized in
Chapter 2 revealed that erratic behavior of the remaining motile bacteria is explained well when
considering that the activity of individual motors is similarly erratic. Tethered cell experiments
were enlightening for the AfliL mutant as well, which appeared nonmotile on soft-agar plates and
in liquid medium but was found to exhibit very low-level motor activity by the tethered cell
assay. Thus, the various swimming and tethered cells analyse complement one another when

elucidating the mechanisms of flagellar motor function.

Bacterial two-hybrid (BTH) analysis provides a fast and potentially high-throughput method to
probe interactions between two proteins in a heterologous host. The BTH system was very useful
in the work reported here for quickly probing for potential interactions between several different
proteins with fusions at different locations on the proteins being tested, as shown in Chapter 2.
However, BTH can sometimes provide nonspecific (false-positive) or undetectable (false-
negative) results. It is therefore important to perform complementary biochemical experiments,
such as in vitro chemical cross-linking and protein stability assays, which revealed interactions
between the periplasmic regions of MotF and MotB as well as MotF with MotA and that MotF
and FliL require each other for stability in the cell. We also showed by immunaoblotting that
LdtR is not required for production of flagellar motility proteins in Chapter 3. Additional
informative approaches for characterizing interactions in the motor include an array of in vivo
fluorescence microscopy techniques such as fluorescence resonance energy transfer (FRET) or
fluorescence recovery after photobleaching (FRAP), both of which have provided a great deal of
information regarding the localization dynamics and exchange of flagellar stator and rotor

components (5-9).
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Noncanonical components of the S. meliloti flagellar motor

S. meliloti is the first organism reported to employ both FliL and the FliL paralog, MotF, in the
same flagellar motor. As described in Chapter 2, FliL appears to be required for initial stator
recruitment and normal flagellation in S. meliloti whereas MotF is involved in control of proton
flux by modulating the MotB proton plug. Our finding that the Aorf23 mutant exhibits reduced
swimming capacity in soft agar swim plates suggests that Orf23 may be required for maximum
swimming velocity and may therefore play a role as the “high-gear” in the speed-variable
flagellar motor of S. meliloti. In fact, it appears to play a role in conferring maximum swimming
velocity and its disengagement from stator assemblies (comprised of stator units MotAB, the
putative stator recruitment protein FliL and putative proton plug modulator MotF) could be a
requisite function to “downshift” the flagellar motor. It will be interesting to determine whether
such “downshifting” results in reduced stator numbers assembled around the motor or reduced
proton flow or a combination of the two. Tethered cell experiments to compare rotation rates of
the Aorf23 strain to the wild type in media with varying degrees of viscosity will provide direct
answers regarding the influence of Orf23 on torque generation. Analysis of the Aorf23 strain
under swarming conditions may allow for the detection of a more pronounced phenotype as this
mode of motility results in increased viscous drag on the bacterium and thus requires greater
torque (10).

A protein BLAST search with the Orf23 amino acid sequence discovered its presence in only a
very limited group of alphaproteobacteria and we are the first to report its role in the bacterial
flagellar motor. Notably, suppressor mutations in the orf23 gene were also rapidly produced int
the AldtR strain of the related Agrobacterium sp. H13-3 suggesting that the functional
relationship of LdtR and Orf23 are similar in these organisms. This finding is unsurprising given
that both organisms are inhabitants of the soil and will likely share several flagellum adaptations

specific to this environment.

The identification of several additional components required for S. meliloti flagellar motor
function suggests that these bacteria employ additional stabilizing structures required for
swimming in the soil environment. We have observed that the absence of Orf23, MotF, FIiL, or
MotC exhibit a range of flagellar motility defects from only slightly diminished swimming speed

to abolished motor function, respectively. Therefore, we are all but certain that these added
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components form stabilizing structures similar to the flagellar outer membrane complex (FOMC)
structure employed by Vibrio spp. As explained in Chapter 1, FOMC is comprised of additional
outer membrane- and peptidoglycan-associated H- and T-rings, which interact with one another
as well as with the L- and P-rings and are required to recruit stator components to the motor (11).
It is quite possible that FliL, MotF, and MotC play important roles in stator recruitment to the
motor because of the substantial defects in flagellar motor activity when these are lacking.
Notably and in contrast to the Vibrio FOMC structural components, the various periplasmic discs
and the P-ring decorations discovered in other diverse species (12), FliL, MotF, and Orf23 are all
attached by transmembrane domains and are therefore clearly part of a distinctly different flavor

of structures.

Structural studies greatly improve our understanding of the bacterial flagellar motor

One of the greatest strides in our ability to define precise locations of different proteins in the
flagellar motor has come with the improvements in resolution derived from structural analyses
permitted by cryo-electron tomography (cryo-ET) and cryo-electron microscopy (cryo-EM)
coupled with subtomogram averaging. These techniques have bypassed the challenges inherent
to the purification of very large assemblies of proteins and given that they provide a snapshot of
the intact motor within the cell, even transient structures are being revealed such as the
cytoplasmic rings involved in stator assembly and described in Chapter 1 (13). The massive
influx of structural data provided by these techniques has greatly improved our understanding of
the assembly and function of flagellar motor components. In particular, the determination of the
MotAsMotB: cryo-EM structures solved the long-standing question of how proton flow through
stators is coupled to torque generation by interactions observed between MotA and FliG. This
finding revealed an eloquent mechanism whereby proton flow through the stators drive rotation
of the MotAs pentamer with respect to the fixed MotB> dimer to drive rotation of the rotor and
entire axial flagellar assembly (14-16). Additionally, cryoEM and cryoET have recently made
available a relatively large number of high-resolution structures, which have revealed great
details of additional substructures found in the high-torque flagellar motors compared to those
from enteric bacteria (12, 13, 17-26). Structural studies of the S. meliloti flagellar motor will be
important to reveal the precise organization of FliL, MotF, Orf23, and the long-known but still

poorly understood MotC.
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Importance and modern applications of swimming bacteria

In addition to possessing remarkable power to drive motility, flagella are highly versatile
structures with roles in surface and temperature sensing (27), adherence to surfaces and other
cells (28), and host colonization for both bacterial symbionts and pathogens (28, 29) Vibrio spp.
are very successful at persisting as motile bacteria in aquatic environments with relatively low
nutrients in part due to their highly efficient motors and the relatively low energy costs of
producing just one polar flagellum, which they use as a hybrid propellar and oar to efficiently
form swarms around nutrients in their environments where nutrients may quickly become
dissipated by currents (2, 30). Many bacterial pathogens including V. cholerae, P. aeruginosa,
Lysteria monocytogenes, and others require motility for the initial steps that mediate the
formation of biofilms, which cause major complications for human hosts during infection with
these organisms and reduce the susceptibility of these organisms to host mediated clearance and
antibiotic treatment (27, 31).

Bacterial motility and chemotaxis systems from diverse species have been refined through
billions of years of selection to be suited best for the specific environments that they inhabit.
Great success is being made to characterize these systems and leverage our knowledge thereof
for various applications., Swarming P. aeruginosa show promise in bioremediation for their
production of rhamnolipids used by the swarm to decrease surface tension and promote rapid
migration across surfaces. It was determined that rhamnolipids enhance degradation of

hydrocarbons and may therefore be used in the restoration of marine oil spills (10, 32).

Intriguingly, S. putrefaciens cells that have been genetically locked to employ their polar
flagellar system are reported to escape entrapment between an agarose pad and a glass coverslip
by eventually wrapping their flagellum in a spiral shape around the cell body to serve as rotating
screw threads that allow the bacterium to escape axially outward from the trap (33). This type of
resilience to entrapment would be very useful if bacteria were being selected or engineered to,
for example, penetrate deep through grimy landfill or plastic waste to degrade the materials (34,

35). Hyperflagellated swarmer bacteria would conceivably also perform well at such tasks.

Research is underway to target flagellar motor function of pathogens such as H. pylori with

proton pump inhibitors and to use the highly immunogenic flagellin components of V. cholerae
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and P. aeruginosa for vaccine production (36). Additionally, efforts are being made to exploit
Salmonella spp. and E. coli chemotaxis to colonize, deliver payloads to, and aid in necrosis of

tumor tissues as a potential cancer therapy in humans (37-40).

As explained in Chapter 1, Rhizobia and their leguminous partners are excellent resources for
maintaining cropland in a healthy condition, as a forage crop, and as a valuable source of
nitrogen-rich fertilizers. These natural resources are environmentally friendly and financially
attractive alternatives to the harmful synthetic fertilizers, which cause eutrophication of water
resources from run-off, greenhouse effects, and acid rain (41). Flagellar motility and chemotaxis
are critical for maximized colonization efficiency of alfalfa roots to promote growth of its alfalfa
host.

Concluding remarks

The first part of the title of this dissertation is “The little engine that could” and the author must
clarify that while an engine relies on the principals of combustion, motors are distinctly electric
and require a flow of ions for power. Nonetheless, the flagellar motility and chemotaxis systems
in bacteria are complex and astonishing. Although the flagellar core structure is highly conserved
across bacterial genera, striking variation exists in the overall composition of flagellar motors
described to date. Each of these has been subject to billions of years of selection and gradual
evolution with distinctions in the types and magnitudes of selective pressures present in a
particular environment. As a result, we have identified dramatic differences in the ligand
specificities and adaption dynamics of the sensory systems and flagellar systems employed by
diverse bacteria including S. meliloti in the soil environment. Clearly, different classes of motile
bacteria will afford distinct types of advantages for various types of applications depending on
the specific fuel requirements of their motors, whether the bacteria are fit to persist in the
environment for a given application and depending on how the flagellar motors are adapted to
function in that environment. However, bacteria have already performed remarkably in trials to
help solve a variety of modern-day problems and as we continue putting them to the test to solve
more, this author posits with certainty that flagellated bacteria with their little motors really
could.
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Appendix A: Supplemental Material for Chapter 2

Table S2.1. Percent identity matrix of S. meliloti MotF compared to FliL from diverse bacterial
species created in Clustal2.1.

Motk FliLg, FliL FliL ., FliL,, FliLg, FliLg,
S.meliloti_MotF 100
S.meliloti_FliL 14 100
R.sphaeroides_FIiL 19 19 100
C.crescentus_FIiL 15 21 18 100
V.alginolyticus_FIiL 17 18 18 25 100
E.coli_FIiL 17 18 23 19 22 100
S.typhimurium_FliL 17 19 25 19 23 77 100

115



Table S2.2. BACTH analysis of interactions between basal body proteins. Interacting pairs
exhibited a range of red coloration and interpreted as no interaction (-, white), weak interaction
(+, pale red), moderate interaction (++, red) and strong interaction (+++, intense red). ND, not

determined. Data are representative of three separate experiments with at least two technical

replicates each.

puT18C
MotF MotA MotB FliF FIiG FliL Zip
MotF +++ +++ ++ ++ - +++ -
MotA +++ +++ +(+) - - +++ -
MotB ++ ++ ND ND ND + ND
pKT25
FliF ++ - ND - - ++ -
FIiG - - ND - +++ - -
FliL +++ +++ ++ ++ + +++ -
Zip - - ND - - - +++
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Table S2.3. BACTH analysis of interactions between periplasmic regions (*) of MotF, MotB,
and FIiL and the periplasmic protein MotC. Interacting pairs exhibited a range of red coloration
and interpreted as no interaction (-, white), weak interaction (+, pale red), moderate interaction
(++, red) and strong interaction (+++, intense red). ND, not determined. Data are representative

of three separate experiments with at least two technical replicates each.

puUT18 puUT18C
MotF*  MotB* MotC FliL* Empty | MotF* MotB* MotC FliL*  ZIP  Empty

MotF* - - - - - +++ - - - - -
MotB* - - ND - - - ot ND - - -
pKNT25  MotC - ND ND ND - - ND ND ND - -
FliL* - - ND - - - - ND + - -
Empty - - - - - - - - - - -
MotF* | +++ - - - - - + - - - -
MotB* - +++ ND - - + +++ ND - i -
PKT25 MotC - ND ND ND - ND ND ND - -
FliL* - - ND + - - - ND + - -

ZIP - - - - - - s+t - - e+ ND
Empty - - - - - - - - - ND -

‘MotB*-Zip combinations resulted in nonspecific signal.
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Table S2.4. Bacterial strains and plasmids used in this study.

Strains Genotype Reference
Escherichia coli
BL21 (DE3) FompT hsdSg (rs~, mg~) gal dcm (DE3) Novagen
DH5a F ¢80lacZAM15 A(lacZYA- (1)
argF)u169 recAl endAl hsdR17(rk",
mk*) phoA supE44 A thi-1 gyrA96 relAl
ER2566 lon ompT lacZ::T7 New England
Biolabs
S17-1 recA endA thi hsdR RP4-2 Tc::Mu::Tn7 Tp' Sm' (2)
Sinorhizobium meliloti
BS127 ASMc03056 This study
BS128 ASMc03071 This study
BS129 ASMc03072 This study
BS130 AmotF (ASMc03057) This study
BS239 AmotF motAv24gH This study
BS240 MOtAy248H This study
BS241 AmOotF motAcizes This study
BS242 MotAci3ss This study
BS300 AmotBpiug (@amino acids 57-59) This study
BS301 AmotF AmotBpiyg This study
BS302 AfliL AmotBpiyg This study
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BS303 AfliL motAci3ss This study
BS304 motBaese This study
BS305 AmotF motBasae This study
BS306 AfliL motBaese This study
BS307 AfliL motAy24gH This study
BS309 motBkeoa This study
BS310 AmotF motBkeoa This study
BS311 AfliL motBkeoa This study
BS312 AfliL AmotF This study
RU11/001 Wild type, spontaneous Sm’ (3)
RU11/011 AflaA-D, Km' (3)
RU11/211 AmotC (4)
RU11/218 AmotB (4)
RU11/308 AcheY1 (5)
RU11/553 AmotE (6)
RU11/802 AmotA (7)
RU11/827 AfliL This study
Plasmid Description Reference
pBBR1IMCS-2 Nm', Broad host-range expression vector (8)
pBS54 Ap', PCR fragment containing motB* cloned into This study
pTYB11
pBS56 Ap', 1,233 bp PCR fragment containing motCM This study

fragment 73-1305 (aa 25-434) cloned into pTYB11




pBS62

pBS355

pBS357

pBS638

pBS1193

pBS1236

pBS1237

pBS1238

pBS1239

pBS1240

Km", 685 bp EcoRI/HindIll PCR fragment containing

AfliL cloned into pK18mob sacB

Km', 567 bp EcoRI/HindIll PCR fragment containing
motF cloned into pPBBR1IMCS-2

Ap', 486 bp Sapl/EcoRI PCR fragment containing
motF bp 82-567 (MotF", aa 28-188) cloned into
pTYB11

Km', 492 bp Hindlll/Xbal PCR fragment containing
fliL cloned into pPBBR1IMCS-2

Km', 117 bp PCR fragment containing ymgF fragment
1-117 (aa 1-39) cloned into pKTop

Km', 486 bp Xbal/Smal PCR fragment containing
motF* fragment 85-564 bps (aa 29-188) cloned into
PKNT25

Km', 1257 bp Xbal/Smal PCR fragment containing
motC* 76-1302 bps (aa 26-434) cloned into pKNT25
Ap', 486 bp Xbal/Smal PCR fragment containing
motF* fragment 85-564 bps (aa 29-188) cloned into
pUT18

Ap', 1257 bp Xbal/Smal PCR fragment containing
motC* 76-1302 bps (aa 26-434) cloned into pUT18
Km', 486 bp Xbal/Smal PCR fragment containing

motF* fragment 85-564 bps (aa 29-188) cloned into

This study

This study

This study

This study

(9)

This study

This study

This study

This study

This study
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pBS1241

pBS1242

pBS1243

pBS1263

pBS1266

pBS1267

pBS1268

pBS1269

pBS1270

pBS1273

pBS1274

pKT25
Ap', 486 bp Xbal/Smal PCR fragment containing
motF* fragment 85-564 bps (aa 29-188) cloned into
pUT18C

Ap', 1257 bp Xbal/Smal PCR fragment containing

motC* 76-1302 bps (aa 26-434) cloned into pUT18C

Km', 1257 bp Xbal/Smal PCR fragment containing
motC* 76-1302 bps (aa 26-434) cloned into pKT25
Km', 876 bp Xbal/Kpnl PCR fragment containing
motA cloned into pKT25

Km', 1,182 bp Xbal/Kpnl PCR fragment containing
motB cloned into pKT25

Km', 1,671 bp Xbal/Kpnl PCR fragment containing
fliF cloned into pKT25

Km', 1,038 bp Xbal/Kpnl PCR fragment containing

fliG cloned into pKT25

Km', 489 bp Xbal/Kpnl PCR fragment containing fliL

cloned into pKT25

Ap', 876 bp Xbal/Kpnl PCR fragment containing
motA cloned into pUT18C

Ap', 1,182 bp Xbal/Kpnl PCR fragment containing
motB cloned into pUT18C

Ap', 1,671 bp Xbal/Kpnl PCR fragment containing

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study

This study
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pBS1275

pBS1276

pBS1277

pBS1278

pBS1282

pBS1283

pBS1284

pBS1285

pBS1286

fliF cloned into pUT18C

Ap', 1,038 bp Xbal/Kpnl PCR fragment containing
fliG cloned into pUT18C

Ap', 489 bp Xbal/Kpnl PCR fragment containing fliL
cloned into pUT18C

Km', 564 bp Xbal/Smal PCR fragment containing
motF cloned into pKT25

Ap', 564 bp Xbal/Smal PCR fragment containing
motF cloned into pUT18C

Km', 378 bp Xbal/Kpnl PCR fragment containing
fliL* fragment 115-489 bps (aa 39-164) cloned into
pKT25

Km', 1,017 bp Xbal/Kpnl PCR fragment containing
motB* fragment 169-1,182 bps (aa 57-394) cloned
into pKT25

Ap', 378 bp Xbal/Kpnl PCR fragment containing fliL*
fragment 115-489 bps (aa 39-164) cloned into
pUT18C

Ap', 1,017 bp Xbal/Kpnl PCR fragment containing
motB* fragment 169-1,182 bps (aa 57-394) cloned
into pUT18C

Ap', 378 bp Sapl/Sall PCR fragment containing fliL*

fragment 115-489 bps (aa 39-164) cloned into

This study

This study

This study

This study

This study

This study

This study

This study

This study
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pBS1292

pBS1293

pBS1294

pBS1295

pBS1296

pBS1297

pBS1298

pBS1306

pBS1307

pTYB11
Km', 378 bp Xbal/Kpnl PCR fragment containing
fliL* fragment 115-489 bps (aa 39-164) cloned into
PKNT25

Km', 1,017 bp Xbal/Kpnl PCR fragment containing
motB* fragment 169-1,182 bps (aa 57-394) cloned
into pKNT25

Ap', 378 bp Xbal/Kpnl PCR fragment containing fliL*
fragment 115-489 bps (aa 39-164) cloned into pUT18
Ap', 1,017 bp Xbal/Kpnl PCR fragment containing
motB* fragment 169-1,182 bps (aa 57-394) cloned
into pUT18

Km', 402 bp Xbal/HindIll PCR fragment containing
motBkeoa cloned into pK18mob sacB

Km', 402 bp Xbal/HindIll PCR fragment containing
motBasse cloned into pK18mob sacB

Km', 363 bp Xbal/HindIll PCR fragment containing
motBapiug cloned into pK18mob sacB

Ap', 876 bp BamHI/Hindlll fragment containing motA
cloned into MCS-1 and 564 bp Ndel/EcoRV fragment
containing motF cloned into MCS-I11 of pETDuet-1
Ap', 489 bp BamHI/HindIll fragment containing fliL

cloned into MCS-1 and 564 bp Ndel/EcoRV fragment

This study

This study

This study

This study

This study

This study

This study

This study

This study
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containing motF cloned into MCS-I1 of pETDuet-1

pBS1308 Ap', 906 bp BamHI/HindlIlI fragment containing cheR  This study
cloned into MCS-I and 564 bp Ndel/EcoRV fragment
containing motF cloned into MCS-I1 of pETDuet-1

pBS1311 Ap', 1,182 bp EcoRI/Hindlll fragment containing This study
motB cloned into MCS-1 and 564 bp Ndel/EcoRV
fragment containing motF cloned into MCS-II of
PETDuet-1

pBS1312 Ap'", 1,671 bp BamHI/Hindlll fragment containing fliF  This study
cloned into MCS-I and 564 bp Ndel/EcoRV fragment
containing motF cloned into MCS-I1 of pETDuet-1

pBS1313 Ap', 1,038 bp BamHI/Hindlll fragment containing This study
fliG cloned into MCS-I and 564 bp Ndel/EcoRV
fragment containing motF cloned into MCS-II of
PETDuet-1

pBS1314 Ap', 1,302 bp BamHI/Hindlll fragment containing This study
motC cloned into MCS-I and 564 bp Ndel/EcoRV
fragment containing motF cloned into MCS-II of
PETDuet-1

pBS1319 Km', 567 bp Hindlll/BamHI fragment containing This study
motF cloned into pKTop

pBS1320 Km', 84 bp Hindlll/BamHI fragment containing This study

motF1.og cloned into pKTop

124



PETDuet-1 Ap', Dual expression vector Novagen

pK18mob sacB Km' lacZ mob sacB (10)
PKNT25 Km', BACTH vector (11)
pKT25 Km', BACTH vector (11)
pKT25-zip Km', BACTH positive control vector (11)
pKTop Km", vector expressing dual reporter PhoA2»- (9)

ar2/lLacZa-60, P15 ori

pPHU236 Tc', Promoterless lacZ vector (12)

pTYB11 Ap', Expression vector New England
Biolabs

pUT18 Ap", BACTH vector (11)

pUT18C Ap", BACTH vector (11)

pUT18C-zip Ap", BACTH positive control vector (11)

pRU2274 Tc', 545 bp EcoRI/Pstl fragment containing the flaA (13)

promoter of S. meliloti in pPHU236

aNomenclature is presented according to Bachmann (14) and Novick et al. (15). Ap', ampicillin
resistance; Km', kanamycin resistance; Sm", streptomycin resistance; Tc', tetracycline resistance.

*, periplasmic region
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FIGURE S2.1. Functions of FliL in diverse bacterial species (16-37). *, FliL has only been
implicated in rod stability for S. enterica.
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FIGURE S2.2. Effects of in-frame deletion mutations of SMc03056, SMc03071, SMc03072, and
SMc03057 (motF) on PflaA promoter activity compared to wild type (WT). PflaA promoter
activity (in Miller units) was monitored by the PflaA-lacZ construct pRU2274 in each indicated

strain. The black bar indicates the motility phase of growth.
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FIGURE S2.3. The swimming defect of AmotF can be complemented by ectopic expression of

motF.
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FIGURE S2.4. The flagellar regulon in S. meliloti. The locations of motF and fliL are indicated
with solid and empty arrows, respectively. Gene colors correspond to protein functional groups:
green, chemotaxis; red, regulatory; blue, flagella structural; purple, flagellins; yellow, flagellar

motor; white, unknown function prior to this study.
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FIGURE S2.5. Quantitative swim ring analysis of AmotF and AfliL mutants.
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S.mel KALDAPENQAPARENPQRKEAERALKAEIEKEL--GGEAGRLLEGL-AVTPAEGGLLVTISEQ 282
E.col SRLRELRGDLDQLIESDPKLRALRPHL-KIDLVQEGLRIQIIDS 154
S.ent SRLNKLRGDLDQLIESDPELRALRPHL-KIDLVQEGLRIQIIDS 156
R.sph GRAGGSFPSGSDDLTPDARAVMARIAEATRNPERT ITVTIGHTDNVEVSGGA-FRDNIALAR 311
S.mel TDAPMFAVGSAVPQRELVLAMEKIGRLLAERPGAVAVRGHTDGRPFEDG——TYDNWRLSA 340
E.col ONRPMFRTGSADVEPYMRDILRAIAPVLNGIPNRISLSGHTDDEPYASGEKGY SNWELSA 214
S.ent CONRPMFETGSAEVEPYMRDILRAIAPVLNGIFNRISLAGHTDDEFPYANGEKGY SNWELSA 216
- - ca. owEEx, X% E e
R.sph GRAASVVRELVASGSVDPGRITAVSRGEFDPVADNATEEGRAQNREIEIEISYKD————— 366
S.mel ARAQSAYYMLVRGG-LEEERVEQISGF-ADRRLOVPNDAYAPANRRIEILLOSGOG———— 354
E.col DRENASRRELMVGG-LDSGEVLRVVGM-ARTMRLSDRGPDDAVNREISLLVLNKQRAEQAT 272
S.ent DRANASRRELVAGG-LDNGEVLRVVGM-AATMRLSDRGPDDAINREISLLVLNKQAEQAT 274
* - ke ok oa: s - r— .

R.sph 366

S.mel 3594

E.col LHENAESQNEPVSALEKPEVAPQVSVETMPSAEPR 307

S5.ent LHENAESQNEPVSVLOQPRAARPPRSVPTSPEAEPR 309

FIGURE S2.6. Clustal Omega multiple sequence alignment of MotB protein sequences. The
MotB transmembrane domain is indicated by a black line and the plug region by a light grey line.
The dark grey line indicates the large insertion in S. meliloti MotB.
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Appendix B: Supplemental Material for Chapter 3
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cheR
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FIGURE S3.1. The S. meliloti flagellar regulon. The black arrow marks the location of orf23.
Gene colors correspond to specific functional groups of the protein products: green, chemotaxis;
blue, flagella structural; red, regulatory; yellow, flagellar motor; purple, flagellins; white,

unknown function.
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