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Supervisor:  Rasika M. Harshey 

 
E. coli and Salmonella enterica have multiple c-di-GMP cyclases and 

phosphodiesterases. Absence of a specific phosphodiesterase YhjH impairs motility in 

both bacteria. yhjH mutants have elevated c-di-GMP levels and require YcgR, a c-di-

GMP-binding protein, for motility inhibition. This study demonstrates that YcgR 

interacts with the flagellar switch-complex proteins FliG and FliM, with the primary 

interaction site located within FliM. Interaction of YcgR with these proteins induces a 

CCW motor bias and reduces the efficiency of torque generation, thus inhibiting both 

chemotaxis and the speed of movement. In collaboration with David Blair’s group at the 

University of Utah, we propose a "backstop brake" model showing how both effects of 

YcgR on the motor can result from an initial disruption of the FliM/FliG interface, 

followed by destabilization and disorganization of the FliG C-terminal domain, which 

interacts with the stator protein MotA. Support for this order of events i.e. induction of a 

CCW bias followed by reduction of torque, is provided for S. enterica motors. Data from 

single motor analysis show that E. coli and S. enterica motors have inherently different 

properties, but that YcgR is solely responsible for disruption of motor function in both 



 vii 

bacteria.  This study also finds that E. coli and S. enterica employ c-di-GMP in additional 

and different pathways to impede motility. Inhibition of motility and chemotaxis may 

represent a bacterial strategy to prepare for sedentary existence by disfavoring migration 

away from a substrate on which a biofilm is to be formed.  
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Chapter 1: Introduction 

 

 

1.1 Cyclic di-GMP 

Bis (3’! 5’)-cyclic dimeric guanylic acid (cyclic di-GMP or c-di-GMP) is one of 

the most important and widespread bacterial secondary messengers (Figure 1.1). 

Enzymes that synthesize and degrade c-di-GP are found in all major bacterial phyla 

(Pruitt et al., 2012). Since its discovery, c-di-GMP has been found to be an important 

regulator with regard to lifestyle changes of numerous bacteria. c-di-GMP can stimulate 

the biosynthesis of adhesins and exopolysaccharide (EPS) to control the transition from a 

motile to a sessile state, regulate virulence, cell-cycle progression, and antibiotic 

production (D’Argenio et al., 2004; Jenal, 2004; Römling et al., 2005; Jenal and Malone, 

2006; Römling and Amikam 2006; Tamayo et al., 2007).  

The discovery of c-di-GMP by Moshe Benziman and his colleagues came from 

their research on cellulose biosynthesis in Gluconacetobacter xylinus (previously 

Acetobacter xylinum). The reduced activity of the G. xylinus cellulose synthase in vitro, 

led to a search for a cofactor that increased synthase activity and cellulose production to 

physiological levels (Ross et al., 1985; Ross et al., 1986). After its identification, c-di-

GMP was known primarily as an allosteric activator required for cellulose biosynthesis in 

G. xylinus until it was found and characterized in other bacterial species to control other 

cellular processes (Ross et al., 1987; Amikam and Benziman et al., 1989; Tal et al., 
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1998). 

 Sequencing of three cdg (cyclic diguanylate) operons of G. xylinus, also by the 

Benziman group, helped identify and characterize the enzymes that synthesize and 

degrade c-di-GMP. It was found that c-di-GMP is synthesized from two GTP molecules 

by specific diguanylate cyclases (DGCs) and hydrolyzed by specific phosphodiesterases 

(PDEs) into 5’phosphogunanylyl-(3’-5’)-guanosine (pGpG) (Tal et al., 1998; Chang et 

al., 2001). Functional DGC activity is linked to an essential amino acid motif known as 

the GGDEF domain. PDE activity is associated with an essential EAL domain. Later 

research led to the discovery of another motif, the HD-GYP domain, which also functions 

as a PDE (Tal et al., 1998; Christen et al., 2005; Ryjenkov et al., 2005; Schmidt et al., 

2005). 

Crystal structures show that c-di-GMP cycles between a monomer and dimer 

state, with self-intercalating stacks of the two individual guanines to stabilize its dimer 

form (Egli et al., 1990). c-di-GMP is also known to form other oligomer lengths, but only 

the monomer or dimer binds to c-di-GMP binding domains and metabolizing proteins 

(Minasov et al., 2009; Smith et al., 2009; Tchigvintsev et al., 2010; Habazettle et al., 

2011). 
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Figure 1.1 The structure of bis (3’! 5’)-cyclic dimeric guanylic acid (c-di-GMP). 

 

1.1.1 Synthesis and degradation of c-di-GMP 

 GGDEF, EAL, and HD-GYP domains belong to a group of proteins responsible 

for the anabolism and catabolism of c-di-GMP (Figure 1.2). While these domains are 

found in many classes of bacteria, they are most abundantly found in Proteobacteria, 

which have 15,810 proteins related to the metabolism of c-di-GMP (Pruitt et al., 2012). 

The genus with the highest number of c-di-GMP metabolizing proteins is Vibrio. One 

example is Vibrio vulnificus, which encodes 92 proteins related to c-di-GMP metabolism 

and includes all three domain types. The Helicobacter genus presents a contrast to Vibrio. 

Like the majority of its genus, Helicobacter pylori contains no c-di-GMP related proteins, 

though some, such as Helicobacter mustelae, contain only a few. Escherichia coli and 

Salmonella enterica encode 29 and 20 c-di-GMP metabolizing proteins, respectively; 

these only encode GGDEF and EAL domains (Pruitt et al., 2012). 
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 The first hint that c-di-GMP was part of the cellular signal transduction network 

came from the observation that the GGDEF and EAL domains proteins are associated 

with the oxygen-sensing PAS (Per/Arnt/Sim) domain in DGCs and PDE of G. xylinus 

(Tal et al., 1998; Chang et al., 2001), and with the receiver (REC) domain of two-

component signal transduction systems in PleD and CelR2 in Caulobacter and Rhizobium 

spp., respectively (Hecht and Newton 1995; Aldridge and Jenal 1999; Ausmees et al., 

2001). REC, PAS, and/or GAF domains are the most common domain architectures of c-

di-GMP-metabolizing enzymes. These domains enable proteins to sense O2, NO, CO, the 

redox state of the electron transport chain components, light, quorum-sensing molecules, 

and a variety of other signals (Römling et al., 2013). This association with sensory 

domains suggests that the enzymatic activity of the GGDEF, EAL, and HD-GYP 

domains is modulated by the respective ligands of these domains, and that they respond 

by altering the synthesis or hydrolysis of c-di-GMP.  

GGDEF domain DGCs are related to adenylate and guanylate nucleotide cyclases. 

Although overall sequence similarity between DGCs and other cyclases is low, their 

predicted structures are very similar (Paul et al., 2007). DGCs function as a dimer to 

catalyze the formation of c-di-GMP. Each DGC monomer binds a single GTP in the 

active site (A site) of its GGDEF domain to form an intermolecular phosphodiester bond 

to another molecule of GTP. The first two glycine residues of the GGDEF domain are 

essential for the nucleotide specificity, as they bind preferentially to the β and γ 

phosphates of a GTP molecule. The 2 molecules of GTP undergo a two-step reaction that 

requires Mg2+ and Mn2+ cations. The third and fourth residues of the GGDEF domain, 
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aspartic acid and glutamic acid, are important for metal coordination and are essential for 

catalysis (Chan et al., 2004; Wassmann et al., 2007). A 5’-pppGpG intermediate and two 

pyrophosphate by-products are formed before the final cyclase step forms the bis (3’! 

5’)-cyclic dimeric guanylic acid molecule (Fig. 1.2) (Pei and Grishin 2001; Ryjenkov et 

al., 2005; Kiburu et al., 2008). The fifth residue, phenylalanine, is highly conserved and 

also essential for catalysis, but its exact role remains unknown. 

The sensory domains described above can regulate the catalytic activity of DGCs. 

For example, phosphorylation of an associated REC domain promotes formation of the 

catalytically active homodimer in PleD, a DGC from Caulobacter crescentus (Wassmann 

et al., 2007). The DGCs WspR from Pseudomonas aeruginosa and Rrp1 from Borrelia 

burgdorferi also require phosphorylation of their REC domains for activity (Ryjenkov et 

al., 2005; De et al., 2009). A second type of regulation involves negative feedback by c-

di-GMP. An inhibition site (I site) is most often found upstream of the A site in roughly 

half of the GGDEF domain DGCs (Chan et al., 2004; Wassmann et al., 2007). I sites 

have a four residue motif, RxxD, which have varied dissociation constants of inhibition 

(Ki). The concentration of c-di-GMP needed to inhibit DGCs is between .5µM - 1µM, 

which is considered the physiological concentration range of the molecule (Christen et 

al., 2006; Wassmann et al., 2007). Once bound to the I site, c-di-GMP acts to inhibit 

incorporation of GTP molecules at the nearby A site, and blocks conformational changes 

of the GGDEF domain that are needed to perform catalysis (De et al., 2009). 

c-di-GMP is subject to hydrolysis by EAL, and HD-GYP domain proteins (Fig. 

1.2). These proteins function as c-di-GMP-specific PDEs that hydrolyze the cyclic 
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molecule into a linear 5’-pGpG product (Ross et al., 1986). Similar to DGCs, PDE 

activity requires Mg2+ or Mn2+ cations, but unlike DGCs, Ca2+ and Zn2+ can inhibit PDE 

activity (Schmidt et al., 2005). There is some evidence that other EAL PDEs or non-

specific PDEs eventually hydrolyze the linear di-GMP, but this remains unclear 

(Gomelsky, 2010). In contrast to GGDEF domain DGCs, EAL PDE monomers do not 

need to be in a homodimer to be functional, but have been found in varying oligomeric 

lengths (Ross et al., 1986; Tarutina et al., 2006; Tchigvintsev et al., 2010). The second 

type of c-di-GMP specific PDE carries a conserved HD-GYP domain. Unrelated to EAL 

PDEs, HD-GYP domain proteins belong to the larger HD superfamily of metal-

dependent phosphohydrolases. With the additional GYP motif, HD-GYP enzymes 

specifically bind and hydrolyze c-di-GMP into a linear 5’-pGpG product. Unlike EAL 

domain PDEs, HD-GYP PDEs are known to degrade 5’-pGpG completely into GMP 

(Suzuki et al., 2006). 
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Figure 1.2 Schematic of c-di-GMP metabolism and binding. GGDEF-domain DGCs 
synthesize c-di-GMP from 2 GTP molecules. EAL and HD-GYP domain PDEs 
hydrolyze c-di-GMP into linear pGpG and 2 GMP molecules, respectively. Domains in 
gray indicate degenerate and enzymatically inactive domains. Receptors of c-di-GMP are 
known to be proteins or RNA with recurring domains (left) as well as proteins with c-di-
GMP binding domains that have yet to be classified (right). Receptors are effector 
proteins that are activated by c-di-GMP to affect an array of targets that regulate a myriad 
of cellular processes. Detours show domains in dark gray to indicate proteins that have 
lost their enzymatic activity but can still bind c-di-GMP. While these domains no longer 
process c-di-GMP, they can be involved in c-di-GMP-activated sequestration, protein-
protein interaction, or protein-RNA interaction. Taken from Romling et al., 2013. 
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Analysis of genomic sequence data shows that large numbers of GGDEF and 

EAL domains are found in tandem. As much as one-third of GGDEF domains and two-

thirds of all EAL domains are found on the same polypeptide (Seshasayee et al., 2010). 

Although found in several bacteria, tandem GGDEF and HD-GYP domain fusions are 

found to be less frequent than GGDEF-EAL tandem domains, and have not been fully 

characterized (Galperin et al., 2001). In most cases, one domain of the DGC/PDE multi-

domain protein is found to be inactive, but there are also some proteins that retain 

functionality of both the DGC and PDE domains (Tarutina et al., 2006; Seshasaye et al., 

2010). Degenerate residues of the normally conserved GGDEF, EAL, or HD-GYP 

domains abrogate enzyme activity (Schmidt et al., 2005; Malone et al., 2007; Rao et al., 

2008). Degenerate domains may continue to bind GTP/c-di-GMP, and function as 

receptors to influence cell processes (Fig. 1.2), but do not function by synthesizing or 

hydrolyzing c-di-GMP. It is thought that while these domains remain enzymatically 

inactive, they could function as an allosteric controller of a partner domain on a multi-

domain protein, or a completely separate protein (Christen et al., 2005; Jonas et al., 2006; 

Holland et al., 2008; Newell et al., 2009).  

 

1.1.2 c-di-GMP receptors 

 In order for c-di-GMP to regulate cellular processes, it must bind and 

allosterically affect the output function of effector proteins (Figure 1.2) (Hengge, 2009). 

Much less is known about c-di-GMP receptors and targets compared to c-di-GMP 
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metabolizing enzymes. c-di-GMP binds to a diverse class of c-di-GMP sensing proteins, 

many of which share no sequence or structural similarity, and therefore cannot be 

classified by a single common domain (Hengge 2009; Römling et al., 2013). 

 The PilZ domain has been one of the best-studied classes of c-di-GMP-binding 

protein families. The PilZ domain was named after the type IV pilus control protein, PilZ 

(PA2960), from P. aeruginosa (Alm et al., 1996). PilZ was first predicted as a potential 

protein component of the G. xylinus cellulose synthase complex. When exogenous c-di-

GMP was supplemented to membrane preparations of the cellulose synthase BcsA, which 

harbors the PilZ domain, stimulation of cellulose synthesis was observed (Weinhouse et 

al., 1997; Amikan and Galperin, 2006). After experimental verification of its c-di-GMP-

binding activity, the PilZ domain was found to be widespread among other bacterial 

species. The PilZ domain protein BcsA from G. xylinus, DgrA from C. crescentus, PilZ 

and PilD from V. cholerae, and YcgR from E. coli and S. enterica, were all found to bind 

c-di-GMP with high affinity (Ryjenkov et al., 2006; Christen et al., 2007; Merighi et al., 

2007; Pratt et al., 2007; Freedman et al., 2010). 

Two stretches of residues comprise the PilZ domain consensus sequence, 

RxxxRx20-30(D/N)x(S/A)xxG. Solved crystal structures and nuclear magnetic resonance 

(NMR) of PilZ receptors have confirmed the RxxxR motif as binding site for c-di-GMP. 

Crystal structure studies of the V. cholerae protein, PlzD (VCA0042), revealed that 

structural changes occur during c-di-GMP binding to the PilZ domain. Structural data 

suggests the RxxxR motif “wraps around” a monomer or dimer form of c-di-GMP. This 

action is thought to subsequently move the second stretch of residues, or distant structural 
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elements, closer in proximity to the site of binding and also serves to activate the effector 

(Ramelot et al., 2007; Ko et al., 2010; Habazettl et al., 2011; Shin et al., 2011).  

Through genomic sequencing and experimental data, it is known that half of the 

PilZ domain proteins harbor no other recognized domains, while the other half contain 

domains with varied functions. Known coupled domains include DNA binding domains, 

glycosyltransferases, methyl-accepting chemotaxis protein (MCP) domains, PilZN 

domains responsible for protein-protein interactions, and REC domains (Merighi et al., 

2007; Boehm et al., 2010; Paul et al., 2010; Johnson et al., 2011; Russel et al., 2013). 

I site proteins that do not have any role in c-di-GMP metabolism are known to 

function as c-di-GMP effectors. These proteins are most often found with degenerate 

GGDEF domains, which render the protein enzymatically inactive (Römling et al., 2013). 

The first example of such a protein was the C. crescentus protein, PopA (CC_1824, 

previously PdpA). When c-di-GMP is bound to its I site, PopA can bind and sequester the 

cell cycle regulator, CtrA, which is involved in the tight control of chromosome 

replication (Duerig et al., 2009). Another I site effector is the V. cholerae protein CdgG 

(Bd3125), which actively regulates biofilm formation and motility through c-di-GMP 

binding (Beyhan et al., 2008). 

Bacteria may also harbor more unique c-di-GMP effectors with binding domains 

that have yet to be characterized. FleQ from P. aeruginosa does not contain a PilZ 

binding domain, and has only minimal homology to residues considered important for c-

di-GMP binding (Hickman and Harwood et al., 2008). FleQ has a C-terminal DNA 
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binding domain that belongs to the NtrC family of transcriptional regulators, and 

functions as a transcription activator or repressor depending on bound c-di-GMP 

(Baraquet et al., 2012). In the absence of c-di-GMP, FleQ activates flagellar gene 

expression and promotes motility, while repressing the expression of Pel 

exopolysaccharide (EPS) genes required for biofilm formation (Hickman et al., 2005; 

Guvener et al., 2007; Hickman and Harwood, 2008). c-di-GMP binding reduces the 

DNA-binding affinity of FleQ, leading to impaired motility and enhanced biofilm 

formation (Hickman and Harwood, 2008). 

The most recent c-di-GMP binding effector to be found and characterized is the 

riboswitch (Fig. 1.2). A conserved c-di-GMP-binding RNA domain, GEMM (genes for 

the environment, for membranes and for motility), is found in the 5’-untranslated regions 

of various mRNAs. The conserved domain forms an RNA aptamer, a secondary structure 

that can bind c-di-GMP and undergo a conformational change to activate the riboswitch 

(Sudarsan et al., 2008; Lee et al., 2010). Within V. cholerae, the Vc1 riboswitch regulates 

intestinal adhesion while Vc2 regulates biofilm formation, and the Cd1 riboswitch of C. 

difficile regulates flagella synthesis (Beyham et al., 2008). Upon binding to c-di-GMP, 

the mRNA forms a secondary structure and alters transcription, mRNA stability, or 

translation of downstream genes (Barrick and Breaker, 2007). 

 

1.2 Flagellar Motor 

The bacterial flagellum is a complex macromolecular organelle that enables 
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motility. The structure and function of this organelle have been best studied in S. enterica 

and E. coli, respectively. Both bacteria have 6-8 flagella distributed on the cell surface in 

a peritrichous arrangement. Each flagellum is a composed of approximately 30 proteins 

that form three major parts: the basal body, the hook, and the filament (Figure 1.3 A) 

(Macnab, 2003; Minamino and Namba, 2004). The basal body is embedded within the 

cell membrane, while the hook and filament function in the exterior of the cell as a 

universal joint and propeller, respectively. 

The basal body consists of a motor, which is made up of a moving rotor and 

approximately 12 stationary stators (Minamino et al., 2008). The rotor includes the 

cytoplasmic ring (C ring) that is connected to the external hook by a membrane ring (MS 

ring) and periplasmic rod that spans the inner and outer cell membranes. Two rings form 

around the rod, the P ring which associates with peptidoglycan in the periplasm and the L 

ring which associates with the lipopolysaccharides in the outer membrane (Macnab, 

2003). These rings are proposed to serve as bushings for the rod. The multiple stators are 

transmembrane MotA and MotB protein complexes located around the MS and C ring 

(Kojima and Blair, 2004; Reid et al., 2006). Each stator has 4 MotA and 2 MotB subunits 

that function as a proton-conducting channel (Berg, 2003). MotB anchors the stator to the 

peptidoglycan layer of the cell through a peptidoglycan-binding motif in its C-terminal 

domain MotBC (the subscripts c, m, n, denote C-terminal, Middle, and N-terminal 

regions) (De Mot and Vanderleyden, 1994). Proton translocation through the MotAB 

channel results in protonation of Asp32 of MotB, which causes conformational changes 

in MotAC. Stators generate force as a result of translocating proton ions across the 
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cytoplasmic membrane, altering charge interactions at the stator-rotor interface that 

generate torque and power the rotor (Fig. 1.3 A) (Berg, 2003). Rotational speed (Hz) of 

the flagellar motor is proportional to proton-motive force (PMF). Motor speed can range 

from 0 to approximately 380 Hz depending on the load or viscosity of the environment 

(Gabel and Berg, 2003). 

In the rotor, the MS ring is comprised of 25 subunits of a single transmembrane 

protein FliF; the self-assembly of this protein is suggested to be the first event in flagella 

biogenesis, providing a platform for assembly of the C ring (Ueno et al., 1992). 

Stoichiometry of the C ring proteins FliG, FliM, and FliN is estimated to be 25, 34, and 

110 subunits, respectively (Macnab, 2003; Paul and Blair, 2006). Assembly of this unit is 

followed by docking of the Type III secretion apparatus within the membrane patch 

enclosed within the MS ring. Seven membrane proteins and three soluble proteins make 

up this secretion apparatus, driving secretion of rod, hook and filament subunits through a 

narrow (~25 Å) central channel, to the distal, growing end of the flagellum i.e. the 

flagellum is built from the inside out. Both ATP and PMF power type III secretion 

(Minamino et al., 2008; Harshey, 2011) The rod is divided into proximal and distal 

segments, each comprised of multiple subunits of six different proteins.   

The C ring proteins play a key role in rotation and switching direction of the rotor. 

FliG has three important domains, FliGC, FliGM, and FliGN. FliGC is proximal to and 

interacts with MotAc; proton flow through MotA alters these charge interactions, causing 

conformational changes in FliGC to generate torque (Zhou et al., 1998; Lloyd et al., 

1999). FliGN is also known to bind to FliF of the MS ring (Kihara et al., 2000). Crystal 
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structure and 3-D cryo-EM analyses show that FliGM and FliGC are connected by an α 

helix and linker domain (Brown et al., 2002), and that these two domains also interact 

with FliM (Thomas et al., 2006; Brown et al., 2007) and form a stable complex with a 

stoichiometry of 4:1 (Brown et al., 2005). FliM and FliN influence rotor switching when 

bound to the phosphorylated form of CheY (CheY~P), a response regulator of the 

chemotaxis system (Fig. 1.3B). The default thermal state of rotation is CCW. When 

bound to FliM and FliN, CheY~P stabilizes the CW rotation conformation (Berg, 2003).  

Outside the cell body, the curved hook connects the rod to the filament through 

hook-associated proteins (HAPs) (Homma et al., 1984; Diószeghy et al., 2004). The hook 

is ~50 nM in length, and is made of hundreds of subunits of a single protein FlgE. The 

filament is approximately 20µM in length and made up of thousands of subunits of a 

single protein (FliC or FljB).  Due to its helical shape, the filament rotates in a screw-like 

fashion to generate thrust and propel the bacteria through liquids and on hydrated 

surfaces (Macnab, 2003; Minamino and Namba, 2004). 
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Figure 1.3 The flagellum of E. coli and S. enterica. A. The flagellum is made up of three 
moving parts: the basal body (cytoplasmic C ring, membrane MS ring, periplasmic Rod), 
the external hook, and the long filament. The motor comprises the moving rotor or basal 
body and approximately 12 stationary transmembrane stator complexes, comprised of 
MotA and MotB proteins. The stators use the transmembrane proton gradient to channel 
the H+ ions into the cytoplasm, altering charge interactions at the stator-rotor interface, 
which generates torque and powers rotor movement. Torque is transmitted to the filament 
via the hook, which propels the cell forward. The default state of the bidirectional motor 
is to turn CCW; CW rotation is induced by CheY~P, the output of the chemotaxis 
signaling pathway shown in B. CheY~P binds to FliM and FliN within the C ring. B. 
Transmembrane receptors transmit signals through CheW to the histidine kinase CheA. A 
phosphate signal is passed from CheA~P to CheB and CheY. CheY~P binds the flagellar 
motor and promotes a switch in rotor rotation from CCW to CW. CheZ dephosphorylates 
CheY~P, terminating the excitatory signal. CheB~P is a methylesterase that works 
antagonistically to the methyltransferase CheR; methylation-demethylation of the 
receptors is part of the “adaptation” response to the chemotaxis stimulus, resetting the 
receptors to their prestimulus state. 
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1.3 Swimming and swarming motility 

Two types of flagella-dependent motilities are performed by E. coli and S. 

enterica - swimming and swarming (Figure 1.4). Swimming is a type of motility 

exhibited by individual cells in liquid and semisolid agar (0.3%). Swimming cells display 

a “random walk” in isotropic medium where intervals of smooth swimming (runs) are 

interrupted by short re-orientations (tumbles). Runs and tumbles correspond to counter-

clockwise (CCW) and clockwise (CW) rotation of the flagellar motors, respectively 

(Berg, 2003). The CCW rotation of the flagellar motor results in bundling of all the 

helical flagella, exerting a forward pushing motion on the cell which results in straight 

runs, while CW rotation disrupts the bundle and interrupts the runs, allowing the 

bacterium to sample new directions when the bundle reforms (Macnab, 1977).  

The chemotaxis system enables the bacteria to bias their random walk towards 

higher concentrations of attractants and away from repellents by controlling the 

CW/CCW rotation of the motor. While the direction of swimming is chosen randomly, 

movement in a favorable direction suppresses tumbles, resulting in longer runs. The 

signal that arrives at the motor to modulate its bias is generated within polarly located 

chemoreceptors, which can sense a variety of environmental cues including amino acids, 

carbohydrates, dipeptides, pH, redox states, and temperature (Fig. 1.3B) (Sourjik and 

Armitage, 2010; Porter et al., 2011). These cues generate conformational changes in the 

receptors, which are transmitted to the histidine kinase CheA via an associated linker 

protein CheW (Fig. 1.3 B). CheA has a basal autophosphorylation activity that is 

suppressed by an attractant signal and activated by a repellent signal; this activity is 
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controlled by conformational changes that alter the methylation states of the 

chemoreceptors (Baker et al., 2006; Hazelbauer et al., 2008). Once active, CheA~P 

passes the phosphate signal to two response regulators: the motor control protein, CheY, 

and the methylesterase, CheB (Fig. 1.3 B). CheY~P interacts with flagellar motor by 

binding the switch proteins, FliM and FliN, increasing the probability of CW rotation 

(Baker et al., 2006; Hazelbauer et al., 2008). CheZ is a CheY~P-specific phosphatase that 

hydrolyzes and inactivates CheY~P, terminating the signal. The lower the concentration 

of CheY~P, the higher the probability of CCW rotation. Thus, attractant signals which 

suppress CheA, increase run lengths by increasing CCW rotation.  

CheB~P, along with the methyltransferase protein, CheR, are receptor adaption 

enzymes. MCPs undergo reversible methylation, and their methylation state is constantly 

updated by CheB~P and CheR (Baker et al., 2006; Hazelbauer et al., 2008). An attractant 

signal, which suppresses the CheA kinase, leaves the receptors in a high affinity state for 

methylation by CheR; methylated receptors activate CheA. When the receptors are “on”, 

the CheB~P generated demethylates and thus deactivates the receptors. Thus, CheR-

CheB~P continuously reset the receptor conformation to their pre-stimulus state, 

allowing the cell to be receptive to future changes in chemoeffector concentrations.  

While signal propagation from the receptors to the motors is fast, CheB~P and CheR 

function at a slow rate, giving bacteria a temporal memory device with which to make 

comparisons of their current ligand concentrations (receptor occupancy) with the past 

concentration (receptor methylation record), determining whether the cell should 

continue a smooth run (CCW) or change directions (CW).  
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Swarming is a type of flagella-dependent surface motility exhibited by groups of 

cells. Swarming occurs on the surface of sufficiently hydrated solid media (Harshey, 

2003). Agar percentage and nutrient composition are critical for swarming. Temperate 

swarmers, like E. coli and S. enterica, swarm best on low percentage rich agar media (0.5 

- 0.8%) supplemented with glucose (Harshey and Matsuyama, 1994). Robust swarmers, 

such as Vibrio parahaemolyticus and Proteus mirabilis, are able to swarm on higher 

percentage agar (1.5-3%) (Henrichsen, 1972; McCarter, 2004). Water is considered the 

most important element for swarming. The biggest challenge for cells on a surface is to 

find a sufficient amount of water (Harshey, 2003; Banaha et al., 2009; Kearns, 2010; 

Be’er and Harshey, 2011; Partridge and Harshey, 2013a). E. coli and S. enterica are 

thought to use enterobacterial common antigen (ECA), lipopolysaccharide (LPS), 

osmolytes, and other polysaccharides to draw water towards the cells (Gygi et al., 1995; 

Toguchi et al., 2000; Inoue et al., 2007). The chemotaxis pathway, but not chemotaxis, is 

also required for maintaining a moist surface environment; the ability of the flagellar 

motor to switch direction is critical for generating wetness, but the mechanism is not yet 

understood (Burkart et al., 1998; Mariconda et al., 2006). Another obstacle cells 

encounter during swarming is surface friction (Kralchevsky and Nagayama, 2000). 

Bacteria must overcome frictional forces by lubricating the cell-surface interface, thereby 

reducing the charge of the electrostatic force between the cell and surface; they must also 

generate more thrust (Partridge and Harshey, 2013a). LPS is required for swarming and is 

thought to act like a surfactant to lubricate and alter charges on the cell surface (Raetz 

and Whitfield, 2002). Thrust can be increased by increasing flagella numbers; only robust 
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swarmers are known to increase thrust in this manner (Partridge and Harshey, 2013a; 

Tuson et al., 2013). Temperate swarmers increase thrust through a swarming-specific 

protein, FliL (Attmannspacher et al., 2008; Motaleb et al., 2011). In the absence of FliL, 

swimming speeds are reduced but swarming is completely inhibited (Attmannspacher et 

al., 2008). Over-expression of FliL along with stator proteins in S. enterica allows for 

swarming on harder agar surfaces (Partridge and Harshey, 2013b). 

The swim plate assay shown in Fig. 1.4 has been used for decades as a simple 

behavioral assay for chemotaxis. Cells inoculated in the center create a chemical gradient 

when they exhaust the nutrients in their vicinity; chemotaxis allows to them to follow the 

gradient and migrate outwards. Swarming migration does not depend on chasing 

chemical gradients. However, mutants defective in chemotaxis do not swarm because 

their biased motors prevent hydration of the surface colony by a mechanism that is not as 

yet understood (Wang et al., 2005; Mariconda et al., 2006). 
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Figure 1.4 Swimming and swarming assays. Swim and swarm plates differ in their agar 
composition. Swim media consists of 0.3% agar and swarm media contains 0.6% agar. 
Both media contain LB. Swarm media are supplemented with 0.5% glucose. 
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Chapter 2: Materials and methods 

 

 

 
Bacterial growth conditions and strain construction 

Strains and plasmids are listed in Table 2.1. Bacteria were grown in L-broth (LB) 

containing 10 g tryptone, 5 g yeast extract and 5 g NaCl per liter unless otherwise stated. 

Antibiotics used in this study are ampicillin (100 µg/mL), chloramphenicol (20 µg/mL), 

kanamycin (50 µg/mL), and tetracycline (12.5 µg/mL). Swim plates were made with 

0.3% Bacto agar (BD Difco, New Jersey, USA), and swarm plates with 0.6% Eiken agar 

(Eiken Chemical, Tokyo, Japan) supplemented with 0.5% glucose (Harshey and 

Matsuyama, 1994; Wang et al., 2006a). In the case of YcgR over-expression or YhjH 

complementation in S. enterica or E. coli, 0.5% L-arabinose was substituted for glucose; 

this sugar supports swarming as efficiently as glucose (Harshey and Matsuyama, 1994). 

Both swim and swarm plates were inoculated in the center of the plate with 5 µL of an 

overnight (10-12 hours) culture. All motility experiments were at 37°C for S. enterica 

and 30°C for E. coli (Parkinson, 1978). E. coli strains used for measurement of single 

flagellum utilized a fliC allele cloned in an inducible plasmid (pFD313) which was 

obtained from Judy Armitage (Oxford University, Oxford, UK). pFD313 was 

transformed into the fliC null E. coli mutant, HCB5, which was grown overnight (10-12 

hours) at 30°C before use. 
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Deletion of S. enterica and E. coli genes was achieved by the one-step 

mutagenesis procedure previously described (Datsenko and Wanner 2000; Wang et al., 

2005). All primers used are listed in Table 2.3.  Initial deletions involved selection with a 

kanamycin (kan) or tetracycline (tetRA) cassette. Excision of kan cassettes was achieved 

by expression of the FLP recombinase encoded on pCP20 (Datsenko and Wanner 2000). 

Deletions were verified by polymerase chain reaction (PCR) and sequencing. Mutant 

combinations in S. enterica were constructed by P22 phage transduction, and in E. coli by 

P1 phage transduction. 

 

Plasmids 

Plasmids obtained from other laboratories are listed in Table 2.2. For basic 

cloning and gene expression from a plasmid, gene sequences were amplified using PCR 

from the genomic DNA of wild-type S. enterica or E. coli and cloned into pBAD18 

(Kan), pBAD24 (Ap), or pBAD33 (Cm). Primers are listed in Table 2.2. For genes 

expressed from pBAD33, a Shine-Dalgano sequence (AGGAGGAATTCACC) was 

added by PCR. pBAD cloning vectors are inducible with L-arabinose and have been 

previously described (Guzman et al., 1995). Specific mutations in fliM, fliG, motA, ycgR 

and gfp fusion to the C-terminus of ycgR were constructed using overlap extension PCR 

as previously described (Saiki et al., 1988), or using the QuikChange® Site-Directed 

Mutagenesis Kit (Stratagene, La Jolla, CA) and cloned into pBAD vectors. Green 

Fluorescent Protein (GFPmut2) was amplified by PCR from the plasmid pAU66 and 

fused to the C-terminus of YcgR and its variants with a GSGGG peptide linker. Epitope 
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tags (hexa-6xHis or FLAG) were conjugated to the C-terminus of wild-type YcgR by 

PCR for cloning in pBAD24. Mutations, fusions, and epitope tags were confirmed by 

DNA sequencing. 

 
Table 2.1 Strains used. 

Strain Genotype Source (ref.) 

   
Salmonella   

14028 Wild-type ATCC strain Chevance and Hughes 
QW108 yhjH::KAN Q. Wang 
QW140 fliG Q. Wang 
QW165 ycgR:: KAN Q. Wang 
QW182 fliM Q. Wang 
QW262 yhjH Wang et al., 2006 
QW278 ycgR Wang et al., 2006 
SM162 7 deleted chemotaxis receptors (Δ7T) S. Mariconda 
SM280 cheZ S. Mariconda 
SM387 cheB S. Mariconda 
SM127 fliF-FLAG on chromosome S. Mariconda 
VN10 pycgR This Study 
VN11 yhjH (pycgR) This Study 
VN29 cheB/yhjH::KAN (pycgR) This Study 
VN33 cheZ/yhjH (pycgR) This Study 
VN45 14028 (pycgR-gfp) This Study 
VN46 yhjH (pycgR-gfp) This Study 
VN47 7T (pycgR-gfp) This Study 
VN50 fliM/yhjH::KAN (pycgR-gfp) This Study 
VN55 yhjH/ycgR This Study 
VN67 yhjH/ycgR (pycgR-gfp) This Study 
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Table 2.1 continued 
VN70 yhjH/ycgR (pycgR-R118D-gfp) This Study 
VN71 fliM (pfliM) This Study 
VN73 fliM/yhjH::KAN (pfliM) This Study 
VN78 fliM/yhjH::KAN (pfliM-N155E) This Study 
VN79 fliM/yhjH::KAN (pfliM-L160E) This Study 
VN80 fliM/yhjH::KAN (pfliM-N155E; pycgR-gfp) This Study 
VN81 fliM/yhjH::KAN (pfliM-L160E; pycgR-gfp) This Study 
VN82 yhjH/ycgR (pycgR-Q223W) This Study 
VN83 fliG (pfliG) This Study 
VN84 fliG (pfliG-P295W) This Study 
VN85 fliG/yhjH::KAN (pfliG-P295W) This Study 
VN86 fliG/yhjH::KAN (pfliG-P295W; pycgR-gfp) This Study 
VN88 fliN::KAN (pycgR-gfp) This Study 
VN89 yhjH/fliN::KAN (pycgR-gfp) This Study 
VN90 motA/yhjH::KAN (pycgR-gfp) This Study 

JP1107 fliC::fliC sticky-tet  J. Partridge 
VN118 JP1107 yhjH This Study 

 
VN119 JP1107 yhjH (pycgR) This Study 
VN120 JP1107 yhjH/ycgR This Study 
VN123 JP1107 motA (pmotA) This Study 
VN124 JP1107 motA (pmotA-G93V) This Study 
VN125 JP1107 motA/yhjH (pmotA) This Study 
VN126 JP1107 motA/yhjH (pmotA-G93V) This Study 

 
VN127 

 

JP1107 motA/yhjH (pmotA; pycgR) This Study 
VN128 JP1107 motA/yhjH (pmotA-G93V; pycgR) This Study 

   
E. coli BW25113   

JW56651 bcsA::KAN Keio Collection 
JW18711 cheY::KAN Keio Collection 
JW11831 ycgR::KAN Keio Collection 
JW34932 yhjH::KAN Keio Collection 
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Table 2.1 continued 
E. coli RP437   

RP666 motA Parkinson, 1978 
   

E. coli AW405 

AWAW405 

  

AW405 Wild-type 
 

Armstrong et al., 1967 
VN133 yhjH::KAN This Study 
VN136 yhjH ycgR This Study 
VN137 bcsA::KAN ycgR! This Study 
VN138 bcsA::KAN ycgR yhjH::TET! This Study 
VN139 bcsA::KAN This Study 
VN140 ycgR::KAN This Study 

 !  
E coli HCB5 !  

HCB5 AW405 ΔfliC! Berg and Turner, 1990 
VN144 HCB5!(pfliC sticky) This Study 
VN146 yhjH::KAN (pfliC sticky) This Study 
VN148 yhjH/ycgR::KAN (pfliC sticky)! This Study 
VN149 bcsA::KAN/ycgR (pfliC sticky)! This Study 
VN150 bcsA::KAN/ycgR/yhjH::TET (pfliC sticky)& This Study 
VN151 cheY (pfliC sticky)! This Study 
VN152 cheY yhjH (pfliC sticky) This Study 
VN 161 ycgR (pfliC sticky) This Study 
VN166 bcsA::KAN (pfliC sticky) This Study 

 !  
Plasmid or phage Genotype Source (ref.) 

   
Plasmid   

pCP20 FLP Recombinase Datsenko and Wanner 

2006 
pKD4 Kanamycin Template Datsenko and Wanner 

2006 
pKD46 λ Red Recombinase Datsenko and Wanner 

2006 
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Table 2.1 continued 
pBAD18 Cloning Vector; KanR 

 

Guzman et al., 1995 
pBAD24 Cloning Vector; AmpR Guzman et al., 1995 
pBAD30 Cloning Vector, AmpR Guzman et al., 1995 
pBAD33 Cloning Vector; CamR Guzman et al., 1995 
pFD313 pBR233-fliC sticky J. Armitage 
pAU66 gfp-mut2 cloned in pBAD24 U. Attmannspacher 
pVN5 ycgR cloned in pBAD24 This Study 
pVN6 gfp cloned in pBAD24 This Study 
pVN8 ycgR-gfp in pBAD24 This Study 
pVN11 ycgR-R118D-gfp in pBAD24 This Study 
pVN14 fliM in pBAD33 This Study 
pVN18 fliM-N155E in pBAD33 This Study 
pVN19 fliM-L160E in pBAD33 This Study 
pVN22 ycgR-Q223W in pBAD24 This Study 
pVN24 fliG in pBAD33 This Study 
pVN27 fliG-P295W in pBAD33 This Study 
pVN33 ycgR-6xhis in pBAD24 This Study 

 

 

pVN34 ycgR-FLAG This Study 
pJM50 motA in pBAD30 J. M. Lee 
pVN35 motA-G93V in pBAD33 This Study 
pVN36 ycgR in pBAD33 with pBAD24 MCS This Study 

   
Phage   
P22 HT12/4int103  

 
Chevance and Hughes 

P1   
   
 

 

 

  
Table 2.2 Primers used. 

  
Primer Sequence (5’ !  3’) 

Sequencing kan substitution of S. enterica yhjH 
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Table 2.2 continued 
VNP003 (F) ttgccagggaccgagggtaaagttctctgcctgaacgc 
VNP003 (R) tggcggcggttattttgcctgctttagtcatgtgttatttcc 

 Sequencing kan substitution of S. enterica ycgR 
VNP004 (F) atcaggggttatttcgtgt 

 VNP004 (R) cgctggacgccatgtagt 
 

 
Sequencing kan substitution of S. enterica fliM 

VNP009 (F) taaagagacactggccgcgccgctcgttgc 
VNP009 (R) tggtcgctttttgctcgtttaacgcgtcagc 

 Sequencing kan substitution of S. enterica fliG 
VNP010 (F) aggtgatgagccagcgtattcgc 
VNP010 (R) aaggtcacgttatcagcctcaacc 

 Sequencing pBAD vectors 
JD0094 (F) gcatcagacattgccgtcactg  

 JD0095 (R) cagttccctactctcgcatgg  
 Cloning S. enterica ycgR in pBAD24  

VNP005 (F) gctagcaggaggaattcaccgtgagtggttacaatgagcagttcctgaaa 
VNP005 (R) gcaagaaagcttttaattgtatagtttattctcgcactttattcgctctttctc 

 Cloning gfp in pBAD24 
VNP006 (F) gctagcaggaggaattcaccatgagtaaaggagaagaacttttcactggagttgtcc 
VNP006 (R) gcaagaaagcttttaattgtatagttcatccatgccatgtgtaatcc 

Cloning S. enterica ycgR-gfp in pBAD24 
VNP005 (F) gctagcaggaggaattcaccgtgagtggttacaatgagcagttcctgaaa 
VNP006 (R) gcaagaaagcttttaattgtatagttcatccatgccatgtgtaatcc 
VNP008 (F) aaagtgcgagaaggcggcggcagtaaaggagaagaacttttcactgg 
VNP008 (R) ttctcctttactgccgccgccttctcgcactttattcgctctttctcg 

Cloning S. enterica ycgR-R118D-gfp in pBAD24 
VNP005 (F) gctagcaggaggaattcaccgtgagtggttacaatgagcagttcctgaaa 
VNP006 (R) gcaagaaagcttttaattgtatagttcatccatgccatgtgtaatcc 
VNP011 (F) tccagcgccgggagtattttgacattggcggcgccgctgtatcc 
VNP011 (R) ggatacagcggcgcgccaatgtcaaaatactcccggcgctgga 

Cloning S. enterica ycgR-R118D-gfp in pBAD24 
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Table 2.2 continued 
VNP005 (F) gctagcaggaggaattcaccgtgagtggttacaatgagcagttcctgaaa 
VNP006 (R) gcaagaaagcttttaattgtatagttcatccatgccatgtgtaatcc 
VNP012 (F) gtcactgtggtttgtccaggatgacgagtattttcgcattggcg 
VNP12 (R) cgccaatgcgaaaatactcgtcatcctggacaaaccacagtgac 

Cloning S. enterica fliM in pBAD33 
VNP014 (F) gctagcaggaggaattcaccgtgagtggttacaatgggcgatagtat 
VNP014 (R) gcaagaaagcttttaattgtatagttcatccatgccatgtgtaatcc 

Cloning S. enterica fliM-N155E in pBAD33 
VNP014 (F) gctagcaggaggaattcaccgtgagtggttacaatgggcgatagtat 
VNP014 (R) gcaagaaagcttttaattgtatagttcatccatgccatgtgtaatcc 
VNP018 (F) cgagtttacccatacggaacagcgtgtcatcgaacgtatgctgaaactggcgctgg 
VNP018 (R) ccttccagcgccagtttcagcatacgttcgatgacacgctgttccgtatgg 

Cloning S. enterica fliM-L160E in pBAD33 
VNP014 (F) gctagcaggaggaattcaccgtgagtggttacaatgggcgatagtat 
VNP014 (R) gcaagaaagcttttaattgtatagttcatccatgccatgtgtaatcc 
VNP019 (F) aacagcgtgtcatcaaccgtatgctgaaagaagcgctggaaggctatagcgacg 
VNP019 (R) tttccatgcgtcgctatagccttccagcgcttctttcagcatacggttgatgacacg 

Cloning S. enterica ycgR-Q223W-gfp in pBAD24 
VNP005 (F) gctagcaggaggaattcaccgtgagtggttacaatgagcagttcctgaaa 
VNP006 (R) gcaagaaagcttttaattgtatagttcatccatgccatgtgtaatcc  
VNP021 (F) tcgtttccttaacgttagcccggcggtggagcggtggttgcagcggattattttttc 
VNP021 (R) cctcgcgctcaagcgaaaaaataatccgctgcaaccaccgctccaccgccgggctaa 
VNP022 (F) ttagcccggcggtggagcggtggttgcagcggattattttttc 
VNP022 (R) gaaaaaataatccgctgcaaccaccgctccaccgccgggctaa 

Cloning S. enterica fliG in pBAD33 
VNP024 (F) tcctgttctatctagaagtggatgagtaacgatcatgagtaatcttagc 
VNP024 (R) gcaagaaagcttttaattgtatagtttagacataggtatcctcgcc 

Cloning S. enterica fliG-P295W in pBAD333 
VNP024 (F) tcctgttctatctagaagtggatgagtaacgatcatgagtaatcttagc 
VNP024 (R) gcaagaaagcttttaattgtatagtttagacataggtatcctcgcc 
VNP027 (F) acgaccttgccaaccgtggctgggttcgtctgtctcaggtgga 
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Table 2.2 continued 
VNP027 (R) tccacctgagacagacgaacccagccacggttggcaaggtcgt 

Substituting S. enterica fliN with kan 
VNP087 (F) aataatccgtccgatgagaatactggcgcattggatgatctgtaggctggagctgcttcg 
VNP087 (R) acgacgcatacgctcggatggcgtaataatatcggtgatcatatgaatatcctccttagt 

Substituting S. enterica ycgR-3xFLAG in pBAD24 
VNP005 (F) gctagcaggaggaattcaccgtgagtggttacaatgagcagttcctgaaa 
VNP043 (F) gagcgaataaagtgcgagaataaactatacaatattataaaggatgatgatgataaagat 
VNP043 (R) gcaagaaagctttttatcatcatcatctttataatctttatcatcatcatctttataatc 

Sequencing kan substitution of S. enterica fliN 
VNP087 (F) ctgaatgaggaacagcccaaat 

 VNP087 (R) gctgagaaaccgtggcttctgtc 
 Cloning S. enterica ycgR-6xhis in pBAD24 

VNP005 (F) gctagcaggaggaattcaccgtgagtggttacaatgagcagttcctgaaa 
VNP033 (R) gcaagaaagcttttaattgtatagtttacaccaccaccaccaccacttctcgcactttattcgctctttc 

 Cloning S. enterica motA-G93V in pBAD33 
VNP035 (F) gctagcaggaggaattcaccgtgagtggttacagtgcttatcttatta 

 VNP035 (R) gcaagaaagcttttaattgtatagttcatgcttcctcagtcgt 
 VNP035 (F) gcctgatggccaaatcacgccagcaggagatgttctccct 

VNP035 (R) caatatcgcgttcaagggagaacatctcctgctggcgtga 
Cloning S. enterica ycgR in pBAD33 

VNP007 (F) gctagcaggaggaattcaccgtgagtggttacaatgagcagttcctgaaa 
VNP007 (R) gcaagaaagcttttaattgtatagtttattctcgcactttattcgctctttctc 

 Sequencing kan and tet substitution of E. coli yhjH 
VNP146 (F) ggtaaagttctgcccttacgcgccgataatc 
VNP146 (R) atcgttcgcttcctcatattcttcc 

Sequencing kan substitution of E. coli ycgR 
VNP148 (F) ttgtattaagttttgttaactgtgacc 
VNP148 (R) agttcctcgaacacgtagcgcg 

Sequencing kan substitution of E. coli bcsA 
VNP150 (F) gtgatgaagcgatggctgaatgc 
VNP150 (R) ttgcgttgctggcgtcgcctgcg 
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Table 2.2 continued 
Sequencing kan substitution of E. coli cheY 

VNP151 (F) gtggtgtctgcgaagtggtcg 
VNP151 (R) gtcgcgcagcatacgcgtcaggctgc 

Substituting E. coli yhjH with tet 
VNP178 (F) gagagcttgcaggaacggcgtttttggttgcagtgtgagcttaagacccactttcacatt 
VNP179 (R) ggtgccgggcgtgaaagaaaccagccttgtgcggcgaatgctaagcacttgtctcctgtt 

 

Whole-Cell Tethering 

Tethering was performed as described previously (Mariconda et al., 2006). An 

overnight culture of S. enterica was diluted 1:100 in fresh LB (5 mL) and grown at 37oC 

for 2 hours until OD600 reached 0.6 (mid-log phase). Cells were centrifuged at 5,000 g for 

5 minutes. The cell pellet was gently resuspended in 1 mL fresh “motility buffer” made 

of 10mM potassium phosphate (pH 7), 67 mM NaCl, 10 mM sodium lactate, 0.1 mM 

disodium EDTA, 0.001 mM L-methionine (Wolfe et al., 1987). Resuspended cells were 

transferred into a 1 mL sterile syringe connected by its needle (23 G gauge) to an 

identical syringe through 6-8 inches of polyethylene tubing (inner diameter = 0.58 mm). 

Flagella were sheared by gently transferring cells between the two syringes 40-50 times 

with 1-minute pauses after every 10 transfers. 40 µL of the sheared cell suspension was 

loaded into the space between a 0.1% (w/v) poly-lysine solution treated 18x18 mm 

coverslip and a 24x50 mm glass slide that was separated by double-sided sticky tape 

(3M, St. Paul, MN). Cells were incubated at room temperature for 10 min to allow them 

to attach to the coverslip. The space between the coverslip and slide was gently washed 3 

times with 40 µL of motility buffer to remove the remaining unattached cells. Cells were 
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observed through phase-contrast microscopy under an Olympus BH-2 microscope. Cell 

rotation was recorded on an external Sony video recording device. Rotation bias and 

average rotation speed was calculated using a stopwatch as described (Attmannspacher et 

al., 2008).  

For the time-course assay, S. enterica cells were tethered by their sheared flagella, 

and observed as described above. They were washed with motility buffer supplemented 

with 0.2% L-arabinose to induce YcgR expression from the pBAD vector. Rotation bias 

and speed of the population visible at 40X magnification was observed and recorded 

every 5 minutes for a total duration of 45 minutes.  

 

Fluorescence microscopy 

S. enterica cells containing GFP-tagged fusion proteins were grown overnight at 

37oC. They were diluted 1:100 in fresh LB (5 mL) and grown at 37oC for 2 hours until 

OD600 reached 0.6 (mid-log phase) in the presence of 0.005% L-arabinose inducer as 

described previously (Sourjik and Berg, 2000). Cells were attached to poly-lysine treated 

glass coverslips and were visualized through a Nikon Eclipse 50i upright microscope 

using a B-2E/C filter. Fluorescent images were obtained using an attached Nikon digital 

camera. Images were archived using Nis-Elements D 3.0 software and subsequently 

colorized using Adobe Photoshop CS3. 

 

SDS-PAGE and Western blot 
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All samples for SDS-PAGE gel electrophoresis were suspended in 6X SDS-

PAGE sample buffer before electrophoresis. To examine YcgR protein expression from 

pBAD24, S. enterica were grown and treated to the exact same conditions as the time-

course tethering assay described above. 10 mL of cells were harvested every 5 minutes 

by centrifuging at 3000 g for 5 min and resuspended in 1 mL 1X PBS. A sonication probe 

was powered to 20 KHz and used to vibrate and lyse the resuspended cells with 15 

second sonication bursts a total of 3 times. After each sonication, cells were kept on ice 

for a minimum of 5 minutes before the next burst. After sonication, cells were 

centrifuged at 16,000 g for 10 minutes at 4oC. 20 µL of the supernatant was 

electrophoresed in an 18% polyacrylamide gel. The gel was stained with SimplyBlue™ 

SafeStain (Invitrogen, Grand Island, NY) until protein bands appeared. 

Samples for western blot analysis were electrophoresed in 12% polyacrylamide 

gels, followed by transfer to Immobilion-P membrane (Millipore), performed according 

to standard protocols (Sambrook et al., 1989) and developed using the Enhanced 

chemiluminescence (ECL) kit (Amersham, Piscataway, NJ) with anti-6xHis or anti-

FLAG antibodies (Abgent, San Diego, CA). Maltose-binding protein (MBP) fused with 

6xHis on the chromosome was utilized as a loading control. 

 

Measurement of single flagella motor rotation 

Single flagella motors were analyzed by tethering cells with sticky filaments to a 

glass coverslip. Beads were attached to the sticky filament and captured by high-speed 
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video and bead rotation was used as an indicator of motor function (Terasawa et al. 

2011). An overnight culture of E. coli was diluted 1:100 in fresh LB (5 mL) and grown at 

30oC for 5 hours. 1 mL of cells were centrifuged at 5,000 g for 5 minutes and 

subsequently resuspended in 500 µL of 10 mM potassium phosphate motility buffer (10 

mM potassium phosphate buffer at pH 7.0; 0.1 mM EDTA pH 7.0; and 10 mM NaCl, 75 

mM KCl). 40 µL of the cell suspension was loaded into the space between an 18x18 mm 

coverslip and 24x50 mm glass slide that was separated by double-sided sticky tape (3M, 

St. Paul, MN) and incubated at room temperature for 10 min to allow the cells to attach to 

the coverslip. The space between the coverslips was gently washed 2-3 times with 40 µL 

of motility buffer to remove the remaining unattached cells. Cells were washed with 40 

µL of a 1:50 dilution of polystyrene beads (Polysciences, Warrington, PA) .75 µM in 

diameter. The mixture was incubated at room temperature for 10 min to allow the beads 

to attach to the flagellar filaments. The space between coverslips was gently washed 2-3 

times again with 40 µL of motility buffer to remove unattached beads. The rotational 

movement of the beads were observed under phase-contrast microscopy (BX53F; 

Olympus, Tokyo, Japan) and recorded with a high-speed charge-coupled device (CCD) 

camera (ICL-B0620M-KC0; Imperx, Boca Raton, FL) at 1250 frames per second. Images 

of each bead were cropped to the proper pixel-size (16 x 16 – 22 x 22 pixels) and 

converted to video files (.avi) by the XCAP™ Image Processing Software (Epix Inc., 

Buffalo Grove, IL, USA). Contrast enhancement, to fix image brightness and reduce 

background noise, was performed using ImageJ software (http://rsb.info.nih.gov/ij/). 

Videos of each bead were processed using custom analytical programs used within 
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Labview 2012 (National Instruments, Austin, TX), which were provided by Yuichi Inoue 

(Ishijima Lab, Tohoku University, Aoba-ku, Sendai, Japan). Program 1 fitted each video 

by a two-dimensional Gaussian function to determine the center of the bead (x,y 

coordinates). The data were stored as a text file (.txt) and used by Program 2 to calculate 

the angular rotation from the center of the bead. The classification of speed (CW, CCW, 

or Stop) was measured as Hz (revolutions per second) for further analysis by Program 3 

from the data processed by Program 2. Average speed and torque were also calculated 

from that data collected by Program 2 using a separate Python-based program, SMoK-J 

(simultaneous motor kinetics ver. J) co-written by Ryan Sullivan (Austin, Texas, USA). 

A minimum of 5 motors was used to calculate average speed and torque. Speeds were 

averaged using SMoK-J by separating positive (CW) and negative (CCW) values from 

the data processed by Program 2. Torque was calculated by SMoK-J by multiplying the 

rotational frictional drag coefficient (fb) by the angular velocity (ω = 2π x Hz) (Ryu et al., 

2000). The frictional drag coefficient was calculated as follows: fb = 8πηa3 + 6πηaI2, 

where η is the viscosity of the medium and a and I are the radius of the bead and the 

distance between the rotation axis and the center of the bead (the major radius of the 

trajectory), respectively (Ryu et al., 2000). 

All data from SMoK-J was stored as a text file and exported to the 2D plotting 

program, Plot (http://plot.micw.eu/), to make graphs. 

 

Cellulose staining 

An overnight culture of E. coli was diluted 1:100 in fresh LB (5 mL) and grown at 
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30oC for 5 hours. 1 mL of cells were centrifuged at 5,000 g for 5 minutes and 

subsequently resuspended in 500 µL of 10 mM potassium phosphate motility buffer as 

described above. 40 µL of the cell suspension was loaded into the space between an 

18x18 mm coverslip and 24x50 mm glass slide that was separated by a spacer and 

incubated at room temperature for 10 min to allow the cells to attach to the coverslip. 

Cells were washed twice with 40 µL of a fresh solution of .01% Calcofluor White 

(Sigma-Aldrich, St. Louis, MO). Cells were visualized through a Nikon Eclipse 50i 

upright microscope using a DAPI filter. Fluorescent images were obtained using an 

attached Nikon digital camera as described above and subsequently colorized using 

Adobe Photoshop CS6. 
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Chapter 3: The c-di-GMP Binding Protein YcgR 

Controls Flagellar Motor Direction and Speed to Affect 

Chemotaxis by a ‘‘Backstop Brake’’ Mechanism 

 

 

3.1 Introduction 

Cyclic or c-di-GMP has emerged as an important second messenger in the switch 

between motile and sedentary forms of bacterial life (Jenal and Malone, 2006; Romling et 

al., 2005; Hengge, 2009; Schirmer and Jenal, 2009). c-di-GMP enhances biosynthesis of 

capsular and fimbrial components required for biofilm formation while inhibiting flagella 

and pili that allow movement (Simm et al., 2004; Wolfe and Visick, 2008). As described 

in Chapter 1, steady-state levels of c-di-GMP are thought to be maintained by diguanylate 

cyclases (DGCs) and phosphodiesterases (PDEs). DGC activity depends on a conserved 

GGDEF domain, while PDE activity requires an EAL or HD-GYP domain (Ryan et al., 

2006). GGDEF and EAL domains are associated with many diverse input and output 

domains, suggesting that they respond to a variety of signals and respond through many 

different mechanisms. The GGDEF and EAL domains are the most abundant domains 

encoded in bacterial genomes, with many bacteria possessing multiple proteins with these 

domains (Galperin, 2005; Galperin et al., 2001). For example, S. enterica has five 

GGDEF proteins, eight EAL proteins, and seven proteins with both GGDEF and EAL 
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domains while E. coli has thirteen GGDEF proteins, ten EAL proteins, and seven proteins 

with both GGDEF and EAL domains (Schmidt et al., 2005; Simm et al., 2007; Solano et 

al., 2009). Despite the existence of multiple such proteins, the association of specific 

phenotypes with mutation of individual proteins suggests that c-di-GMP levels may be 

modulated either in a spatially localized manner, or by different affinities of the response 

effectors for c-di-GMP (Pultz et al., 2012). Bioinformatic analysis first suggested that 

PilZ domains may function as c-di-GMP effectors (Amikam and Galperin, 2006). 

Binding and mutagenesis studies of several PilZ domain proteins have confirmed this 

observation and have shown that c-di-GMP binding depends on residues in RxxxR and 

D/NxSxxG sequence motifs. A crystal structure of a PilZ domain–c-di-GMP complex 

from Vibrio cholerae shows c-di-GMP contacting seven of nine strongly conserved 

residues (Benach et al., 2007). In E. coli and S. enterica, YhjH is a PDE and YcgR is a 

PilZ domain protein that binds c-di-GMP (Ryjenkov et al., 2006; Schmidt et al., 2005). 

Both proteins are members of the class 3 flagellar regulon (Frye et al., 2006; Ko and Park 

2000a; Wang et al., 2006). Mutation of yhjH reduces motility, while that of ycgR does 

not. However, ycgR suppresses the motility defect of yhjH, suggesting that in the absence 

of YhjH, YcgR interacts with the resultant increased levels of c-di-GMP. A yhjH mutant 

in E. coli was shown to have a counterclockwise (CCW) bias, suggesting a role for the 

YcgR-c-di-GMP in motor switching (Girgis et al., 2007). Early evidence linking YcgR to 

the motor comes from the work of Ko and Park, who found that absence of H-NS results 

in paralyzed flagella, a defect that could be suppressed either by a mutation in ycgR or by 

providing yhjH in multiple copies (Ko and Park, 2000a). Since H-NS was shown to 
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interact with FliG (Donato and Kawula, 1998; Marykwas et al., 1996), a protein that 

interacts with both the proton-conducting protein MotA that energizes rotation, and the 

rotor protein FliM that controls the direction of rotation, it was proposed that the YcgR–

c-di-GMP complex might interfere with motor rotation by interfering with the proper 

association of the Mot proteins with FliG (Wolfe and Visick, 2008). 

 In this study, I investigated the mechanism of YcgR action in S. enterica. In a 

yhjH mutant background, where c-di-GMP levels are high (Simm et al., 2004), cell-

tethering assays showed that the motor acquires a CCW bias and reduced speed. A 

functional fusion of YcgR to GFP localized to flagellar basal bodies. These results, in 

conjunction with biochemical data from Dr. David Blair’s lab (University of Utah, Utah, 

USA), which showed that E. coli YcgR interacts with both FliM and FliG proteins in the 

C ring, are discussed in the framework of a model conceived by Dr. Blair in which c-di-

GMP-bound YcgR binds FliM and alters the orientation of the FliG C-terminal domain 

such that the rotor-stator interface is disrupted, affecting both motor speed and bias. 

 

3.2 Results 

 

3.2.1 Cyclic-di-GMP acts through YcgR to inhibit swimming and swarming 

Deletion of the c-di-GMP phosphodiesterase YhjH impairs swimming motility in 

S. enterica, and motility of the yhjH mutant strain is rescued by deletion of the PilZ 

domain protein YcgR (Ryjenkov et al., 2006). These data are shown for our wild-type S. 
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enterica strain 14028 in plate assays monitoring both swimming and swarming (Figure 

3.1A). The inhibitory effect on swarming was not as pronounced as on swimming. 

However, the effect of the yhjH deletion on both swimming and swarming was amplified 

when YcgR was over-expressed (YcgROE) from a plasmid (Figure 3.1B). Similar results 

have been obtained in experiments with E. coli mutants (Ko and Park, 2000a; Ryjenkov 

et al., 2006) and cyclic-di-GMP was shown to bind directly to the purified YcgR protein 

of E. coli (Ryjenkov et al., 2006). These observations indicate that cyclic-di-GMP acts 

through YcgR to inhibit both swimming and swarming motility and that this regulatory 

mechanism operates in both S. enterica and E. coli. 

 

3.2.2 Motility inhibition is due to reduced motor speed and increased CCW bias 

We hypothesized that the motility inhibition in yhjH mutant cells might be caused 

by a loss of chemotactic function, because non-chemotactic mutants of S. enterica or E. 

coli cannot swarm (Burkart et al., 1998; Harshey and Matsuyama, 1994; Mariconda et al., 

2006; Wang et al., 2005), and because a yhjH mutant of E. coli was reported to have an 

aberrantly CCW motor bias (Girgis et al., 2007). To look more directly at motor 

performance in the yhjH mutant and YcgR-over-expressing (YcgROE) cells, the tethered 

cell assay was used to measure motor speed and bias (Figure 3.1C). In a wild-type 

population of S. enterica, most cells rotated predominantly CCW but also displayed some 

intervals of CW rotation. When the yhjH gene was deleted, or when YcgR was over-

expressed, the number of cells showing CW intervals was decreased, with a 

corresponding increase in cells turning exclusively CCW. Effects of yhjH deletion and 



 40 

YcgR over-expression were additive; most cells of the yhjH/YcgROE strain turned 

exclusively CCW. Motor speeds were also reduced in the mutant strains. Rotation rates 

for the tethered cells (mean ± SD, revs/min) were the following: wild-type, 146 ± 21; 

YcgROE, 132 ± 24; yhjH, 138 ± 20, and yhjH/YcgROE, 97 ± 25. Thus, under conditions of 

elevated c-di-GMP and YcgR, motor torque was reduced by about 30%. 

As described in Chapter 1, motor bias is normally set by the chemotactic signaling 

protein CheY~P, which interacts with the flagellar switch to increase the probability of 

CW rotation (Fig. 1.3B). The signal is terminated when CheZ phosphatase 

dephosphorylates CheY~P. Adaptation to a chemotactic signal is determined by the 

methylation-demethylation activities of CheR and CheB~P, which reset the conformation 

of the chemoreceptors to their pre-stimulus state. In the absence of CheB, receptors get 

over-methylated and stimulate the CheA kinase. Both cheB and cheZ mutant strains 

display a strong CW motor bias because they have elevated CheY~P levels. These CW-

biased strains were used to monitor the effect of YcgR on motor switching more clearly.  

Deletion of yhjH coupled with over-expression of YcgR caused many of the cheB and 

cheZ deletion cells to switch from CW to CCW bias (Figures 3.1D and 3.1E). Thus, 

YcgR clearly alters the normal CCW/CW motor bias in the CCW direction, and 

additionally slows the motor.  

 

3.2.3 Localization of YcgR-GFP to the flagellar basal body 

The switch complex is formed from the proteins FliG, FliM, and FliN, and 
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controls the direction in which the motor rotates (Berg, 2003). Torque is produced at the 

interface between FliG and the membrane stator protein MotA, which is a component of 

the stator (Lloyd et al., 1996; Zhou et al., 1998a) (see Figure 1.3). To identify the 

target(s) of YcgR in the motor, a collaboration was initiated with Dr. Koushik Paul, 

William C. Carlquist and Dr. David Blair at the University of Utah. I will refer to their 

results in this Chapter as those from the ‘Blair lab’. 

The Blair lab used mutagenesis, swim-plate assays, and pull-down assays to examine 

binding of YcgR to the switch-complex proteins, and to a cytoplasmic domain of MotA; 

all experiments were done in E. coli. In pull-down experiments using a fusion of GST 

(glutathione S-transferase) to the amino terminus of YcgR, they found that only FliG and 

FliM proteins showed interaction with YcgR. 
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Figure 3.1 Swimming, swarming, and flagellar rotational bias of S. enterica strains with 
altered c-di-GMP levels. A. Motility of wild-type, yhjH, and yhjH/ycgR double mutant 
strains. Swim plates contain 0.3% agar and swarm plates 0.6% agar in addition to 0.5% 
glucose. Plates were incubated at 37°C for 6–8 hr. B. Motility of strains shown in A 
transformed with a plasmid directing over-expression (OE) of YcgR. Plasmid gene 
expression was induced with 0.2% L-arabinose. C - E. Histograms display flagellar 
rotation bias of tethered cells in the absence of chemotactic stimuli. Forty-four tethered 
cells were observed for 60s each as described Chapter 2. Cells were classified into five 
categories (from left to right): exclusively CCW, CCW biased with reversals (r), frequent 
reversals with no bias, CW biased with reversals, and exclusively CW. 
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YcgR showed measurable binding to both proteins in the absence of added c-di-

GMP, although this binding was increased by ~2-fold in the presence of 5 µM c-di-GMP. 

In earlier experiments with E. coli, the mutation R118D in YcgR was shown to prevent c-

di-GMP binding to the purified protein and to eliminate the motility impairment in the 

yhjH deletion strain (Ryjenkov et al., 2006). YcgRR118D weakened but did not eliminate 

binding to FliM or FliG in vitro, although binding to FliM was stimulated by c-di-GMP, 

despite the reported inability of this protein to bind the effector.  

 To determine whether the interaction between YcgR and the switch proteins 

occurs in cells in vivo, we constructed a GFP fusion to the C terminus of S. enterica 

YcgR and examined the localization of the protein. The fusion protein behaved similarly 

to wild-type YcgR in causing motility impairment when over-expressed (data not shown). 

The YcgR-GFP construct displayed a punctate fluorescence in cells, unlike the diffuse 

fluorescence of GFP alone (Figure 3.2; compare Figures 3.2A and 3.2B). Punctate 

localization was more distinct in a yhjH mutant strain (Figure 3.2C) than in wild-type and 

was retained in a strain lacking all seven S. enterica chemoreceptors (Figure 3.4A). 

Puncta were eliminated in cells lacking either FliM (Figure 3.2E) or FliG (Figure 3.2F) 

but were still present in an E. coli strain lacking MotA (Figure 3.3), confirming that 

YcgR localization to the flagellar basal body is via the C ring. 
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Figure 3.2 Localization of YcgR-GFP in various mutant S. enterica strains. Strains 
expressing either GFP or YcgR-GFP from inducible plasmids (indicated in parenthesis) 
were grown in the presence of arabinose and analyzed by fluorescence microscopy as 
described in Chapter 2. A. Wild-type (pgfpOE). B. Wild-type (pycgR-gfpOE). C. yhjH 
(pycgR-gfpOE). D. yhjH/fliM (pycgR-gfpOE). E. yhjH/fliG (pycgR-gfpOE). F. yhjH/motA 
(pycgR-gfpOE). 
 
 

 

Figure 3.3 YcgR localization in an E. coli motA mutant. E. coli strain RP666 (ΔmotA) 
expressing pycgR-GFPOE was examined by fluorescence microscopy. 



 45 

3.2.4 Surface on FliM involved in binding YcgR 

The structure of the middle domain of FliM has been solved alone and ‘in 

complex’ with the middle domain of FliG (Lloyd et al., 1999; Brown et al., 2002; Brown 

et al., 2006). The Blair lab generated and tested a collection of non-conservative 

mutations that sampled various regions on the E. coli FliM protein surface (Fig. 3.2 A), to 

identify YcgR binding sites using the pull-down assay. Their data suggested that FliM 

residues involved in binding YcgR lie near a surface region of FliM that overlaps with a 

region that interacts with FliG i.e. at the FliM-FliG interface.  

To determine the importance of this FliM binding region delineated in vitro, we 

examined localization of YcgR-GFP in vivo in S. enterica cells expressing the relevant 

mutant FliM proteins. YcgR-GFP puncta were eliminated by the N155E and L160E FliM 

mutations (Figure 3.4A), which lie near the center of the region identified as interacting 

with YcgR in the pull-down experiments (Figure 3.5A), but not by mutations that lie 

nearer the edge of this region (D167R and E176R; data not shown). The YcgRR118D 

variant was also examined, and showed normal punctate localization (Figure 3.5B, upper 

panel), consistent with the retention of FliM binding observed in this mutant in vitro. The 

R118D mutation was reported to eliminate the YcgR-linked motility impairment in E. 

coli (Ryjenkov et al., 2006). To determine whether this is also the case in S. enterica, we 

used the soft agar swimming and tethered-cell rotation assays to examine motility of S. 

enterica cells over-expressing the YcgRR118D protein. Consistent with the previous 

reports in E. coli, the mutation relieved the motility impairment in both assays (Figure 

3.5C). Thus, the YcgRR118D protein is able to bind FliM and localize to the basal body but 
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does not affect motor bias or speed.  

 

 

Figure 3.4 Crystal structure models of FliM, FliG, and homology model of YcgR with 
select residues mapped to the structures. Provided courtesy by Dr. Koushik Paul and Dr. 
David Blair. The color correlates to the biochemical results performed by the Blair lab. 
Red indicates complete elimination of YcgR binding, orange is weakened binding, and 
blue is binding similar to wild type. A. Crystal structure model of whole FliM protein. B. 
Crystal structure model of partial FliG protein. C. Homology model of E. coli YcgR, 
based on the crystal structure of the Vibrio cholerae protein VCA0042.  
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Figure 3.5 YcgR localization, swimming (chemotaxis) plate assays and motor bias 
analysis of indicated S. enterica mutant strains. A. Diffuse localization of YcgR-GFP in 
cells with FliM mutations N160E and N155E. B. Normal punctate localization of YcgR 
in the YcgRR118D mutant and the FliG-P295W mutant. C. Swimming motility (left) and 
rotational bias (right) of mutant strains. Strains on the swim plate are as follows: 1. yhjH 
(pycgr-gfpOE) 2. yhjH (pycgR-R118D-gfpOE) 3. yhjH/fliM (pfliM-L160E, pycgR-gfpOE) 4. 
yhjH/fliM (pfliM, pycgR-gfpOE) 5. yhjH/fliM (pfliM-N155E, pycgR-gfpOE). 



 48 

 

 

If the motility inhibition in the yhjH strain requires binding of effector-stimulated 

YcgR to FliM, then FliM mutants defective in the YcgR interaction might show 

improved motility in the yhjH background. To test this, plasmids expressing YcgR 

interaction-defective FliM mutants (N155E, L160D, D167R, and E176R) were 

transformed into a yhjH/fliM double mutant S. enterica strain, and rates of migration on 

soft agar plates were. The N155E and L160D mutations caused a reproducible but fairly 

small improvement in motility in the yhjH background (Figure 3.5C, left; compare 3 and 

5 with 4). These mutants by themselves had an altered motor bias, with a significant CW 

with reversals (r) fraction (Figure 3.5C, right). This bias remained unaltered in the 

presence of increased YcgR and may account for their smaller swim colony diameter. In 

parallel experiments in E. coli, the Blair lab observed similarly mild effects of these 

mutations on motility.  

              In summary, these experiments identify the binding region of YcgR on FliM to 

be located near the FliM-FliG interface.  

 

3.2.5 FliG mutations relieve motility inhibition and weaken the YcgR interaction 

Due to the interaction of FliG with YcgR in the pull-down assay, the Blair lab 

tested FliG mutants for interaction with YcgR, as they had done with FliM mutants. FliG 

mutants showing significant motility improvement in the yhjH background were Q252W, 
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N292W and P295W (Fig. 3.4B). In pull-down assays, binding to YcgR was weakened 

significantly by the same three mutations. Residues 292 and 295 lie on the ‘‘top’’ of the 

domain near the charged ridge that interacts with the stator (Lloyd and Blair, 1997; 

Yakushi et al., 2006; Zhou et al., 1998a, 1998b), and residue 252 is on the side of the 

domain, adjacent to the charged ridge (Figure 3.4B). To test the importance of the FliG 

binding for YcgR localization to the basal body, we examined the distribution of YcgR-

GFP in S. enterica cells containing the P295W mutant FliG. Localization appeared not to 

be affected (Figure 3.5B, lower panel). The tethered cell assay was used to measure 

motor performance in yhjH cells over-expressing the FliG P295W mutant. A significant 

population of cells had shifted to a CW(r) bias in the FliG mutant, suggesting that this 

mutation affects the switch conformation (Figure 3.6). Upon YcgR overexpression, the 

CW(r) population decreased, suggesting that YcgR can interact with C-ring in the mutant, 

consistent with the localization data in the fluorescence assay (Fig. 3.5B). When tested on 

a swim plate, however, over-expression of YcgR in the yhjH background did not alleviate 

the FliG mutant phenotype (data not shown). We rationalize these data as follows. The 

motility (chemotaxis) defect of the FliG P295W mutant is due to the effect of the 

mutation on the intrinsic rotation bias of the motor. The localization of YcgR to the 

switch is likely accomplished via FliM (not FliG) binding in this mutant; this binding 

suppresses the CW(r) bias of the mutant FliG rotor. The mutant FliG cannot interact with 

YcgR (based on in vitro data).  

 In summary, interaction of YcgR::c-di-GMP with both FliM and FliG is important 

for the mechanism by which this PilZ-domain receptor inhibits motor function. 
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Figure 3.6 Effects of the FliG mutant, P295W, and the YcgR-GFP mutant, Q223W, on 
flagellar rotational bias in S. enterica. 
 

3.2.6 Point mutations in YcgR affecting its interaction with FliM and FliG 

To identify the reciprocal regions of YcgR protein important for its interactions 

with FliM and FliG, the Blair lab generated and tested mutations in surface residues of 

this receptor protein. YcgR is composed of two domains, an N-terminal PilZN domain 

(sometimes called the YcgR domain) whose function is not precisely known, and a C-

terminal domain that has been associated with the binding of c-di-GMP (Christen et al., 

2007; Merighi et al., 2007; Pratt et al., 2007; Ryjenkov et al., 2006). A crystal structure is 

known for a YcgR-like protein of Vibrio cholerae (VCA0042/PlzD), bound to its effector 

c-di-GMP (Benach et al., 2007). Using this structure and a sequence alignment with E. 

coli YcgR, the Blair lab constructed a homology model for the E. coli protein (Figure 

3.4C). The structure consists of two β barrel domains with c-di-GMP bound in a region 
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between the domains where it could regulate their relative positions or orientation. 

Additional features include an α helix followed by an antiparallel β hairpin near the C 

terminus (at the top of the molecule in the orientation shown). Residues in this α helix are 

relatively well conserved. In the case of the YcgR-like protein DrgA of Caulobacter 

crescentus the C-terminal domain has been suggested to be involved in interaction with 

downstream target(s) (Christen et al., 2007). The Blair lab hypothesized that the α helix 

in YcgRC might form the site of interaction with FliM and accordingly targeted it for 

mutagenesis.  

Of the YcgR mutations generated, Q223W, Q223P, and I227W mutations of α 

helix residues near the C terminus of YcgR, gave substantial relief from the motility 

impairment when expressed in the yhjH/ycgR strain, suggesting a role for these residues 

in interaction with the motor. In pull-down experiments, these mutations were seen to 

affect YcgR binding to FliM. 

We introduced the Q223W mutation into the YcgR-GFP fusion construct to 

examine effects on localization in vivo. Punctate localization was eliminated in the 

Q223W YcgR mutant (Figure 3.7), consistent with the in vitro data. Finally, the tethered 

cell assay was used to measure motor performance in yhjH cells over-expressing the 

same YcgR-GFP Q223W mutant protein. Motor speed and bias were normal (motor 

speed 141 ± 27; bias data provided in Figure 3.6). Thus, the α helix near the C terminus 

of YcgR is important for the binding of YcgR to the flagellar switch and the resulting 

alteration of motor function. 
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The YcgR proteins with mutations in the α helix were found to have no effect on 

the YcgR-FliG interaction in pull down assays. The Blair lab hypothesized that binding to 

FliG might occur through the N-terminal domain of YcgR and accordingly mutagenized 

surface residues in this domain. The subsequent motility and pull-down assays implicated 

the N-terminal domain of YcgR in binding to FliG (YcgR model structure Figure 3.4C). 

These data show that two separate portions of YcgR work independently and 

uncooperatively when directly binding FliM and FliG in vitro. 

 

Figure 3.7 Effects of YcgR mutations on binding. Diffuse localization of the Q223W 

YcgR mutant in S. enterica. 

 

3.3 Discussion 

 In E. coli and S. enterica, YcgR is dedicated to c-di-GMP dependent regulation of 

flagellum-based motility and does not appear to influence other c-di-GMP-associated 

phenotypes (Ryjenkov et al., 2006). YcgR is composed of two domains: an N-terminal 

domain of unknown function and a C-terminal PilZ domain. The PilZ domain binds c-di-
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GMP in vitro with an affinity that is high enough to allow it to respond to small changes 

in intracellular c-di-GMP levels. This domain organization is conserved in a large 

number of proteobacteria (Amikam and Galperin 2006). Therefore, the function of YcgR 

in motility control is likely to be conserved. In this work, we show that elevated c-di-

GMP and YcgR slow motor speed and inhibit chemotaxis by inhibiting CW rotation. 

Along with experiments conducted in the Blair lab, our data provide evidence that YcgR, 

when bound to c-di-GMP, interacts strongly with the flagellar motor proteins FliG and 

FliM. A model is presented showing how both effects can result from disrupting the 

organization of the C-terminal domain of FliG, altering the rotor-stator interface in a way 

that reduces the efficiency of torque generation and induces a CCW motor bias. 

 

‘‘Backstop Brake’’ model for torque reduction and promotion of CCW bias by YcgR 

By use of mutations, the region of FliM involved in the binding to YcgR was 

identified to reside on the FliM surface that overlaps the region of FliM shown previously 

to interact with FliG. This suggests that binding of YcgR could weaken the FliM-FliG 

interaction, possibly displacing FliGC and allowing it to adopt an alternative 

conformation. Furthermore, in vivo and in vitro YcgR-binding experiments with FliG 

mutants show that YcgR interacts directly with FliGC. YcgR binding residues in FliG 

map near the ‘‘top’’ of the FliGC domain, i.e., in the region that must point toward the 

stator in the functioning motor. In the current working model for the switch complex 

structure, the charged ridge of FliGC is quite distant from the YcgR-binding region on 
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FliM (the distance between FliG-295 and FliM-160, for example, is approximately 55 

A°) Based on the structure of the YcgR homolog of Vibrio (Benach et al., 2007), the 

YcgR molecule would be unable to span this distance. Accordingly, it is proposed that 

binding of c-di-GMP loaded YcgR to the motor disrupts the interaction between FliM 

and FliGC and causes FliGC to be reoriented with its charged ridge downward to interact 

with YcgR. A conserved Gly-Gly linker at the base of the FliGC domain, which has been 

proposed to function as a hinge during CW/CCW switching (Brown et al., 2002), could 

function in this context to allow this reorientation of the domain (Figure 3.8).  

Torque generation in the motor is known to depend upon the proper relationship 

between FliGC and MotA (Garza et al., 1996; Yakushi et al., 2006; Zhou et al., 1998a), 

and so the predicted domain movement should reduce the torque of the motor, roughly in 

proportion to the number of domains that are flipped. Further, given the dimensions of 

the Vibrio YcgR homolog (Benach et al., 2007) and the FliGC domain (Brown et al., 

2002), and assuming a 4 nM spacing between proteins in the outer C ring (Thomas et al., 

2006; Young et al., 2003), a YcgR molecule interacting with one FliGC domain could 

easily inhibit the movements of neighboring domains, even those that remain un-flipped. 

Thus, even the FliGC domains that remain correctly oriented for torque generation could 

be prevented from undergoing movements needed for direction switching, accounting for 

the CCW bias of the YcgR-inhibited motors. YcgR could thus function as a ‘‘backstop 

brake,’’ both slowing the motor and inhibiting preferentially its rotation in one direction.  

While our results do not rule out any YcgR-MotA interaction, they suggest that if 

such an interaction occurs it is weaker than the binding to FliM and FliG. It is important 
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to point out, however, that YcgR-GFP localization is completely eliminated in single 

point mutants of FliM (N155E and N160E) (Figure 3.5), while localization remains 

unaffected in a motA null strain (Figure 3.3). Thus, YcgR-dependent motility control is 

primarily through interaction with the switch complex. The YcgRR118D mutant was 

reported to be completely defective in c-di-GMP binding and does not impair motility 

when expressed in the yhjH strain (Ryjenkov et al., 2006). However, the YcgRR118D 

protein retains the ability to bind FliM, and that this binding is responsive to c-di-GMP in 

the same micromolar concentration range as wild-type YcgR as shown by the Blair lab. 

This indicates that the YcgRR118D protein retains some c-di-GMP binding ability not 

observed with the purified protein (Ryjenkov et al., 2006). This is not unexpected: if the 

c-di- GMP-bound form of YcgR binds more tightly to FliM, then it must also be true that 

the FliM-bound form of YcgR binds more tightly to c-di-GMP, and the binding of c-di-

GMP in this case may no longer be sensitive to mutation of Arg118 as seen in the  

localization experiment (Figure 3.5B). These results can be accounted for if the mutation 

affects the rearranged state of the motor, in which YcgR interacts with FliGC to displace 

this domain from its normal position. Based on structure of the Vibrio YcgR homolog, 

Arg118 lies in a hinge region between the two domains of YcgR, where it might 

influence the relative position of the domains. Accordingly, a reasonable idea is that 

Arg118 is important in modulating the conformational change that occurs upon binding 

c-di-GMP, and that while it is also important for c-di-GMP binding affinity in the 

purified protein (Ryjenkov et al., 2006), this may not be the case in vivo. 
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Figure 3.8. Model for YcgR-mediated motility control, courtesy of Dr. David Blair. A. 
Overall disposition of stator and rotor proteins. A single stator complex (of 
approximately 11 present in the motor) is shown in red. Proteins of the rotor are shown in 
outline on the basal-body C ring and are also shown to the side: FliG (green), FliM 
(magenta), and FliN (gray). YcgR (yellow) is shown attached to FliM. The charge-
bearing ridge indicated on the C-terminal domain of FliG forms the site of interaction 
with the stator. B. Hypothesis for c-di-GMP-induced rearrangements. Binding of c-di-
GMP to YcgR induces movement of the YcgR N-terminal domain, which allows it to 
bind to the C-terminal domain of FliG. Interaction with YcgR causes the FliG C-terminal 
domain to reorient so that the charged ridge is no longer able to interact with the stator. 
YcgRN might also be expected to constrain the movement of the neighboring FliGC 
domain (top view), preventing movements needed for direction switching. C. Hypothesis 
for the effect of the R118D mutation in YcgR-R118D (indicated by *). The R118D 
mutant protein retains the ability to FliM. When bound to FliM, it can also bind c-di-
GMP, but this interaction is altered so that it no longer undergoes the c-di-GMP-induced 
domain rearrangement and does not interact with FliGC to impair motility. 
 

Motility control by other YcgR-like proteins 

c-di-GMP-mediated motility control is not restricted to enteric bacteria, and can 

be mediated through alterations in flagellar gene expression, assembly, or function 
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(Wolfe and Visick, 2008). The PilZ domain proteins YcgR in E. coli/S. enterica and 

DgrA in Caulobacter crescentus are the only known examples of ci-d-GMP-binding 

proteins that do not affect expression of flagellar genes but directly interfere with the 

function of fully assembled flagella (Christen et al., 2007; Girgis et al., 2007). In 

Caulobacter, c-di-GMP levels control flagellar function by two different mechanisms 

acting through the protein FliL (Christen et al., 2007). FliL is required for flagellar 

rotation in Caulobacter. Elevated c-di-GMP levels, when coupled with elevated 

expression of DgrA, apparently inhibit FliL synthesis and consequently paralyze the 

flagella. FliL is also required for the developmentally programmed ejection of the 

flagellum during the swimmer-to- stalk cell transition in this dimorphic bacterium. 

Flagellar ejection is dependent on the response regulator PleD, whose C-terminal output 

domain has DGC activity (Paul et al., 2004). In C. crescentus, DgrA-mediated down-

regulation of flagellar activity is probably an early step in the attachment of a swarmer 

cell to a surface, and is followed by flagellar-to-stalked cell pole differentiation. In E. coli 

and S. enterica, FliL is essential for surface swarming, but not for swimming 

(Attmannspacher et al., 2008). However, the YcgR phenotype is independent of FliL in S. 

enterica, and over-expression of FliL did not improve motility in the E. coli yhjH null 

strain (our unpublished data), suggesting that FliL is not a major target of YcgR action in 

these species. 
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Logic of regulating motility after a flagellum is fully assembled 

Regulating motility by controlling the function of the fully assembled flagellum 

has a distinct advantage over transcriptional control of flagellar gene expression. In 

Bacillus subtilis, a related mechanism has been demonstrated for the protein EpsE, which 

functions as a ‘‘clutch’’ by interacting with the C-terminal domain of FliG to disengage 

the rotor from the stator (Blair et al., 2008; Guttenplan et al., 2010). The biological 

function of the clutch in B. subtilis is intimately associated with biofilm formation, 

because epsE is encoded within an operon devoted to biosynthesis of extracellular 

polysaccharides (EPS). In both the EpsE case and the YcgR mechanism proposed here, 

motor control is more rapid, and more readily reversible, than mechanisms based on gene 

expression or assembly. Cells that have been partially immobilized by the action of YcgR 

and c-di-GMP presumably remain ready to move if the biofilm disperses. While the 

targets of YcgR and EpsE are similar, involving proteins of the rotor in both cases, their 

modes of action show some important differences. Unlike EpsE, YcgR does not appear to 

disengage the rotor completely from the stator but leaves most rotor elements in position 

to interact with the stator, though with reduced ability to switch. This difference might 

reflect the different stages at which the proteins act: Eps functions after the commitment 

to make a biofilm has already been made and the bacteria are likely to be assured of a 

suitable substrate for biofilm development, whereas YcgR could facilitate an earlier step 

in surface attachment. 

Inhibition of tumbling together with the reduction in motor torque could provide 

cells with a longer window of opportunity to interact with the surface, setting up the 
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platform for early stages of biofilm formation. Inhibition of chemotaxis has been reported 

to reduce surface hydration and inhibit swarming in S. enterica and E. coli (Mariconda et 

al., 2006; Wang et al., 2005). P. aeruginosa also adjusts its motility during the transition 

to surface living, but using yet another strategy: in this species, c-di-GMP accumulation 

enhances biofilm formation by increasing EPS synthesis while simultaneously inhibiting 

chemoreceptor methylation to decrease the frequency of flagellar reversals (Caiazza et 

al., 2007; Kuchma et al., 2007). When circumstances call for less-vigorous motility, 

flagellar function can evidently be modulated by a variety of molecular mechanisms that 

leave the flagellar structure intact and so capable, presumably, of subsequent revival. 

 

Other YcgR studies: agreements and controversies 

 In parallel with our studies, the Jenal group published a YcgR study in E. coli that 

arrived at a different conclusion for the mechanism of YcgR action (Boehm et al., 2010). 

While motility asssays showed a reduction in the swimming velocity of the yhjH mutant, 

an effect of YcgR on the rotation bias of the motor was not observed. In a screen set up to 

isolate spontaneous motile suppressors of the yhjH mutant, each of the four suppressors 

they isolated mapped to motA; the mutations were located at the MotA-FliG interaction 

interface. MotA-YcgR interaction was confirmed by FRET, fluorescent fusion protein 

localization, and motility assays. Boehm et al. concluded that YcgR acts solely as a brake 

through interference with energy transfer at the stator-rotor interface.  
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Shortly after, the Gomelsky lab published a third YcgR study (Fang and 

Gomelsky, 2010). Working with E. coli, they confirmed the CCW bias of tethered yhjH 

motors. Two-hybrid assays showed YcgR interaction with FliG, but not with FliM. They 

identified two regions of FliG that interact with YcgR, one of which overlaps with the 

site of the FliG-FliM interface. They proposed that YcgR and FliM might compete for the 

same binding region in FliG, and concluded that YcgR binding of FliG displaces the 

normal interaction of FliG with FliM, causing a CCW bias and ultimately leading to the 

observed chemotaxis defect. Their studies did not address alterations in swimming 

speeds, or effects of YcgR on the stator. 

In 2011, the Sourjik lab independently confirmed the FRET analysis by the Jenal 

lab indicating an interaction between YcgR and MotA (Li and Sourjik, 2011). They could 

not confirm the interaction of YcgR with FliG and FliM, although false negatives in 

FRET could have arisen due to the unfavorable position or orientation of YFP and CFP 

flourophores (Li and Sourjik, 2011). 

 In 2012, findings by the Losick lab implicated the protein YpfA, a homolog of 

YcgR, as a principal mediator of c-di-GMP signaling in B. subtilis (Chen et al., 2012). As 

observed with yhjH in E. coli/S. enterica, deletion of a putative c-di-GMP PDE, yuxH, 

inhibited motility. Overexpression of YpfA also inhibited motility, and deletion of ypfA 

in a yuxH mutant background restored motility. The PilZ domain of YpfA was important 

for its function, as substitution mutations of conserved amino acid residues eliminated the 

inhibition. Bacterial two-hybrid and pull-down assays showed that MotA and YpfA 
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interact strongly, suggesting that YpfA inhibits motility by targeting the flagellar stator 

protein, MotA.  

In summary, three independent studies of YcgR in E. coli and S. enterica, identify 

the binding targets of YcgR to be within the switch proteins FliM and FliG and the stator 

protein MotA. The differences in the results obtained in these studies could be due to 

differences in the assays employed to assess the interactions. Since negative results are 

inconclusive, it may be safe to conclude that YcgR interacts with all three targets to 

inhibit both chemotaxis and motor speed in S. enterica and in E. coli. 
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Chapter 4: S. enterica and E. coli motors have different 

switching behaviors, and respond differently to elevated 

c-di-GMP levels and to extracellular cellulose 

 

 

4.1 Introduction 

 The signaling molecule c-di-GMP exerts influence over numerous aspects of 

bacterial behavior. In E. coli and S. enterica, deletion of yhjH, a phosphodiesterase 

involved in degradation of c-di-GMP, severely impairs motility (Ko and Park 2000a; 

Wang et al., 2006, Paul et al., 2010, Boehm et al., 2010). As described in Chapter 3, a 

significant mechanism for motility impairment is mediated via YcgR, which when 

associated with c-di-GMP, interacts with the bacterial flagellar motor to induce a CCW 

bias and to decrease motor speed (Figure 3.1) These effects are brought about by 

interaction of YcgR with the flagellar switch-complex proteins FliM and FliG (Figure 

3.2). The ‘backstop brake’ model proposed that binding of YcgR to FliM first disrupts the 

interaction between FliM and FliG, causing FliGC to be reoriented with its charged ridge 

pointing downward to interact with YcgR, thus disrupting the interaction between FliG 

with MotA and reducing motor torque in approximate proportion to the number of FliGC 

domains displaced (Figure 3.8). 

The ‘backstop brake’ model predicts that a CCW motor bias should be induced 
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prior to speed reduction because FliM, which controls motor directionality, is the primary 

site of YcgR interaction. In this chapter, we tested this prediction in both S. enterica and 

E. coli. We observed that S. enterica motors acquired a CCW bias before a reduction in 

speed was apparent, consistent with the proposed model. E. coli motors displayed a CCW 

bias and reduced speed concomitantly. We show that YcgR is the primary inhibitor of 

motor function in both bacteria, and discuss possible reasons for the different motor 

behaviors in response to elevated c-di-GMP levels in the two bacteria.  

In both S. enterica and E. coli, deletion of ycgR does not restore wild type motility 

levels to the yhjH mutant, suggesting that there are additional pathways by which c-di-

GMP inhibits motility. In S. enterica, extracellular cellulose synthesized by BcsA was 

shown to constitute this additional pathway (Zorraquino et al., 2013). Unlike in S. 

enterica, however, we observed that in E. coli, BcsA was not involved in the YcgR-

independent pathway, suggesting that there is yet another mechanism for c-di-GMP-

mediated motility inhibition in E. coli.  

 

4.2 Results 

 

4.2.1 Effect of increased YcgR expression over time in S. enterica, measured by cell-

tethering assays  

 As described in Chapter 3, the effect of YcgR on motor bias and speed was 

clearly observed only when YcgR was overexpressed in a yhjH mutant of S. enterica 
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(Figure 3.1C). These measurements were made using a whole-cell tethering assay at a 

single time point, 90 minutes after YcgR induction. According to the ‘backstop brake’ 

model, YcgR should induce a motor bias first; a reduction in motor speed should occur 

after bias develops. To test this prediction, we followed motor behavior by the same cell 

tethering assay, but over a 45 minute time-course following YcgR induction (Figure 4.1). 

Thirty-five cells were observed individually every 5 minutes for 45 minutes, and their 

rotation patterns recorded, as explained in Chapter 2. In wild type and yhjH mutant cells, 

where YcgR was not induced (Figure 4.1A, C), the majority of the population retained a 

wild type phenotype over the 45 minute period i.e. a predominant CCW rotation with the 

occasional motor reversals (CCW(r)) (The apparent increase in the CCW population at 

later times is not significant). The rotation speed of these cells was also at wild type 

levels. When YcgR expression was induced in the yhjH mutant (Figure 4.1D), an 

increased CCW bias was first observed at 25 minutes, followed by speed reduction at 35 

minutes. At this time point, over half of the cell population had a CCW bias and reduced 

speed, or no rotation (Figure 4.1D). The non-rotating population increased by the end 

point of the experiment at 45 minutes. Overexpression of YcgR in wild type cells did not 

affect motor behavior (Figure 4.1B). 

In demonstrating an ordered series of events at the motor– first a change in bias 

followed by a change in speed – the data in Figure 4.1 support the predictions of the 

‘backstop brake’ model in S. enterica. 
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Figure 4.1 Time-course of whole-cell tethering assay in S. enterica (14028) strains. 
Groups of thirty-five cells were observed in triplicate (on three different days), without or 
with YcgR overexpression induced at T=0. A. Wild type, B. Wild type (pYcgROE) C. 
yhjH D. yhjH (pYcgROE). In D, the majority of cells (X > 50%) have normal (wild type) 
speed until noted by the dashed red line. 
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4.2.2 Quantitation of YcgR amounts by Western blot analysis 

 To estimate YcgR amounts under the cell tethering assay conditions, S. enterica 

cells were grown to mirror these conditions (see Chapter 2). Detection of YcgR was 

aided by epitope tags fused to the C-terminus of the protein - either 6xHis or FLAG 

polypeptide. The time-course of YcgR-6xHis expression is shown in Figure 4.2A, along 

with MBP (maltose-binding protein) -6xHis expressed from the chromosome for use as a 

loading control. The YcgR signal was first detected at 10 minutes, reaching peak 

expression at 30 minutes. In order to verify this result and determine the amounts of 

YcgR relative to a motor protein with known stoichiometry, we used YcgR-FLAG 

expressed from a plasmid in S. enterica cells that also contained a FliF-FLAG fusion on 

the chromosome (Figure 4.2B). FliF is the main component of the MS ring (Chapter 1), 

and known to be present in 25 copies per flagellar basal body/motor in S. enterica (Ueno 

et al., 1992). This number is approximately similar to the number of FliM subunits. The 

anti-FLAG antibodies were more sensitive, and showed a positive signal for YcgR as 

early as 5 minutes. Here, YcgR expression continued to increase through the last time 

point assayed at 40 minutes.  

 Quantitation of YcgR-FLAG bands relative to the FliF standard (Figure 4.2C), 

showed that YcgR levels match those of FliF/FliM between the 20 and 25-minute time 

points and that this number doubles at the 40-minute time point. Thus, when the CCW 

bias first develops at 25 minutes (Figure 4.1D), there are potentially 25 copies of YcgR 

subunits per basal body (Figure 4.2B,C), and when motors reduce speed or stop between 

35 – 45 minutes, YcgR numbers have doubled. We note that between 25 – 35 minutes, a 
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substantial population of cells shows wild type behavior (Figure 4.1D). This can be 

attributed to the observation that the arabinose-inducible promoter is subject to all-or-

none induction, in which intermediate concentrations of arabinose give rise to 

subpopulations of cells that are fully induced or uninduced (Siegele and Hu, 1997). Thus, 

the actual numbers of YcgR molecules per cell is likely an underestimate. Without 

knowing the Kd of YcgR binding to FliM, we cannot estimate how many YcgR 

molecules must be bound per motor before a bias develops. However, it appears that 

twice the number of YcgR molecules is required to reduce speed. This may indicate that 

more than one FliG:MotA contact be disrupted for speed to be reduced, as per our model. 

Since there are 11-12 stators and 24-25 copies of FliG i.e. two FliG subunits/stator, speed 

reduction might occur in quantized steps, inactivating one stator at a time. Alternatively, 

the cell tethering assay is not sensitive enough for detecting small changes in speed. The 

single-motor experiments described below were set up to resolve the YcgR-torque 

relationship and to provide more insight into the YcgR mechanism.  
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Figure 4.2 Western blot analysis of YcgR expression from an inducible pBAD plasmid. 
A. YcgR-6xHis expression was induced with 0.2% L-arabinose at T=0. Samples were 
taken every 5 minutes for 40 minutes. Maltose binding protein (MBP) tagged with the 
6xHis epitope on the chromosome was a sample-loading control. Protein electrophoresis 
and Western blot analysis are described in Chapter 2. B. As in A, but with YcgR-FLAG. 
FliF-FLAG on the chromosome (CHR) was a stoichiometry standard to estimate relative 
amounts of YcgR per basal body/motor. C. ImageJ was used to quantify the bands from 
B into arbitrary units. Expression of FliF-FLAG was averaged for use as a standard (red 
line) to extrapolate number of YcgR-FLAG molecules per motor. 
 

4.2.3 Analysis of single motors in S. enterica  

 The two assays used to measure chemotaxis and motor behavior – migration in a 

soft agar plate and rotation of tethered cells – yielded different data for a yhjH mutant of 

S. enterica. A motility defect was clearly evident in the plate assay (Figure 3.1A), yet 
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whole-cell tethering assays failed to show differences in motor bias/speed in this mutant 

(Figure 4.1C). In order to observe subtle changes in motor behavior in the yhjH mutant 

alone, i.e. without YcgR overexpression, we monitored single motors of this mutant 

through the use of high-speed microscopy, by monitoring the rotation of polystyrene 

beads attached to ‘sticky’ flagellar filament stubs as described in Chapter 2 (Ryu et al., 

2000; Terasawa et al., 2011). The mutant fliC (FD313) is a deletion allele of E. coli 

filament subunit gene that is missing 169 central nucleotides, and readily sticks to small 

polystyrene beads (Kuwajima, 1988; Ryu et al., 2000; Terasawa et al., 2011). Dr. Jon 

Partridge in the Harshey lab recombined the FD313 mutant allele into the wild type fliC 

locus in both wild type and yhjH mutant strains of S. enterica for this experiment. The 

variation between CCW speed (Hz) averages of S. enterica strains was tested for 

statistical significance with a p-value of 0.05. 

 The average CCW speed of wild type S. enterica motors in the bead assay was 67 

± 0.8 Hz, which was similar to that of the yhjH motors at 62 ± 5.3 Hz (Figure 4.3A-C). 

The Hz values are higher than the original RPM data from the whole-cell tethering assay, 

where the wild type average was 146 ± 21 RPMs (2.4 Hz ± 0.3 Hz) and the yhjH mutant 

average was 132 ± 24 RPMs (2.2 ± 0.4 Hz) (Fig. 3.1C). The differences in motor speed 

between the two experiments are due to differences in motor load. In the cell-tethering 

assay, the motor is driving the 2 µM cell, which is the object being followed. In the bead 

assay, the motor is driving a much smaller .75 µM polystyrene bead, which causes the 

motor to rotate at a faster speed (Ryu et al., 2000). Surprisingly, the reversal frequencies 

of both the wild type and yhjH mutant motors were much lower than those reported for E. 
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coli motors (Tedesco and Berg, 1975). S. enterica motors switched on average once every 

5 sec, while E. coli motors are reported to switch on average once every 1.5 seconds. The 

more CCW-skewed motor bias has not been reported before for S. enterica. No 

significant difference in motor bias was evident between wild type and yhjH motors 

(Figure 4.3). 

 In summary, the single motor bead assay results are consistent with those 

obtained in whole-cell tethering assays, and did not reveal a difference in motor speeds 

between wild type and yhjH mutant S. enterica motors. While the motor bias was more 

skewed towards CCW compared to E. coli, there appeared to be no difference in this bias 

between wild type and yhjH motors. So how does one explain the motility inhibition of 

the yhjH mutant in the plate assay (Figure 3.1A)?  Below, we will test whether this 

inhibition might stem from cellulose production when c-di-GMP levels are elevated in a 

yhjH mutant.  

 

 

 



 71 

 
Figure 4.3 Single motor bead assay of S. enterica (14028) strains. The strains express the 
E. coli fliC sticky allele from on the chromosome. .75 µM polystyrene beads were 
attached to the filaments and their motion captured and recorded as described in Chapter 
2. The black line trace with negative values indicates CCW rotation, and positive values 
CW rotation. Switching or reversal of motor direction are seen where the trace crosses 
zero (red dotted line). A. Rotation profile of a wild type motor. B. Rotation profile of 
yhjH motor. C. The average CCW speed (Hz) calculated using 3 wild type or yhjH 
mutant motors. 
 
 
4.2.4 Testing the ‘backstop brake’ model in E. coli using plate- and single motor 

bead-assays 

 Given the lower switching frequency of the S. enterica motors, we decided to test 

the behavior of single motors in the E. coli yhjH mutant, since wild type motor behavior 

is very well characterized in this bacterium (Tedesco and Berg, 1975; Bai et al., 2010). 

The higher switching frequency reported for E. coli motors would be expected to provide 

a more sensitive system to analyze the effect of YcgR on switching behavior. The 

variations between CCW speed averages, CW speed averages, and reversal frequencies 

of E. coli strains were tested for statistical significance with a p-value of 0.05. 

Prior to conducting the single motor or bead assay, we ascertained whether the 

yhjH mutant and yhjH/ycgR double mutant exhibited similar swim phenotypes in E. coli 
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compared to S. enterica using plate assays (Figure 3.1). Motility was impaired to a 

greater degree in the E. coli yhjH mutant, but like in S. enterica, motility did not return to 

wild-type levels in the yhjH/ycgR double mutant (Figure 4.4A). Therefore, barring the 

difference in severity of motility impairment, the phenotypes of these two mutations 

appeared to be similar in the two bacteria. 

Unlike S. enterica motors, the E. coli wild type motors exhibited consistent 

reversals and speeds similar to those recorded in previous studies (Berg and Tedesco 

1975; Kuwajima, 1988; Ryu et al., 2000; Terasawa et al., 2011) (Figure 4.5A). The 

average wild type CCW speed was 87.0 ± 7.1 Hz and the average CW speed was 65 ± 

10.7 Hz (Figure 4.5A, E), significantly higher than S. enterica CCW motor speeds 

(Figure 4.3). Wild type motors had an average of 40 ± 4.2 reversals per minute, nearly 

identical to previous studies that observed E. coli cells with a reversal every 1.5 seconds 

(Berg and Tedesco 1975) (Figure 4.5F).  

Unlike in S. enterica, where there were no differences in motor behavior between 

wild type and the yhjH mutant, yhjH had a clear effect in E. coli. The CCW and CW 

speed, and reversal frequency of the E. coli yhjH mutant averaged consistently lower than 

wild type at 60.6 ± 5.9 Hz, 51.4 ± 8.1 Hz, and 22.6 ± 4.7, respectively (p-value of 1.24 x 

10-4, 2.81 x 10-2, and 1.43 x10-4, respectively) (Figure 4.5B, E, F, Table 4.1A). Even in 

the absence of YcgR overexpression, the E. coli yhjH mutant had both a CCW bias and a 

reduction in speed compared to wild type (Figure 4.5B, E, F, Table 4.1A).  

The E. coli yhjH/ycgR double mutant had a significant increase in CCW speed, 
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CW speed, and reversal frequency (Figure 4.5 C, E, F, Table 4.1A) compared to the yhjH 

single mutant. The double mutant had a 93.6 ± 10.3 Hz average CCW speed, 73.6 ± 11.9 

Hz average CW speed, and 46.4 ± 8.3 reversals per minute. While the double mutant 

CCW speed and reversal frequency was similar to wild type, the CW speed averaged 

significantly higher (p-value of 2.81 x 10-2). The ycgR single mutant motors had a CCW 

speed and reversal frequency similar to wild type, but had a significantly higher CW 

speed (Figure 4.5D-F, Table 4.1A). The single ycgR mutant had an 88.8 ± 12.7 Hz 

average CCW speed, 68.6 ± 6.5 Hz average CW speed, and 43 ± 6.9 reversals per minute. 

These data may be summarized as follows. Wild type motors of E. coli and S. 

enterica have inherent differences in speed and bias and respond differently to elevated c-

di-GMP levels in a yhjH mutant as measured by both plate and bead assays. Motility 

impairment is more severe in the E. coli yhjH mutant as measured by the plate assay. The 

bead assay shows that E. coli motors are simultaneously altered in both speed and bias 

under these conditions, whereas S. enterica motors are unaffected. Because E. coli motors 

are already biased and slow at the elevated c-di-GMP levels found in the yhjH mutant, the 

sequential events at the motor predicted by the ‘backstop brake’ model could not be 

tested in E. coli.  

The wild type speed and switching behavior of the E. coli yhjH/ycgR double 

mutant suggest that YcgR is solely responsible for the CCW bias and reduction in speed 

in a yhjH mutant (Figure 4.5C-E, Table 4.1A). The behavior of the yhjH/ycgR double 

mutant is not consistent between the plate and the bead assay; motors rotate similar to 

wild type in the double mutant, yet motility does not return to normal in the plate assay 



 74 

(Figure 4.4). This discrepancy suggests that some other factor/s is responsible for 

impeding motility of the double mutant in the plate assay. This possibility is explored in 

the next section. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 Swimming assays of E. coli (AW405) strains with altered c-di-GMP levels. 
Swim plates contain 0.3% agar and were incubated at 30°C for 18 hours. Motility assays 
of wild type, yhjH, yhjH/ycgR, and ycgR strains.  
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Figure 4.5 Single motor bead analysis of E. coli (HCB5 pFD313) strains. Motor rotations 
profiles were recorded through high-speed microscopy using a .75 µM polystyrene bead. 
A. Wild type B. yhjH C. yhjH/ycgR D. ycgR E. Average CCW and CW speed (Hz) for A, 
B, C, and D. F. The average reversal frequency (switch/min) for A, B, C, and D using 5 
motors for each strain. 
 
 

 

 



 76 

 

4.2.5 BcsA does not contribute to the YcgR-independent pathway by which motility 

is impaired in an E. coli  yhjH mutant   

 It was recently reported that the cellulose synthase BcsA inhibits motility in S. 

enterica, likely by jamming the flagellar filaments from the outside (Zorraquino et al., 

2013). The synthase is activated by high c-di-GMP levels such as those found in a yhjH 

mutant. Zorraquino et al. attributed the loss of recovery of full motility of a yhjH/ycgR 

double mutant in a plate assay to activation of BcsA, and showed that a yhjH/ycgR/bcsA 

triple mutant recovered motility fully in S. enterica, as measured by this assay 

(Zorraquino et al., 2013). To verify these results in E. coli, we monitored similar double 

and triple mutant combinations in plate assays (Figure 4.6). Unlike the data reported by 

Zorraquino et al. for S. enterica, the additional bcsA mutation did not restore motility to 

wild type levels in either the yhjH or the yhjH/ycgR double mutant of E. coli (compare 

Figure 4.6A-E). Other single and double mutant combinations also showed that BcsA 
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does not influence motility as measured by the plate assay when c-di-GMP levels were 

either high (i.e. yhjH mutant) or low (wild type yhjH+) (Figure 4.6 E, G, H). Therefore, 

the phenotypes of bcsA mutants are not similar in the two bacteria. 

To verify the plate assay results, individual motor speeds and reversal frequencies 

of the double and triple mutants were analyzed using the bead assay (Figure 4.7, Figure 

4.8, Table 4.1). The average CCW and CW speeds, and reversal frequency of the 

yhjH/ycgR double and yhjH/ycgR/bcsA triple mutant were nearly identical (Figure 4.7C-

D, Figure 4.8, Figure 4.9, Table 4.1A,B). These parameters were similarly comparable 

between the yhjH single and yhjH/bcsA double mutant (Figure 4.7B-E, Figure 4.8, Figure 

4.9, Table 4.1A,B). Thus, comparing mutant pairs with and without bcsA, both plate and 

bead assays show that inhibition of motility when c-di-GMP levels are elevated (i.e. yhjH 

background), is not due to BcsA in E. coli. Interesting in this regard is the discrepancy in 

the behavior of the yhjH/ycgR mutant between the plate and bead assay. Whereas motility 

is not restored to wild type levels in this mutant in the plate assay, CCW motor speeds are 

similar to wild type and CW motors speeds exceed that of wild type in the bead assay 

(Figure 4.4, Figure 4.5A-F, Table 4.1A). This suggests that something other than YcgR 

and BcsA are responsible for inhibition of motility in the yhjH mutant in the plate assay. 

The bead assay revealed an interesting property of bcsA when c-di-GMP levels 

are low i.e. in a wild type background. Mutation of bcsA alone or in combination with 

ycgR showed elevated CCW motor speeds compared to wild type (p-value of 4.69 x 10-2, 

and 4.50 x 10-2, respectively) (Figure 4.7A, G, H, Figure 4.9, Table 4.1A, B). These data 

are corroborated by the plate assay where both bcsA and bcsA/ycgR mutants were slightly 
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faster than wild type (Figure 4.6G, H). These data suggest that BcsA does contribute to 

motility inhibition, but that this inhibition is seen only at low c-di-GMP levels.  

 In order to verify that the E. coli BcsA was functional as a cellulose synthase, we 

stained E. coli cells using Calcofluor White to test for cellulose production (Figure 4.10) 

(Zorraquino et al., 2013). The presence of fluorescent debris is a positive indicator of the 

presence of cellulose, and confirms the functionality of BcsA as a cellulose synthase in 

all strains tested that retained bcsA (Figure 4.10A, B, D). In contrast, a yhjH/bcsA double 

mutant tested did not produce a positive fluorescent signal of cellulose presence, 

confirming bcsA is required for cellulose production (Figure 4.10). We infer that the 

presence of cellulose on the glass slides used in the single motor bead assays was 

responsible for attenuating motor rotation (Figure 4.8A, B, Figure 4.9, Figure 4.10A-D, 

Table 4.1A,B). 

To summarize: 1. BcsA does not contribute significantly to the motility inhibition 

observed in the E. coli when c-di-GMP levels are elevated (yhjH mutant), in contrast to 

its role under similar conditions in S. enterica (Zorraquino et al., 2013). 2. BcsA does 

contribute to motility inhibition when c-di-GMP levels are low (wild type conditions). 3. 

In the plate assay, lack of full recovery of motility in the yhjH mutant even when both 

YcgR and BcsA are absent, suggests that, in contrast to S. enterica, there are additional 

inhibitors of motility in E. coli.  
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Figure 4.6 Swimming assays of E. coli (AW405) strains. Swim plates contain 0.3% agar 
and were incubated at 30°C for 18 hours. A. Wild type B. yhjH C. yhjH/ycgR, D. 
yhjH/ycgR/bcsA E. yhjH/bcsA, F. ycgR, G. bcsA, and H. ycgR/bcsA. 
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Figure 4.7 Single motor bead analysis of E. coli (HCB5 pFD313) strains. Motor rotations profiles were recorded through high-
speed microscopy using a .75 µM polystyrene bead. A. Wild type B. yhjH C. yhjH/ycgR D. yhjH/ycgR/bcsA E. yhjH/bcsA F. 
ycgR, G. bcsA H. ycgR/bcsA 
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Figure 4.8 Single motor bead averages of E. coli (HCB5 pFD313) strains. A. The 
average of both the CCW and CW speeds (Hz) of 5 motors from the motor rotation 
profiles (Figure 4.7). (Left to right) Wild type, yhjH, yhjH/ΔycgR, yhjH/ycgR/bcsA, 
yhjH/bcsA, ycgR, bcsA, and ycgR/bcsA. B. The average reversal frequency (switch/min) 
using 5 motors for wild type, yhjH, yhjH/ycgR, yhjH/ycgR/bcsA, yhjH/bcsA, ycgR, bcsA, 
and ycgR/bcsA. 
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Figure 4.9 Average CCW speeds (from Figure 4.8A). From lowest to highest: yhjH/bcsA, 
yhjH, wild type, ycgR, yhjH/ΔycgR, yhjH/ycgR/bcsA, bcsA, and ycgR/bcsA. 
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Figure 4.10 Calcofluor White staining of E. coli (HCB5 pFD313) strains. A. Wild type 
B. yhjH C. yhjH/bcsA D. yhjH/bcsA 
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4.2.6 Calculation of motor in E. coli using the bead assay data 

 Flagellar rotation is powered by the torque generated through the interaction of 

the stator protein MotA and rotor protein FliG (Garza et al., 1996; Yakushi et al., 2006; 

Zhou et al., 1998a). We can calculate the torque from the raw speed data obtained from 

the single motor bead assay (Ryu et al., 2000; Terasawa et al., 2011). The rotational 

torque value (pN nm) is calculated by multiplying the angular velocity rad per second of 

the rotating bead, with the drag force applied to the polystyrene bead by the surrounding 

liquid environment (pN nm) (Ryu et al., 2000).  

To help compute the large number of data points (over 60,000) accumulated per 

motor processed, a Python-based program - Simultaneous Motor Kinetics version J 

(SMoK-J) -was created (see Chapter 2). This program was used to convert raw speed data 

(Hz) into torque data. In order to get an average torque of the motor with as small a 

variance as possible, the CCW-biased cheY mutant was chosen (Ryu et al., 2000). The 

cheY mutant motor was able to produce an average torque of 1187 pN nm (Figure 4.11A) 

while a yhjH/cheY double mutant had an average of 619 pN nm (Figure 4.11B).  

These data show that approximately half of the torque is reduced in the E. coli 

yhjH mutant. It has been proposed that there are approximately 11-12 stator complexes 

(torque generating units) for each motor (Reid et al., 2006). Using this approximation, 

one can calculate that each stator complex in a wild type motor produces approximately 

100 pN nm of torque and that the yhjH mutant motor is running on approximately 5 -7 

torque-generating units. The torque produced by wild type motor is at the lower end, but 
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within range, of previously calculated torque generated by a fully induced motor (Reid et 

al., 2006). 

To dissect how increasing YcgR affects torque i.e. does it decrease torque in a 

quantized manner, powering down one stator unit at a time, or by some other mechanism 

(see section 4.2.2), YcgR expression was induced in the cheY/yhjH strain. However, 

motor rotation ceased rapidly under these conditions, preventing further analysis of this 

process. 

 

 
Figure 4.11 Torque calculations (pN nm) for E. coli (HCB5 pFD313) strains. 
Calculations were processed by the Python-based program, SMoK-J A. cheY, and B. 
yhjH/cheY. 
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4.3 Discussion 

 YcgR plays a central role in motility inhibition by c-di-GMP in both S. enterica 

and E. coli (Boehm et al., 2010, Gomelsky, 2010, Paul et al., 2010). While results from 

three different groups showed that YcgR::c-di-GMP causes a CCW bias and a reduction 

in speed in both the S. enterica and E. coli, the mechanistic details still remained to be 

determined. Experiments in this chapter were aimed at elucidating these details. Results 

with S. enterica supported the “backstop brake” model. Comparison of S. enterica with 

E. coli revealed several differences between their motor behavior under both wild type 

and elevated c-di-GMP conditions.  

 

YcgR inhibits motility in S. enterica by first causing a CCW motor bias, then reducing 

motor speed, and finally arresting motor rotation 

Cell-tethering assays in S. enterica showed that motor behavior was unaffected in 

a yhjH mutant alone (Fig. 4.1). This suggested that the concentrations of the c-di-GMP 

receptor YcgR were likely limiting in the cell. YcgR was therefore provided from a 

plasmid, and motor behavior followed using the same assay over a 45 minute time-

course. A CCW bias was first seen to ensue at fairly high YcgR concentrations 

(equivalent to the number of FliM subunits per basal body) (Figs. 4.1 and 4.2). Only later, 

at higher YcgR concentrations, did the motor slow down and finally stop. These data 

support the sequential events proposed in the “backstop brake” model in Chapter 3 

(Figure 3.8), where YcgR initially interacts with FliM and later with FliG, predicting that 
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a YcgR::c-di-GMP complex would first induce a CCW bias before it affects motor speed.  

 

S. enterica and E. coli motors have inherently different reversal frequencies and 

respond differently to the absence of YhjH 

A single-motor bead assay was set up to monitor motor behavior by high 

resolution video microscopy. This assay has been extensively used to study E. coli 

motors, which exhibit a range in speed, depending on load, between 65 Hz to 225 Hz 

(bead sizes 1.0 µM to .3 µM, respectively) (Ryu et al., 2000; Reid et al., 2006; Yuan and 

Berg, 2008). E. coli motors also exhibit motor reversals approximately once every 1.5 

seconds (Tedesco and Berg, 1975; Bai et al., 2010). To our surprise, although wild type 

E. coli motor speeds and reversal frequencies were similar to those reported in E. coli, S. 

enterica motors did not switch as frequently as E. coli motors and had slower rotation 

speeds (Figure 4.3, Figure 4.5, Table 4.1A). The switching frequency of S. enterica 

motors was approximately 60% lower than E. coli motors i.e. the S. enterica motors were 

more CCW biased. The average CCW speed of S. enterica was approximately 25% 

slower compared to E. coli. We reasoned that additional changes in the CCW bias would 

be difficult to quantify in the S. enterica yhjH mutant, and therefore switched our 

experimental system to E. coli.  

Wild type E. coli motors showed higher speeds and switching behavior compared 

to S. enterica, (Table 4.1). However, while cell-tethering assays in S. enterica showed no 

effect on motor behavior in a yhjH mutant unless YcgR levels were also increased 
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(Figure 4.1), E. coli motors showed both a significant CCW bias and a reduced motor 

speed in the yhjH mutant alone (Table 4.1). Given that the motors were already both 

biased and slow, it was not possible to determine the order of these events in the yhjH 

mutant of E. coli, as we had hoped. Nevertheless, we were able to demonstrate than both 

events were YcgR-dependent, since the absence of YcgR either restored or exceeded wild 

type motor behavior (Table 4.1). 

We speculate that the more pronounced inhibition of motility in the E. coli yhjH 

mutant as measured by both the plate assay (Fig 4.6) and the bead assay (Table 4.1) is 

due to higher ci-di-GMP/YcgR levels in E. coli compared to S. enterica, since E. coli has 

a larger number of DGCs and PDEs (Pruitt et al., 2012).  

 

E. coli motors have reduced torque in a yhjH mutant background 

The bead assay data allowed us to calculate the average torque of wild type and 

yhjH mutant motors (Figure 4.11). We observed that mutant motors had approximately 

half the torque displayed by wild type motors. Given that there are 10-12 torque-

generating stator units per motor, we estimated that the mutant motors were running on 

approximately 5-7 such units. Further work is needed to elucidate whether torque is 

reduced step-wise by inactivating whole or partial stator units. For example, there are two 

FliG motor subunits per stator, so we might expect torque to be decreased either in steps 

of 7-9 Hz or 3-4 Hz units, if the stator units were decommissioned as whole (2 FliG) or 

partial (1 FliG) units, respectively. 
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BcsA has differential effects on motility in E. coli versus S. enterica 

 High c-di-GMP levels stimulate the synthesis of cellulose via the cellulose 

synthase BcsA (García et al., 2004; Zorraquino et al., 2013). Cellulose production was 

implicated in a YcgR-independent mechanism for motility inhibition in S. enterica, 

because deletion of bcsA restored wild type levels of motility to a yhjH/ycgR double 

mutant (Zorraquino et al., 2013). Cellulose has been proposed to act as an external 

‘wheel-lock’ that jams flagellar rotation (Zorraquino et al, 2013; Waters 2013). We 

observed that cellulose is indeed present in E. coli in both wild type and yhjH 

backgrounds (Figure 4.10), but that it does not contribute to the motility inhibition seen in 

the yhjH mutant when measured in either the plate or the bead assay (Figure 4.6 and 

Table 4.1). On the other hand, our data suggest that some other factor contributes to 

motility inhibition in the plate assay, since motility does not return to normal despite the 

absence of both YcgR and BcsA in the yhjH mutant (Fig. 4.6). Since motor behavior 

returns to wild type in the triple ycgR/bcsA/yhjH mutant (Table 4.1), this other ‘factor’ 

may be a different exo-polysaccharide (EPS) such as, for example, poly-β-1,6-N-

acetylglucosamine (poly-GlcNAc), a major extracellular matrix component of E. coli 

biofilms synthesized in response to high c-di-GMP levels (Steiner et al., 2012). The 

presence of this matrix would be expected to impede bacterial motion through the agar. 
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Summary and Perspectives 

The data presented in this chapter support the backstop brake model proposed to 

explain how YcgR::c-di-GMP inhibits of motor function in S. enterica. While this model 

could not be tested in E. coli, the data showed that YcgR was solely responsible for 

inhibition of motor function in E. coli. More experiments are needed to gain further 

insight into the details of YcgR action at the motor. Plate assays in both S. enterica and E. 

coli have suggested the existence of YcgR-independent pathways for motility inhibition 

in the yhjH mutant. While this pathway has been identified as production of cellulose via 

BcsA in S. enterica, our data ruled out a similar function for cellulose in E. coli. Instead, 

our data suggest that perhaps some other EPS matrix component may be responsible for 

physically impeding bacterial motion through the agar in a yhjH mutant. Future studies 

may help to identify this component.  
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