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Proteus mirabilis swarmer cell differentiation is induced by physical conditions that
inhibit rotation of vegetative swimmer cell flagella. The protein FliL is important
however, signal transduction to induce differentiation is unknown. Defects in
differentiation result from mutations in genes involved in cell-wall formation and
flagellar genes regulations. | hypothesized that upon surface contact, torsional stress due
to inhibition of filament rotation activates stress response, induces swarmer cell
differentiation and passes this signal to the protein FliL through a second protein, UmoA.
My results show that the expression of stress gene cpxP changed over swarming
migration with highest levels at zones of initial inoculation and areas where migration
stops. | also show that complementation of fliL defect is viscosity-, temperature- and
wettability—dependent, and fliL cells show improved swarming migration compared to
wild-type on 0.8% agar. The study gave insight on the role of cell wall stress and fliL in

swarming.
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Chapter I: Introduction

Proteus mirabilis. Proteus mirabilis is a Gram-negative bacterium, a member of
Enterobacteriaceae, is famous for its ability to differentiate from short swimmer cells to
long, multinucleated and multi-flagellated swarmer cells (2). Named after the
mythological Greek god Proteus, Hauser (3) first used the name Proteus in 1885 to
describe a bacterium isolated from putrefied meat that was able to change its shape. He
first identified two species P. mirabilis and P. vulgaris, based on the speed of their ability
to liquify gelatin (3). Currently, the genus Proteus contains 5 known species including P.
vulgaris, P. myxofaciens, and P. hauseri, and three unnamed genomospecies designated

as Proteus genomospecies 4, 5, and 6 (4).

P. mirabilis is the leading cause of catheter-associated urinary tract infections
(CAUTIS) and is most common in long-term catherization (5, 6). To establish
colonization and subsequent development of protected communities called biofilms (7),
bacteria must first gain entry and adhere tightly to the catheter and resist urine flow (8-
10). Bacterial fimbriae, which are bacterial appendages with adhesive proteins, are
responsible for this adherence. Although its exact role in P. mirabilis’ catheter adherence
and colonization is still unknown, fimbriae are use to mediate attachment to the urinary
tract. P. mirabilis also produces urease that causes blockage of the catheter by formation
of crystalline biofilms (8, 11). P. mirabilis has the ability to move across a surface, in a
form of flagellum-dependent motility called swarming (12-14). It has been shown that
swarming is required for catheter migration and subsequent entry in to the urinary tract

(15).



Swarming of P. mirabilis is cyclic and can be broken down into four parts (16):
(1) swarmer cell differentiation; (ii) the lag period prior to active movement; (iii)
swarming colony migration; and (iv) consolidation (where the cells stop moving and de-
differentiate to swimmer cell morphology). This cyclic pattern also correlates with the

expression of proteins such as ZapA protease, flagellin, urease, and hemolysin (17).

Membrane

Nucleoids

Flagella
Membrane
Nucleoids
WT WT fliL
swimmer cell swarmer cell pseudoswarmer cell

. s

Fig. 1. Comparison of a wildtype swarmer cell, swimmer cell and fliL pseudoswarmer cell.
P. mirabilis’ swimmer cells are short vegetative cell with 4-5 flagella. Swarmer cells are long
cells with multiple flagella and multiple nucleoids and no septae. Pseudoswarmer cells are similar

to swarmer cells but have fewer flagella. Adapted from Lee et al (18).

P. mirabilis transitions between two cell morphotypes depends on environmental
conditions. In liquid environments, P. mirabilis exists as a swimmer cell that is 1.5 to 2.0
um in length with 4-10 flagella per cell (2). Upon surface contact, swimmer cells

differentiate into swarmer cells that are 40 to 80 um in length, lacks septa and contain



multiple nucleoids and multiple flagella (2, 18). As first reported by Belas and
Suvanasuthi (19), conditions that inhibit flagellar rotation induce differentiation from
swimmer to swarmer cells. Mutations in three genes associated with the flagellar basal
body, fliL, fliF, and fliG result in cells, termed pseudoswarmers, which are swarmer-like
cells that are elongated in non-inducing conditions, i.e. broth, or are hyper-elongated on
agar media (19). The difference between fliL pseudoswarmers and wild-type swarmer

cells is that the former has far fewer flagella than the latter (18).

Bacterial motility. Motility allows bacteria to find new environments when nutrients are
limiting. Microorganisms have developed a number of motility systems to allow them to
move in liquid or viscous media or even on surfaces (20). Bacterial locomotion can be
swimming and/or tumbling in liquid, and swarming, twitching, or gliding over surfaces
(20-22). In this study, | focused on the surface-induced and the flagella-mediated switch

between swimming and swarming.

The Bacterial Flagellum. Bacteria swim and swarm by rotating their helical flagella
(23). Flagella are long, thin filaments that protrude from the cell body and are made up of
the protein flagellin (Fig. 2). A flagellum consists of three parts: the basal body that
anchors the flagellum to the membrane and also serves as the rotary motor, the hook that
serves as a universal joint, and the external filament that serves as a helical propeller. The
hook and basal body (HBB) spans the bacterial membranes (Fig. 2). Assembly of the
structure is a sequential process and the transcription of the flagellar regulon of enteric

bacteria is based on three promoter classes temporally regulated in response to assembly.



The basal body, composed of the rod and three rings termed MS, P and L ring, is the first
to be constructed, which starts with the insertion of the MS (M=membrane;
S=supramembrane) ring into the inner membrane. The MS-ring is embedded in the
cytoplasmic membrane and is composed of the protein FliF (24). The P-ring is associated
with the peptidoglycan layer and is composed of Flgl, while the L ring is associated with
the outer membrane (lipopolysaccharide; LPS) and is composed of FIgH (25, 26). The
proteins FIgB, FIgC, and FIgF constitute the proximal rod, while FIgG that of the distal
rod (27). Individual extracytoplasmic flagellar subunits are secreted through the MS ring
after the assembly of an associated type Ill secretion system (TTSS) (28). The flagellar
TTSS is composed of six transmembrane proteins that form an export channel (FIhA,
FIhB, FliO, FliP, FliQ and FliR) and three cytosolic proteins (FliH, Flil and FliJ) that
interact with the channel (27) (Fig.2). The hook structure of Salmonella is composed of
about 120 copies of a single protein FIgE, and its length is controlled at 556 nm by FliK,
a protein that determines flagellar hook length. FliK also functions in changing the
secretion-specificty substrate to prevent the premature export of late flagellar substrates
(29, 30). The hook-associated proteins, HAP1 and HAP3, consisting of FIgK and FlgL,

respectively, serve as a junction between the hook and the filament (31).
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The C-ring (composed of proteins FliM, FIiN and FliG) is mounted on the
cytoplasmic face of the MS ring (32-35) and forms the switch complex that functions in
the rotation/switching/assembly of the flagellum (36, 37). The clockwise-counter
clockwise switching is mainly attributed to FliM (38). The N-terminal domain of FliM
contains a conserved peptide (LSQXEIDALL) where CheY-P directly binds to switch
flagellar rotation direction (39). CheY-P is the phosphorylated response regulator that is
controlled by the histidine kinase CheA in response to chemoreceptor occupancy (40).
The C-terminal of FliM binds FIiN to form a stable FIiM-FIiN complex (41). FIiN is

suggested to have a more of a structural role in the C-ring of the flagellum (42).

MotA and MotB exists in the cytoplamic membrane, assemble around the rotor,
together conduct the flow of H* across the membrane, and are involve in torque
generation (43-45). The proton motive force (PMF) powers the Mot complex by creating
an inwardly directed electrochemical potential of hydrogen across the bacterial cell

membrane due to a concentration gradient. The C-ring and the motor proteins, MotA and



MotB, which forms the stator, achieve rotation of the HBB structure. FliG, in particular
its C-terminal domain, is directly involved in rotation, its conserved charged residues
gives FliG two orientations (46) that interacts with MotA (47, 48) which could be

important in switching rotational direction.

Bacterial Swimming. The helical shape of a flagellum is suited to locomotion of
microorganisms as they operate at a low Reynolds number, where the viscosity of the
surrounding water is much more important than the cell’s mass or inertia (49). If a
bacterium is slower than 1 pm/s, moving is useless as nutrient would diffuse faster than
the cell can move (49). The length and number of flagella, as well as the maximum motor
rotation rate dictates the fastest speed that a bacterium can physically attain (49). The
direction of rotation can switch almost instantaneously, caused by a slight change in the
position of a protein in the rotor. Swimming gives bacteria a survival advantage in
different environmental conditions and gives them a competitive advantage in acquiring

nutrients (50).

Bacterial Swarming. The operational definition of swarming motility is a rapid
multicellular bacterial surface movement powered by rotating flagella (51). Swarming
differs from swimming in that it is a movement of a group of bacteria over a surface,
rather than swimming motility of individual cells in liquid. Swarming can play a role in
the bacteria’s colonization of natural niches. Bacteria living as a group in surface colonies

have distinct cell types with specialized functions that contribute to growth and survival,



with better access to nutrients and greater defense mechanisms from desiccation and

antagonists (22).

The most important requirement for swarming is the flagella. Mutations targeting
flagella synthesis or flagella functions result in a non-swarming (Swr’) phenotype (52,
53). Swarmer cells have an increased number of flagella (2, 54). Most swarming bacteria
develop characteristic peritrichous/lateral flagella in which multiple flagella are randomly
distributed on the cell surface (54). There are species, like V. parahaemolyticus, that
swim with a polar flagella and then induce lateral (peritrichous) flagella when swarming
(55). Other species, such as P. aeruginosa, swarms while retaining its polar flagellum but
requires the expression of an alternative motor to facilitate its movement over surfaces
(54). In general, swarming requires multiple flagella on the cell surface. Even P.

aeroginosa may produce two polar flagella when swarming.

Swarming bacteria move side-by-side in cell groups called rafts. It has been
suggested that movement as a group likely increases fluid retention around the cells (22).
Water content is an important factor when inducing swarming in laboratory conditions,
too little results in poor swarming, while too much might induce cellular dedifferentiation
and swimming motility (54, 56). Different swarming bacteria can swarm over a range of
surface viscosities, and some require surface-active agents or surfactants, ampiphatic

molecules that the bacteria synthesize and secrete to reduce surface tension (54, 57-60).

Another requirement for swarming motility is contact with a surface (61, 62). The
mechanism of how a bacteriaum senses and determines it is on a surface and the
molecular signaling that follows remains poorly understood. In V. parahaemolyticus and

P. mirabilis, flagella are the surface sensors (19, 55). In P. mirabilis, inhibition of



flagellar rotation induces differentiation of swimmer to swarmer cell, and the protein FliL
assesses the health of, or torsional constraint on, the flagellar motor through interactions
with other flagellar proteins and passes this signal through a still unknown mechanism

(18, 19, 63). This will be discussed more in a later section.

Swarming migration is often associated with bioflim formation, two events that
are reversely regulated. Genes required for swarming are turned off in biofilms and vice-
versa. It has been suggested that swarming is important when cells re-colonize a new
surface, and hence its regulation is a target to control biofilm formation. Swarming has
also been correlated with pathogenicity in P. mirabilis (19). Often, toxin secretion was
also found to be co-regulated with swarming motility (54). It has also been observed that
swarming of Salmonella enteric serovar Typhimurium (herein Salmonella) shows an
elevated resistance to certain antibiotics. This can also be due to the fact that surfactants

that promote swarming are also potent antimicrobials (54).

FIhDC. The production of a flagellum is sequential and tightly regulated. Flagellar
proteins are only synthesized once they are needed for assembly. Transcriptional control
is based on three flagellar promoter classes (64). The flagellar master operon flhDC
controls flagellum production and is transcribed from a class 1 promoter. Their protein
product forms a heteromultimeric complex, FIhD,C, that promotes o’°-dependent
transcription from the class 2 flagellar promoters (65). Class 2 promoters then direct
transcription of genes needed for HBB assembly and the gene for the flagellum specific
sigma factor FIiA (6°®). Once HBB is completed, 6 RNA polymerase (64) transcribes

the class 3 promoters that are specific for later assembled components. Class 3A genes



require both ?® and FInNDC while class 3B genes only require °®. FIgM, which is a class
3A gene, is a 6°®- specific anti-sigma factor (66). Once the HBB is completed, the cell

secretes FIgM and ¢ transcription ensues.

o 70 028
—r —r —
FIhDC HBB

#

Class | Class Il Class |l
FIhDC MS-ring Basal body HAPs, Cap
C-ring Hook Filament
Export Apparatus FlgM Chemotaxis Proteins
fliA (¢*®) Motor
Flagellin
\ J

Fig. 3. Gene hierarchy and flagellar assembly. Assembly of the flagellum is based on a three
class gene hierarchy temporally regulated to ensure that genes are expressed as their products are
needed for assembly. The sole class | gene encodes the master regulator flnDC. Class Il genes
encode the regulatory protein 6”® and the anti-sigma factor FIgM. They also facilitate completion
of the hook-basal body structure, which serves as key checkpoint for coordinating assembly and

regulates Class 111 genes. Figure adapted from Smith and Hoover (67).

Regulation of FIhDC. Defects in flnDC in P. mirabilis result in non-swimming, non-
swarming cells that do not elongate (19). Expression of flhDC is negatively regulated by

the RcsBCD phosphorelay, which represses swarming and differentiation (68). Other



regulators include the leucine-responsive regulatory protein, Lrp (69), the flagellar
secretion apparatus component FIhA (70, 71), post-transciptional binding of the protein
CsrA (72), proteolytic regulation by the Lon protease (73) and over-expression of the

amino acid decarboxylase, DisA (74, 75).

Other important regulators are the Umo proteins (upregulator of the master
operon) discovered by Dufour et al (76). The umo loci in P. mirabilis were identified as
genes that when over-expressed could suppress the swarming defect of a mutation in the
secretion chaperone for hook-associated proteins, flgN (76, 77). There are four umo
genes: umoA, umoB, umoC, and umoD, which can increase expression of flnDC when
over expressed. UmoA and UmoC proteins appear to be unique to P. mirabilis. UmoD
protein is similar to YcfJ of Escherichia coli while UmoB is similar to YrfF in E. coli and
IgaA in S. Typhimurium (76). Loss of umoD and umoB results in a non-swarming
phenotype while mutation in umoA and umoC has little effect on swarming in P.
mirabilis (76). Expression of umoA and umoD increases in swarmer and pseudoswarmer

cells, suggesting a link between the Umo proteins and surface sensing through fliL (63).

FliL. Physical conditions that inhibit the rotation of the peritrichous flagella of the
swimmer cell triggers differentiation of swimmer cells to swarmer cells (19). A mutation
in fliL, the first gene in the class 2 fliLMNOPQR operon results in an inappropriate
production of swarmer cells, termed pseudoswarmer cells, in normally non-inducing
conditions (19). Formation of pseudoswarmers indicates that this defect affects the

surface-sensing mechanism. However, the molecular mechanism of the signal

10



transduction from the flagella to fliL and its relation to swarmer cell differentiation is still

unknown.

For a long time, the function of FliL remained mysterious. FliL is ubiquitous
among the genomes of flagellated bacteria and appears to have species-specific function.
As mentioned, it is the first gene in the class 2 operon that encodes proteins of the C-ring
of the flagella (FIiM and FIliN) and of the flagellar export apparatus (FIiO, FliP, FliQ and
FIiR) (78). Null mutations in fliL in alphaproteobacteria results in a non-motile phenotype
(79-81) while in Enteric bacteria, i.e. P. mirabilis, E. coli, and Salmonella, the loss of
FIiL does not dramatically affect swimming, but has a major effect on swarming (19, 82,
83). In C. crescentus and Salmonella, a defect in fliL results in flagella detachment (79,
82). In the case of Salmonella, this breakage occurs between the proximal and distal rod
proteins (FIgF and FIgG) (82). This suggests that one of the functions of FIiL is to

maintain the integrity and stability of the flagellar rod.

Mutations in P. mirabilis fliL also confer a non-swarming phenotype and
production of pseudoswarmer cells in non-inducing conditions (broth). There are 3
published fliL strains of P. mirabilis: BB2204 (fliL::Tn5-Cm), which is non-motile;
YL1001, which is a motile revertant of BB2204; and YL1003 (fliL::kan-nt30), which
swims but does not swarm (18, 19, 63). All three however produces pseudoswarmer cells
in broth and are complemented by fliL* in trans resulting in wild-type cell elongation.
The non-motile phenotype of BB2204 is attributed to polar effects, as shown in YL1001,
however both strains show an alteration of the C terminus of FliL suggesting that the C
terminus of FliL may be responsible for the pseudoswarmer cell phenotype. YL1003 on

the other hand has an insertion at nt 30 of the fliL coding region generating a protein that

11



is truncated. Lee et al. (18) reported that in YL1003 (fliL::kan-nt30), the Swr™ phenotype
can be complemented but it requires three elements: the P. mirabilis fliL promoter, fliL
coding region, and a portion of fliM 5” sequence (18). Interestingly, it was found that
expression of umoA and umoD is increased in wildtype swarmer cells and fliL
pseudoswarmer cells suggesting a role of umoA and umoD in surface sensing and

swarmer cell differentiation (63).

Mechanisms of surface sensing and swarmer cell differentiation. In a study by Belas
et al. (84), aside from flagellar defects, P. mirabilis mutants defective in swarmer cell
elongation also arises from mutations in genes involved in cell wall formation. As
previously mentioned, the flagella serves as the surface sensor and in P. mirabilis,
evidence suggests that the protein FliL is central to this interaction as discussed earlier

(19).

The outer membrane of gram-negative bacteria contains LPS and also, in the case,
of enteric bacteria, the enterobacterial common antigen (ECA) (85). LPS contains a lipid
A region, a core region, and the O-antigen region (86). The major form of ECA is ECApg
which is covalently linked to phosphoglyceride (85). The two minor forms are ECA ps,
which is ECA attached to the LPS core region, and ECAcyc, Which are water-soluble
cyclic forms of ECA (85), both are only found in certain enteric bacteria. Both LPS and
ECA play a role in bacterial motility. O-antigen mutants have been shown to exhibit
motility defects in Myxococcus xanthus, Salmonella, and E. coli (87-89). In P. mirabilis,

LPS plays a role in swarming (84). Specifically, transposon insertions in the waaL (rfal)

12



gene that encodes O-antigen ligase prevents an increase in flnDC expression (90). In

Serratia marcescens, ECA is important for swarming by upregulating flnDC (91).

The molecular mechanism and signal transduction pathway from surface contact
to swarming, specifically swarmer cell differentiation in P. mirabilis, remain unknown.
Two-component systems (TCS) are the most common ways that bacteria utilize in
response to environmental signals (92). They typically include a sensor histidine kinase
(HK) and a response regulator (RR). Upon sensing a specific environmental signal, the
sensor HK autophosphorylates and transfers phosphoryl group from ATP to a histidine
residue. The phosphate is then transferred to a specific aspartate residue on the RR
protein causing a conformational change. This phosphorylation and dephosphorylation of
the response regulator modulates the protein activity by affecting its DNA binding ability

and acting as a transcription regulator.

The cell envelope stress response system. Integrity of the bacterial cell wall is pertinent
to the organisms survival, thus the bacteria have mechanisms that can sense perturbations
in the cell wall (93). There are five extracytoplasmic stress signaling mechanisms in E.
coli: oF, Psp (phage shock protein), Cpx (conjugative plasmid expression, Bae (bacterial

adaptive response), and the Rcs system (93).

The Rcs phosphorelay system. The Rcs (for regulator of capsular synthesis)
phosphorelay is composed of the sensor RcsC, an intermediary phosphotransferase

(RecsD), and the response regulator RcsB (94). Originally identified for its role in colanic

13



acid biosynthesis (95), the RCS system has now been reported to be involved in a number
of bacterial cell processes such as flagellar synthesis (96), O-antigen chain length
determination (97) and ECA structure alteration (91), motility (98), cell wall stress
response, and antibiotic resistance (99) among others. Remarkably, the Rcs phosphorelay
is found to be specific to enteric pathogens (Enterobacteriaceae) (100). Homologs of
associated genes have been mapped in some enterics, and the rcsC, rcsD, and rcsB gene

loci appear to be conserved across these species (101).

The Rcs system was initially recognized as a TCS composed of the RcsC as the
sensor HK, which autophosphorylates at a conserved His residue, and transfers its
phosphoryl group to an Asp residue on RcsB, the cognate RR (95). Recent identification
of a phosphorelay protein, YojN, later renamed RcsD, led to the distinction of the Rcs
system from a typical two-component system to a more complex phosphorelay system
with signal (phosphate) traveling from RcsC—RcsD—RcsB (102). RcsA is degraded by
the Lon protease and its apparent instability has implication in regulation (94). RcsA
serves as auxiliary protein to RcsB, the primary regulator. In the absence of RcsA, over
expression of RcsB is sufficient to activate the cps gene. However, no cps gene is

detected in the absence of RcsB (103).

14
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Fig. 4. The Rcs Phosporelay Signaling Cascade activates a number of cellular processes.
Flow of signal is from RcsF—RcsC—ResD—RcesB. RcsB may or may not complex with RcsA

for signal transduction. Adapted form Rogov et al.(103) and Morgenstein et al (104).

Another target of RcsB is the small RNA RprA discovered in connection with the
stationary phase sigma factor, RpoS (105). Regulation of RprA synthesis is by the Rcs
system, established through mutation studies wherein rcsB null mutations abolishes RprA
basal levels (106). Mutations in RcsC activate capsule synthesis and activate rprA
expression. Consequently, activation of the Rcs system leads to increased RpoS
synthesis. It was later found that rprA activation is an RcsA-independent process (94).
Another outer membrane lipoprotein, the small protein RcsF has been implicated in the

Rcs system (107). RcsF activates RprA and its RcsB-dependent promoter. RcsF also

15



plays a role in sensing cell surface perturbation and then passing the signal to RcsC, such
that it has been suggested that signaling proceeds through RcsF—RcsC—RcsD—RcsB,

with RcsF transferring signal from the cell surface to the Rcs system (94, 107).

The Rcs system induces expression of a number of pathways, but in the case of
the flIhDC master operon, it is a repressor. Regulation of FInDC is dependent on RcsA
and RcsB, by directly binding to the RcsAB box of the flhnDC promoter region (96). Also,
it has been demonstrated that in an rcsB mutant, there is up-regulation of flgC, flgG and
flgl flagellar genes (108). Furthermore, rcs gene mutants of Erwinia amylovora showed
irregular and reduced motility in swarming plates (109). In P. mirabilis, mutations in a
gene called rsbA (regulator of swarming behavior) exhibited a precocious swarming
phenotype (68). This gene was later identified as a homolog of RcsD, indicating a role of

the Rcs system in swarming which FIhDC directly regulates.

A strong RcsCBD response, manifested by flagellum production inhibition and
overproduction of capsule materials were found in mutants affecting Salmonella IgaA
(Intracellular Growth Attenuator A) stability (110). IgaA is a negative repressor of the
Rcs system by favoring the switch from RcsB-P (active) to the dephosphorylated state
(inactive), suggesting a role for the dephosphorylated form of RcsB in regulation (111).

In P. mirabilis, IgaA is the homolog of UmoB, which is part of the umo loci.

Work by the Rather group at Emory University (90) also demonstrated that O-
antigen is important in surface-sensing in P. mirabilis through the Rcs phosphorelay
system. They proposed a model for Rcs inhibition by surface contact wherein O antigen
mediates a perturbation or torsional change in the outer membrane that results in two

opposing effects: RcsF inhibition and an increase in UmoD activity (104). UmoB (IgaA)
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is activated by UmoD reducing the levels of phosporylated RcsB removing repression of

fInDC expression (104).

Peptidoglycan stress activates the Rcs pathway and subsequently contributes to its
intrinsic antibiotic resistance (99). Different B-lactam antibiotics, cefsulodin, amdinocilin
and cef-amd, activate the Rcs system, indicating that inhibition of peptidoglycan
synthesis is an activator, which enhances bacterial survival independent of capsule
production (99). In S. marcescens, disruptions of ECA, results in an envelope disturbance
that induces the Rcs regulatory system (91). Aside from peptidoglycan, it was reported
that the Rcs phosphorelay also responds to perturbations in MDO (membrane-derived

oligosaccharides) and LPS.

The role of the Rcs system in biofilm formation has been actively investigated,
although it has been shown that initial attachment does not depend on rcsC or rcsB,
suggesting a much later role (94). The transfer of E. coli from liquid to an agar surface

causes induction of Rcs genes, particularly, RcsC dependent genes.

The CpxAR TCS. The Cpx (conjugative plasmid expression) envelope stress response in
E. coli is activated by a variety of stressors to the bacterial cell envelope and activates a
number of genes including periplasmic protein folding (DsbA, PpiA, PpiD) and
degradation factors (DegP) (112). It mainly responds to alterations in the cell envelope
composition i.e. changes in NIpE levels and over-expression of misfolded envelope
proteins (113). It was shown to be activated by adhesion to abiotic surfaces through the
NIpE and has been implicated in biofilm formations in E. coli (114). Cpx also responds to

osmolarity, chemical signals such as ethanol and indole, and changes in pH (115).
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Cpx is a TCS consisting of a sensor histidine kinase CpxA and a cytoplasmic
response regulator CpxR (115). Both CpxA and CpxR display homology to the conserved
phosphotransfer domains of other two component systems. CpxA localizes in the inner
membrane and contains both a periplasmic and cytoplasmic domain while CpxR is
predicted to encode an OmpR-like transcriptional activator (115). CpxA
autophosphorylates on a conserved histidine in the cytoplasmic kinase domain in the
presence of a stress signal. Phosphate is transferred to a conserved aspartate domain in
the N-terminal of CpxR. Phosphorylated CpxR activates the transcription of genes
involved in periplasmic protein folding (DsbA, PpiA, PpiD) and degradation factors
(DegP) (116), as well as genes involved in lipid and lipopolysaccharide metabolism

(117).
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Fig. 5. The Cpx System. Envelope stress signals are sense by the sensor kinase CpxA, which in
turn autophosphorylates and then passes the phosphate group to CpxR. CpxR-P then activates
transcription of the Cpx regulon, a gene of which is cpxP whose protein product CpxP binds and
inhibits CpxA via a feedback inhibition. CpxP dissociates from CpxA in the presence of envelope

stress (118). Figure adapted from Rowley et al (118).

Another member of the cpx regulon is the protein CpxP that was originally
identified as an up-regulated product of the Cpx pathway in E. coli (119). It serves as a
negative regulator of the Cpx system by binding to the periplasmic sensor domain of
CpxA. It responds to protein misfolding, acting as a stress sensor of the pathway and
facilitates the degradation of misfolded proteins (115). Alkaline conditions induce CpxP

in a CpxA-dependent fashion. CpxP is required for suppressing misfolded P pilus
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subunits-associated toxicity by degradation of DegP with these misfolded subunits (119).
CpxP is a small periplasmic protein made up of 147 amino acids (120) and contains a
conserved LTXXQ motif shared by a large family of proteins of which CpxP and Spy are
included (120, 121). Mutations in and near these motifs disrupt the regulatory function of
CpxP and it is suggested that this motif has a structural role in stabilizing the protein

based on its crystal structure (120).

The Psp regulatory pathway. The phage-shock protein or PSP response pathway is
induced by conditions that may cause dissipation of the proton-motive force (PMF) i.e.
proton ionophores such as CCCP and mislocalization of secretin proteins (122-124). It
was originally discovered in E. coli as a protein produced at high concentrations during
filamentous phage infection, thus named phage-shock protein A or PspA (125). The PSP
system consists of six proteins, PspA, PspB, PspC, PspD, PspF and PspG (126, 127). In
non-inducing conditions, PSpA binds to PspF (a member of the enhancer binding protein

family of transcriptional regulators) preventing transcriptional activation.
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Fig. 6. The Psp Response Pathway. In non-inducing conditions, PspF is inhibited by PspA
binding. PspC and PspB, located in the inner membrane sense inducers such as mislocalize
secretins and PMF dissipation. They then bind to PspA, freeing PspF to activate transcription of
the pspA operon and the pspG gene. PspA is then over-expressed and serves several physiological

function such as maintaining the PMF. Figure adapted from Rowley et al.(118).

Upon induction, cytoplasmic membrane proteins PspB and PspC binds to PspA
freeing PspF to activate transcription of the pspA operon and pspG gene, predicted to
encode a small hydrophobic protein that traverses the cytoplasmic membrane (127). PspA
reduces dissipation of the PMF while the roles of PspD and PspG remain unknown (128,
129). Little is known about the physiological role of the Psp response. All the inducing
conditions and associated phenotype with pspA null mutants all point to PMF

maintenance (130). Psp also supports virulence in Yersinia enterocolitica and Salmonella
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(131). In E. coli, it was observed that the Psp response is induced during biofilm

formation and that pspF null mutants have biofilm-formation defect (132).

The BaeSR TCS. The BaeSR (bacterial adaptive response) pathway is a classical TCS
consisting of a sensor HK, BaeS, and a response regulator, BaeR. It was initially
identified in the search for the additional pathway in the spheroplast induction of spy
expression acting in conjunction with the cpxAR system (133). It was later found that Spy
expression via the Cpx system is caused by copper ions while zinc ions, tannin, and
indole caused/enhanced its expression via the Bae pathway (121). Over expression of the
pilin subunit, PapG also induces the Bae pathway as well as the CpxAR and o stress
response systems. Other compounds such as sodium tungstate, zinc, flavonoids myricetin,
quercetin, and morin also strongly induce the Bae pathway (134). The BaeR regulon
consists of arcD, spy, and the mdtABCDbaeSR operon. MdtABC and ArcD are RND
(resistance, nodulation and cell division) multidrug efflux pumps, while MdtD is a
predicted MFS (major facilitator division) multidrug efflux pump (133). Spy is a
periplasmic protein whose function is relatively unknown, deletion mutant showed no
defect under both normal and stress conditions (121). However, Spy shares 25% identity
to CpxP, implying that the function of BaeSR is related to the stress response system.
Analysis of the Spy crystal structure showed that Spy and CpxP have similar structures
(121). LeBlanc et al. (134) concluded that the Bae pathways restore envelope
homeostasis in response to specific envelope —damaging MdtABC substrates and

removes these compounds by up regulating the MdtABC efflux pump.
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Fig. 7. The BaeSR System. The BaeSR is an atypical two-component system with BaeS as the
sensor kinase that sense environmental signals and BaeR as the response regulator that facilitates

the transcription of the Bae regulon upon induction.

o- (ECF sigma factor). The sigma factor © (also called **), encoded by rpoE, is the
most studied member of ExtraCytoplasmic Function or ECF sigma factors that are
implicated in sensing stress in the cell envelope of Gram-negative bacteria. It was
initially discovered as a new heat shock sigma factor in E. coli that recognizes and
transcribed the P3 promoter of rpoH, whose product is the heat shock sigma factor, 6%
(135). 6° is induced by misfolding of the outer membrane proteins (OMPs), heat shock,
OMP genes over-expression, and mutations in chaperones genes required for OMP

folding (113, 136-141). In non-inducing conditions, - is bound to the anti-sigma factor

RseA at the inner membrane preventing its interaction with RNA Polymerase (136, 142).
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RseB binds to RseA to protect it from proteolysis. In inducing conditions, misfolded
OMPs activates the protease DegS, which then cleaves RseA. RseA is further cleaved by
RseP. This releases the cytoplasmic domain of Rse- bound ¢%, which ClpXP degrades. &
is then released to the cytoplasm allowing it to interact with the RNA polymerase and
subsequently transcribe genes in its regulon.

In P. mirabilis, mutation in ugd (UDP-glucose dehydrogenase) and galU (UDP-
glucose pyrophosphorylase) activates the promoter activity of rpoE (143). These genes
are involved in LPS synthesis, and mutants of these have a lower ability to swarm (84,
143). Further, over-expression and constitutive active expression of rpoE resulted in
lower flIhDC expression and a decrease in swarming (143). On the other hand, in
Salmonella, a deletion mutant of rpoE is non-motile and causes a down-regulation of

some class 2 and class 3 genes while flnDC expression remained the same (144).
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Fig. 8. The 6--dependent extracytoplasmic stress response. c© is bound by RseA and RseB in
the membrane. Misfolded OMPs then activate DegS that cleaves RseA, followed by subsequent
degradation by RseP and CIpXP releasing ¢" to the cytoplasm where it can interact with RNA

polymerase and direct transcription of its regulon. Figure adapted from Hayden and Ades (145).

Cell envelope stress response and swarmer cell differentiation. The central question
of this study revolves around the molecular mechanism of signal transduction upon
surface contact as the signal passes through the flagella, fliL, and flhDC to induce
swarmer cell differentiation. Armitage et al. (146, 147) first suggested the possible
relation between alternations in the cell envelope and swarmer cell differentiation in P.
mirabilis. They reported that there is a change in the proportion of LPS with O-antigen
side chains between swimmer cells and swarmer cells. As was discussed previously,

evidence now links the cell envelope, particularly LPS, with swarming and flagellar
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control (63, 84, 90, 143). Furthermore, it has been shown that in fliL pseudoswarmers and
wild-type swarmer cells, genes involved in outer membrane fluidity, membrane
permeability, and cell wall function are up regulated (63). Perturbations in the cell
envelope are sensed by five known cell envelope stress system (93). The role of the Rcs
system and RpoE stress response has now been directly linked to fIlhDC control and
swarming in P. mirabilis (68, 90, 104, 143). The Cpx system on the other hand, has been
implicated in motility and biofilm formation in E. coli (114). The Psp system responds to
changes in the PMF (124), which is directly related to flagella function. It was also
implicated in biofilm formation in E. coli (132). Homologs of both Cpx and Psp genes
exist in P. mirabilis. Another group of related proteins, the Umo proteins appears to be

also important in this signal transduction (63, 76, 104).

In this study, | hypothesize that (1) upon surface contact torsional stress due to
inhibition of filament rotation activates a cell-envelope stress response and induces
swarmer cell differentiation; (2) the regulator UmoA is part of this signal transduction;

and, (3) the protein FIliL is central to this function.
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Chapter 2: cpxPg. Expression Changes During Swarmer Cell Differentiation

Abstract

Proteus mirabilis swarmer cell differentiation is induced by physical conditions that
inhibit rotation of vegetative swimmer cell flagella. The molecular mechanisms that
transduce the signal from the flagella to induce differentiation are unknown. Defects in
differentiation result from many different types of mutations, particularly in genes
involved in cell wall formation. Recent transcriptomic analyses of swarmer cells indicate
major changes in the expression of these genes. Furthermore, defects in Rcs cell envelope
stress response genes results in precocious swarming behavior, suggesting a link between
cell envelope stress and swarmer cell differentiation. | hypothesized that upon surface
contact torsional stress due to inhibition of filament rotation activates a cell-envelope
stress response and induces swarmer cell differentiation. 1 measured heterologous cpxP
expression, a gene that is highly expressed during envelope stress, using a cpxPg::lacZ
transcriptional fusion. A series of Lac” zones that correlated with areas of consolidation
were observed when wild-type P. mirabilis carrying cpxPg::lacZ swarmed over LB agar.
B-galactosidase measurements using the Miller assay confirmed that expression of cpxPeg.
changes during swarming, with the highest levels occurring at the initial inoculation point
and in consolidation zones (when cells are in the swimmer phase), while the lowest levels
were found in areas predominated by swarmer cells. cpxPg. expression of individual cells
during differentiation and over swarming migration changed in B-galactosidase activity
while transcription of cpxPpn, as measured by RT-PCR still needs to be validated. These
results suggest a possible link between cell envelope stress, inhibition of flagellar

rotation, and swarmer cell differentiation.
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Introduction

Proteus mirabilis is a Gram-negative bacterium and a member of the Enterobacteriaceae.
Swarming of P. mirabilis is cyclic and can be broken down into four parts (16), (i)
swarmer cell differentiation; (ii) the lag period prior to active movement; (iii) swarming
colony migration; and (iv) consolidation (where the cells stop moving and de-
differentiate to swimmer cell morphology). Differentiation of swimmer cells to swarmer
cells is triggered by physical conditions that inhibit the rotation of the peritrichous
flagella of the swimmer cell (19). A mutation in fliL, the first gene in the class 2
fiLMNOPQR operon results in inappropriate production of swarmer cells, termed
pseudoswarmer cells, in normally non-inducing conditions (19). However, the molecular
mechanism of how the signal transmits from the flagella to fliL and how these affect
swarmer cell differentiation is still unknown. Transcriptome analyses of swarmer cells
showing major changes in the expression of genes involved in the cell envelope (63) and
the precocious phenotype of cells defective in rcsD (68), a gene in the Rcs cell wall stress

pathway suggest involvement of the extracytoplasmic stress signaling pathways.

There are five extracytoplasmic stress signaling mechanisms in Enterics, these are
the =, Psp (phage shock protein), Cpx (conjugative plasmid expression), Bae (bacterial
adaptive response), and the Rcs (regulator of capsule synthesis) system (93). As was
discussed in the earlier section, all but the Bae system directly or indirectly affects
surface sensing and flagella function. In order to determine if cell wall stress plays a role
in swarmer cell differentiation, the Belas Laboratory (Department of Marine
Biotechnology, University of Maryland Baltimore County and Institute of Marine and

Environmental Technology) obtained E. coli reporter strains for all five stress systems
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that were used by Bury-Mone et al (93). | was only able to express heterologously the E.
coli cpxPgc::lacZ transcriptional fusion in P. mirabilis to monitor cpxPg. expression
changes during P. mirabilis swarming migration. | tested the hypothesis that swimmer
cells placed on an agar surface have torsional stress on their flagellar motors. Torque on
the motors generates envelope stress, which, through a currently unknown mechanism,

increases the transcription of flhDC, resulting in swarmer cell differentiation.

Materials and Methods

Bacterial strains and culture conditions. All strains and plasmids used are listed in
Table 1. P. mirabilis BB2000 and E. coli strains were grown in LB broth, at 37°C, and
agitated at 200 rpm. Colonies were grown in LSW™ (10 g liter ' Bacto tryptone, 5 g
liter ' yeast extract, 0.4 g liter—1 NaCl, 5 ml liter' glycerol, 20 g liter' Bacto agar)
plates for BB2000 strains and 1.5% LB agar (LB medium containing 15 g liter ' Bacto
agar) plates for E. coli strains at 37°C. Selective media contained ampicillin (Amp 100) at

100pg/ml. Swarming assays were performed on 1.5% LB agar plates at 37°C and 30°C.

Table 1. Strains and plasmids used in the study

Strains Genotype/Properties/Sequence Source
Lab strain®,
BB2000 wild-type Proteus mirabilis (53)
DHS5o(cpxPg::lacz) E. coli (cpxPg.::lacz) This study
BB2000(cpxPgc::lacz) P. mirabilis (cpxPg::lacz) This study
TR323 MC4100 (pLONG cpxPg-lacz) (115)
T350 MC4100 ARS88 (CpxPg.::lacz) (115)
TR530 MC4100 ARS88 (SpYe.::lacz) (148)
MC3 MC4100 ARS88 (pspAg.::lacZ) (123)
GEB658 MC4100 ARS88 (rprAl42pg.::lacZ) (149)
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CAG16037 MC1061 ot (RPOH3g::lacz) (150)
Plasmid
pPLONG CpxPeg.::lacZ (115)
pDH300 rprAl42pg.::lacZ (106)
pYL10 lacZ Y.Y. Lee?
pVV1 cpxPg::lacz This study
Primers
FpcpxPe. 5’- PCR primer for cloning (115)
TTGAATTCTGCACGTACGCTAGCAGA-  E. coli cpxP promoter;
3 contains the Ecorl site
at 5’ end
RpcpxPe. 5’- PCR primer for cloning (115)
TAGAATTCGGCTTTCAGCTCAGCAAAC E. coli cpxP promoter;
T-3° contains the Ecorl site
at 5’ end
FPrpraAg. 5’>-TTAGAATTCCTTGATATTGCTTGCTC  PCR primer for cloning (106)
E. coli rprA promoter;
contains the Ecorl site
at 5’ end
RPrprAg. 5’-CTGGAATTCGAGCTAATAGTAGGCA  PCR primer for cloning (106)
E. coli rprA promoter;
contains the Ecorl site
at 5’ end
FcpxPpr, 5’-CAGCCAATTCCTATCCG-3’ RT-PCR primer for This study
cloning P. mirabilis
cpxP coding region
RcpxPpr, 5’-GCATGGTTATCCCAGTT-3’ RT-PCR primer for This study
cloning P. mirabilis
cpxP coding region
FrpoApn 5-TAGAATTCTTAATGTTGTGCTCGCC- RT-PCR primer for This study
3 cloning P. mirabilis
rpoA coding region
RrpoApn 5’- RT-PCR primer for This study
CTGAATTCAATCGCTCTATCAAAAGGT cloning P. mirabilis
-3’ rpoA coding region
I Belas Laboratory, Department of Marine Biotechnology, UMBC and Institute of Marine and

Environmental Technology, University Systems of Maryland
%Dr. Yi-Ying Lee, post-doctoral fellow at the Belas Laboratory

Cloning. E. coli reporter strains for the five CES genes were obtained from the

corresponding author of Bury-Mone et al. (93). The promoter region was amplified and

ligated to the EcoR1 site of plasmid pYL10 (Fig. 9), a low-copy-number, Amp~,
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pWSK29 derivative (151, 152) harboring a promoterless lacZ. BB2000 was then
transformed by electroporation with the resulting plasmid. Strain BB2000/pVV1
(cpxPec::lacZ) was generated and used for succeeding experiments. Each reaction mixture
(50 pl) contained 10x ThermoPol buffer, 25 ng DNA, a 200 nM concentration of each
primer, 200 uM deoxynucleoside triphosphates (ANTPs), and 5 U Tag polymerase
(NEB). Thermocycling conditions were as follows: 94°C for 5 min; 30 cycles of 94°C for
1 min, 62°C for 30 s, and 72°C for 30 s; and 72°C for 5 min. All plasmid and primers

used and generated are Table 1.

Xmnl  SsPl - Sspl

Fig. 9. Plasmid pYL10.

Ampicillin
Resistance

pYL10 is a low-copy-number,

lacz

Bl Amp®, pWSK29 derivative

harboring a promoterless lacZ.

pSC101 ori

DNA Purification and Electroporation. Prior to electroporation, DNA was purified by
ammonium acetate precipitation following the Belas Laboratory protocol. Briefly, 10 ul
of stock 100x tRNA was added to 20 pl of ligation mixture and 20 pl of 7.5M ammonium
acetate, mixing thouroughly by vortexing. One-hundred pl of absolute ethanol was added

and the solution is then chilled on ice for 15 min. Using a refrigerated centrifuge set at
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4°C, the mixture was centrifuge at 14000 x g for 15 min and then the supernatant was
carefully decanted. The pellet was then washed with 1 ml 70% ethanol and centrifuge at
14000 x g for 15 min at RT. The supernatant was removed and the pellet dried in the

speed vac for 15 min. The DNA is resuspended in sterile distilled de-ionized water.

Purified DNA at a concentration of 100 ng/ul was added to a pre-chilled sterile
1.5 ml microcentrifuge tube and then 50 pl of ice-thawed competent cells were pipeted
in. The mixture was placed into a clean, sterile and ice-cold 0.2 cm electroporation
cuvettes (BTX) and pulsed at 2.5 kV and a time constant ideally between 4.2 to 4.9 msec.
Pre-warmed 1 ml LB broth was immediately added and gently mixed with the
electroporated cells. The mixture was then placed in pre-warmed 1.5 ml microcentrifuge
tubes and allowed to recover at 37°C without agitation for 30 min, and then incubated for
an additional 1 - 1.5 h with agitation. Cells were then spread-plated with dilution in the
appropriate media with Amp - 1.5% LB agar for E. coli and LSW" agar for P. mirabilis.
Succesful electroporation/cloning is checked by plasmid extraction using the Qiagen

Miniprep Kit and RE digestion.

Swarming Assay. BB2000/pVV1 cells were grown overnight in 2 ml LB broth plus
Amp 100 from a single colony. The overnight culture was then washed and diluted 1:100
with 1% Phosphate buffer saline (PBS, pH 7.4; 8 g liter* NaCl, 0.2 g liter® KCI, 1.44 g
liter® Na;HPOy, 0.24 g liter™ KH,PO,). Five microliters of which was drop-inoculated at
the center of 1.5% LB agar with Amp (100 pg per mL) and XGal (5-bromo-4-chloro-3-
indolyl-B-d-galactopyranoside) at a final concentration of 40 pg per mL. Swarming

migration was observed at 37°C for 24 h; for documentation, plates were incubated at
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30°C. Samples for B-galactosidase measurements were taken from an overnight swarm
plates grown in 1.5% LB agar with XGal and Amp, 37°C at consolidation and swarming
zones. Samples were also taken every 5 mm from initial point of inoculation after

swarming on 1.5% LB agar with XGal and Amp, 30°C.

B-galactosidase Assay. B-galactosidase was measured using the Thermo Scientific Yeast
B-galactosidase Assay Kit (Thermo Scientific) following the manufacturer’s protocol for
Microplates (stopped). Optical densities were measured using the Spectramax MS5. -

galactosidase activity was measured using the following equation:
(1000 x As20)/(t x V x ODggo) = p-galactosidase activity

t = time of incubation (in minutes); V = volume of cells (ml) used in the assay

cpxPgc expression during swarmer cell differentiation. BB2000 (cpxPgc::lacZ) was
grown overnight in 2 ml LB broth plus Amp from a single colony at 37C, 200 rpm.
Overnight cells were then washed with 1% PBS and diluted 1:1000. One-hundred
microliters of the diluted culture was then spread-plated in parallel pre-warmed 1.5% LB-
agar plates incubated at 37°C. The remaining diluted cultures served as time 0. Samples
were then harvested at times 1.5, 4 and 5 hour by washing the plate with 5ml 1% PBS
and scraping the cells with disposable, sterile spreader. Cells are then analyzed for B-

galactosidase activity as a proxy for cpxPg. expression.
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RNA extraction, cDNA synthesis, and RT-PCR. Total RNA was extracted and purified
from bacterial samples using Ribopure (Ambion) following the manufacturer’s
instructions, with a 1-h DNAse treatment. RNA was converted to cDNA using High-
capacity cDNA Reverse Transcription Kit and RNAse inhibitor (Applied Biosystems),
with a 25°C for 10 min, 37°C for 2 h, and 85°C for 5 min thermocycling regime. RT-

PCR was performed with rpoA (RNA polymerase subunit alpha) serving as a control.

Statistical Analysis. The mean and standard deviation of the mean of p-galactosidase
activity were calculated using Prism, version 4.0, software (GraphPad). Graphs were
made using Origin 6.1 (OriginLab) and error bars show standard error of the mean with n

=3.

Results

There are five major cell envelope stress (CES) systems in enterics: Bae, Cpx, Psp, Rcs
and o- pathways, that may be monitored by spy::lacZ, cpxP::lacZ, pspA::lacZ,
rprA::lacZ and P3rpoH::lacZ, respectively (93). | initially obtained reporter plasmids
pDH300 (rprA::laczZ) (106) and pLONG (cpxPgc::lacZ) (115) with E. coli promoters in
pRS415 plasmid backbone. The plan was to use these plasmids in wild-type BB2000 and
BB2204 (fliL::Tn5-Cm ;the only fliL mutant being used in the lab at that time) to measure
expression of each promoter during swarmer cell differentiation. However, after repeated
attempts to transform pDH300 into BB2000, reviewing and troubleshooting the protocols

from competent cells to electroporation to antibiotics concentration, | have found that
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pRS415 with its colE1 origin was simply not compatible for use in BB2000. At the same
time | have received from the corresponding author (93) E. coli chromosomal reporter

strains for each of five stress genes that was used in their study.

Induction of E. coli CES genes. As a preliminary test, | made sure that the induction
results for each E. coli strain were reproducible using the Miller assay for B-galactosidase
activity (Fig. 10a). | then PCR-amplified the rprAg. and cpxPg. promoters and then
ligated into pYL10, a low-copy-number, Amp®, pWSK29 derivative (151, 152) harboring
a promoterless laczZ, thereby constructing a transcriptional fusion between rprAg; gene
promoter and lacZ. | started with rprAg. for the RCS system and followed this cloning
with cpxPg. for the Cpx system. Upon construction, | tested the induction of the
rprAgc::lacZ fusion in E. coli DH5a using indole (Fig. 10b). Using the original
MC4100/pDH300(rprA::lacZ) reporter strain and DH4o as controls, I compared
DH5a/pYL10 (rprAgc:::lacZ) and BB2000/pYL10 (rprAg:::lacZ). The two strains showed
different fold-change induction pattern and were even lower than the DHS5a strain
without a reporter plasmid. MC4100/pDH300, on the other hand, did not show any
induction. | decided to move along with cpxP, having shown that cpxPg. can be induced
in E. coli (Fig. 10a) and check if the cpxPg::lacZ can be induced in BB2000. Using the
known inducers of the cpx system, CuCl, and indole, | was able to show that cpxPg. can
be induced in BB2000 with 2.0 to 2.5-fold induction (Fig. 10c). Once this was

established, I then monitored cpxPg. expression during swarming.
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(A) Induction E. coli chromosomal reporter strains

10% Ethanol Induction

DH5 rpoH3 cpxP pspA spy
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Induction of E. coli chromosomal lacZ reporter strains

(B) Induction of rprA_:: lacZ
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Fig. 10. Induction of Cell Envelope Stress Genes. The induction of the five CES genes was
tested using: (A) E. coli chromosomal fusion for rpoH, Cpx, Psp and Bae (spy) systems with 10%
ethanol while (B) a plasmid reporter pDH300 (rprAg.::lacZ) for the RCS system was used with
10mM indole. The induction of (B) rprAg. and (C) cpxPg. was also tested by constructing a
reporter plasmid using pYL10, a plasmid harboring a promoterless lacZ. Error bars show standard

error of the mean; n = 3.
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Homology of CES genes between P. mirabilis and E. coli. Using the NCBI-BLAST
database, | have determined the homology of the different stress genes between E. coli
and P. mirabilis (Table 2). All the E. coli stress genes except for the Bae circuit have
homology to P. mirabilis genes. (Due to lack of homology, Bae is not included in Table
2). Also, the predicted tertiary structure (RNAfold webserver (153);

http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cqi) of the small RNA rprA, which is induced

by rcsB independent of rcsA is very different from that of E. coli and Salmonella (Fig.

11).

Table 2. Homology between P. mirabilis and E. coli stress genes

Stress genes Nucleic Acid/Amino Acid’ homology* e-value
composition
E. coli P. mirabilis

rprA 105 106 62% 2.00E-11
rpoH 284 284 82% 9.00E-175
CpxA 457 455 79% 0

cpxR 232 232 87% 5.00E-148
cpxP 166 188 41% 3.00E-33
pspA 222 222 69% 1.00E-111
PspB 74 74 64% 2.00E-34
pspF 335 335 70% 6.00E-37

! Nucleic acid composition for the small RNA rprA; the rest are amino acid composition
“Homology and E-value based on NCBI-BLASTp
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(A) E. coli (B) Salmonella (C) P. mirabilis

N

Fig. 11. Predicted tertiary structure of rprA from (A) E. coli; (B) Salmonella; and (C) P.
mirabilis. The predicted tertiary structure of P. mirabilis rprA is very different from that of E.
coli and Salmonella. Structures were derived using the RNAfold webserver available at

http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cqi ((153).

cpxPec::lacZ is expressed at consolidation zones during swarming. In E. coli, the Cpx
pathway plays a key role in the regulation of adhesion-induced genes (154). Here, I
attempted to correlate the Cpx pathway with P. mirabilis swarmer cell differentiation by
using heterologous expression system employing an E. coli cpxPgc::lacZ transcriptional
fusion in BB2000. | observed that when BB2000/pVV1 (cpxPgc::lacZ) swarmed over
1.5% LB agar plus XGal and Amp, a periodic series of blue rings formed, perhaps at
areas where swarming migration stopped, i.e., zones of consolidation (Fig. 12b). B-
galactosidase activity was highest at the initial inoculation point and areas where
swarming migration appeared to have stopped (Fig. 13). The initial inoculum showed a
very high level of B-galactosidase activity, and this could possibly be explained by the
presence of XGal in the plate that can cause high p-galactosidase activity. Nonetheless,

these data suggest that the surface contact/adhesion induces the Cpx system.
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Transcriptomic results reported by Pearson et al (155) also showed that stress genes such
as the general stress response sigma factor RpoS and rcsB are up-regulated in P. mirabilis
cells isolated during consolidation phase. This indicates a possible linkage among the

different CES genes.

Swarmer Cell

(B)

:»'I Migration

Fig. 12. cpxPg, expression during P. mirabilis swarming. (A) Cyclic nature of P. mirabilis
swarming (16). (B) When cells containing cpxg.::lacZ swarm over LB agar containing XGal and
Amp, a series of blue rings result at the areas where swarming migration appeared to have
stopped. Washed diluted overnight cultures were drop inoculated at the center of the plate and

grown at 30°C for 36 h.

B-galactosidase activity changes over swarming migration. In order to verify the
observed pattern of cpxPgc expression over swarming migration, BB2000/pVV1 was
allowed to swarm for 36 h at 30 °C on 1.5% LB agar plus XGal and Amp. | took samples
every 5 mm from initial point of inoculation and measured B-galactosidase activity. This
“randomized” sampling removed the bias towards a particular zone and showed how

cpxPe. expression temporally correlates with swarming migration. The levels of B-

39



galactosidase changed over swarming migration following a decreasing-increasing cyclic
pattern (Fig. 14). This is consistent with the data that activity is highest at zones where
migration stopped and lowest during active swarming (Fig. 13). However, | have yet to
establish that cpxPgc expression is correlated with cell-differentiation since cell

morphology, i.e., swimmer and swarmer cells, was not measured.

18000+
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6000+
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2000+
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T T T
inoculum  swri coni swr2 con2

B-galactosidase (Miller Units)

Zone of Swarming Migration

\ J

Fig. 13. p-galactosidase assay of cpxPg. expression during swarming. p-galactosidase activity
over swarming migration at zones where swarming migration stopped, refered here as
consolidation (con), and zones where swarming migration was active (sw) were measured.
Highest levels of p-galactosidase activity occur at the initial inoculation point and at
consolidation zones. Cells were grown on 1.5% LB agar plus XGal 40 and Amp 100 at 37°C

overnight. Error bars show standard error of the mean; n = 3.
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Fig. 14. Levels of g-galactosidase activity changes over swarming migration. B-galactosidase
activity was measured using the Miller Assay by sampling every 5 mm from the point of
inoculation after swarming on 1.5% LB agar plus XGal and Amp at 30 °C 36 h. Error bars show

standard error of the mean; n = 3.

cpxP expression of individual cells during differentiation changes. Samples taken
from a swarm plate may contain a mixture of swimmer and swarmer cells. Upon surface
contact, differentiation of swimmer cells to swarmer cells may take about 2 h and active
migration starts at about 3.5 h and lasts for about 2 h before cells de-differentiate back to
swimmer cells (68). To compare cpxPg. expression with cell differentiation a diluted
overnight culture of BB2000/cpxPg.::lacZ was spread evenly on four 1.5% LB agar plus
Amp100, and the cells harvested at 0, 1.5, 4.0, and 5 h post-inoculation (to, t15, t40 and
ts0). Both B-galactosidase activity (a proxy for transcription of E. coli cpxPgc) and cpxP
transcription (direct RT-PCR of P. mirabilis cpxPpy) were measured (Fig. 15). B-
galactosidase activity was highest at t;o (Fig. 15a) while cpxPpp, transcription using RT-
PCR showed that expression was also highest at t; (Fig. 15B). The expression profile for
cpxP expression were mostly parallel sans ts ., where although in both cases it decreased
relative to t4o, in the Miller Assay it was higher than ty and t; 5 while in the RT-PCR it
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went lower (Fig. 15). This data suggest that cpxP expression changes during cell

differentiation, although the RT-PCR data need to be verified.

4 X
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Fig. 15. cpxP expression of individual cells during differentiation changed in both p-
galactosidase activity and transcription of cpxPp, as measured by RT-PCR. Cultures were
initially grown for 4 h in LB plus Amp then diluted and spread-inoculated in parallel LB agar
plates, and grown at 37°C. Cells were sampled at TO (initial culture), 1.5 h, 4 h and 5 h. RT-PCR

expression reference is rpoA. Error bars show standard error of the mean; n = 3.

Discussion and Recommendations

My results with cpxPg::lacZ, indicated that expression of cpxPg. changes during
P. mirabilis swarming migration, with the highest levels occurring when cells are in the
swimmer phase (initial inoculation and presumptive consolidation zones); times when
cells have the most torsional stress on their motors. Pearson et al. (155) found that more
genes are up-regulated in the consolidation phase than in swarming phase. These results
suggest that during the consolidation phase, cells prepare for the next swarm cycle, and

thus genes that are required for swarming are upregulated and highly expressed at this
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time. Consistent with their findings that stress genes (rpoS and rcsB) and cell wall
remodeling related genes are upregulated during consolidation, | found that cpxPegc

expression is also up-regulated during consolidation.

Thus, the Cpx system is a two-component system activated by adhesion to abiotic
surfaces and implicated in surface-induced gene expression and biofilm formations in E.
coli (115). Inhibition of flagellar rotation upon surface contact induces swarmer cell
differentiation in swarming P. mirabilis. The initial point of inoculation and the
consolidation zones are areas where swimmer cells are predominant, and speculated to be
times when flagella motors are inhibited. My results suggest that envelope stress is
highest when swimmer cells first contact a surface and at points where the cells stop
active migration. This suggests a possible link between inhibition of flagellar rotation,

cell envelope stress, and swarmer cell differentiation.

Using samples from a swarm plate, | found that the expression of cpxPg. was
lowest in areas of P. mirabilis that appear to be in active migration. However, when |
measured cpxPg. expression of individual cells, | found that at t; o B-galactosidase activity
was highest. At around this time point (t;5), maximal swarming motility had been
observed (63) and it is expected to have the highest number of swarmer cells in a
population. The difference in cpxPpn, expression observed between cells taken from a
swarm plate and spread plate might be due to the difference between their metabolic and
physiologic states. Differentiation to a swarmer cell is just one of the requirements for
active swarming. And although it’s not part of the hypothesis, it is important to note that
the process of swarming requires a group of swarmer cells forming multicellular rafts in

order to move. The inducing signal for cpxPg. expression of cells of the same
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morphotype might be different between these two conditions. cpxPg. expression by
individual swimmer cells at time 0 and 1.5 could be induce by surface contact, and at
times 4.0 and 5.0 increased expression may be due to the increase in the number of
flagella in swarmer cells that are now in contact with the surface. The bacteria shares
surface-contact or cell stress in actively swarming cells. The colony migration factor or
cmf that is required for swarming but not in differentiation can help alleviate surface
tension. Pearson et al. (155) suggested that although cells that are taken from an evenly
spread plate and cells taken from the edge of a swarm colony are both short cells, it is
unlikely that they are physiologically similar. | used RT-PCR to measure P.mirabilis
cpXPpm expression to confirm our results measuring E. coli cpxPg. expression in P.
mirabilis. Since | have found homologs of the cell envelope stress (CES) genes on the P.
mirabilis genome with the exception of the Bae system, | did not expect any major

differences in expression.

Our result with cpxPpn showed that expression was highest at tso, Similar to
CpXPgc in the Miller Assay; however, expression did not only decrease at ts relative to
t40 but it was actually the lowest point. The difference between using an E. coli promoter
and directly measuring the P. mirabilis gene expression could explain this. The cpxP
promoter of E. coli had already been characterized and upon alignment with that of the
upstream sequence of P. mirabilis cpxP gene start site, the degree of conservation of the -
10 and -35 recognition sequence is different between the two (Fig. 16). Also, | have only
done the RT-PCR once and thus optimizing the protocol from RNA extraction to the

different PCR conditions would certainly help. In any case, given this caveat, it would be

44



better to use P. mirabilis transcriptional fusion instead. In the following section, I will

outline an experimental design that could be used.

E. coli MG1655 AAT ACCTCCGAGG CAGAZ AC GTCATCAGAC GTCGCTAATC
P. mirabilis BB2000 AAATACGATA ATAAATAGCG CGAATCTATG ACTTTACGTT CTTTTACACG
-35
E. coli MG1655 CATGACTTTA CGTTGTTTTA CACCCCCTGA CGCAXGTTTG
P. mirabilis BB2000 CTCTGACGCT AGTTTGCAGC CGTAAAGGTA TAGTAATCCA
+1
E. coli MG1655 TET CTATGGYTGA ATCGCGACAG AAAGATTTTG
P. mirabilis BB2000 T ATTTAGGTCA GCATTAATAA GTCGGTATTA T2

Fig. 16. Alignment of the promoter region of cpxP of E. coli and P. mirabilis. The promoter
region of E. coli cpxP and its respective '° recognition site had been characterized (156) as

indicated.

To determine the spatial and temporal changes in CES gene expression during
swarmer cell differentiation and swarming colony formation, PCR will be used to
amplify the respective promoter region of the Proteus homolog of each CES gene, which
will in turn be ligated into pYL10. While our results show that pYL10 provides strong
data, 1 can also PCR the CES promoter::lacZ DNA along with DNA flanking
BB2000 3115 (c-di-GMP gene) and insert this cassette in the suicide plasmid pGP704
(157). This plasmid, once conjugated into P. mirabilis, will produce a Campbell (single
crossover) integration in PMI3101 yielding a single copy of the CES promoter

transcriptional fusion.

A central premise of our hypothesis was cell-envelope stress results from

inhibition of filament rotation. Aside from using LB agar, | can also test this hypothesis
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by using LB plus 10% polyvinylpyrrolidone (PVP) or anti-FlaA antisera that inhibit
rotation of the flagella in liquid media (19). A series of increasing concentrations of each
agent will be used. The prediction is that as the concentration of agar, PVP, or anti-FlaA
antiserum increases, | should see an increase in LacZ expression (proxy to CES promoter

transcription).

The expression of each CES genes will also be measured in mutant backgrounds
with defects in the following genes: fliL, fliL-C, fliF, fliG, and motB. The prediction is
that CES gene expression will decrease in mutants resulting in no filament (fliF and fliG)
or paralyzed filaments (motB) since these mutations eliminate motor stress. An increase
in LacZ activity is predicted for cells with fliL defects (YL1003 and FliL-C defective
strains) since FliL mutants were predicted to have weak rod/motor thus cell envelope

stress will be magnified by flagellar inhibition.

Conclusion

In conclusion, | have shown that cpxPg. expression changes over swarming
migration with the highest levels at zones of initial inoculation and where active
migration stops. | proposed that cpx expression, i.e., cell wall stress, is highest when a
swimmer cell is immobilized on the agar surface, and where torque on flagellar motors is
highest due to inhibition of filament rotation. Cell wall stress is relieved once the
bacterium differentiates into a swarmer cell, with flagellar motors operating with less
torsional constraint. Our results suggest a possible link between cell envelope stress,

inhibition of flagellar rotation, and swarmer cell differentiation.
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Chapter 3: The Role of Cell Wall Stress Response and UmoA in

Swarmer Cell Differentiation

Abstract

Swarmer cell differentiation in Proteus mirabilis is triggered by physical conditions that
inhibit the rotation of the peritrichous flagella of the swimmer cell. Signal transduction
mechanism from the flagella to cell differentiation is still unknown. Evidence links genes
involve in cell wall formation and envelope stress response to surface sensing. |
hypothesized that upon surface contact torsional stress due to inhibition of filament
rotation activates a cell-envelope stress response and induces swarmer cell
differentiation. This study attempted to introduce mutations in the cell wall stress genes
pspA, cpxR and rpoH via Campbell integration. Various attempts and cloning strategies
were employed to achieve mutation. However, | have observed plasmid replication but
not successful chromosomal integration. This suggests that mutations in these genes
might not be favorable to the cell and could be lethal. A different target, umoA, a known
regulator of swarmer cells with no lethal phenotype in Proteus was also explored but
successful mutation was also not achieved. The initial experimental design did not work
because of the inactivation/loss of the Clal site in umoA that was supposed to be used to
insert Cm~ to disrupt umoA gene function. Subsequent attempts to use both inverse PCR
and site-directed mutagenesis to introduce an internal restriction site and the use of
Campbell integration to introduce mutation were also not successful. This was due to the
inability to optimize the protocol and experimental design because of time limitations i.e.

possible incorrect primer design, PCR conditions, bi-parental mating conditions etc.
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Introduction

Physical conditions that inhibit rotation of vegetative swimmer cell flagella induce P.
mirabilis’ swarmer cell differentiation and involve the protein FliL (19). However, the
molecular mechanisms that transduce the signal from the flagella to induce differentiation
are currently unknown. | hypothesized that upon surface contact torsional stress due to
inhibition of filament rotation activates a cell-envelope stress response and induces
swarmer cell differentiation. Of the five cell envelope stress (CES) signaling mechanisms
in enterics the o5, Psp (phage shock protein), Cpx (conjugative plasmid expression), and

the Rcs (regulator of capsule synthesis) system are highly conserved in P. mirabilis.

Aside from the CES genes, increases in umoA and umoD expression were
observed in wild-type (wt) swarmer cells and fliL strains (63), suggesting that UmoA and
UmoD are part of the surface-sensing pathway. Loss of function mutations in umo genes
decrease fInDC expression resulting in poorly swarming cells (76). Recent reports have

also shown linkage between the Rcs pathway and portions of the ‘Umo’ pathway (104).

This series of experiments attempted to introduce mutations in the three cell wall
stress genes, pspA, cpxR, rpoH, and the flIhDC regulator umoA by Campbell integration.
The main objective was to correlate cell wall stress (CES) and/or umoA expression with

swarmer cell differentiation and determine the role FliL plays in mediating the response.
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Materials and Methods

Bacterial strains and culture conditions. All strains and plasmids used are listed in
Table 3. BB2000 and E. coli strains were grown in LB broth (10 g liter ' Bacto tryptone,
5 g liter ' yeast extract, 10 g liter ' sodium chloride) at 37 °C, 200 rpm. Colonies were
grown in LSW’ (10 g liter ' Bacto tryptone, 5 g liter ' yeast extract, 0.4 g liter—1 NaCl, 5
ml liter ' glycerol, 20 g liter ' Bacto agar) plates for BB2000 strains and LB agar (LB
medium containing 15 g liter ' Bacto agar) plates for E. coli strains at 37 °C. Selective
media contained antibiotics at the following concentrations: ampicillin (Amp), 100
ug/ml; tetracycline (Tet), 15 pg/ml; streptomycin (Sm), 35 ug/ml, chloramphenicol (Cm),
40 pg/ml; kanamycin (Kan), 50 pg/ml; rifampicin (Rif), 100 pg/ml. Swarming assays
were performed on 1.5% LB agar plates and urease was measured using Urea agar

(Difco).

Table 3. Strains and plasmids used in the study

Strains Genotype Source
BB2000 Wild-type, Rfr Tcr (53)
DHS5aApir

SM10-1Apir Rec RP4-2Tc::Mu Apir (158)
S17-1Apir Rec” RP4-2Tc::Mu Apir (158)
Plasmid

pGP704 Suicide vector; R6K ori Amp (157)
pKNG101  Suicide vector; R6K ori Sm (159)
PACYCL77 | ow copy vector; p15A ori  Kan (160)
pACYC184 Low copy vector; pl5Aori Cm (160)
pVV1 PGP704 (‘pspA’) Amp This study
pVvVv2 pGP704 (‘cpxR') Amp This study
pVV3 pGP704 (‘rpoH’) Amp This study
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pVvVv4
pVV5
pVV6
pVvV7
pVV8
pVV9
pVV10
pVV11
pVvV12
pVV13
pVvVv14
pVV15
pVV16
pVV17
pVvV1s
pVV20
pVvVv2i

PKNG101 (‘pspd’)
pKNG101 (‘cpxR’)
pKNG101 (‘rpoH’)
pGP704 (‘pspA’)
pGP704 (‘cpxR’)
pGP704 (‘rpoH’CmF)
pGP704 (‘pspA’ Kan®)
pGP704 (‘cpxR’ Kan®)
pGP704 (‘rpoH’ Kan®)
pKNG101 (‘psp4’ Cm®)
pKNG101(‘cpxR' Cm")
pKNG101 (‘rpoH’)
pGP704 (‘cpxAR")
pGP704 (‘cpxAR')
pGP704 (CmF)
pGP704 (umoA)
PGP704 (umoA cm)

Sm

Sm

Sm
Amp Cm
Amp Cm
Amp Cm
Amp Kan
Amp Kan
Amp Kan
Sm Cm
SmCm
Sm Cm
Amp
Amp Cm
Amp Cm
Amp
AmpCm

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

T Amp Ampicillin resistance

2 Sm Streptomycin resistance

¥ Kan Kanamycin resistance

* Cm Chloramphenicol resistance

Cloning. Internal gene fragments of pspA, cpxR, rpoH, cpxAR, and umoA (Fig. 17) were
PCR amplified from BB2000 genomic DNA and were each cloned into suicide vector
pGP704 (Fig. 18a) using EcoRlI site added to the gene through PCR. For suicide vector
pKNG101 (Fig. 18b) based construct, internal gene fragments were cloned using blunt-
end ligation to the Smal site. Cm® and Kan® were achieved by amplifying the Cm® and
Kan® gene from pACYC184 (Fig. 19a) and pACYC177 (Fig. 19b), respectively, and
cloning into the vector using Sall site added to the gene through PCR. For the cpxAR and
umoA internal fragments, the Xbal site was used. Each reaction mixture (50 ul) contained
10x ThermoPol buffer, 25 ng DNA, a 200 nM concentration of each primer, 200 uM
deoxynucleoside triphosphates (ANTPs), and 5 U Taq polymerase (NEB). Thermocycling

conditions were as follows: 94 °C for 5 min; 30 cycles of 94 °C for 1 min, 62 °C for 30 s,
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and 72 °C for 30 s; and 72 °C for 5 min. All constructs were made using E. coli DH5a
Apir as a host, and plasmid carriage and fragment insertion was confirmed by colony PCR
and plasmid digestion. All plasmid used and generated are listed in Table 3 and all the

primers used are listed in Table 4.

852bp 666 bp 696 bp 696 bp 1365 bp 543 bp

5 _l rpoH I_ _| pspA I_ 4 <pxR F 4 xR H pxA F 4 umoA F 3
65 665 143 603 7 591 266 770 138 489
- 2 o o s S ) 2

600bp 460bp 520bp 1200 bp 350bp

B

Stress gene internal fragment

Stress gene internal fragment

‘epxAR’ or ‘umoA’

Stress gene internal fragment

cm® m*
pACYCIB4 PACYCIZ4
mob

P4

PpGP704 and Cm*
4705bp

(2}

pGP704 and Cm"
4705bp

PKNG101

ap
PBRI22

Fig. 17. Map of constructs used in the study to generate mutants via Campbell-style
integration. (A) Internal fragments from rpoH, pspA, cpxR, cpxAR and umoA were amplified and
ligated into (B) suicide vectors pGP704, pkKNG101 and pGP704 with Cm". Corresponding sizes

of coding regions and internal fragments are also illustrated in (A).

51



Bglll Pstl Hindilll Kpnl EcoRV Smal
Sall BamH1 Xbal Sphl Sacl EcoR1

3633 3700

pKNG101 Restriction Enzyme Profile

Hindlll 167
/ e Sacl (839)

BamHI 436
orl

REK

Ap PKNG101 resisance
BR322
Psti P pGP704 6986 bp

3705 bp

tet

2160 BamHI

Fig. 18. Suicide vectors used in the study. Suicide vectors (A) pGP704 and (B) pKNG101 were
used to generate mutants. Both are non-replicating plasmid in the absence of the pir gene. (C)The
restriction profile of pKNG101 using Xmnl, BamH1, Xbal, Kpnl and EcoR1 generated the
expected bands except for Xbal. The Xbal near the 3> end of the Sm® gene can only be cut in a
dam’ strain according to CABRI (Common Access to Biological Resources and Information,
(http://www.cabri.org/CABRI/srs-bin/wgetz?-newld+-e+-page+qResult+[BCCM_LMBP-

id:%27LMBP%205246%27])

pACYC177 pACYC184
3041 bp 4245 bp

Fig. 19 Plasmids where Kan® and Cm® were amplified. Plasmids (A) pACYC177 and (B)

pACYC184 were used to amplify the Kan® and Cm" gene respectively.
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Table 4. Primers used in the study

Primer

Oligonucleotide

Description

Source

FpspA’

5’-TTGAATTCTGCACGTACGCTAGCAGA-3’

PCR primer for cloning
460 bp P, mirabilis
pspA internal fragment;
contains the Ecorl site
at 5’ end

This
study

RpspA’

5’-TAGAATTCGGCTTTCAGCTCAGCAAACT-3’

PCR primer for cloning
460 bp pspA internal
fragment; contains the
Ecorl site at 5° end

This
study

FrpoH'

5’-TAGAATTCCAGCCAATTCCTATCCG-3’

PCR primer for cloning
600 bp P, mirabilis
rpoH internal fragment;
contains the Ecorl site
at 5’ end

This
study

RrpoH'

5’-TAGAATTCGCATGGTTATCCCAGTT-3’

PCR primer for cloning
600 bp rpoH internal
fragment; contains the
Ecorl site at 5” end

This
study

FcpxR'

5’-TAGAATTCTTAATGTTGTGCTCGCC-3’

PCR primer for cloning
520 bp P, mirabilis
cpxR internal fragment;
contains the Ecorl site
at 5’ end

This
study

RcpxR'

5’-CTGAATTCAATCGCTCTATCAAAAGGT-3’

PCR primer for cloning
520 bp cpxR internal
fragment; contains the
Ecorl site at 5° end

This
study

FpspA-3

5-TGGGTATATTTTCACGTTTTGC-3’

PCR primer for cloning
550 bp P, mirabilis
pspA gene fragment
flanking the internal
fragment used

This
study

RpspA-3

5’-AGCTTTTAATGCCGCTAATTG-3’

PCR primer for cloning
550 bp P, mirabilis
cpxR gene fragment
flanking the internal
fragment used

This
study

FrpoH-2

5’-AAGGCAGCATTGAAGCGTAT-3’

PCR primer for cloning
700 bp P, mirabilis
rpoH gene fragment
flanking the internal
fragment used

This
study

RrpoH-2

5’-CGCTCAGCAGAAACACCATA-3’

PCR primer for cloning
700 bp P, mirabilis
rpoH gene fragment
flanking the internal
fragment used

This
study

FcpxR-2

5’-ATGACGATCGCGAATTAACCTC-3’

PCR primer for cloning
600 bp P, mirabilis
cpxR gene fragment
flanking the internal
fragment used

This
study
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RcpxR-2 5’-GATAACCACGGCCACGTAAT-"3 PCR primer for cloning | This
600 bp P, mirabilis | study
cpxR gene fragment
flanking the internal
fragment used

F-kan-Sall 5’-TGTCGACCGATTTATTCAACAAAGCCACG- PCR primer for cloning | This

3 the Kan® gene from | study
pACYC177; contains
the Sall site at 5° end
R-kan-Sall | 5>-TGTCGACGCCAGTGTTACAACCAATTAAC- | PCR primer for cloning | This
3 the Kan® gene from | study
pACYC177; contains
the Sall site at 5° end

F-cm-Sall 5’-TGTCGACGTAAGTTGGCAGCATCAC-3’ PCR primer for cloning | This
the Cm® gene from | study
pACYC184; contains
the Sall site at 5° end

R-cm-Sall 5’-CGTCGACTTATTCAGGCGTAGCACC-3’ PCR primer for cloning | This
the Cm® gene from | study
pACYC184; contains
the Sall site at 5° end

F-cpxAR- 5’-GTCTAGACACTGGCAAGCTGTAAACG-3’ PCR primer for cloning | This

xbal 1200 bp cpxAR internal | study
fragment; contains the
Xbal site at 5° end

R-cpxAR- 5’-ATCTAGACCTAGAGCTGGGAGCAGAT-3’ PCR primer for cloning | This

xbal 1200 bp cpxAR internal | study
fragment; contains the
Xbal site at 5° end

F-umoA- 5’- PCR primer for cloning | This

Xbal GCATATCTAGACACTGGCAGCCATCTCAATA- | 543 bp umoA gene | study

3 fragment; contains the
Xbal site at 5° end
R-UmoA- 5’- PCR primer for cloning | This
Xbal CCATATCTAGAATTGGTGGTAGCAGCAGGAT- | 543 bp umoA gene | study
3 fragment; contains the
Xbal site at 5 end
Inverse PCR primer for | This
inserting Ncol site in | study

FUmMoAInv- | 5>-ATTCTACCATGGGAAATATGGCCCTTATGG- | plasmid-borne  umoA

Ncol 3’ gene fragment
Inverse PCR primer for | This
inserting Ncol site in | study

RUmMoAInv- | 5’>-GTCCTACCATGGATCGCAATATAGCGAATT- | plasmid-borne  umoA

Ncol 3’ gene fragment
Primer for site-directed | This
mutagenesis to insert | study

F-umoA- 5’- Ncol site in plasmid-

ncoi GATGAAATATGGCCCATGGGCAACCTGAAC-3’ | borne umoA fragment
Primer for site-directed | This
mutagenesis to insert | study

R-umoA- 5’-GTTCAGGTTGCCCATGGGCCATATTTCATC- | Ncol site in plasmid-

ncoi 3’ borne umoA fragment

F-umoA- 5’- PCR primer for cloning | This

Xbal-int ACAGTATCTAGAGCAATCCTTTGCCTGTCCTA- | 350 bp umoA internal | study
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3 fragment; contains the
Xbal site at 5° end

R-UmoA- 5’- PCR primer for cloning | This
Xbal-int CCATATCTAGACAGGAAATGGTCTGGTGGAT- | 350 bp umoA internal | study
3 fragment; contains the

Xbal site at 5° end

DNA Purification and Electroporation. Prior to electroporation, DNA was purified by
ammonium acetate precipitation following the Belas Laboratory protocol. Briefly, 10 ul
of stock 100x tRNA was added to 20 pl of ligation mixture and 20 pl of 7.5M ammonium
acetate, mixing thouroughly by vortexing. One-hundred pl of absolute ethanol was added
and the solution is then chilled on ice for 15 min. With the use of a refrigerated centrifuge
set at 4°C, the mixture was centrifuge at 14000 x g for 15 min and then the supernatant
was carefully decanted. The pellet was then washed with 1 ml 70% ethanol and
centrifuge at 14000 x g for 15 min at RT. The supernatant was removed and the pellet
dried in the speed vac for 15 min. The DNA is resuspended in sterile distilled de-ionized

water.

Purified DNA at a concentration of 100 ng/ul was added to a pre-chilled, properly
labeled sterile 1.5 ml microcentrifuge and then 50 pl of ice-thawed competent cells were
pipeted in. The mixture was placed into a clean, sterile and ice-cold 0.2 cm
electroporation cuvettes (BTX) and placed into the the pre-chilled white plastic cuvette
holder-slide. It was then slid in the BioRad Gene Pulser’s shocking chamber. The mixture
was then pulsed at 2.5kV and a time constant ideally between 4.2 to 4.9 msec. Pre-
warmed 1 ml LB broth was immediately added and gently mixed to the electroporated
cells. The mixture was then placed in pre-warmed 1.5 ml microcentrifuge tubes and

allowed to recover at 37°C without agitation for 30 mins and then for 1h to 1.5h with
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agitation. Cells were then spread-plated with dilution in the appropriate media with Amp

- 1.5% LB agar for E. coli and LSW" agar for P. mirabilis.

Construction of mutants. Construction of mutants was achieved by single-crossover
homologous recombination via Campbell integration. Constructs were either transformed
directly into BB2000 by electroporation as described above or into E. coli SM10-1 Apir
and/or S17-1 Apir for conjugation with BB2000 by filter mating (53). Briefly, filter
mating was achieved by mixing 100 pul each of donor cells (E. coli SM10-1 Apir or S17-1
Apir harboring a suicide vector with the desired fragment) and the recipient cells
(BB2000) in 1.5 ml microcentrifuge tube. Cells were then spun down for 15 s and the
pellet was resuspended in 30 ul 1% PBS and spot inoculated at the center of a sterile25
mm Whatman cellulose nitrate membrane 0.2um cellulosic filter disk in LSW plate. The
cells were then incubated at 37 °C for 24 h. The filters were resuspended in 1% PBS and
plated by spreading dilutions on LSW" plates with the appropriate selection (Amp for
pGP704, Sm for pKNG101 and Cm for pGP704 plus Cm®) and Tet/Rif as counter-
selection. Screening for Proteus was done using the urease test and swarming assays (16,
63). Plasmid were extracted using Qiagen Minipreps (Qiagen, Inc., Valencia, Calif.).
Confirmation of correct gene insertion was done by PCR using primers flanking the
respective internal fragment used. Thermocycling conditions were as follows: 94 °C for 5
min; 30 cycles of 94 °C for 1 min, 62 °C for 30 s, and 72 °C for 2 min ; and 72 °C for 5

min.
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Results and Discussion

Mutant construction using pGP704. Electroporation of BB2000 with the pGP704 (Fig
18a) plasmids - pVV1 (pGP704 with ‘pspA’), pVV2 (pGP704 with ‘cpxR’) and pVV3
(pGP704 with ‘rpoH”) resulted in no colonies on LSW" plus Amp 100 plates, despite
various modifications, e.g., increasing DNA and cell concentration. Initial bi-parental
matings between BB2000 and E. coli S17-1 Apir harboring plasmid constructs were
spread without dilution on LSW" Rif 100 and Amp 100. These resulted in confluent
growth with isolated colonies on the edge of the plate. Typically, 4.5 x 10° antibiotic
resistant P. mirabilis can be obtained from a single mating (53). Re-selection of isolated
colonies in LSW" with Rif 100 and Amp 100 resulted to one possible PspA
transconjugant. Examination of the this DNA however resulted in a PCR fragment that
was not the predicted size (Fig. 20). Modifications to the bi-parental mating experiments
were attempted using a variety of dilution schemes and conditions (time and temperature
of incubation for mating, ratio of cells, and concentration of Amp for selection). A
representative of one of the four mating experiment is shown in Table 5. The results,
described in Table 5, were hampered by consistent problems with ‘plating effects’, i.e.,
high density inocula resulted in confluent growth on the plate, while even minor dilutions
of these inocula resulted in no colony forming units. The results from direct
transformation and conjugation suggested that Amp was Killing the cells. Amp-resistant
colonies either did not grow after a second round of Amp selection or harbored a wild-
type gene upon PCR amplification. Proteus is sensitive to ampicillin, and ampicillin is

not the best marker for selection, although it has been used successfully in the past (16).
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| attempted to correct these earlier problems by switching to another suicide
vector, pKNG101 (Sm®, Fig. 18b), that is also routinely used for their bi-parental mating
with Proteus, or to use another selection marker like Cm or Kan. pKNG101 is part of our
laboratory strain collection and could be quickly tested and used. However, while Cm
and Kan are used routinely in our laboratory, the genes encoding these resistances have to
be amplified and cloned from suitable plasmids into pGP704. Streptomycin as a selection
for BB2000 has not been tested and so primers for Cm and Kan were designed

consequently.

Table 5. Representative Bi-Parental Mating Results between BB2000 and S17-1Apir with
pGP704 plus stress genes in varying conditions®

Varying incubation time in Mating

PspA | 107 107 [ 10° | 10*

1h 85
3h Lawn® |10 |1
6h Lawn® | PE? | 2

12h Lawn® | PE? | 3 0

CpxR

1h 56

3h Lawn’ | 2

6h Lawn’ | PE® [18 [0

12h Lawn® | PE® [ 35 [0

RpoH

1h 200

3h Lawn® | 14
6h Lawn® | PE® | 7

12h Lawn® | PE® |0

Varying donor:recipient ratio

PspA

1:1 Lawn® | PE® | O 0

31 Lawn® | PE®

o
o

1:3 Lawn® | PE® | 0 0

CpxR

1:1 Lawn® | PE® 0
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31 Lawn® | PE® 0

1:3 Lawn® | O 0 0

RpoH

1:1 Lawn® | PE® 0

31 Lawn® | PE® | 0 0

1:3 Lawn® | O 0 0

! Results are representative of one of four mating experiments that was done similarly
2 Jawn- confluent bacterial growth
*PE-colonies aggregate on one side, presumably area where Amp lowest due to “plating effect”

Mutant construction using pKNG101. The initial experimental design was to digest the
Sm® gene from pKNG101 (LMBP 5246) with Xbal and clone the resulting DNA into the
existing plasmids harboring stress gene fragments. However, digestion of the plasmid
with Xbal only linearized the vector (Fig. 18b). Analysis of the restriction enzyme profile
of pKNG101 (Fig. 18c) showed that one of the Xbal site was inactive and this would
make cutting out the Sm~ gene not possible. This is supported by the information from
the CABRI webpage that states that the Xbal located at the 3' end of the Sm® gene can
only be cut in dam™ strains. (Common Access to Biological Resources and Information,

http://www.cabri.org/CABRI/srs-bin/wgetz?-newld+-e+-page+gResult+|BCCM LMBP-

1d:%27LMBP%205246%27]).

After verifying that pKNG101 do not replicate in BB2000, cloning blunt-end
ligation using the Smal site of pKNG101 was done to generate the following constructs
for cloning: pVV4 pKNG101(‘pspA’), pVV5 pKNG101(‘cpxR’), and pVV6
pKNG101(‘rpoH’). Streptomycin resistance of BB2000 was tested and the minimum
inhibitory concentration (MIC) was at 35 pg/ml. A BB2000-only control for mating in
LSW' plus Tet 15 and Sm 35 vyielded no colony growth in 107 dilutions. Unfortunately,
examination of streptomycin resistant colonies from three conjugation experiments using
this procedure all yielded wild-type stress genes, with one exception. One possible PspA
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transconjugant yielded a PCR band with a size similar to the possible PspA mutant with
the pGP704 construct (Fig. 20). This was another unexpected result since pKNG101 and
pGP704 differ by 3-KB and should not yield similar band sizes. It is possible that the
primer used was able to anneal in another region in pKNG101 and coincidentally
generated same-sized fragment. Although the Rather group at the Emory University have
been using pKNG101 for their work in P. mirabilis, Sm® in BB2000 is not commonly
used in our laboratory. It is likely that the concentration | used is not optimal for filter

mating and should have been explored further.

r ~
A B

50

4.0

3.0 e 3 -

20 - Utative mutant ~5.3 kb

15 -

10 -

05 O

wild type PspA 550 bp

\, J

Fig. 20. PspA amplification of two putative PspA mutant. Two PspA mutant were isolated
from two different mating experiments and used two different suicide plasmids. (A) pGP704 and
(B) pKNG101. The size of the major band for both mutants was identical which was not
expected. The two vectors have a 3 kb size difference and should result to different size band,

4831 bp and 8032 bp, respectively upon integration into the pspA gene.

Mutant construction using pGP704 with CmR. Historically, Cm and Kan are the best

antibiotic markers for BB2000. Kan and Cm were cloned into existing pGP704- and
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pKNG101-based constructs as described in the Methods section and listed in Table 2.
Given that pspA had been giving variable results, efforts for mutant generation were
focused on making a cpxR mutation. The Cpx system is a good target since it has been
shown to be activated by adhesion to abiotic surfaces through an outer membrane
lipoprotein, and has been implicated in biofilm formations in E. coli (154). | also showed
that the homology between the E. coli and P. mirabilis cpx genes was strong (Table 2).
Initial conjugation between BB2000 and SM10-1 Apir/pVV8 (pGP704::cpxR’ Cm)
resulted in Cm"® colonies that contained the Cm gene upon colony PCR. These colonies
were then checked to determine if they were Proteus using urease and swarming assays.
Positive Proteus colonies were checked for plasmid replication resulting in three
colonies, all of which contained a plasmid (respectively). This construct has three
possible fates upon entering the cell. First is to die, since a suicide vector such as pGP704
needs the pir gene to replicate and BB2000 does not have that gene. Second, to integrate
into the chromosome by homologous recombination, since it contained an internal
fragment homologous to the cpxR gene in the chromosome. Third is to replicate inside

the cell, this could be cause by a mutation in the plasmid, specifically in the R6K origin

Initial efforts in mating resulted in Cm® colonies that were mixed with E. coli and
P. mirabilis. This contamination was eliminated by screening the colonies first using
urease and swarming assays. Switching from Tet to Rif as a counter-selection also greatly
decreased the growth of E. coli. Repeated isolation of plasmids in BB2000 showed that
the conjugation was working but, despite the use of a suicide vector, the plasmid did not
integrate into the chromosome. | generated and tested a number of hypotheses in efforts

to find out what was wrong and correct it. First, that not enough colonies (30 Cm"®
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colonies) were tested, and increasing the sample size to 60 would increase the chance of
isolating the mutation. Second, that Cm® selection favored the ones containing the
plasmid since they are multi-copy and expected to grow faster. Third, the mutation could
be making the cell temperature-sensitive by affecting the cell’s ability to adapt to higher
temperature. Fourth, the 543 bp internal fragment of cpxR was too short to recombine.
The first three hypotheses were tested by increasing the sample size to 60, randomly
selecting for different colonies of different sizes (small, medium and large) and doing the
mating at 37 °C, 30 °C, and RT. Still, results from various attempts at bi-parental mating
were either plasmid replication or wild-type cpxR upon PCR amplification. A total of 90
colonies were tested with 11 replicating plasmids and the rest wild-type cpxR
(representative data shown on Fig 21). Of the ten Cm" colonies, 6 was shown to have a
replicating plasmid. Although the plasmid was not digested by an RE, the upper band
corresponds to the expected band size for a linearized plasmid. The four colonies with no
plasmid were checked for plasmid integration, but only wt cpxR was amplified. The
fourth hypothesis was tested by constructing a new clone with a 1.2 kb internal fragment

to include both fragments of cpxA and cpxR.

Mucoid colonies were observed in some 5 day old selection plates left at RT. One
characteristics of a cpx mutation in E. coli is a mucoid colony (161). These colonies were
urease positive and were swarming. Plasmid extraction showed all 6 mucoid colonies
contained the plasmid (Fig. 21A). PCR amplification of the genomic DNA of two mucoid
colonies yielded wild-type cpxR gene. These colonies, however, did not appear mucoid at
37 oC. Streaked plates in 37 oC, 30 oC and RT showed some differences, specifically,

absence of small colonies in 37 oC. Upon isolation of pure, single colonies at 30 oC, it
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appeared that these were not P. mirabilis by smell and appearance. This suggest that at
RT the mucoid colonies were mixed P. mirabilis and other bacteria. Upon continued
restreaking, 1 must have isolated the contaminant and lost P. mirabilis. When | initially
checked for urease and swarming, | did not streaked the colonies, rather | used toothpick
to directly pick and transfer to the urease and 1.5% agar plates. Once | streaked and used
different temperatures (RT, 300C, and 370C), | must have lost the P. mirabilis. Another
bacteria, Helicobacter pylori is also Urea” and is motile at viscous environment (162),

however | cannot find a reference that says H. pylori swarms at 1.5% agar.

A 1kb 1 25 a7 -8 9 10 B 1kb1 2 3 4
; =
: - s
2 -
LSh —— - = 1 =
B Plasmid extracted No plasmid Wildtype CpxR
\ J \\ J

Fig. 21. Cm® CpxR’ Transconjugants. Ten putative CpxR transconjugants were
analyzed after testing positive to urease and swarming. Lanes 1-6 are colonies that were
‘mucoid’. All the colonies were grown at 37 °C and checked for (A) plasmid replication
and (B) plasmid integration. (A) Colonies 1-6 had a replicating a plasmid while colonies
7-10 did not. (B) Genomic DNA of colonies 7-10 was PCR amplified to check for

plasmid integration, however all colonies have wild-type CpxR.

These results though suggest that the mutation could actually lead to temperature

sensitivity. Another possibility is that the mutation is lethal to the cell, however cpxR
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mutation in E. coli has already been found to be non-lethal. Due to the problems
encountered in this approach, | decided to change the focus of my research by analyzing
mutations in umoA, a gene that is highly up-regulated in fliL cells (63). umoA has been
previously mutated (76) and provides greater assurance of success. This leads to a new

research hypothesis that mutations in umoA affect swarmer cell differentiation but the

chance of successfully getting data and progressing is higher.

Mutant construction with ¢pxAR’ insertion. A new construct with the cpx4R’ internal
fragment (Fig. 17a) was constructed by cloning a 1.2 kb ‘cpxAR’ fragment into the Xbal
site of pGP704, producing pVV16. The Cm® gene was then cloned into the Sall site on
pVV16 yielding pVV17, pGP704 ‘cpxAR-Cm". Direct electroporation of BB2000 with
pVV17 yielded Cm" colonies that were isolated and evenly spread out in the platedunlike
in plating effect where colonies are found in only one part of the plate. Twelve colonies
were selected and re-streaked in LSW™ plus Cm 40. All 12 colonies retained the Cm® and
were found to have no plasmid. Colony PCR on 20 such Cm® colonies resulted in two
bands that were not wild-type (Fig 22A). PCR amplification of the genomic DNA of six
of these colonies resulted in wild-type cpxAR (Fig.22B) suggesting false positives in
colony PCR. These false positives can be from too much template DNA in the reaction
mixture since it can’t be controlled when using colony PCR. There could also be
contaminating DNA that was easily amplified. The succeeding two transformations and

two conjugation experiments again resulted to wild-type cpxAR (Fig 23).
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Fig. 22. PCR amplification of ¢pxAR’ transformants from electroporation. (A)
Colony PCR of ‘cpxAR’ transformants showed some colonies having two bands, the first
12 colonies have no plasmid extracted and the last 8 colonies were not tested for
plasmids. (B) Genomic DNA of representative colonies (13-18) were amplified for
cpxAR’, lanes 1-6 were possible mutants, lane 7-pVV17 (pGP704 (cpxAR’), and Lane 8-

genomic BB2000, all possible mutants harbored a single 1.2 kb fragment of the wild-type

s
cpxAR’.
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Fig. 23. PCR amplification of the cpxR gene in putative ‘cpxAR’ mutants. Plasmid-
negative colonies from (A) transformation and (B) conjugation experiments were

analyzed for plasmid integration using primers for the cpxR gene. Expected fragment
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sizes for integration were 600 bp and 5.9kb. However, all colonies contained the wild-

type 600 bp cpxR gene.

UmoA mutant construction. Efforts to mutate the stress genes in BB2000 have so far
been unsuccessful despite exhausting a number of hypothesis and methods. Mutation in
umoA is not lethal, it is a known regulator of swarmer cells (76), and it has been
implicated as part of the FliL-FIhDC signaling pathway (63). Construction of an umoA
mutant in P. mirabilis was attempted using homologous recombination with double and
single crossovers, respectively. The initial plan for the double recombination was to clone
umoA into pGP704 (generating p\/\VV20) and then insert the Cm~ gene at the Clal site of
umoA (pVV21). However, pVV21 seem to be a contaminant plasmid because of the loss
of Amp® and an unexpected restriction enzyme profile. Upon restriction enzyme profiling
of both pVvV20 and pVV21, the former showed bands consistent with pGP704 but not
from umoA (Clal and EcoR1), and pVV21 did not generate any of the expected band at
all. Further analysis showed that Clal can cut umoA PCR product but Clal cannot cut
pVV20. This supports the NEBcutter (163) prediction that the Clal recognition site in the
gene sequence of P. mirabilis umoA is a DAM-methylation site. However, | did not
attempt to put the plasmid in a DAM™ E.coli and repeat the cut, so this idea is speculative.
Upon sequencing pVV20, | found that the Clal site was no longer present and there are
four EcoR1 sites, instead of the expected two. The additional EcoR1 sites are possibly
due to an inaccurate map since they were located right next to the pGP704-published
EcoR1 site within the multiple cloning site. However, as pGP704 is a well-used plasmid,
this is highly unlikely unless the map of pGP704 was mapped using RE then multiple

EcoR1 next to each other might not have been detected. This is only possible if the stock
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pGP704 in the lab somehow obtained the extra EcoR1 and was not really significant for
single digestion. This has only become relevant since umoA has an internal EcoR1 site.
The lost of Clal could be from bad sequencing because when a different primer was
used, it was detected. Repeating the pVVV20 construction generated the same results. The
challenge was then in finding/creating restriction site within umoA to insert Cm® gene for
double recombination. I tried to use inverse PCR to introduce an Ncol site in pVV20 by
designing primers that would result to a linearize pVVV20 with an Ncol site right in the
middle of umoA. My first attempt using Taqg polymerase resulted in smears once | ran the
PCR product on an agarose gel. My next two attempts using Phusion DNA polymerase,
resulted to an unexpected band-size. | was expecting a 4.3 kb band and was only able to
amplify a 3.0 kb band. This could have been caused by errors in primer design or less
than optimal PCR conditions. I also tried, unsuccessfully, to use site-directed mutagenesis
using the QuickChange Site-directed Mutagenesis kit (Stratagene) to introduce an Ncol
site in pVV20, once. This resulted to no colony growth. Although this is a kit, | had to
use my own competent cells since | needed a pir strain for my plasmid to replicate. | did
not troubleshoot this experiment. Given more time, | would look more into my primer
design since this is the most vital component of the kit. | could also clone umoA in a non-
suicide plasmid and try introducing an Ncol site by Inverse PCR and Site-directed
mutagenesis. And once this is successful, put it back into pGP704 with Cm® and attempt

the recombination.

In parallel to the Inverse PCR and Site-directed mutagenesis, | also used
Campbell-style integration of umoA using pVV22 (pGP704 with Cm" and 'umoA” (Fig.

17a). Screening for putative mutants made use of cm® and reduce swarming phenotype.
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Six possible mutants with reduce swarming (Fig. 24) were check for the presence of
plasmid and then integration. However, all six generated wild-type umoA. | did not
pursue the attempt to generate a mutation in umoA any further, and instead directed my
focus in determining regions in fliL necessary for swarming by introducing point

mutations in fliL using an E. coli mutator strain (XL1-Red).

(B)

Fig 24. Putative umoA mutants exhibiting reduce swarming. Mutation in umoA confer
reduce swarming phenotype. Panels A, B and C show six possible umoA mutant with
decrease swarming migration relative to wild-type BB2000 with panel (A) showing the
least swarming while panels (B) and (C) show slight decrease of swarming and also
differences in swarming patterns compared to the wild type. However, all six contained

wild-type umoA upon PCR amplification.

Recommendations

The study failed primarily because of the inability to successfully knockout the target
genes using homologous recombination, despite many attempt to construct mutations in
the stress genes and umoA in P. mirabilis. Successful chromosomal integration was not
observed for any of these genes. While this is a standard protocol in our laboratory and

other microbial genetics laboratories, it is recognized that integration is dependent on the
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length of the homologous sequence and varies within the same species and particular
gene. Specifically, in the case of B. subtilis, a minimum of 70 bp homology is to be
required for homologous recombination (164); however, in another study (165), at least
150 bp was necessary for plasmid integration and it varied depending on the gene of
interest. In E. coli, a minimum of 20 bp but at least 75 bp of homologous sequence is
needed for efficient recombination (166). Efficiency increases as the length homologous
sequence increases (167) and dramatically decreases in the presence of mismatches
within the homologous sequence (168). Although my study used at least 350 bp of
homologous sequence, | cannot discount the possibility that the length of sequence
adversely influenced the outcome. However, Dr. Yi-Ying Lee of the Belas Lab has
successfully used homologous recombination to delete approximately 400 bp of the fliL
gene in P. mirabilis (personal communications) which was the minimum length used in
this study. Another possibility is that these mutations could have produced a phenotype
that inhibit growth, or these mutations could be lethal to the cells. Although the CES
genes have been mutated in other enterics, without ill effects, specifically E. coli, the
effect in Proteus is not known. The conditions used in the study might not be favorable,
for example, a loss-of-function insertion and deletion mutations in rpoH results to
extremely temperature sensitive E.coli strains that grow only at temperatures less than or
equal to 20°C (169). This can explain the observation in the study that colony
composition after bi-parental mating between BB2000 and S17-1Apir/pGP704 with
‘cpxR’ and Cm" differs between cells that were grown at RT, 30 °C and 37 °C. Some of
the smaller colonies were not present at 37°C, and even the mucoid colonies were only

observed at RT.
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In the case of umoA, mutation in P. mirabilis has been shown to be non-lethal
(76). The main drawback in creating the umoA mutant was primarily in the experimental
design where Clal was used as the internal RE digestion site in umoA to insert the Cm~®
gene. This is based on Dufour et al (76) umoA mutant with a Sm® gene inserted in its
internal EcoR1 site. However, | cannot use EcoR1 because my vector pGP704 also has an
EcoR1 site. | have spent numerous efforts in trying to make the Clal work and in
troubleshooting but failed. The Clal site in the umoA sequence is a DAM-methylation
site, as predicted by the NEBcutter tool (163). | then decided to use Campbell style/
single-crossover integration to generate an umoA mutation, and inverse PCR to introduce
an Ncol site in umoA for double cross-over. As | was waiting for primers, | also tried site-
directed mutagenesis to introduce Ncol site in umoA. All experiments were unsuccessful
and were done once. | did not pursue this experiment further, although if the initial
troubleshooting effort for Clal was instead concentrated on the single cross-over effort or
even the introduction of Ncol site in umoA, it is possible that success would be achieved.

Another way of introducing mutations that has been used in our laboratory for P.
mirabilis was the use of the TargeTron Gene Knockout System (Sigma-Aldrich) (18). In
the event that successful CES mutants were obtained, they could be examined for their
motility phenotype, including swimming, swarmer cell differentiation, and swarming
behavior. In parallel, PCR will be used to amplify and clone baeRpm, CpXRpm, rcsBem,
pspFem, and rpoEpy (respectively) on plasmids for overexpression of each protein in
Proteus. This methodology has been previously used to characterize the o= regulon (170).
| point out a possible limit to this approach, in cases where the regulator requires

phosphorylation for its activity (i.e., for E. coli BaeR, RcsB, and CpxR); nevertheless,
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experimental evidence indicates that overproduction of such regulators can be effectively
used in such studies, as a proportion of the molecules is phosphorylated in the absence of
signal (171, 172). Expression of genes known to be part of the swarmer cell
transcriptome could be measured in the CES mutants and overexpressing strains. These
include fInD, fliL, flgF, flgG, flaA, and umoA, other genes may be added to the list such
as zapA and hpmB.

Mutations in umoA could be constructed using TargeTron in wild-type, fliL
defective strains, and CES mutant backgrounds, and the phenotype of the resulting
double mutant assessed as a function of medium viscosity (as described earlier).
Similarly, umoA could be cloned on a low-copy number plasmid downstream from an
inducible promoter, which will then be transformed into wt, fliL defective strains, and
CES mutant backgrounds. Overexpression of umoA increases FIhD,C, activity and
swarming. Our model predicts that defects in umoA should dramatically reduce fliL
pseudoswarmer production. Moreover, if CES activity is higher in the regulatory
hierarchy leading to swarmer cell differentiation, then defects in umoA should prevent the
CES phenotype. Thus, these experiments have a potential to uncover a major part of the

surface sensing signal transduction pathway.
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Chapter 4: Determining regions of fliL essential for swarming by Proteus mirabilis
Abstract

Swarmer cell differentiation in Proteus mirabilis is induced by physical conditions that
inhibit rotation of the flagella. The protein FliL has been implicated in surface induction
although the molecular mechanism remains unknown. A mutation in fliL results to a Swr
phenotype and the presence of pseudoswarmer cells in non-inducing condition. The latter
can be complemented by expressing fliL in trans. However, complementation of the Swr’
phenotype requires fliL and some exogenous DNA. This complementation is also
viscosity dependent, with an optimum at 0.8% agar, is temperature- and wettability-
sensitive, and is characterized by late swarming onset starting with flares, highly motile
sectors emerging from an otherwise poorly motile bacterial colony. I have also shown for
the first time the complemented fliL strain exhibits better swarming than wild type on
0.8% agar, a concentration that normally inhibits active swarming migration. An E. coli
mutator strain, XL1-Red, was used to introduce mutation in fliL to determine which
nucleotides and domains are important for FliL function. Using bioinformatics, | predict
that mutations adversely affecting FliL function would be found in the promoter region,
the transmembrane domain, and a domain from amino acids 61 to 107. This region is
predicted to be highly conserved among bacterial species and also homologous to the C-
terminal region of FliK. After XL-1 Red mutagenesis, only 2% (2 out of 100) of the
putative Swr™ mutants showed mutations in the targeted DNA. Mutations in the plasmid
ori and CmR genes, fliL of the Swr* colonies and chromosomal fliL were also tested, but

no mutations in the sequences were found.
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Introduction

A mutation in fliL, the first gene in the class 2 fliLMNOPQR operon results in
inappropriate production of swarmer-like cells, termed pseudoswarmer cells, in normally
non-inducing conditions, i.e., liquid nutrient broths (19). It also results in a Swr’
phenotype in P. mirabilis (18, 19). However, fliL mutations cannot be complemented by
in trans expression of fliL alone. Lee et al (18) reported that the Swr™ defect of strain
YL1003, P. mirabilis strain with a group Il intron insertion at nt 30 of fliL, could only be
complemented by a fragment containing the fliL promoter region, the fliL coding region,
and a portion of fliM DNA. Based from their data, they suggest that FliL has a dual role

in P. mirabilis — sensing a surface and maintaining the integrity of the flagellar rod (18).

In this study, | aimed to determine the regions of fliL that are important for
swarming by introducing mutations in its coding region. One of the ways to introduce
random mutations in a cloned gene is by using an E. coli mutator strain e.g. XL1-Red
(Agilent Technologies) that is deficient in the three primary DNA repair pathways. This
strain lacks the genes mutS (error-prone mismatch repair), mutD (deficient in 3"- to 5°-
exonuclease of DNA polymerase I11), and mutt (unable to hydrolyze 8-oxo0-dGTP). Using
XL1-Red, I mutated a plasmid pYL98 containing the fliL promoter (200 nt from fliL start
codon), the fliL coding region, and the 400 bp 5’ region of fliM that was found by Lee et
al (18) to be the minimum requirement for Swr~ complementation. | found that
complementation is not always phenotypically manifested, has delayed onset which starts
off as flares of swarming stretching out from the inoculum, and is viscosity-,
temperature- and moisture-dependent. After mutagenesis, the Swr™ phenotype was

observed, but only 2% of these strains had a mutation in the plasmid’s fliL locus. I also
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tested the hypotheses that (1) Swr™ resulted from mutations in the plasmid ori or Cm®

gene, (2) mutations in fliL resulted to impaired swarming but not complete loss, and (3)
the mutated copy of fliL and the chromosomal copy of fliL had undergone homologous

recombination. However, none of them showed mutations in the genetic sequence.

Materials and Methods

Bacterial strains and culture conditions. Table 6 lists the strains and plasmids used in
the study. All strains were grown in LB broth, at 37 °C, 200 rpm. Colonies were grown
on LSW™ agar (10 g liter ' Bacto tryptone, 5 g liter ' yeast extract, 0.4 g liter ' NaCl, 5 ml
liter ' glycerol, 20 g liter' Bacto agar) for BB2000 strains and LB agar (LB medium
containing 15 g liter * Bacto agar) for E. coli strains at 37°C. Media with selection
contained chloramphenicol (Cm), 40 ug/ml or 80 ug/ml and kanamycin (Kan), 50 pg/ml.
Swarming assays were performed on 0.85% and 0.9% LB agar plates Costar 24-well

clear tc-treated (tissue culture) multiple well plate (Corning Life Sciences) at 37 °C.

Table 6. Strains and plasmid used in the study

Strains Genotype/Properties Source
BB2000 wt Proteus mirabilis (53)
YL1003 BB2000 fliL::kan-nt30 Amp" (18)
XL1-Red mutS, mutD, mutT Amp (173, 174)
XL1-Blue E. coli Stratagene
DHa5 E. coli Lab® stock
Plasmid

pYL98 fliLp fliL fliMgo cm! Y.Y. Lee!
puUC18 lacZ Amp (175)

T Amp Ampicillin resistance

2 Cm Chloramphenicol resistance

*Belas Laboratory

*Dr. Yi-Ying Lee, post-doctoral fellow Belas Laboratory
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Curing of YL1003/pYL98. YL1003/pYL98 was cured of the plasmid by growing Swr*
YL1003/pYL98 in LB with Kan to select for YL1003 and incubating for a period of four
days with re-inoculation every 24 h. After the fourth day, the culture was washed with
1% PBS, diluted 10 and plated by spreading in LSW plus Kan. Cells were grown
overnight at 37 °C. Forty-nine colonies were selected and picked using sterile toothpicks
on parallel LSW" plates, one with both Kan and Cm selection and the other with Kan
only. Colonies that grew on the Kan plates but not the Kan and Cm plates were selected
and checked for presence of pYL98 by plasmid extraction using a Qiagen Miniprep Kit.

Colonies without a plasmid were screened for swarming using 1.5% LB agar with Kan.

XL1-Red Mutagenesis. Mutagenesis of pYL98 (Fig. 25) was achieved using XL1-Red
Competent cells (Agilent Technology) following the manufacturer’s protocol. 100 ul of
XL1-Red Competent cells were transformed with 50 ng of pYL98 by combining them in
1.5 ml microcentrifuge tubes on ice for 30 min, then heat-shocked at 42 °C for 30 s and
back on ice for 2 min. 900 ul of LB was then added to the tube and incubated at 37 °C,
200 rpm for an hour. 200 ul were then plated by spreading onto 1.5% LB agar with Cm
40, incubated for 48 h at 37 °C. Cells were then washed with 5 ml LB and scraped off the
plate with sterile disposable spreader. Washed cells were then collected in a 125 ml
Erlenmeyer flask (EF) and brought to a volume of 10 ml with LB plus Cm and incubated
for 1.5 h at 37 °C, 200 rpm. XL1-Red has a doubling time of 90 minutes. This culture
represents approximately 20 generations of XL1-Red, some were used as starting inocula

for the next incubation (a 1:1000 dilution incubated overnight represents another 10
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generations), and then plasmids were extracted from the rest. Cells were incubated for a
period of 10 days at 37 °C, 200 rpm, with re-inoculation everyday at 1:1000 dilution
using LB plus Cm 40. An overnight inoculation represents an approximate 10 generations
in XL1-Red. Plasmid was then extracted before re-inoculation using the Qiagen Miniprep
kit following the manufacturers’ protocol. This method would increase the mutation rate

with XL1-Red.

Chloramphenicol
Resistance

Fig. 25. Plasmid pYL98 derived from

pACYC184 with the fliL promoter, fliL coding

pYL98
PACYC184 (pAILAILAIM )
4703 bp

region and the 400 bp 5’ region of fliM can

complement the Swr- phenotype of YL1003.

Tetracycline
Resistance

LY
g Y
P‘“" Hindlll

Electroporation. Mutated pYL98 at a concentration of 100 ng/ul was added to a pre-
chilled sterile 1.5 ml microcentrifuge tube and then 50 pl of ice-thawed competent cells
were pipeted in. The mixture was placed into a clean, sterile and ice-cold 0.2 cm
electroporation cuvettes (BTX) and pulsed at 2.5 kV and a time constant ideally between
4.2 to 4.9 msec. Pre-warmed 1 ml LB broth was immediately added and gently mixed
with the electroporated cells. The mixture was then placed in pre-warmed 1.5 ml
microcentrifuge tubes and allowed to recover at 37°C without agitation for 30 min, and

then incubated for an additional 1 - 1.5 h with agitation. One hundred pl of cells were
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then spread-plated in LSW™ agar with Kan 50 and Cm 80. The cells were then incubated
at 37°C for 36 h. Single colonies were then assayed for possible mutation using Swr™ as

the phenotypic screen.

Screening of Swr™ mutants using plates. After incubation, isolated colonies were picked
using a sterile toothpick to a 7 x 7 master grid on LSW"agar with Cm 40 and Kan 50, and
incubated at 37 °C for 18 h. Colonies were then transferred to 0.85% LB agar plus Cm 40
and Kan 50 using a sterile 49-tine metal inoculator ‘frog’. Plates were incubated at 37 °C
for ca. 6 h and then incubated at 30 °C overnight after which swarming motility was
assessed. Non-swarming colonies were picked from the master plate using sterile
toothpicks to new master plates (7 x 7 LSW" agar with Cm 40 and Kan 50), incubated
using the same conditions, followed by another swarming assay (7 x 7 0.85% LB agar
with Cm 40 and Kan 50). This was repeated a total of 3 times to reduce Swr™ false-

positives.

Screening Swr™ mutants using 24-well tissue culture plates. A total of 1,000 isolated
colonies were selected after transforming YL1003 with a pool of mutated pYL98. Each
colony was inoculated into a well of a Costar 24-well clear tc-treated (tissue culture)
multiple well plate (Corning Life Sciences) with 1 ml of 0.85% LB agar with Cm 40 and
Kan 50. Plates were then incubated at 37 °C room for about 60 h. Colonies that were Swr’
were re-inoculated into another well of a fresh 24-well tissue culture plate and incubated

for another 60 h.
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Plasmid preparation and sequencing. Colonies that were consistently Swr™ after
successive screening were selected for further analysis. Each colony was streaked on
0.9% LB agar plus Cm 40 and Kan 50 and incubated for 24 h at 37 °C. Plasmid were
isolated from streaked colonies that have non-swarming isolated colonies by growing
them in 2 ml LB plus Cm 40 and Kan 50 overnight and extracting plasmid using the
Qiagen Miniprep Kit. Extracted plasmid were retransformed and purified from E. coli
DH5a then sequenced using the Sanger method on a 16 capillary DNA sequencer,

3130XL Genetic Analyzer (Life Technologies).

Bioinformatics Analysis. Raw sequence chromatograms were checked using Chromas
Lite version 2.1 (2012, Technelysium Pty Ltd, South Brisbane, Queensland, Australia).
Sequence alignment was done using the ClustalW function of the BioEdit Sequencing
Alignment Editor (176). The protein’s physical and chemical characteristics were
predicted using the ProtParam Tool of  the ExPASy  server

(http://web.expasy.org/protparam/) ((177). Prediction of the effect of amino acid

substitution on protein function was generated using the J. Craig Venter Institute’s SIFT-
BLink tool (http://sift.jcvi.org/www/SIFT_BLink_submit.html) (178). Secondary
structure was deduced using the PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred/ ) secondary
structure prediction method (179) while the tertiary/3D structure was predicted using the
Phyre2 Protein Fold Recognition server

(http://lwww.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index ) (180).
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Results
Generation of fliL mutants in silico

Bioinformatics analysis of P. mirabilis FliL predicts that it is a small protein composed of
160 amino acids, with a mass of 18.2 kD (Table 7). It has a theoretical pl of 8.02 and has
more positively charged residues than negatively charged ones (Table 2). FIiL is
predicted to be an inner membrane protein with a single transmembrane region extending
from residue 10 to 35, with a predicted secondary structure consisting of 4 alpha helices

and 5 beta sheets (Fig. 26).

Table 7. Properties of FliL

Number of amino acids: 160
Molecular weight: 18230.2
Theoretical pl: 8.02
Localization: Inner Membrane
Amino Acid Composition
Ala(A) 10 6.2%
Arg(R) 10 6.2%
Asn(N) 5 3.1%
Asp(D) 6 3.8%
Cys(C) 0 0.0%
GIn(Q) 6 3.8%
Glu(E) 11  6.9%
Gly(G) 7 4.4%
His(H) 5 3.1%
lle(l) 15 9.4%
Leu(L) 25 15.6%
Lys(K) 8 5.0%
Met(M) 3  1.9%
Phe(F) 5 3.1%
Pro(P) 6 3.8%
Ser(S) 12 7.5%
Thr(T) 12 7.5%
Tp(W) 2 1.2%
Tyr(Y) 5 31%
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Val (V) 7 4.4%
Pyl(O) 0 0.0%
Sec(U) 0 0.0%

(B) 0  0.0%
2 0  0.0%
(X) 0 0.0%

Total number of negatively charged residues (Asp + Glu): 17
Total number of positively charged residues (Arg + Lys): 18

Atomic composition:
Carbon C 827
Hydrogen H 1335
Nitrogen N 221
Oxygen O 235
Sulfur S 3

Formula: Cgy7H1335N221023553
Total number of atoms: 2621
Extinction coefficients:

Extinction coefficients are in units of M™ c¢cm™, at 280 nm measured in
water.
Ext. coefficient 18450

Abs 0.1% (=1 g/l) 1.012
Estimated half-life:
The N-terminal of the sequence considered is M (Met).
The estimated half-life is: 30 h (mammalian reticulocytes, in vitro).
>20 h (yeast, in vivo).
>10 h (Escherichia coli, in vivo).
Instability index:
The instability index (1) is computed to be 52.62
This classifies the protein as unstable.
Aliphatic index: 116.44
Grand average of hydropathicity (GRAVY): 0.004
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| used bioinformatics to give a general feel of what to expect in terms of
mutations in FliL. A most obvious prediction is that | would see a lot of nonsense
mutations that would result in truncation of FliL, as well as mutations in the promoter
region and in the transmembrane domain of FliL. | first used the SIFT-BLINK (178)
prediction tool to predict which amino acid substitution most strongly affects FliL
structure (and perhaps its function). Prediction is based on the degree of conservation of

amino acid residues in sequence alignments derived from closely related sequences
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collected through PSI-BLAST. This is under the premise that positions in a protein
alignment that are important for function are conserved through evolution. The generated
list in Appendix 1 showed how a particular amino acid change can potentially affect
protein function. Amino acids scoring less than 0.05 means that the change is possibly
not tolerated by the cells. Based on this, | predict that mutations in positions 36-55 are
more tolerable as compared to mutation in positions 76-160, particularly in the last 10
amino acids from the C-terminal. Also, Cusick et al (63) showed that the last 14 amino
acids of the C-terminal of fliL is important. There are a number of segments where
mutations are predicted to be generally intolerable, implying that the protein FliL has a

lot of conserved domain. | used this data as guide in simulating mutation in FliL.

As mentioned earlier, the predicted secondary structure of FliL is composed of 4
alpha helices; the first of which is also predicted to be a transmembrane domain. |
simulated mutations that can break each of these helices by changing an amino acid,
usually leucine or alanine that are prone to form helices to proline, a known helix
breaker. Representatives of mutated FIliL secondary structure generated through
PSIPRED (179) are shown in Fig. 27. Substitution of P for A,7 (FliLa27p) did not change
the predicted secondary structure (Fig. 27B), however, when P was instead substituted to
Ass (FliLazsp) a break in the predicted alpha helix was generated (Fig. 27C). However,
the transmembrane domain, protein topology and localization remained unchanged.
When leucine at position 63 was substituted to Pesz (FliLgsp) Situated between two
predicted short beta-sheets, no change on the secondary structure was observed, however,
it caused a slight shift of the alpha helix preceding and closest downstream to it (Fig.

27D). A substitution of P for Lo (FliL 100p) also caused a break of the second predicted
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alpha helix (Fig. 27E). Another P substitution, this time to Ris; (FliLris7p) located
towards the end of the third alpha helix, caused the helix to end at the substitute P (Fig.
27F). These results show that a base pair mutation can change the secondary structure of
the FliL which can potentially affect FliL function by affecting its interaction with other
proteins. Based on these simulations, | predict that mutations that would result to a Swr’
phenotype would be most likely be one of these amino acids located in region 76-160,. It
was reported by Cusick et al (63) that the last 10 amino acid of FliL were most fragile,
however, those mutations caused Elo” phenotype thus | did not simulate them for Swr

mutatant.

| also used the program Phyre2 (180) to predict the tertiary structure of FliL (Fig.
26B). The closest homology generated was to the solution structure to the C-terminal
domain of FliK, the flagellar hook-length control protein, at 69% confidence. The
covered alignment was from position 61-107 (Appendix 2). Interestingly, this region was
predicted by SIFT-BLINK (178) to be highly conserved and mutations in these positions
were predicted to be generally intolerable. When FliL100p Was modeled using Phyre2
(180) the closest homology became that to a membrane protein with 70% confidence and
its predicted homology to FIliK dropped to 29% confidence. The same trend went for

Fli Lazsp and Fli Lis3p.
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Fig. 27. Predicted secondary structure of in silico-generated fliL mutants. (A) Wildtype FliL
is similar to (B) FliL a7, which is a single base pair substitution of P to A,; however, when P was
instead substituted to A,g (C) FliLasgp generated a break in the predicted alpha-helix. When
leucine was substituted to Pg; situated between two predicted short Beta-sheets, no change on the
Beta sheets were observed (D) FliLpgs. however, it caused a slight shift of the alpha helix

preceding and closest downstream to it. A substitution of P to L;qo (6) FliL 100p Caused a break of




the second predicted alpha helix while a substitution of P to Rys; (FliLris7p) located towards the
end of the third alpha helix, caused the helix to end at the substitute P (F). Images and prediction

generated using PsiPred.

Complementation of the swarming phenotype of fliL cells

Mutations in P. mirabilis FliL confer a non-swarming phenotype and induce the
production of pseudoswarmer cells in non-inducing conditions (broth). Lee et al. (2013)
reported that in a fliL knockout strain YL1003 (fliL::kan-nt30) expression of fliL in trans
can complement the pseudoswarmer phenotype but not the non-swarming phenotype.
Complementation requires P. mirabilis fliL promoter, fliL coding region, and a portion of

fliM 5” sequence (18).

In this study, my focus was to identify regions of fliL important for swarming by
mutating a plasmid pYL98 that can complement the non-swarming phenotype of
YL1003. Using a mutator strain E. coli XL1-Red that lacks DNA repair mechanism a
pool of mutated pYL98 was generated. Screening of possible mutants was done by
inoculating single colonies of mutated pYL98-transformed YL1003 ina 7 x 7 1.5% LB
agar, incubated for 37 °C and observed for swarming in 12 h. The prediction was that
majority of the colonies would be Swr*. However, | observed only an average of 10%
swarming colonies ( 48 of 490 ) and even the control pYL98-transformed YL1003 did
not consistently exhibited the expected Swr* complementation. This unexpected result

led me to develop a more efficient assay for determining swarming complementation.

First, the rate of mutation was determined. | performed a control experiment in

order to verify E. coli XL1-Red activity by making use of pUC18 and E. coli XL-1 Blue
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in a straight-forward blue-white screening assay. pUC18 was transformed into XL-1 Red
and grown for 3 days or approximately 40 generations at 37 °C with re-inoculation, and
plasmids were harvested each day. The pool of mutated plasmid was transformed in XL-1
Blue and spread-plated on LB agar and Amp 100 and XGal 40. White colonies were
assumed to contain mutated pUCI18 that disrupted the o-complementation of pB-
galactosidase. | determined that the longer the plasmid was incubated in XL-1 Red, the
higher the mutation rate, with 24% mutations after 3 days of incubation/ 40 generations
(Table 8). This increasing trend is consistent with the manufacturer’s documentation as
well as existing literature that made use of XL-1 Red to generate random base pair

mutations (173, 174, 181).

Table 8. XL-1 Red Control

pUC18' | CFU/10° | White | %mutation

1 104 14 13
2 115 23 20
3 118 28 24

"XL1-Red transformed with pUC18 was grown for 3 days with re-inoculation and plasmid
extracted for each day approximate generation is as follows: 1- 20 generations, 2-30 generations
and 3-40 generations.

I compared swarming of wild-type BB2000 and YL1003/pYL98 on 1.5% LB
agar. YL1003/pYL98 swarmed at a much later time, about 8-10 h after initial inoculation,
compared to the wild-type (onset at 3.25 h, Fig. 29 and 30), and most often started with
one or more flares (a sector of bacteria swarming ahead of the colony), giving the colony

a star-like appearance. Flares could be as the result of a mutation on the chromosome or a
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mutation in the plasmid that result in Swr*. A homologous recombination event is also
possible between pYL98 fliL sequence and YL1003 chromosomal fliL given that YL1003
still has all of the fliL gene sequence, despite not having witnessed any homologous
recombination in previous attempts. | tested this possibility by curing complemented
YL1003, and amplifying the fliL gene from the genomic DNA. Our results showed that
cured YL1003 does not swarm which means that swarming is due to the plasmid not to a
secondary mutation in the chromosome. In addition, amplified fliL from YL1003/pYL98
were similar to YL1003 (Fig. 28) not wild-type indicating that no recombination event

occurred.

L TR R ED ol LGl Fig. 28. Amplified fliL from Swr® YL1003/pYL98. The Swr

defect of YL1003 is supposed to be complemented by pYL98.
However, some colonies were non-swarming at 1.5% LB agar. A

possible homologous recombination event can occur between

R R ALl

- - NW

YL1003 and pYL98. Amplification of fliL of the genomic DNA of

"
o
n

Swr* YL1003/pYL98 (1-4) and YL1003 showed similar bands in

contrast to wild-type fliL from BB2000.
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(A) Mot Agar (0.35%) (B) 0.8% LB Agar

(C) 1.5% LB Agar (D) 2.0% LB Agar
. 7

Fig. 29. YL1003/pYL98 swarming in different agar concentration. Swarming of
YL1003/pYL98 was compared with BB2000 wt and fliL YL1003 in different agar concentrations:

0.35% (Mot agar), 0.8%, 1.5% and 2%. Swarming of YL1003/pYL98 is distinct at 0.8% agar.

With the possibility of secondary mutations ruled out, I concentrated my efforts
on determining the best condition for measuring swarming of YL1003. | tested different
agar concentrations to see which ones would best discriminate between complemented
and non-complemented YL1003 (Fig. 29). Complementation of pYL98 was most
apparent and consistent on LB with 0.8% agar as compared to LB with either 1.5% or 2%
agar. The migration of YL1003/pYL98 over different agar concentrations in 10 h was
also compared with that of YL1003 and BB2000 (Fig. 30). Swarming of YL1003/pYL98
on all agar concentrations started as flares, but swarming migration changed in a

viscosity-dependent manner, with the highest swarming seen at 0.8% LB agar. Therefore,
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0.8% agar gave the least chance of false-positives and was used in subsequent assays.
Interestingly, swarming of YL1003/pYL98 on 0.8% agar was more robust than that of the
wild-type. It was also characterized by a thin film of swarming bacteria in contrast to the

thicker film and slower migration of the wild-type cells.
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Fig. 30. Swarming of BB2000 and YL1003/pYL98 is viscosity dependent. YL1003/pYL98

swarming is optimal at 0.8% agar concentration while BB2000 wild-type is at 1.5%

Next, | determined the optimal temperature and time of incubation for optimal
swarming of YL1003/pYL98. Even in 0.8% agar, YL1003/pYL98 only exhibited
swarming after 8-10 h, and even then, not all colonies began to swarm at the same time.
This caused problems in the initial screen because over-swarming of some colonies can
occur at 37 °C. At 37 °C, 15 h of incubation can be too long; however, 8-10 h is not
enough. At least 24 h is needed to observe swarming at 30 °C, while at least 48 h was
needed in RT (25 °C). In the end, a combination of 37 °C (at least 4 h) and 30 °C

(overnight) was used.
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The use of different arrays of cells placed on the agar aside from a 7 x 7 array was
also considered. In testing different array configurations, an unexpected result was
observed. In overgrown plates, bacteria nearest the edge of the plate swarmed more,
possibly due to too much moisture at the center of the plate, which would promote
swimming and inhibit swarming motility. | tested the hypothesis that swarming is
affected by agar wettability by comparing LB with either 0.75%, 0.8%, or 0.85% agar as
well as using parafilm to seal the plate and presumably cause more uniformity of agar
surface moisture (Fig. 31). As expected, 0.85% agar generated the most of Swr™ colonies.
| have also tried adding a surfactant (0.001% Tween 20) and removing the selection from
swarm plate, but neither improved the assay (Table 9). | have determined that the use of
0.85% agar with selection and incubation at a combination of 37 °C and 30 °C was the
most optimal for the assay. Using the screening procedure described, successive assays
using the 7 x 7 grid were screened. Afterwards, to minimize false-positive, Swr™ cultures

were assayed in different grid arrays, such as a 2 x 3 grid of colonies.

Table 9. Swarming Assay Condition Tested

Swarm plate condition Percent of swarming
0.75% agar no parafilm 62%

with parafilm No swarming
0.8% agar no parafilm 80%

with parafilm 82%
0.85% agar no parafilm 85%

with parafilm 85%
Tween 20 0.001% Cannot be determined
No selection Cannot be determined”

'Cells were over swarming
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Fig. 31. Screening for possible fliL mutants. A 7 x 7 array was used as an initial screen for

putative fliL mutants. All colonies contained non-mutated pYL98 and should all be Swr”.

Of the 40 putative Swr mutants obtained using this approach, only one
manifested a mutation in the insert and it was in the fliM region (Fig. 32). In addition, the
screening procedure using the agar plate still posed the danger of over-swarming. It is
possible that given enough time, those that were putative Swr™ could swarm. Thus, |
needed to find a way to isolate each colony at the same time conserving materials without

sacrificing the experiment.
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Fig. 32. Sequence alignment of Swr™ mutant from XL1 Red Mutagenesis. A putative Swr
mutant showed a single base pair change in position 26 of the fliM region resulting to a change
from alanine to threonine. This falls within the conserved N terminal peptide LSQXEIDALL in

FIiM that is important in CheY-P binding. (Image data generated from BioEdit (175))

XL1-Red mutagenesis resulted in a truncated FliL and mutation in the conserved N-

terminal LSQXEIDALL domain of FliM that is important in CheY-P binding

| have discussed at great length in the prior section how 1 tried to optimize my screening
procedure. However, even with these optimized conditions, the assay was still
problematic in discriminating mutated pYL98-transformed YL1003. This is evident as
only one mutation was found in 40 Swr™ colonies, and this mutation was in the fliM
region of the insert. There was base pair substitution from a G to A that resulted in a
substitution of threonine for alanine at position 9 (Fig. 32) that falls within the conserved

FIiM N-terminal domain (LSQXEIDALL), which serves as a binding site for CheY-P

92



and acts to switch the direction of flagellar rotation (39). This mutation did not change
the charge of this conserved peptide but changed its hydropathicity (Table 10). It has
already been shown in Salmonella that a Mot™ phenotype can occur even with just an
amino acid change and that electrostatic interaction plays a role in switching (38). Of
course, only a small fragment of fliM DNA is carried on pYL98, and it is unlikely that
this peptide is active. Moreover, a complete copy of wild-type fliM is maintained on the
chromosome of YL1003, and is likely dominant over truncated protein. So, it is unlikely
that this mutation is affecting the FIiM protein. A more reasonable prediction is that the
mutation is acting pre-translationally, perhaps to change the stability of the fliL mRNA,

as has been suggested by Lee et al (2013).

Table 10. Properties of the conserved FIiM peptiode in wild-type and mutant

LSQAEIDALL? LSQTEIDALL?

Number of amino acids: 10 10
Molecular weight: 1072.2 1102.2
Theoretical pl: 3.67 3.67
Total number of negatively charged

residues (Asp + Glu): 2 2
Total number of positively charged

residues (Arg + Lys): 0 0
Formula: C47HgiN11047 CagHgsN11 018
Total number of atoms: 156 160
Instability index: 47.52 66.78
Aliphatic index: 176 166

Grand average of hydropathicity

(GRAVY): 0.82 0.57
"Data generated from ExPassy ProtParam (177)
Wild-type FliM conserved peptide sequence
*Mutant FIiM conserved peptide sequence
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Because of this low rate of mutation, I designed a new screening assay using 24-
well plates (Figure 33). With the use of the 24 well plates, | achieved 92% (22 out of 24
YL1003/pYL98 colonies were Swr® after 36 hours) complementation with
YL1003/pYL98. This was consistently observed in 4 control experiments each done on
separate occasion. This gave confidence in the assay. This time | used pYL98 mutated
over a period of 10 days for an approximate 100 generations in XL1- Red, expecting a
highly mutated plasmid. | screened 1008 colonies in forty-two 24-well plates and ended
up with 400 putative Swr™ mutants. Selected strains for sequencing were streaked on
0.9% LB agar plus Cm 40 and Kan 50 to isolate single colonies and measure swarming.
There were three types of phenotypes observed: (1) Swr™; these are false positives; (2)
Swr’, isolated colonies that were Swr™ in dense areas; and, (3) Swr™ in all areas. Upon
further analysis, the second phenotype were false positives, as when they were
restreaked, they remained Swr”. This could result from a mutation in a gene that interacts
with fliL; however, the frequency of obtaining these mutants makes this unlikely, and the

true cause for colonies with the second phenotype remains unknown.

| isolated and sequenced 54 plasmids from 27 Swr™ colonies each of phenotypes 2
and 3. Only one of the 54 Swr™ colonies had a mutation in fliL (Fig. 34). This plasmid was
highly mutated. There was a substitution from C to A at position 277 that lead to a
change from an arginine to serine. There was also an insertion of A at position 291 that
change histidine from glutamine and shifted the coding region to introduce a stop codon
resulting in a truncated protein due to a nonsense mutation. This proves that the assay can

detect fliL mutations on pYL98. | have also tested different hypothesis on where the
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mutations on pYL98 were but were unable to find additional mutations in fliL. In the

Discussion section that follows, | elaborate all our attempts in finding other mutations

( 5 ml LB cm40 )
1.5 h, 37C 1:1000, 5 ml LB cm40
200rpm 37C, 200rpm, o/n
Repeat for
10 days (~100
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increasing
mutations
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.
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Fig. 33. Schematic Diagram of XL1-Red Mutageneis of pYL98 and succeeding screens for
swarming. XL1-Red competent cells (Agilent Technology) were used to intoduce random
mutations in plasmid pYL98. It was allowed to propogate for about 100 generations. Mutated
plasmid pool were extracted and electroporated into YL1003. Colonies were picked into a 24 well
plate with 0.85% LB agar with Kan50 and Cm 40 and incubated for 48-72 h. Colonies that were
Swr™ were re-inoculated into another 24-well culture plate. Putative Swr™ mutant were then
streaked into 0.85% LB agar with selection. Colonies that were not swarming were selected. Prior

to sequencing, plasmid were purified into an E. coli strain (DH5a or XL1-Blue).
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Fig. 34. Mutated FIliL from XL1-Red Mutagenesis. Predicted (A) secondary and (B) tertiary
structure for wildtype FliL and (C) secondry and (D) tertiary structure for mutant FliL. resulting
to a truncated protein. (Image data generated from (A, C) PsiPred
((http://bioinf.cs.ucl.ac.uk/psipred/; 178) and (B, D) Phyre2

(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index; 179).

Discussion

There are P. mirabilis fliL mutant reported: - BB2204 (fliL::Tn5-Cm), which is
non-motile; YL1001, which is a motile revertant of BB2204; and YL1003 (fliL::kan-
nt30), which swims but does not swarm (18, 19, 63). All three produce pseudoswarmer
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cells in broth, and all three can be complemented by fliL expressed in trans. The non-
motile phenotype of BB2204 was attributed to polar effects, as shown in YL1001;
however, both strains showed an alteration of the C terminus of FliL suggesting that it
may be responsible for the pseudoswarmer cell phenotype. YL1003 on the other hand has
an insertion in nt 30 generating a protein that is truncated and plasmid pYL98 can

complement the Swr™ phenotype.

The goal of this study was to determine the functional domain of FliL required for
swarming by generating random single base mutation that would result to a Swr
phenotype. The prediction was that mutations would be concentrated in the promoter
region and in the transmembrane domain of FliL. In addition, | expected to find nonsense
mutation that can result in a truncated/nonfunctional protein. Based on my bioinformatics

analysis, | also predicted mutations to be found on positions 76-160.

The complementation of the Swr™ phenotype of the fliL YL1003 is peculiar
because it requires extra DNA aside from the fliL coding region (18). It requires at least
the first 200 nucleotides upstream of the fliL start codon, where the promoter is
speculated to be located. It also requires at least 400 nucleotides downstream of fliL,
which is part of the 5’ portion of fliM. Even then, this DNA does not complement
YL1003 to a wild-type level swarming. | also found that the Swr* phenotype was not
always manifested, possibly because the conditions for swarming of this mutant are more
stringent. In any case, this presented obstacles in screening for mutated pYL98 because
of the high frequency of false-positives. | have also shown that this complementation
generated an interesting phenotype. YL1003/pYL98 showed better swarming than wild-

type in 0.8% agar, an environment where active swarming is usually inhibited.
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Additionally, swarming migration is also characterize by a thin filament of swarming
without the consolidation zones that P. mirabilis is famous for. | used this difference

between the complemented strain and BB2000 to improve my screening assay.

| have sequenced 94 putative Swr™ fliL mutants, 40 from the the initial screening
using 7x7 grid plates and 54 from the 24-well plate screening, but only two have a
mutation in their respective sequences. The first mutation is in the conserved N-terminal
region of fliM and the other one is in the fliL coding region resulting in a truncated
protein. Only the first 400 bp from the 5’ end of FliM was included in pYL98. The
requirement for this extragenic sequence in fliL- YL1003 Swr™ complementation is
peculiar, and is suggested to be needed to stabilize the mRNA (18). It is possible that
even though wild-type FliM exist in YL1003, the greater number of mutated FIiM
expressed from the plasmid caused the Swr™ phenotype. The mutation is in the conserved
FIiM N-terminal peptide (LSQXEIDALL) contained on the N-terminal domain of FliM
where CheY-P directly binds to switch rotational direction (39). With the change from
alanine to threonine the net charge of the peptide was not changed (-2 at pH 7) but it
lowered the hydropathicity from 0.82 to 0.57. Reduced hydrophaticity can make the
peptide less hydrophobic and thus has the potentialto change its structure and interaction.
Electrostatic interaction was already suggested to play an important role in FliM
switching and it has been shown that even though rare, a Mot phenotype can occur even
with just an amino acid change in Salmonella (38). However, only a peptide was
expressed from the fliM sequence in the plasmid and not a full protein. Nonetheless, this
result showed that there is more to the extragenic requirement in YL1003

complementation than just for stability.
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This low rate of mutation was unexpected, given the result from our control
experiment (24% mutation rate) and the obvious phenotypic change in YL1003 when
transformed with a XL1-Red mutated plasmid pool. I hypothesized that YL1003, because
it contains essentially all of fliL, is somehow interfering with the mutation. | tested this by
electroporating mutated pYL98 into E. coli DH5a and randomly screening 18 plasmids
by sequencing. The prediction was that at least 20% of the plasmids (about 3 or 4) should
contain a mutation but none of the randomly isolated plasmid showed any mutation in
fliL, in the promoter, or in the fliM region. This raised the possibility that the control
experiment was not accurate and should have been repeated. The sample size used is
small and could have been increased but any more than that would be impractical with in

a population of 1000.

| then speculated that | probably was not looking at the right phenotype for fliL
mutation. | was working under the assumption that a mutation in fliL would result to a
Swr™ phenotype. However, it is possible that a single mutation could lead to reduced
swarming instead of a complete loss. | hypothesize then that the mutation in fliL could be
in non-wild-type swarming colonies. | isolated 18 such colonies, selected because they
started swarming only after 48 h of incubation during the screening assay. But again,

none of the plasmids showed any mutation in any part of the fliLM insert of pYL98.

Another possibility was that the Swr™ phenotype was caused by mutations in the
plasmid ori or CmR gene that could affect fliL gene copy number. | have sequenced both
genes from five representative Swr™ colonies but no mutation were found. The possibility
that other parts of the plasmid were mutated was also considered, however, | cannot think

of how any of them could affect swarming. | also considered sequencing the pool of
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mutated pYL98; however, | do not have the kind of high-level sequencing that can detect
base pair mutations in a plasmid pool, especially if they were randomly dispersed. It was

also highly impractical at this point, not to mention an improbable hypothesis.

As was previously mentioned, because YL1003 has the whole fliL sequence, there
is always the possibility of a homologous recombination between chromosomal fliL and
plasmid-borne fliL. | hypothesized that a recombination event exchanging mutated fliL
from the plasmid and the good fliL from the chromosome had occurred. Based on this
hypothesis, | predicted that if |1 sequenced the chromosomal fliLM of the putative Swr’
mutants, | might find a mutation in fliL. After isolating the genomic DNA of 20
representative Swr™ (10 each for the true non-swarmers and non-swarmers with swarming
in dense areas), | PCR amplified fragments that included 500 bp upstream of fliL and the

whole of fliM. Again, none showed any type of mutation.

Despite my best efforts, | was not able to detect any mutations in the DNA
sequence, aside from the two already discussed. My hypothesis and experimental design
was very straightforward and | did not expect all the caveats that | encountered. The use
of XL1-Red in generating single base-pair mutations is well documented (173, 174, 181).
My control experiment with pUC18 and our screening assay clearly showed that a change
in the swarming phenotype occurred. What, then, are the possible reasons why our

phenotypic variations were not supported by genetic changes?

Belas and Suvanasuthi (19) found that over-expression of fliL in trans negatively
affected swarming in BB2000 wildtype. Furthermore, FliL functionality in Borrelia is
sensitive to fliL copy number (182). These suggest that a threshold on fliL copy number exist

such that the amount of transcription of the gene can affect swarming. This may explain
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why attempts to complement the swarming defect of fliL mutants are not achieved by fliL
alone (18).. Lee et al. (18), tried to test this hypothesis by expressing Pg;::fliL from an
ectopic site in the chromosome of YL1003 at the PMI3101 locus (encoding the sole c-di-
GMP GGDEF protein of P. mirabilis). Recombination at the native fliL region occurred,
restoring wild-type fliLMNOPQR, in turn, restoring the Swr™ phenotype (18). This was
unexpected since the c-di-GMP DNA is 1.5 kb while that of fliL was only less than 500
bp; yet the recombination occurred with the less statistically favorable. This result
highlighted the caveat in using YL1003 — recombination is always a possibility especially

since P. mirabilis seemed to favor the restoration of fliL function.

While this study was on-going, an effort by Dr. Yi-Ying Lee to make a complete
deletion of fliL was underway. This system would have been the most ideal in studying
fliL function and towards the end of the study, Dr. Yi-Ying Lee was able to make a
complete AfliL strain. However, based on personal communications with her, this strain
(YL1006) had an unexpected phenotype: it is Swr*. She had a similar finding in E. coli,
in which a complete deletion of fliL was also Swr, in contrast to previous reports (82). It
would seem that in P. mirabilis and E. coli, a defective copy of fliL can result in a Swr’
phenotype, however, once the gene is completely deleted, the cell can swarm. Dr. Yi-
Ying Lee’s results, once published, will challenge what is currently known about fliL

function.

Relating her findings to the current study, it may have been better that the screen
focused on fliL defects that result in wild-type swarming motility, rather than a complete
loss of swarming, as | had originally predicted. It is possible that fliL does not directly

function in swarming, and that the Swr™ phenotype is an indirect effect. This would
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explain why only the production of pseudoswarmers can be complemented by fliL in
trans. This has also been demonstrated in part by Cusick et al. (63) when they reported
YL1001, a motile revertant of the fliL- BB2204. Both YL1001 and YL1006 are Swr* and
produces pseudoswarmers in broth. Relating again to the study, a screen for Elo’
(formation of pseudoswarmers in broth) could have been the more appropriate

phenotypic screen to detect fliL mutations.

Recent evidence by Lele et al. (183) showed that FliL in E. coli is not directly
involved in how flagella sense mechanical stress on the motors. They have demonstrated
that the stators act as mechanosensors changing their structure in response to changes in
external load. They also showed that in cells with a fliL deletion, the motors are the same
as wild-type. However, the fliL mutant they used were not full deletion of fliL and our lab
recently sent them an E. coli AfliL for analysis. This is supported by Dr. Lee’s
unpublished data that a complete fliL deletion in E. coli results to a Swr” strain, although

it was not determined if swarming was similar to that of wild-type.

Bioinformatics analysis of FliL showed that the 3D structure of its highly
conserved region (61-107) is homologous to the C-terminal region of FIiK (Appendix
Table XXX), another flagellar protein that controls flagellar hook length. Similar to FIiL,
FliK is not incorporated into the flagellar structure, but has a bifunctional role: control of
hook length and selection of secretion substrates the latter of which prevents premature
export of late flagellar substrates (30). FIiK consists of four domains: N-terminal region
(1-180), a linker region (181-205), a stably folded C-terminal region (206-370) and a
relatively unstable short C-terminal stretch (371-405) (184). The N-terminal region is

responsible for FIiK export. The C-terminal region, which is highly conserved, contains a
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a conserved structural domain called the type 111 secretion substrate specificity switch or
T3S4 domain that has been implicated in the control of the secretion-specificity switch
(185). There are currently two models for the function of FIiK in substrate-specificity

switching: the measuring cup model (30) and the molecular ruler model (185).

Similar to the dual function of FliK, FliL is proposed to have two roles: (1)
sensing a surface (attributed to the C-terminal) and (2) maintaining the integrity of the
flagellar rod (18). Based on bioinformatics, FliL has conserved domains that are
predicted to have “intolerable consequences” when mutated, i.e., mutations within this
domain potentially could lead to a nonfunctional protein. This region (76-160) is
predicted to be structurally homologous to the C-terminal domain of FliK. It is tempting
to speculate that FliL also serves as some kind of molecular sensor, such that this region
in FliL is responsible for maintaining the flagellar rod integrity by sensing changes in the
proton motive-force or by interacting with other proteins or other signals. Mutations in
this region render FliL insensitive to these changes and switch its interactions with

membrane proteins.

Another possibility is that fliL and possibly the N-terminal of fliM play a role in
the genetic switch that controls Proteus swarming. The bistable nature of microbial
populations and phenotypic variability in homologous conditions are now being
recognized (186). For Proteus to swarm, surface-induced swarmer cell differentiation is
required. However, swarmer cells alone do not guarantee movement, which requires,
among other things, that the population form a swarming raft that can facilitate its
outward movement. (2, 187) As was mentioned previously, complementation of

swarming in YL1003 is characterized by flares, rafts of motile cells that protrude outward
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from the otherwise nonmotile colony. Also, cells from the same population can exhibit
differential swarming capacity which becomes more evident in a viscosity dependent
manner (Figure 30). Swarming is also affected by temperature and moisture content as
was shown in this study. YL1003 contains a defective copy of fliL, and Swr”
complementation requires extra DNA specifically the N-terminal region of FIliM
important in CW-CCW switch that possibly stabilized or enhance this complementation.
YL1006, on the other hand, has no fliL but confers a Swr* phenotype. Taken together, it
can be hypothesized that swarming in Proteus is controlled by a bistable switch and that
fliL (probably through its FliK-homologous region) indirectly/directly affects its
regulation by detecting environmental cues such as moisture, temperature, PMF

dissipation etc, such that a defective copy can disrupt its balance.

Recommendations
This study was relatively simple and straightforward in its initial conceptualization:
determine the nucleotides of fliL that are essential for swarming through the introduction
of random mutations on a plasmid harboring fliL which complements the swarming
defect in YL1003. The complementing plasmid (pYL98) containing fliL, its native
promoter and the 400 bp 5 sequence of fliM (18) was already constructed, the use of XL-
1 Red mutator strain (173, 174, 181) for introducing base pair mutations is already well-
documented, and the screen was supposedly a simple Swr™ or Swr™ on a standard 1.5%
LB agar. However, this turned out not to be the case, and instead my study was
confounded by a number of factors including: (1) A more stringent condition was needed

for the Swr* complementation of pYL98 to be uniformly manifested; ; (2) after plasmid
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mutation, the percentage of Swr™ increase phenotypically but was not manifested in the
genotype; and (3) pUC18 control yielded 20% mutation ,and (4) YL1003 contains
essentially all of fliL sequence and thus occurrence of homologous recombination was
always a possibility.

In attempts to circumvent these problems, | came up with a screening assay that
showed uniform complementation with pYL98. Concerns 2 and 3 are somewhat inter-
related. | expected high mutation rate because of the one-time control experiment that |
did with pUC18 and lacZ indicated mutations at ca. 20% frequency, but this was solely
based on the Lac phenotype, but a number of reasons can explain this. The most obvious
possibility is contamination that could have increased the number of white colonies on
the plate. However, this is unlikely, as the population seemed to be uniform. The second
one is that the blue-white phenotype can be caused the natural fluctuation in E. coli
population (186). In retrospect, sequencing at least some representative white colonies
could actually give a more accurate and realistic expectation of false-positives and
mutations per base pair. As was discussed previously, the phenotypic variability (Swr’
and in this case white colony) could actually be a result of a mutation in the plasmid other
than the gene of interest such as the origin of replication and the selection marker. Also, a
higher mutation rate is to be expected from high copy pUC plasmid (173, 174), which has
a mutation in the colE1 origin that removes the copy number limit for the plasmid (175).
The mutation rate of XL1-Red for a colE1-based plasmid is 1 mutation/2kb of cloned
DNA after 30 generations and increases proportionally with increase generation time in
XL1-Red (173, 174). For a non-colE1 low copy plasmid such as pACYC184, as Greener

et al (173, 174) noted in their original publication for XL1-Red, the generation time

105



needed for the same mutation is expected to be higher. However, because it uses DNA
polymerase Il instead of DNA polymerase I, the mutD mutation can actually enhance the
mutation and thus the same rate can be expected. In a study by Rasila et al (181), they
were able to obtain only 2% discernible mutants after 100 generations and sequencing
shows 1 mutation/500 bp. Although my study cannot be directly compared to the Rasila
(181) results, my experimental results of 2% mutation rate (not the 24% mutation for the
control experiment) is actually consistent with published literature (173, 174, 181).

The biggest caveat then is still the screening assay and especially optimizing the
condition for swarming and minimizing the effect of vector mutation. These mutations
affect cell growth and cell number by affecting plasmid copy number and/or
susceptibility to the antibiotic resistance (173, 174). This in turn can potentially increase
or decrease swarming independent of fliL. Over-swarming is no longer an issue with the
24 well plate, thus, improving swarming conditions to further eliminate false-positives
should be the focus. This can be done by lowering the concentration of Cm from the
media used for the assay to promote growth of colonies with some mutations in the Cm~
gene. To eliminate effect of possible mutation in copy number, more cells could be
inoculated for the assay. Instead of picking colonies using a toothpick, each colony can
be resuspended in 2-3ul of 1% PBS and inoculating all in each well. This can be more
time-consuming, but if it proved to be effective, it will lessen time and resources use by
eliminating additional rounds of assay and false positives. Additional rounds of screening
would certainly improve the chance of getting mutations. For the succeeding rounds,
using a bigger diameter culture plate such as as 12-well or 6-well plate will not only

screen for loss of fliL function mutants (Swr) but also for decrease or increase FliL
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activity mutants (decrease/increase swarming). Also, a 6 well plate can be potentially use
for motility assays that would be used as an added screen. Once the false-positive barrier
can be overcome, more cells could be screened and the chances of getting mutants after
sequencing would be higher. Given the low mutation rate for XL1-Red to generate
random mutagenesis to a particular gene of interest indicated by published literature (173,
174, 181) it is important to get as much samples as possible, at the same time, be able to
have a strong screen or stable phenotype to use.

Increasing the time the plasmid is in XL1-Red will also increase the chance of
getting mutation in the fliL region. The initial concern was that multiple mutations, as
oppose to single mutation, would be harder to analyze and interpret. As it stands now,
getting any type of mutation in the region of interest is the priority. Also, aside from the
use of XL1-Red, other methods to generate random mutations are available and may be
more applicable to pYL98. These include the use of error-prone PCR protocols (use of
Taq in mutagenic buffer, use of Mutazymell DNA polymerases ) and chemical
modifications (i.e. ethyl methane sulfonate (EMS) and hydroxylamine hydrochloride
(NH,OH-HCI)) which were compared and evaluated along with XL1-Red by Rasila et al
(181).

There is also the possibility that the phenotype that should be screened is not just
Swr but also Swr™ that is not to pYL98 complementation level. Recent findings by Dr.
Yi-Ying Lee (unpublished results) suggest that fliL mutation causes a change in
swarming pattern in lower agar concentration. This is consistent with the observation in
this study that some Swr™ mutated pYL98 strains showed different swarming patterns.

Also, unpublished results by Dr. Yi-Ying Lee showed that fliL mutant swarming is
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temperature dependent. This is again consistent with the study’s findings that the Swr"
complementation of pYL98 is temperature dependent. With the recent results obtained
from her work, this assay can be improved further.

The final concern, YL1003, can be addressed with the use of the new AfliL strain
YL1006. This new strain is characterized by precocious swarming on 0.8% agar and
based on communications with Dr. Yi-Ying Lee, expression of fliL in trans restores
swarming to wild-type. If I use this strain to study fliL based on the protocol devised in
this study, a hypothesis on fliL function should be put in place. One hypothesis is that
Proteus can swarm with or without the FliL protein, but cannot swarm with a defective
fliL gene. The prediction is that a mutated copy of fliL will cause YL1006 to not swarm
and the screening would be, in theory, straightforward. Another hypothesis which can be
link to the first one is that FliL interact and/or regulates itself such that function is

dependent on the FliL level in the cell relative to the baseline.

108



Chapter 5: Summary and Conclusion

P. mirabilis swarmer cell differentiation is induced by physical conditions that inhibit
rotation of vegetative swimmer cell flagella, and the protein FliL has been implicated in
this induction although the molecular mechanism remains unknown (19). Defects in
differentiation result from many different types of mutations, particularly in genes
involved in cell wall formation (52, 53, 84). Recent transcriptomic analyses of swarmer
cells and fliL pseudoswarmer cells indicate major changes in the expression of these
genes as well as an increase in the expression of umoA, a regulator of flnDC (63). Defects
in the Rcs cell envelope stress response genes results in precocious swarming behavior
(68) and suggesting a link between cell envelope stress and swarmer cell differentiation.
Both the Rcs system and the extracytoplasmic sigma factor RpoE was shown to
negatively regulate flhDC in P. mirabilis (68, 143). Furthermore, work by the Rather
group showed that O-antigen is important in surface sensing through the Rcs system and
involves UmoB and UmoD (104). Based on these, | hypothesized that swimmer cells
placed on an agar surface have torsional stress on their flagellar motors conveyed through
FIiL that then induces envelope stress, which transfers the signal to the Umo proteins
(specifically UmoA and UmoD). Umo activity then increases transcription of flhDC and

results in swarmer cell differentiation.

My results have shown that cpxPg. expression changes over swarming migration
with the highest levels at zones of initial inoculation and consolidation. The
transcriptome of P. mirabilis also showed upregulation of rcsB and umoA during
consolidation (155). | have proposed that cpx expression, i.e., cell wall stress, is highest

when a swimmer cell is immobilized on the agar surface, and where torque on flagellar
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motors is highest due to inhibition of filament rotation. Cell wall stress is relieved once
the bacterium differentiates into a swarmer cell, with flagellar motors operating with less
torsional constraint. The study also attempted to generate P. mirabilis mutants in the
different cell envelope stress genes and UmoA. These could have given insights on the
interplay between cell envelope stress, Umo proteins and FliL in swarmer cell

differentiation.

FIiL has a dual role in P. mirabilis — sensing the surface and maintaining the
integrity of the flagellar rod (18). A mutation in fliL results to a Swr™ phenotype and the
presence of pseudoswarmer cells in non-inducing condition (18, 19). The latter can be
complemented by expressing fliL in trans but complementation of the Swr™ phenotype
requires fliL and some exogenous DNA (18). I have shown in this study that this
complementation is also viscosity-dependent, with an optimum on 0.85% agar, and it is
temperature- and agar-hydration-sensitive. The fliL complemented phenotype is
characterize by late swarming onset starting with flares. 1 have also shown for the first
time that the complementation of YL1003 shows better swarming compared to wild-type
in 0.8% agar. A thin film of active migration without the P. mirabilis characteristic
consolidation zones characterizes the swarming pattern of YL1003/pYL98. Meanwhile
wild-type BB2000 shows poor swarming with thick films of cells on LB with 0.8% agar.
This result showed that a complemented strain acquired better swarming in condition that

typically inhibits wild-type swarming.

Using bioinformatics, | predict that, aside from the promoter region and the
predicted transmembrane domain of FliL, fliL mutations would be located in the region of

the protein between amino acids 76-160. This region is conserved and is predicted to
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have intolerable consequences when mutated. This region is predicted to be structurally
homologous to the C-terminal domain of FliK. After XL-1 Red mutagenesis, only 2% of
the putative Swr” mutants (2 out of a total of 100 mutants) had mutations in the fliL-fliM
sequence. The rest of the putative mutants are most likely false-positives and/or mutants
that have mutations in the ori and the Cm® gene. One of the mutations is a single base
change in the conserved N-terminal portion of fliM and the other is in the fliL coding and
results in a truncated protein of 97 amino acid in length. In both cases, the expression of
fliM was affected suggesting an important role of the extragenic 5’ fliM in swarming. It is
also possible that the Swr™ phenotype was caused by a condition where the flagella do not
know which direction to turn because of the mixed FIiM-CheY-P signal thus causing a

stress response similar to a stalled motor.

| also tested the hypotheses that (1) Swr™ resulted from mutations in the plasmid
ori or Cm® gene; (2) mutations in fliL resulted to crippled swarming but not complete loss
(18 colonies sequenced); and (3) the mutated copy of fliL and the chromosomal copy of
fliL had undergone homologous recombination. | have sequenced the ori and Cm~ genes
of 5 Swr™ colonies, the insert of 18 colonies that exhibited crippled swarming and the
genomic fliL of 20 Swr™ colonies. However, none of them showed mutations in the
genetic sequence possibly because of the small number of samples sequenced considering

that published rate of mutation using XL1-Red is 1 mutation/2 kb insert (173, 174).

Recent unpublished work by Dr. Yi-Ying Lee of the Belas Lab showed that a
complete deletion of fliL conferred a Swr* phenotype though the swarming pattern is
different from that of wild-type. The difference is clearly manifested in agar

concentrations lower than 1.2%. Interestingly, the swarming pattern of YL1006 observed
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by Dr. Yi-Ying Lee is similar to that of YL1003/pYL98 in lower agar concentration
observed in this study. Also, | have observed different swarming pattern in some Swr*
YL1003 with mutated pYL98. Dr Yi-Ying Lee also found that swarming of the AfliL
strain is temperature dependent, which | have also observed in YL1003/pYL98. Although
I cannot link these two strains directly, these parallel results can give insight on fliL
function. The use of strain YL1006 would also be ideal for use in this study. It would be
interesting to know CES and Umo expression in this mutant background. The use of

XL1-Red to determine fliL function can also be explored in this system.

It seems that the true phenotype of fliL is the production of pseudoswarmers in
non-inducing condition, which suggest that fliL is important in surface sensing. It is
tempting to speculate that FliL also serve as some kind of molecular sensor, like FliK.
That this region in FliL homologous to the C-terminal region of FliK is responsible for
maintaining the flagellar rod integrity by sensing changes in the proton motive-force or
by interacting with other proteins or other signals. Mutations in these regions render FliL

insensitive to these changes and switch its interactions with membrane proteins.

Another possibility is that a genetic switch controls swarming in Proteus, and fliL
could play a role in that switch by sensing stress in the cell membrane or the
environment. The Swr™ phenotype could be an indirect effect brought about by the
defective copy of fliL. The bistable nature of microbial populations and phenotypic
variability in homologous condition are now being recognized (186). For Proteus to
swarm, surface induce swarmer cell differentiation is required. However, a differentiated
swarmer cells by itself does not guarantee movement. Rather, swarming requires, among

others, cell-to-cell contact such that the population forms a raft of cells that facilitates its
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outward movement. As was mentioned previously, complementation of swarming in
YL1003 is characterized by flares, which are individual cells that started swarming ahead
of the population. Also, cells from the same population can exhibit differential swarming
capacity which becomes more evident in a viscosity dependent manner. YL1003 contains
a defective copy of fliL, and Swr* complementation requires extra DNA, which included
the N-terminal peptide in FliM important in switching that possibly stabilized and/or
enhanced this complementation. YL1006, on the other hand, has no fliL but confers a
Swr® phenotype in viscosity- and temperature-dependent manner similar (but not
equivalent) to YL1003/pYL98. Results from cpxP induction showed that active
swarming cells have increase cpxP, umoA and rcsB expression at the consolidation zones
were torsional stress are highest for a vegetative cell about to undergo differentiation.
However, as individual cells, differentiated swarmer cells have greater cpxP expression
presumably from more flagella encountering the surface. A defect in fliL results in
pseudoswarmer that have less flagella than wild-type swarmer cells (18). | speculate that
Swr’ is a result of pseudoswarmer affecting cell wall stress induction. Taken together, this
suggests that swarming in Proteus is controlled by a bistable switch and that fliL
(probably through its FliK-homologous region) indirectly/directly affects its regulation
by detecting environmental cues such as moisture, temperature, PMF dissipation, cell

wall stress, such that a defective copy can disrupt its balance.
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'Each row represent P. mirabilis FliL amino acid residue in each position and its degree

of conservancy relative to other FliL protein in literature

2Each column represent each of the 20 amino acid and a score less than 0.05 means that
the substitution is possibly not tolerated by the cell.
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Appendix 2. Phyre2 Tertiary Structure Prediction for FliL

PNy 2

Top model

Model (left) based on template c2rrlA

PDB header:protein transport

Chain: A: PDB Molecule:flagellar hook-length control protein;
PDBTitle: solution structure of the c-terminal domain of the flik

Confidence and coverage
Confidence: Coverage:

41 residues ( 26% of your sequence) have been modelled with 69.3%
confidence by the single highest scoring template.
®

alarm

You may wish to submit your sequence to Phyrealarm. This will
automatically scan your sequence every week for new potential templates
as they appear in the Phyre2 library.

Please note: You must be registered and logged in to use Phyrealarm.

Image coloured by rainbow N — C terminus

AQ
Model dimensions (A): X:19.384 ¥:45.423 Z:27.573 For other options to view your downloaded structure offline see the FAQ

8l e oy e 0 =5 . ®

S = B . 2 - 1 A -
Predicted Secondary structure [E  m— +»——RARRKARMRARRARRRARRANAN
Query Sequence LEPFTINLI DEEEHIDRVLYI GITLRLHDENTRKRLHDYLPEVRSRL
S B

I
TemHate%uenceL SQVHISLKLDONQHNEAN QL. QMVSPHSHVRAALEAALPMLRTQL
Template Known Secondary structure [eiess PTTH. . . . .. #—SS ARAAAAAAT ARAARAAA

Template Predicted Seconda -
E B — == SRR »——RARAARAARAARARRARAAR
structure
EJ T e .10 = Fan - AT S

# Template Alignment Coverage 3D Model % Ld, Template Information
PDB header:protein transport

1 <2rriA_ Alignment 22  Chain: A: PDB Molecule:flagellar hook-length control protein;
PDBTitle: solution structure of the c-terminal domain of the flik

e PDB header:dna binding protein/dna

2 <3gxqB_ Alignment 13 Chain: B: PDB Molecule:putative regulator of transfer genes arta;
PDBTitle: structure of arta and dna complex
PDB header:ribosome

e — Chain: A: PDB Molecule:30s ribosomal protein s3ae;

3 C3i20A_ Alignment 7 PDBTitle: promiscuous behavior of proteins in archaeal ribosomes
revealed by2 cryo-em: implications for evolution of eukaryotic
ribosomes (30s3 ribosomal subunit)

PDB header:membrane protein

4 cafviB_ Alignment 10  Chain: B: PDB Molecule:stomatin;

PDBTitle: spfh domain of the mouse stomatin (crystal form 2)
PDB header:membrane protein
5 C2rpbA_ Alignment 12 Chain: A: PDB Molecule:hypothetical membrane protein;

PDBTitle: the solution structure of membrane protein
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