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ABSTRACT

The cyclic-di-GMP receptors of S. Typhmurium: testing their signaling specificity through
second messenger affinity and their use as biosensors

Ingrid Swanson Pultz

Chair of the Supervisory Committee:
Professor Samuel 1. Miller

Department of Microbiology

c-di-GMP is a second messenger that regulates motility and the production of adhesive
factors in many bacterial species. Enzymes containing specific c-di-GMP metabolizing domains
integrate information about the environment into an intracellular level of c-di-GMP that then
binds to specific downstream receptors, including proteins that contain the PilZ domain. Many
bacterial species encode dozens of c-di-GMP metabolizing enzymes in their genomes. Although
each of these enzymes metabolizes the same small, diffusible second messenger molecule, many
of these proteins can be specifically linked to downstream c-di-GMP-regulated processes. The
mechanisms involved in achieving this signaling specificity between c-di-GMP metabolizing
enzymes and their downstream receptors are not known. Here, we provide evidence that c-di-
GMP signaling specificity is achieved through differences in the binding affinities of
downstream receptors. Salmonella Typhimurium harbors two PilZ domain proteins: YcgR,
which controls flagellar-based motility, and BcsA, an enzyme that produces cellulose. Using a

Forster resonance energy transfer (FRET)-based method, we measured the binding affinities of



these PilZ domain proteins and found that they span a 43-fold range. Increasing the binding
affinity of BcsA for c-di-GMP increased the amount of cellulose that this enzyme produced at
lower levels of c-di-GMP. Decreasing the affinity of YcgR for c-di-GMP increased the amount
of this second messenger needed for YcgR to inhibit motility. In addition, we found that
mutation in yA4jH, which encodes a predicted c-di-GMP-degrading enzyme, increased the fraction
of the cellular population that demonstrated c-di-GMP levels high enough to bind to the higher-
affinity YcgR protein, but did not enough to bind to the lower-affinity BecsA protein and
stimulate cellulose production. Thus, the specific affinities of these proteins for c-di-GMP are
important for their biological functions. Additionally, the binding affinities of the eight PilZ
domain proteins in Pseudomonas aeruginosa were measured and found to span a 145-fold range,
implying that regulation by binding affinity of downstream receptors for c-di-GMP may be a
common theme in c-di-GMP signaling. Finally, we generated a panel of FRET-based c-di-GMP
biosensors which will allow for the accurate measurement of the free c-di-GMP level in

individual cells from the nanomolar to the micromolar range.
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CHAPTER 1: C-DI-GMP SIGNALING NETWORKS IN BACTERIA

The second messenger c-di-GMP regulates many important biological processes

There is no environment in the natural world that exists without change. In order to
survive and thrive, all organisms must be able to sense and respond to changes in their
environment and between environments. In the past few decades, genetic and biochemical
experiments have elucidated the sophisticated mechanisms by which bacteria sense and respond
to their environments. These mechanisms include the use of second messenger signaling
systems, in which the sensing of an environmental signal (the “first messenger”) results in the
production of a small molecule (the “second messenger”) inside of the cytoplasm, which then
regulates cellular behavior. In bacteria, no second messenger is as versatile as cyclic
diguanosine monophosphate (c-di-GMP). In response to environmental or intracellular changes,
cytoplasmic enzymes generate a c-di-GMP signal that is transduced to effector proteins, thus
coordinating a response to the original message. c-di-GMP was first discovered in 1987 as an
allosteric regulator of cellulose production in Gluconacetobacter xylinus (105). Later, the advent
of genome sequencing resulted in the discovery of many c-di-GMP signaling components in the
genomes of diverse bacterial species, though these components were not found in archaea or
eukarya (36). These discoveries have triggered an explosion in c-di-GMP signaling research in
the past decade, identifying functions for many of these components. It is now well established

that c-di-GMP is an important global regulator that controls diverse cellular processes.



c-di-GMP is a master regulator of the lifestyle switch between motility and sessility

A major function of c-di-GMP signaling is to regulate the transition between the motile
and sessile lifestyle (Figure 1.1). Generally, low levels of c-di-GMP are associated with motile,
free-living cells, while high levels are associated with sessile cells that form biofilms and
bacterial communities. This has been demonstrated by comparing the phenotypes of different
strains of bacteria that overexpress exogenous c-di-GMP-metabolizing enzymes, for many
bacterial species (113). The presence of high levels of c-di-GMP results in a wrinkly and rough
colony phenotype on agar plates, or the formation of a clumping or of a pellicle in standing
liquid culture, both of which involve cells embedded in an extracellular matrix of adhesive
factors and exopolysaccharide (37, 62, 121, 151). Conversely, c-di-GMP has also been shown to
directly inhibit motility in many bacteria (21, 59, 71, 108). Analysis of the transcriptome of c-di-
GMP signaling demonstrates its role as a global regulator of surface-associated components.
Transcriptional profiling of c-di-GMP-regulated genes in Escherichia coli found that 4% of
genes in this organism are regulated by c-di-GMP, and that 35% of these genes encode
membrane-associated factors, illustrating c-di-GMP’s role in cell surface-associated structures
(74). In Pseudomonas aeruginosa, c-di-GMP was found to affect the expression of several
hundred genes, including those involved in motility (inhibited by c¢-di-GMP) or
exopolysaccharide biosynthesis (induced by c-di-GMP) (47). In some organisms, c-di-GMP
signaling is linked to cell-cell communication and quorum sensing, which allows density-
dependent control over c-di-GMP-regulated processes (120, 129, 149). In others, c-di-GMP
signaling is involved in the cell cycle, and allows for the differentiation of daughter cells into
motile or sessile cells, depending on their intracellular c-di-GMP levels (23, 28). Finally,

although the general paradigm for c-di-GMP signaling states that c-di-GMP induces the



production of adhesive factors and inhibits motility, there are nevertheless some cases in which
the opposite is true. In P. aeruginosa, for example, exposure to a low level of aminoglycoside
antibiotics results in biofilm production in a manner that is dependent on an enzyme that acts to
degrade, not produce, c-di-GMP (49). Thus, although generalities exist in c-di-GMP signaling,

the signaling systems in individual organisms may vary.

Benefits of regulating cellular behavior by small-molecule second messengers

In addition to c-di-GMP, bacteria also regulate cellular processes using other small,
diffusible nucleotide-based second messenger signaling systems, which mediate signals from the
cell surface to target receptors inside of the cell. These include cAMP, which regulates carbon
utilization (91); ppGpp, a master regulator of the stringent response (17); cGMP, which regulates
cyst formation in Rhodospirilium centenum (70); c-di-AMP, required for cell viability in Listeria
monocytogenes (144); and the hybrid molecule cAMP-GMP, which is involved in colonization
of the human intestine by Vibrio cholerae (26). Although similarities exist between all these
signaling systems, most second messenger systems exhibit only one synthesis enzyme, one
degradation enzyme, and one receptor molecule that controls a single cellular process. This is in
contrast to the large numbers of processes and components involved in regulation of cellular
behaviors by c-di-GMP signaling.

Signal transduction using small-molecule second messengers has several advantages.
First, separating the original message from an intracellular response allows protection of the
cytoplasm from potentially toxic signals such as antibiotics or pH change. Second, large

macromolecular complexes are energy-intensive to produce compared to the production of a



small molecule, so allosteric regulation of these complexes via small molecules is more
energetically favorable than regulation by their construction and destruction. Finally, enzymatic
production and degradation of nucleotide-based second messengers can be very rapid, allowing
for a quick response to changes in environmental conditions. Regulation by c-di-GMP signaling
also has another advantage compared to regulation by other bacterial second messengers. The
use of many different c-di-GMP-metabolizing enzymes in a single organism allows for signal
integration of many different inputs into a precise second messenger concentration, which then
affects many diverse outputs. This allows for the simultaneous control of many different

bacterial processes by one second messenger.

c-di-GMP plays a role in the virulence of many pathogens

The colonization of an animal host requires adaptation to different niches, so it is not
surprising that c-di-GMP has been implicated in the ability of many bacterial pathogens to cause
disease. In general, low levels of c-di-GMP are required for motility and acute virulence, and
high levels of c-di-GMP are associated with persistent, chronic infection. In the intracellular
pathogen Salmonella Typhimurium, inappropriate production of high levels of c-di-GMP
abolishes virulence, implying that the level of c-di-GMP must be kept low for this organism to
cause disease (63). Likewise, in V. cholerae, low levels of c-di-GMP result in the production of
cholera toxin (120, 128). On the other hand, in P. aeruginosa, a pathogen that colonizes the
lungs of cystic fibrosis patients, the appearance of small colony variants and the production of
alginate, both factors that are strongly linked to elevated c-di-GMP levels, are associated with

antibiotic resistance and persistence (32, 75, 121). Mutant strains of P. aeruginosa that lack



certain c-di-GMP producing or c-di-GMP degrading enzymes have a virulence defect in a mouse
model of infection, highlighting the need to precisely regulate the level of c-di-GMP during
infection (49, 62). c-di-GMP signaling components also play important roles in the pathogenesis
of Xanthomonas campestris, Yersinia pestis, Aeromonas hydrophila, Borrelia burgdorferi, as
well as in many other pathogens (9, 60, 93, 149). Because of its ubiquity in the bacterial
kingdom, c-di-GMP has also been utilized by mammalian cells as an important indicator of
bacterial infection when detected inside of the host. Indeed, pretreatment of mice with c-di-GMP
has been shown to protect against challenge with Staphylococcus aureus or Klebsiella
pneumoniae, indicating that c-di-GMP stimulates an immune response (56, 57). The basis for
the c-di-GMP-specific immune response is the subject of much current research. One host factor
that has been implicated in this response is the mammalian sensor protein STING, which has
been shown to sense the presence of c-di-GMP inside of the host cell, and to mount a Type |
interferon response (16). These studies on the role of ¢c-di-GMP in pathogenesis highlight the

importance of researching c-di-GMP signaling in bacteria.

Synthesis and degradation of c-di-GMP is performed by defined enzymatic domains

The mechanisms by which c-di-GMP is produced and degraded have been the subject of
much study (4, 45, 54, 113). It is now well established that c-di-GMP is generated by
diguanylate cyclases (DGCs) that contain GGDEF domains, and is degraded by c-di-GMP-
specific phosphodiesterases (PDEs) that contain EAL or HD-GYP domains. GGDEF, EAL, and
HD-GYP domains are named for conserved active site residues that are involved in catalysis.

Mutation of any one of these residues, with the exception of D to E in GGDEF domains, or of A



to any hydrophobic residue in EAL domains, abolishes catalysis. Many bacterial species encode
dozens of predicted c-di-GMP-metabolizing enzymes containing these domains in their
genomes. For example, Caulobacter crescentus encodes 14, S. Typhimurium encodes 20, E. coli
encodes 29, Clostridium difficile encodes 37, P. aeruginosa encodes 41, and V. cholerae encodes
72 proteins containing GGDEF, EAL, and/or HD-GYP domains (13, 36, 37, 62, 138). GGDEF,
EAL, or HD-GYP domain proteins constitute approximately 4.5% of all response regulators,
earning them the designation as some of the most abundant protein families known (36). The
abundance of potential c-di-GMP-metabolizing enzymes encoded in the genomes of these
bacteria, combined with the fact that the majority of predicted DGCs and PDEs also contain
known sensory domains, implies that the level of c-di-GMP in the cell is very precisely regulated

in response to environmental conditions.

Diguanylate cyclases produce c-di-GMP from two molecules of GTP

c-di-GMP is synthesized by DGCs harboring an intact GG(D/E)EF motif from two
molecules of GTP in a Mg*"-dependent manner. During catalysis, one molecule of GTP binds to
the GGDEF domain, which then dimerizes with the GTP-loaded GGDEF domain of a second
DGC (18). Structural studies of the DGC PleD from C. crescentus have shown that the GGDEF
motif is located in a B-hairpin, and have illustrated specific roles for many of the conserved
residues of this domain in catalysis (137). The enzymatic synthesis of c-di-GMP has been shown
to occur on biologically relevant timescales. The c-di-GMP biosynthetic reaction rate of DgcA
from C. crescentus, for example, has been measured at 43 pmol product * pmol enzyme™ *

minute” (20). In addition, many DGCs display strong product inhibition by binding of c-di-



GMP to an inhibitory I-site. This binding then alters the conformation of the enzyme in such a
way that catalysis is prevented (20). The I-site consists of an RxxD motif typically 5 amino
acids N-terminal of the GGDEF motif that makes direct contact with c-di-GMP. Product
inhibition occurs at a ¢c-di-GMP concentration that is defined by the affinity of the I-site for this
molecule. PleD and DgcA are both feedback-inhibited by the binding of c-di-GMP to the I-site,
though their affinities for binding are different: 960 nM for PleD and 5.8 uM for DgcA (20).
Thus, these DGCs would be expected to generate different concentrations of c-di-GMP inside of
the cell. Mutation of these I-sites resulted in overactive DGCs that produced more c-di-GMP,
and also inhibited growth, potentially due to GTP depletion (20). The presence of an I-site
presumably allows the levels of c-di-GMP to be precisely maintained in the cell cytoplasm.
Other DGCs do not harbor an I-site; it is therefore assumed that these DGCs do not experience

product inhibition.

Phosphodiesterases degrade c-di-GMP by breaking the phosphodiester bond

The phosphodiester bond in c-di-GMP is broken by the hydrolytic actions of EAL or HD-
GYP domains of phosphodiesterases (PDEs). These enzymes degrade c-di-GMP to pGpG (for
EAL-domain proteins), to be further degraded by cellular hydrolases, or directly to two
molecules of GMP (for HD-GYP domains). This reaction involves monomeric PDEs, requires
the presence of Mg®" or Mn”", and is inhibited by Ca®" (22). Like DGCs, PDEs have
demonstrated biologically relevant reaction rates. For example, the PDE CC3396 from C.
crescentus degrades c-di-GMP at a rate of 107 umol * pmol enzyme™ minute in the presence of

its activator GTP (22). The affinity (K,) for c-di-GMP of several PDEs range from 60 nM to 25



uM (22, 110, 125), indicating that there is a range of c-di-GMP concentrations that activate c-di-

GMP degradation via PDE:s.

Proteins that harbor both GGDEF and EAL domains

About a third of all GGDEF or EAL domain proteins harbor both of these domains.
Some GGDEF-EAL domain proteins have demonstrated both DGC and PDE activity and to
conditionally switch between the two, as the case for BphGl from Rhodobacter sphaeroides.
BphG1 demonstrates PDE activity unless the C-terminal EAL domain is proteolytically cleaved.
Removal of this domain allows DGC activity to become dominant, and c-di-GMP is produced
(127). In other proteins that contain both GGDEF and EAL domains, one of these domains is
degenerate and is thus not predicted to perform its catalytic reaction, but instead is thought to
allosterically regulate the activity of the other, intact domain. Inactive GGDEF domains may
still retain the ability to bind c-di-GMP (through the I-site) or GTP (in the active site). Inactive
EAL domains may bind c-di-GMP or GTP. The GGDEF/EAL domain protein CC3396 in C.
crescentus has a degenerate, inactive GEDEF motif and so cannot function as a DGC. Instead,

this domain acts to allosterically induce the activity of the EAL domain by binding GTP (22).

Regulation of diguanylate cyclase and phophodiesterase activity

The activities of DGCs and PDEs are regulated based on environmental cues. Some
DGCs and PDEs demonstrate regulation at the level of transcription. For example, many

GGDEF and EAL domain protein encoding genes in E. coli are under the control of the sigma



factor RpoS (118). However, post-translational regulation of DGCs and PDE:s is thought to be a
major mechanism of enzymatic control in c-di-GMP signaling. GGDEF, EAL, and HD-GYP
domains are highly modular, and most proteins encoding these c-di-GMP output domains are
composite proteins that contain other modular signal input domains (35). Input domains include
PAS, PAC, REC, HAMP, MASEI, MASE2, and GAF domains (13, 37, 62). These
environmental sensing domains have been linked to the detection of small molecules, light,
redox potential, voltage, oxygen, nutrients, osmolarity, homoserine lactones, and other signals.
Many GGDEF, EAL, and HD-GYP-containing enzymes also contain transmembrane helices,
which in Gram-negative bacteria would place the sensing domain in the periplasm, a prime
location for sensing environmental changes that are restricted from accessing the cell cytoplasm.
Although the majority of activating signals for DGCs and PDEs remain unknown, in some cases
the direct signal that stimulates enzymatic activity has been identified. In the case of the DGC
DosC and the PDE DosP from E. coli, the signal that stimulates both DGC and PDE activity is
oxygen, which regulates their activities through their haem-containing sensing domains (132).
DosC and DosP proteins interact with each other, and net DGC or PDE activity is preferred
based on the level of oxygen to which the cell is exposed (131). Thus DosC and DosP likely
form a macromolecular complex that generates a c-di-GMP output in response to changes in
oxygen concentration. BphGl1 from R. sphaeroides contains a light-sensing module in addition
to the GGDEF and EAL domains (127). The level of c-di-GMP in R. sphaeroides may therefore
be coupled to the sensing of light in this organism. Due to the variability of sensory inputs of
DGCs and PDEs, and the abundance of these components encoded in the genomes of many
bacteria species, the potential for complex signal integration of environmental conditions to a c-

di-GMP concentration output is great.
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Signaling specificity in c-di-GMP networks

The minimal functional module in second messenger signaling includes an enzyme to
create the second messenger molecule, and enzyme to destroy it, a receptor to detect the second
messenger, and a target protein with which the receptor interacts to control cellular behavior
(Figure 1.2) (45, 94). This is best exemplified by the cAMP signaling system in bacteria, which
consists of one adenylate cyclase, one phosphodiesterase, one receptor protein (CRP), and a
specific set of downstream targets (specific DNA promoters) (14). c-di-GMP signaling is much
more complex than cAMP signaling, yet there is still sequestration of c-di-GMP signaling
components into individual modules. Although every DGC produces the same small molecule,
many c-di-GMP-metabolizing enzymes can be linked to a specific c-di-GMP-binding receptor
(37, 55, 62, 138). This is in apparent contrast to the fact that this second messenger should be
freely diffusible throughout the cell. Thus, functional compartmentalization occurs in c-di-GMP
signaling, since certain DGCs and PDEs are associated with particular downstream behaviors.
Since many of these c-di-GMP components appear to be constitutively expressed, differences in
expression levels alone cannot account for the observed signaling specificity (116). A major
question in the field of c-di-GMP signaling is how this signaling specificity is achieved despite
the multiplicity of c-di-GMP components present in the genomes of many organisms. For
example, in P. aeruginosa, inactivation of PA2870 and PA3343, which demonstrate DGC
activity, does not affect biofilm formation, while inactivation of PA1120, which also

demonstrates DGC activity, abolishes biofilm formation in this organism (62). This specific
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targeting in c-di-GMP signaling, in which enzymes that contribute to a common c-di-GMP

concentration participate in different regulatory pathways, is the subject of current research.

c-di-GMP binds to diverse downstream receptor molecules in order to exert its effects

In order to exert its downstream effects, c-di-GMP must bind to receptor macromolecules
and alter their conformations. These binding partners thus “sense” c-di-GMP and transduce this
signal through their altered conformation by interacting with target molecules. A number of c-
di-GMP-binding receptors have been identified through bioinformatics analysis or by direct
binding. These receptors have been shown to control cellular behavior at the transcriptional,
translational, and post-translational levels. Like DGCs and PDEs, c-di-GMP-binding receptors
frequently demonstrate multidomain architectures, in which a c-di-GMP-binding domain resides
in the same macromolecule as an output domain. Output domains are remarkably diverse and
include enzymatic domains, protein-protein interaction domains, and regions involved in
controlling protein expression from DNA or RNA. Given the large number of cellular processes
affected by c-di-GMP, it is likely that many more c-di-GMP receptors will be identified in the

years to come.

The PilZ protein domain is a c-di-GMP-sensing domain
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The most thoroughly studied c-di-GMP receptor is a protein domain called the PilZ
domain, named for the PilZ protein, PA2960, of P. aeruginosa. The PilZ domain was first
identified as a possible c-di-GMP receptor through bioinformatics analysis, as it has a similar
phyletic distribution to that of c-di-GMP-metabolizing enzymes (2). c-di-GMP binding to the
PilZ domain was subsequently confirmed through biochemical analyses (21, 75, 108). Hundreds
of PilZ domain proteins have since been identified, and many of these are involved in processes

known to be regulated by c-di-GMP (2, 21, 59, 75, 95, 108).

Structural analysis of PilZ domain proteins

Several crystal and NMR structures have been solved for proteins containing PilZ
domains, and the roles of conserved residues in binding c-di-GMP have been elucidated (6, 58,
97) (Figure 1.3). The PilZ domain forms a six-stranded anti-parallel B-barrel structure of
approximately 100 amino acids in length with conserved residues clustered within the c-di-GMP
binding pocket of the domain (97). The most important amino acid motifs for binding c-di-GMP
appear to be the highly conserved RxxxR motif at the N-terminus of the PilZ domain, and the
(D/N)xSxxG motif, located in the f2/B3 hairpin loop. The two arginines of the RxxxR motif are
essential for binding c-di-GMP, as mutation of either arginine results in a PilZ domain that is no
longer able to bind this second messenger (21, 58). These arginines form a dual guanidino motif
that uses hydrogen bonds and m-stacking interactions to coordinate c-di-GMP in the binding
pocket (6, 58) (Figure 1.3). This mechanism of c-di-GMP binding is similar to that of GGDEF

domain I-sites, which also rely on dual guanidino motifs to bind c-di-GMP (6, 20). The N-
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terminal region containing the RxxxR motif has been referred to as the “c-di-GMP switch”, since
in the absence of c-di-GMP it exists disordered in solution, but undergoes a large, entropically

unfavorable conformational change upon binding to c-di-GMP (6).

Several residues in the c-di-GMP binding pocket affect the binding affinity of PilZ
domains for c-di-GMP. The residue immediately N-terminal of the RxxxR motif, dubbed
“Position-X”, has been shown to be an important determinant in the affinity of PilZ domain
proteins for c-di-GMP (58) (Figure 1.3). Specifically, the presence of an arginine in this position
tends to increase binding affinity due to the addition of extra, potentially stabilizing, contacts
with c-di-GMP, while the presence of hydrophobic residues in this position decreases binding
affinity, presumably because these residues cannot create bonds with the substrate (58).
Additionally, mutation of residues in the (D/N)xSxxG motif have also been shown to alter the

affinity of PilZ domains for c-di-GMP (21, 58, 108).

In addition to affecting the affinity of PilZ domains for c-di-GMP, the residue at Position-
X also determines the number of c-di-GMP molecules that bind to the PilZ domain. PP4397,
from Pseudomonas putida, and PA4608, from P. aeruginosa, both contain arginines in this
position, and both bind two molecules of c-di-GMP as an intercalated dimer (58, 97) (Figure
1.3). Mutation of the Position-X arginine in PP4397 to a bulky hydrophobic residue appears to
sterically hinder binding of one of the c-di-GMP molecules in the binding pocket (58).
VCAO0042 from V. cholerae contains a leucine in this location and binds one molecule of c-di-
GMP, though the binding pocked can be altered to accommodate a dimer of c-di-GMP if this

leucine is mutated to an arginine (6, 58).
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The C-terminus of PilZ domains frequently contains alpha helices and tends to be
disordered during structural assessment, indicating that this region experiences flexibility (44,
58, 97, 111). The flexible C-terminus in PA4608 has been shown to act as a hinged lid that
protects the hydrophobic binding pocket from aqueous solution in the absence of c-di-GMP, and
is displaced upon binding to c-di-GMP (44, 111). It is unknown whether C-termini in other PilZ

domain proteins perform similar functions.

Transduction of the c-di-GMP signal by PilZ domains

During c-di-GMP signal transduction, the signal is transmitted to a biological output
through changes in effector protein structure that occur upon c-di-GMP binding. Since PilZ
domain proteins demonstrate low sequence similarities aside from conserved residues of the
binding pocket, c-di-GMP signal transduction likely involves different structural mechanisms in
different effector proteins. In some multi-domain proteins, binding of c-di-GMP results in
changes in the relative orientation of these domains. VCAO0042 is a two-domain protein
consisting of an N-terminal YcgR-N* domain and a C-terminal PilZ domain. Binding of c-di-
GMP to the PilZ domain in this protein results in a large conformational change in the switch
region, which dramatically alters the orientation of these domains with respect to each other,
likely affecting how this protein interacts with its target (6). In other PilZ domain proteins, the
binding of c-di-GMP causes a change in oligomerization state. Such is the case with PP4397, a
homologue of VCA0042 that exists as a dimer in the absence of c-di-GMP. Binding to c-di-

GMP induces a dimer-to-monomer conversion due to the disruption of important contacts
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between the individual units of the dimer (58). Neither VCA0042 nor PP4397 demonstrate
significant structural change in the domains themselves upon c-di-GMP binding; rather it is
through the conformational shifts between domains or protein subunits that c-di-GMP likely
transduces its signal. However, other PilZ domain proteins likely transduce the c-di-GMP signal
by conformational rearrangements in the PilZ domain itself upon c-di-GMP binding. For
example, PA4608 binding to c-di-GMP induces clustering of negative charges on one face of the
protein (44). This may result in electrostatic interactions between PA4608 and its downstream

target.

Targets affected by c-di-GMP signaling

The targets of several PilZ domain proteins have been studied in some detail. Several
PilZ domain proteins have been found to directly affect motility in the presence of c-di-GMP,
such as DgrA and DgrB from C. crescentus, and YcgR from S. Typhimurium and E. coli (21, 59,
108) (Figure 1.5E). Recent studies have determined that YcgR directly affects cellular motility
by binding to components of the flagellar apparatus. Other PilZ domain proteins regulate the
production of exopolysaccharide. Alg44 is a PilZ domain protein in P. aeruginosa that is
required for the production of alginate in this organism (75). The protein that regulates cellulose
synthesis in G. xylinus by binding c-di-GMP is also a PilZ domain protein (2, 108). Other PilZ
domain proteins, such as PA2989, seem to be involved in both motility and biofilm formation
(75). Much remains to be learned about the molecular mechanisms by which PilZ domain

proteins exert their effects on downstream processes.
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Degenerate GGDEF or EAL domains can act as c-di-GMP receptors

Another class of c-di-GMP receptors includes GGDEF and EAL domain proteins in
which the GGDEF or EAL domain has lost catalytic activity but retains its ability to bind c-di-
GMP, presumably via the I-site of the GGDEF domain or the catalytic pocket of the EAL
domain. PopA, an important regulatory factor of the cell cycle in C. crescentus, is an example of
a GGDEF domain protein that acts as a c-di-GMP receptor. PopA harbors a degenerate GGDEF
domain with an intact I-site that binds c-di-GMP with an affinity of 2.4 uM (28). In swarmer
cells of C. crescentus, the level of c-di-GMP is kept low, and chromosomal replication is
prevented by the replication inhibitor CtrA. When the swarmer differentiates into a stalked cell,
the concentration of c-di-GMP rises high enough to bind to PopA, which then binds CtrA and
facilitates its degradation by the cellular protease ClpXP (28, 90, 96). Another example of c-di-
GMP binding to a degenerate GGDEF domain by means of an RxxD I-site is the P. aeruginosa
protein PelD, which binds c-di-GMP with an affinity of 1.9 uM. PelD bound to c-di-GMP
stimulates the production of Pel polysaccharide, which is important for biofilm formation in this
organism (68, 142). The P. aeruginosa FimX protein, on the other hand, binds c¢-di-GMP in its
degenerate EAL domain (80). Binding of FimX to c-di-GMP is important in the generation of

Type IV Pili in P aeruginosa (50, 80).

Transcription factors that bind c-di-GMP
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In addition to proteins with PilZ, GGDEF, and EAL domains, a number of transcription
factors have also been shown to bind c-di-GMP through diverse or unknown mechanisms. Clp, a
transcriptional regulator in the plant pathogen X. campestris, consists of a C-terminal helix-turn-
helix DNA binding domain and an N-terminal cNMP binding domain that binds c-di-GMP with
an affinity of 161 nM (126). Interestingly, Clp is a paralog of the classical cAMP-binding
protein CRP that seems to have lost the ability to bind cAMP and instead binds c-di-GMP. c-di-
GMP binding to Clp affects its activity on target promoters involved in the expression of
virulence factors (19, 126). Reducing the affinity of this protein for c-di-GMP abrogates the
virulence of this organism (126). Two transcriptional regulators in V. cholerae, VpsR and VpsT,
have both been found to directly bind c-di-GMP with affinities of 1.6 and 3.2 uM, respectively
(61, 120). Additionally, FleQ, a transcription factor in P. aeruginosa, also binds c-di-GMP, with
an affinity of 15-25 uM (5, 46). These transcription factors inversely regulate genes involved in
motility and expolysaccharide production, and their activities are altered upon binding to c-di-

GMP.

RNA molecules can act as c-di-GMP receptors

In addition to binding protein partners, c-di-GMP has also been shown to bind RNA
molecules, thereby regulating the transcription or translation of target proteins. Riboswitches in
both V. cholerae and Clostridium difficile have been shown to bind c-di-GMP with a very high
affinity (Kgq of 0.2 — 1 nM) (67, 123). In V. cholerae, a c-di-GMP-binding riboswitch controls

the expression of flagellar and pilus biosynthetic genes, as well as virulence components (123).



18

The C. difficile riboswitch is actually a ribozyme: binding of c-di-GMP results in autocleavage of
the RNA, thereby revealing a perfect ribosome binding site that can then direct transcription of
downstream genes (67). Thus, c-di-GMP binds to many diverse target macromolecules to exert

its effects on the cell.

Methods to analyze intracellular c-di-GMP concentrations

The ability to correlate specific cellular phenotypes directly to intracellular c-di-GMP
concentrations is essential to unravel the mechanisms of c-di-GMP signaling. Currently, there
exist two general approaches for measuring intracellular c-di-GMP: extraction of nucleotides
from cell lysate followed by quantification using chromatography-based methods, and
measurement in live cells using a method based on Forster resonance energy transfer (FRET).
These techniques have allowed for comparisons of intracellular c-di-GMP concentrations
between different bacterial species, or between various growth or differentiation phases of the
same species (23, 114, 119). Methods to measure intracellular c-di-GMP levels are also applied
to analyze the activities of various DGCs and PDEs, or other components that affect c-di-GMP

levels, through their inactivation or overexpression in vivo (8, 12, 23, 46, 48, 55).

Quantification of intracellular c-di-GMP by chromatography-based methods
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The most commonly used methods for measuring intracellular c-di-GMP concentrations
involve extraction of nucleotides from the cell cytoplasm, separation and purification of these
nucleotides using chromatography, and quantification of the c¢-di-GMP fraction with a detector.
Frequently, high-performance liquid chromatography (HPLC) is chosen as the chromatographic
method due to the ability to couple this technique to identification and quantification of
compounds using a mass spectrometer. To prepare samples from cell cultures for HPLC,
nucleotides are extracted from cells, typically using either heat or acid lysis (3, 139). The extract
must then be lyophilized and resuspended in water for injection into the HPLC instrument.
During HPLC, molecules in the liquid sample are pumped through a column that contains a
stationary phase. Compounds in the liquid interact with stationary phase particles based on their
chemical and physical properties, and this determines their retention time in the column. As
compounds exit the column, they are analyzed, and may be quantified, by a UV detector with an
absorption wavelength of the compound to be identified. For c-di-GMP, this absorption
wavelength is at 254 nm, at which c-di-GMP demonstrates a characteristic peak. A more
sensitive method of quantifying c-di-GMP than assessment of the 254 nm absorbance peak is to
couple HPLC to mass spectrometry (46, 114, 119). c-di-GMP quantified using this method is
usually expressed as pmol mg™" protein or pmol mg™ cells, which can be converted to molarity
assuming that an average cell weighs 0.66 pg, that it is composed of 16.5% protein by weight,
and that one molecule cell” is equivalent to 1 nM (79, 114). Modifications and improvements on
these techniques have led to the detection of c-di-GMP at levels as low as 0.1 pmol mg™' protein,
corresponding to approximately 6.6 nM (114). Another chromatographic method for analyzing
c-di-GMP is thin layer chromatography (TLC) (10). To prepare nucleotides for analysis by TLC,

cells are incubated in the presence of radiolabeled phosphate, which is incorporated into cellular
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molecules. Cells are then lysed, nucleotides are extracted with acid, neutralized, and applied to
the TLC plate (8, 10, 104, 125). As in HPLC, compounds migrate along the TLC plate at
different rates based on their chemical and physical properties, allowing for their separation. The
amount of radioactivity corresponding to a spot at the correct retardation factor (Rf) for c-di-
GMP is then quantified using a scintillation counter. c-di-GMP is usually represented in relative

amounts between samples using this method.

Estimation of intracellular c-di-GMP concentrations in live cells using FRET technology

Recently, a method of measuring c-di-GMP levels in individual live cells based on
Forster Resonance Energy Transfer (FRET) has emerged (23) (Figure 1.4). FRET is a very
sensitive method that can be used to determine changes in protein structure, such as those that
result from the binding of proteins to small molecules. In FRET, the emission wavelength of the
donor fluorophore overlaps with the excitation wavelength of the acceptor fluorophore. When
these two fluorophores are in proximity, excitation at the donor wavelength thus results in energy
transfer and emission at the wavelength of the acceptor fluorophore. To generate a FRET-based
c-di-GMP biosensor, the c-di-GMP receptor YcgR was fused between two fluorophores that
constitute a FRET pair (23). Binding of this receptor to c-di-GMP results in a conformational
change in the YcgR protein, and thus a change in the measured FRET of this biosensor. The
YcgR FRET biosensor demonstrates high specificity for c-di-GMP, and does not respond to
GTP, cGMP or cAMP (23). This system was used to measure the concentration of c-di-GMP in

live cells in real time, based on the binding affinity of YcgR for c-di-GMP (Figure 1.4).
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Measurements of physiologically relevant c-di-GMP concentrations

Using the techniques described above, the intracellular concentration of c-di-GMP has
been measured at a variety of concentrations in different bacteria. Studies using LC-MS which
analyze the total average c-di-GMP levels for cells within a population have been complemented
by measurements of c-di-GMP concentrations in individual cells. Using HPLC coupled with
ESI-MS, the average c-di-GMP level of C. crescentus in log-phase cells has been measured at
1.1 uM (22). Analysis of c¢-di-GMP levels in individual live cells, however, indicates that the C.
crescentus population is heterogeneous in its c-di-GMP concentrations, with some cells
demonstrating a free c-di-GMP level of greater than 500 nM, and others with less than 100 nM
(23). These levels correlated with cellular behavior: stalked, sessile cells demonstrated high
levels of c-di-GMP, and motile cells containing flagella had lower levels of c-di-GMP. This
population heterogeneity, and its correlation with cellular phenotype, has also been shown for P.
aeruginosa (23). After cell division of this organism, cells that maintained the flagellum
displayed low c-di-GMP levels, whereas unflagellated cells had high c-di-GMP levels. The
average total c-di-GMP concentration in P. aeruginosa has been shown to be approximately 700
nM by LC-MS at log phase in minimal media (46). In rich media, log-phase P. aeruginosa has
been shown to have an average c-di-GMP concentration of about half this, around 320 nM (114).
This value is lower than that of V. cholerae under the same conditions, at 850 nM (114). In S.
Typhimurium and E. coli, the intracellular level of c-di-GMP in rich media in log phase is
considerably lower than that of P. aeruginosa and V. cholerae, estimated at less than 100 nM or

below the level of detection (12, 48, 63, 79, 114). The levels of c-di-GMP have been shown to
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fluctuate, however, throughout the growth phase. One study on c-di-GMP concentrations at
various stages in the growth phase of E. coli demonstrated that the level of c-di-GMP rises
during growth, peaking at early stationary phase at approximately 830 nM, and then declining
(119). In addition to in liquid culture, c-di-GMP has also been measured in cells growing on the
surface of agar plates. After 10 hours of growth on LB-agar plates at 28°C, the c-di-GMP
concentration of S. Typhimurium strain UMRI1 has been measured at approximately 233 nM (55,
114). Additionally, analyses in which c-di-GMP-metabolizing enzymes are inactivated or
overexpressed can give insights regarding the functions and activities of these enzymes. In P.
aeruginosa, a mutation in wspF, a negative regulator of a DGC, resulted in four-fold higher c-di-
GMP levels compared to wild-type cells (46). Surprisingly, inactivation of some DGCs and
PDEs that are known to affect cellular phenotypes in a c-di-GMP-dependent manner do not
appear to affect detectable total cellular c-di-GMP levels as analyzed by LC-MS (109, 112).
Overexpression of some DGCs can lead to a measurable increase in c-di-GMP levels, though the
extent of this increase varies depending upon the DGC. Overexpression of the DGC CdgH in V.
cholerae led to a very large increase in c-di-GMP levels as assessed qualitatively by TLC (8).
In S. Typhimurium, overexpression of the DGC AdrA raised the total cellular c-di-GMP
concentration to 0.64 and to 0.32 nmol mg™ cells in two separate studies (255.8 uM and 127.9
puM, respectively) (63, 113), while overexpression of the DGCs STM3388 and STM2123 only
increased c-di-GMP levels from 0.34 pmol mg™ cells (137 nM) to 0.93 and 1.5 pmol mg™ cells
(373 and 602 nM, respectively) (55). This demonstrates the huge dynamic range between
different c-di-GMP-metabolizing enzymes in their ability to affect the intracellular concentration

of ¢c-di-GMP.
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The c-di-GMP signaling network in Salmonella Typhimurium: a model system

Salmonella enterica serovar Typhimurium is a pathogenic Gram-negative bacterium
considered to be a model organism for the study of fundamental cellular processes, including
those involved in pathogenesis, due to the large availability of tools for genetic manipulation for
this organism (88). In healthy humans, infection with S. Typhimurium causes a self-limiting
gastroenteritis, though infection can be life-threatening in immunocompromised individuals.
The virulence of S. Typhimurium can be studied in tissue culture, or in mouse models of
infection, in which this organism causes a systemic disease similar to that caused by S. Typhi or
S. Paratyphi in humans. Since S. Typhimurium is transmitted through the fecal-oral route
between hosts, it must be capable of surviving both inside and outside of the host, environments
that present very unique challenges. This indicates that S. Typhimurium harbors strategies for

adaptation to a variety of different environmental niches.

The c-di-GMP signaling network in §. Typhimurium has been the subject of much study
in the last decade. S. Typhimurium harbors five GGDEF and seven EAL domain proteins, and
seven additional proteins that contain both domains. Eight of the GGDEF domain proteins have
an intact GGDEF or GGEEF motif (37); the other four contain degenerate GGDEF motifs and
thus are not expected to act as functional DGCs. S. Typhimurium has three known cellular
behaviors that are regulated by c-di-GMP: flagellar-based motility, the production of curli
fimbriae, and cellulose production (Figure 1.5). Two of these processes are linked to a particular
PilZ domain protein in S. Typhimurium: YcgR, which controls motility; and BcsA, the bacterial
cellulose synthase. An increase in intracellular c-di-GMP levels results in a decrease in

swimming motility (through YcgR), and the production of curli fimbriae and cellulose (through
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BesA), which allows S Typhimurium to attach to surfaces and form biofilms (Figure 1.5). Thus,
as in other organisms, c-di-GMP controls the switch between cellular motility and sessility in S.

Typhimurium.

The PDE YhjH controls motility inhibition through the PilZ domain protein YcgR

YcgR, one of the two PilZ domain proteins in S. Typhimurium, has been shown to be an
important regulator of flagellar-based motility. YcgR was originally discovered in E. coli as a
negative regulator of motility in an sns mutant (59). The motility defect in an Ans mutant could
be relieved by one of two ways: deletion in the gene ycgR, or overexpression of the EAL domain
protein YhjH. It was subsequently determined in S. Typhimurium that y4jH inactivation results
in a motility defect that can be partially relieved by a second mutation in YcgR, which was found
to bind c¢-di-GMP, indicating that YcgR acts downstream of YhjH activity (108).
Overexpression of YhjH results in a decrease in the total cellular level of c-di-GMP and an
increase in swimming, and this is dependent upon a functional EAL motif in YhjH (113). The E.
coli YhjH protein has been purified and shown to demonstrate c-di-GMP-hydrolyzing activity
(92). Thus YhjH is a phosphodiesterase, and its inactivation likely leads to a rise in c-di-GMP
levels, which may then bind to the YcgR protein to inhibit motility. The transcription of both the
vhjH and ycgR genes is driven by a flagellar class III promoter, and is thus under positive
regulation by FliA, with maximal expression during exponential phase (33, 40, 59, 135). The
fact that yhjH is co-expressed with ycgR, and that yhjH deletion results in motility inhibition

through YcgR, indicates that YhjH acts as the c-di-GMP-degrading PDE for the c-di-GMP
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module involving YcgR (see Figure 1.2). However, deletion of yhjH does not result in a
significant increase in c-di-GMP levels in S. Typhimurium, as determined by LC-MS (112).
More work is needed to elucidate the exact mechanism by which yhjH inactivation inhibits

motility in S. Typhimurium.

What are the specific DGCs that produce the c¢-di-GMP that inhibits motility by YcgR?
In an E. coli yhjH mutant, several GGDEF domain proteins have been linked to decreased
swimming: YegE, Yeal, YfiN, YedQ, YddV, YneF, and Yeal (12, 92, 109). These correspond
to the S. Typhimurium homologues STM2123 (YegE), STM1283 (YealJ), STM2672 (YfiN), and
STM1987 (YedQ), which share 61%-75% identity to the E. coli proteins (YddV, YneF, and Yeal
have no homologues in S. Typhimurium). No systematic study has analyzed the effect of
GGDEF domain proteins in S. Typhimurium on motility; however, given the amount of sequence
preservation between the E. coli and S. Typhimurium homologues, it is not unreasonable to
assume that some of these DGCs in S. Typhimurium may also regulate swimming motility as

they do in E. coli.

c-di-GMP-bound YcgR inhibits motility by binding to the flagellum

S. Typhimurium swims by the coordinated movement of its peritrichous flagella. The
flagellum is a motor that contains a stator (a ring composed of MotA and MotB subunits) and a
rotor (a ring of FliG, FliM, and FliN subunits) (7). The energy to rotate the flagellum is
generated by the proton motive force. Protons flow through the stator, causing it to exert torque

on the rotor, and the flagellum rotates. When all of the flagella are rotating counter-clockwise
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(CCW), they form a bundle and the cell swims smoothly (7). When the flagella rotate clockwise
(CW), the bundle dissociates and the cell tumbles, randomly reorienting itself in a new direction.
Various environmental signals affect cellular motility, through modulation of the tumbling
frequency via proteins involved chemotaxis, and by controlling the c-di-GMP concentration. c-
di-GMP regulates cellular motility by binding YcgR, which then modulates cellular motility by

interacting directly with specific components of the flagellar apparatus.

The molecular mechanisms involved in YcgR-based motility inhibition have been the
subjects of several recent studies in E. coli (12, 30, 89). YcgR is a two-domain protein with
domain architecture similar to its homologs VCA0042 and PP4397 (discussed in a previous
section): an N-terminal YcgR-N* domain and a C-terminal PilZ domain, which binds two
molecules of c-di-GMP (23). Boehm et al observed in vivo localization of YcgR to the flagellum
in the presence, but not in the absence, of ¢-di-GMP, using FRET fluorescence microscopy (12).
They identified point mutations in the MotA stator protein that abolished YcgR flagellar
localization and motility inhibition, suggesting that YcgR may bind MotA. By comparing the
rotational behavior of tethered wild-type cells to y4jH mutant cells, they determined that YcgR
acts as a flagellar brake, presumably by binding to components of the rotor and the stator in the
presence of c-di-GMP. Like Boehm et al, Paul ef al also found that YcgR acts as a brake, though
they could not visualize direct YcgR binding to MotA (89). Instead they identified FIiG and
FliM, components of the flagellar rotor, as direct protein interaction targets of YcgR, using pull-
down assays. Paul et a/ found that YcgR interacts with FliG and F1iM even in the absence of c-
di-GMP, leading to the hypothesis that c-di-GMP affects the activity of YcgR but not its
localization. This is consistent with findings by Fang et a/, which demonstrate that YcgR

interacts with FliG, FliM, and the rotor protein FliN, even when certain critical residues for
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binding c-di-GMP are mutated (30). Both Fang et a/ and Paul et al determined that YcgR
induces a CCW bias in flagellar rotation (30, 89), thereby reducing the frequency of tumbling,
which may inhibit the ability of E. coli to free itself if it becomes stuck while swimming through

viscous media.

c-di-GMP induces the rdar morphotype via the master regulator CsgD

In addition to inhibiting motility through YcgR, c-di-GMP also induces production of an
extracellular matrix in S. Typhimurium by stimulating the expression of CsgD, a transcriptional
regulator of the LuxR/FixJ family. The extracellular matrix consists of curli fimbriae, which are
thin, coiled structures of 2-5 nm in length that protrude from the cell and are required for cellular
aggregation, and cellulose, a B-(1,4)-D-glucan polymer (140, 151). Expression of these two
components on the cell surface results in a rigid, hydrophobic network that causes cells to pack
together and stick to surfaces, and provides resistance to environmental stresses such as
desiccation (117, 151). Colonies that produce this matrix give an appearance on agar plates of
being dry and wrinkly, called the rdar (rough, dry and red) morphotype (100). This matrix can
be visualized by a red color on agar plates that contain the dye Congo Red, or by fluorescence of
colonies on plates that contain calcofluor, which fluoresces under UV light when it binds to
cellulose (Figure 1.5). CsgD controls the rdar morphotype by directly activating the expression
of csgAB, which encodes the structural subunits of curli fimbriae, and adrd4, which encodes a
DGC required for the production of cellulose (86, 148). CsgD also represses transcription of

flagellar class II genes by interfering with FIhDC binding to the promoter (85, 148). Although
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the V. cholerae CsgD homologue, VpsT, has been shown to directly bind ¢-di-GMP, CsgD in S.
Typhimurium and E. coli do not bind ¢-di-GMP (61, 148). Transcriptional regulation of csgD is
complex, under the control of at least nine different transcription factors, each responding to
different environmental conditions (39, 85, 103). csgD is not transcribed at temperatures above
30°C, so extracellular matrix production only occurs at temperatures of 30°C or lower (101,
103). Additionally, the production of CsgD is dependent on the stationary-phase sigma factor
RpoS, and is linked to nutrient-limited conditions (99, 140). Several DGCs and PDEs have been
linked to the expression of CsgD in S. Typhimurium. The DGCs STM2123 and STM3388, and
the PDEs STM1703, STM1827, and STM4264, have been shown to be involved in c-di-GMP-
dependent regulation of CsgD expression (55, 112). Other DGCs that are not normally involved
in CsgD expression can still stimulate its production when overexpressed, suggesting that c-di-
GMP produced from any DGC can stimulate CsgD expression (55). However, the c-di-GMP
receptor that controls CsgD expression remains unknown. One potential candidate is MIrA,
which is a positive transcriptional regulator of the rdar morphotype in both E. coli and S.

Typhimurium and is highly specific for the csgDEFG operon (15).

Cellulose is produced by the bacterial cellulose synthase BcsA

Cellulose is an important structural component of extracellular matrices produced by
several different organisms. The genes required for cellulose production were first identified
using genetic complementation studies in G. xylinus (143). This operon consists of four genes,

named bcsA-D, all of which are required for cellulose production in this organism (143).
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Homologues to bcsA-C, but not to besD, are found in all Enterobacterial genomes analyzed to
date (37). In addition to bcsA-C, S. Typhimurium also requires several other genes to produce
cellulose. These are located in the two divergently-transcribed operons, bcsQABZC and besEFG
(117, 151). Some of these genes have known functions. bcsA encodes the bacterial cellulose
synthase, which is a transmembrane protein that contains a glycosyl transferase domain, which is
involved in the polymerization of individual UDP-glucose units (124, 150). BcsA also contains
a C-terminal PilZ domain, which presumably binds to c-di-GMP to allosterically activate
cellulose production. BcsQ encodes a MinD homologue and is localized to the cell pole, where
it potentially acts to induce cellulose synthesis (65). BesZ is a predicted periplasmic protein that
contains putative domains involved in the breakdown of cellulose. BcsC is a putative oxidase
and contains protein-protein interaction domains. BcsE and BesG have similarities to other
bacterial proteases and endoglucanases. The functions of BcsB and BcesF remain unknown. The
transcription of these components does not appear to be regulated by c-di-GMP, CsgD,
temperature, or other environmental factors, so these genes are thought to be constitutively

transcribed (42, 55, 151).

The DGC AdrA directly stimulates cellulose production

Although CsgD directly activates the transcription of curli fimbriae subunits, its
involvement in cellulose production is indirect, and occurs through the transcription of adrA,
which encodes a DGC that is required for the production of cellulose (102, 151). AdrA is the

only DGC that is dependent on CsgD for its expression (151). Because CsgD is only expressed
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at temperatures of 30°C or lower, cellulose production only occurs at lower temperatures (55,
102). Deletion of AdrA abolishes cellulose production, indicating that other DGCs cannot
compensate for its loss (37). This is surprising, since other DGCs are also expressed at cellulose-
producing conditions, and some have been shown to be active, since c-di-GMP is necessary for
the expression of CsgD (55, 116). This indicates that AdrA has the ability to selectively target
cellulose production that other DGCs lack. The overexpression of other DGCs can result in
cellulose production (37), but these overexpression effects are likely to mask specificity (138).
AdrA is also unique in that it is capable of producing large amounts of intracellular c-di-GMP.
Overexpression of AdrA in S. Typhimurium yielded 500-fold higher intracellular c-di-GMP
levels than the overexpression of two other S. Typhimurium DGCs that are required for the
production of CsgD (discussed in a previous chapter) (55, 113). Indeed, under native expression,
AdrA is responsible for over half of the c-di-GMP produced in the cell (55). Finally, although
AdrA is required for cellulose production during the rdar morphotype, which occurs in liquid or
solid rich media (117, 151), another DGC, STM1987, is involved in cellulose production during
pellicle formation at the air-liquid interface in a liquid starvation media called ATM (37). It is
possible that activation of STM 1987 may occur in ATM but not during the rdar morphotype due
to different environmental sensing domains in these enzymes, which would explain why

STM1987 cannot compensate for the loss of AdrA.

Other c-di-GMP-binding receptors in S. Typhimurium
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The fact that CsgD requires an as-yet unknown c-di-GMP receptor for its expression
demonstrates the existence of other c-di-GMP-binding receptors in S. Typhimurium. Two c-di-
GMP-binding receptors in S. Typhimurium may be PNPase and BdcA, since close homologues
of these proteins in E. coli have been demonstrated to bind c-di-GMP. E. coli PNPase, which is
97% identical to the S. Typhimurium homologue, is an important 3’ to 5’ exonuclease that co-
purifies with a DGC and a PDE that contain PAS domains and is thus thought to modify RNA in
response to oxygen levels (131, 132) . E. coli BdcA is 80% identical to the S. Typhimurium
homologue and binds c-di-GMP with an affinity of 11.7 uM (69). BdcA acts to increase motility
by binding to, and thus potentially sequestering, c-di-GMP (69). Due to the large amount of
sequence conservation between the E. coli and S. Typhimurium homologs of PNPAse and BdcA,
it seems reasonable to speculate that these proteins may also be involved in mediating c-di-GMP-

regulated processes in S. Typhimurium.

The role of c-di-GMP in the virulence of S. Typhimurium

Although the ability to regulate c-di-GMP levels is important in S. Typhimuruim during
infection, the exact role of c-di-GMP during infection is not known. Artificial production of
high levels of c-di-GMP during infection abolishes virulence in mice (63). Conversely, a S.
Typhimurium strain that lacks all 12 GGDEF domain proteins is also completely defective for
virulence, though virulence can be restored by complementation with the GGDEF domain
protein STM4551, even without an active GGDEF motif (116). One EAL domain protein, YdiV,

has been shown to be important for virulence of S. Typhimurium in mice (48). However,
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enzymatic activity of this protein has not been demonstrated in vitro, and YdiV has been shown
to inhibit motility and up-regulate CsgD expression, which are not canonical features of a PDE
(24, 115). It has more recently been shown that YdiV contributes to the virulence of S.
Typhimurium by reducing the expression of flagellin on the cell surface, which is an
immunostimulatory factor (122). Several studies regarding the involvement of cellulose
production during infection have demonstrated conflicting results. The production of cellulose
has been shown to be unnecessary for virulence of S. Typhimurium (117). In fact,
overproduction of cellulose has been shown to inhibit invasion of this organism into
gastrointestinal cells (63). Other studies have shown that cellulose contributes to the attachment
of S. Typhimurium HEp-2 cells and chicken epithelial cells (66). However, cellular aggregation,
which is a hallmark of the rdar morphotype, does not appear to be a virulence adaptation, as a
strain of S. Typhimurium that lacks aggregative factors outcompetes wild-type cells in a
competitive assay for virulence in mice (140). Several studies indicate that production of curli
fimbriae and cellulose may provide some advantage in the transmission between hosts, but not
during infection within the host. The production of cellulose and curli fimbriae has been shown
to facilitate attachment to plants, and to protect cells against desiccation and chlorine exposure
(42, 64, 117, 141). Finally, although the ability to swim is important for S. Typhimurium to
access endothelial cells of the host, it is unknown whether a YcgR-mediated decrease in

swimming is important at any point during infection.

Conclusions
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Although much has been learned about c-di-GMP signaling in the past decade, many
questions remain. Why is there such a multiplicity of c-di-GMP signaling components encoded
in bacterial genomes? What are the c-di-GMP downstream receptors, and how do they exert
their effects on cellular behavior? How are individual c-di-GMP modules able to regulate
processes in parallel in the same cell? Examination of the c-di-GMP signaling network in model
organisms such as S. Typhimurium can provide insight into these questions. The studies
highlighted above present a model of c-di-GMP signaling in S. Typhimurium in which low levels
of c-di-GMP favor motile cells that do not produce adhesive factors, and high levels of c-di-
GMP favor the production of an adhesive extracellular matrix. In this organism, under some
environmental conditions, cellular motility is allowed through the maintenance of low levels of
c-di-GMP by YhjH. Certain environmental cues result in a rise in c-di-GMP levels by the DGCs
STM2123 and STM3388 that induces expression of CsgD, which down-regulates flagellar gene
expression and activates the production of curli fimbriae and AdrA. c¢-di-GMP produced by
AdrA, or by STM1987 in some circumstances, then results in the production of cellulose. Future
experiments analyzing components involved in c-di-GMP signaling, and improvements in the
methods for measuring c-di-GMP, will lead to a better understanding of how c-di-GMP affects

cellular behavior in S. Typhimurium as well as in other organisms.
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Figure 1.1: c-di-GMP is responsible for the switch between the motile and sessile lifestyle.
In many bacteria, c-di-GMP has been shown to inhibit cellular motility, and to stimulate the
production of adhesive factors, such as fimbriae and exopolysaccharides. In addition, c-di-GMP
has also been shown to be involved in the cell cycle of C. crescentus, and in the virulence of
many pathogens. (Modified from Hengge, 2009 (45))
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Figure 1.2: The minimal functional module in c-di-GMP signaling. The minimal functional
c-di-GMP module consists of a c-di-GMP-generating enzyme that contains a GGDEF domain, a
c-di-GMP-degrading enzyme that contains an EAL or HD-GYP domain, an effector molecule
that can bind to c-di-GMP, and a target molecule that produces a biologically important output.
The c-di-GMP-metabolizing enzymes are physically linked to environmental sensing domains,
and thus their activities are controlled by input signals. Many GGDEF domain proteins also
display negative feedback inhibition. (Modified from Povolotsky & Hengge, 2011 (94))
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Figure 1.3: The binding pocket of the PilZ domain protein PP4397 bound to c-di-GMP
reveals that conserved residues make direct contacts with c-di-GMP. Two molecules of c-
di-GMP (CDGI and CDG2), with individual guanine groups designated as (a) or (b), are shown
as a ball-and-stick model (carbon, purple; phosphorous, orange; nitrogen, light blue; oxygen,
red). The backbone of PP4397 is shown as a ribbon diagram (green) with atoms of relevant
residues of the binding pocket shown as a ball and stick model (carbon, white; nitrogen, blue;
oxygen, red). The conserved residues RxxxR (R123 and R127), DxSxxG (D157, S159, G162),
and the Position-X residue (R122) are shown as indicated. Hydrogen bonds are indicated by
orange or blue lines. (From Ko ef al., 2010 (58))
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Figure 1.4: A genetically-encoded c-di-GMP biosensor based on the PilZ domain protein
YcgR measures c-di-GMP in live cells. Shown are cells of P. aeruginosa expressing pYcgR-
Spy in which the FRET/CFP ratios have been pseudocolored to reflect the values shown in the

figure legend. The FRET/CFP ratio can be specifically correlated to a particular c-di-GMP
concentration based on the affinity of YcgR for c-di-GMP. (From Christen ef al., 2010 (23))
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Figure 1.5: ¢-di-GMP controls motility and rdar morphotype formation in S. Typhimurium
and E. coli. (A-D) Comparison of extracellular matrix production between wild-type S.
Typhimurium and a strain lacking all twelve genes that encode GGDEF domain proteins. (A, B)
Formation of a pellicle in the air-liquid interface of LB (A) or ATM (B) is dependent on c-di-
GMP. (C) c-di-GMP stimulates cellulose production, which results in the fluorescence of
colonies on agar plates containing calcofluor. (D) Formation of the rdar morphotype on Congo
Red agar plates is dependent on c-di-GMP. (E) The ability of E. coli to swim through low-agar
motility plates is inhibited by a deletion in yAjH. This inhibition is partially relieved by a second
mutation in ycgR. ((A-D) Modified from Solano et al.,2009 (116); (E) Modified from Paul et al.,
2010 (89))
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CHAPTER 2: MATERIALS AND METHODS

Bacterial Strains

The bacterial strains used in this work are listed in Table 2.1.

Wild-type strains and backgrounds

All Salmonella strains used in this work were S. enterica serovar Typhimurium ATCC
14028s (53), with the exception of the ara::DGC strain used to generate Figures 4.1 and 4.6,
which was generated on a S. Typhimurium LT2 background (73). S. Typhimurium LT2 is over
98% genetically identical to 14028s, and does not contain any differences in genes encoding
GGDEF, EAL, and PilZ domain proteins. For cloning purposes, E. coli DH5a or DH10[ cells

(Invitrogen) were used. Purified protein was produced in E. coli BL21(DE3) (Invitrogen) cells.

Chromosomal mutations

Chromosomal insertions, deletions, and site-directed mutations were generated using the
method described by Datsenko and Wanner (25). Antibiotic resistance markers inserted into the
genome for the purpose of generating chromosomal mutations were transferred to a genetically
unmanipulated strain by P22 transduction, to ensure that the phenotype was due to the intended

mutation. Chromosomal deletion mutants were constructed by the substitution of genetic
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antibiotic resistance cassettes encoding kanamycin, chloramphenicol, or tetracycline resistance,
in such a way that deletion did not affect surrounding genes. To insert PA/120 or PA2133 into
the arabinose locus, a genetic cassette encoding resistance to tetracycline was first inserted into
the chromosome replacing the araBAD genes. Then, primers were used to amplify PA7720 and
PA2133 (62) from P. aeruginosa PAO1 genomic DNA. These primers contained homology to
the genomic regions immediately flanking the tetracycline resistance cassette such that, upon
transformation of the PCR product, PA1120 or PA2133 replaced the tetracycline resistance
cassette. Strains containing the PA7120 or PA2133 genes under the control of the arabinose-
inducible promoter were then selected by their growth on agar plates containing
chlortetracycline, which selects for tetracycline sensitivity (11). S. Typhimurium 14028s
expressing FLAG-tagged BcsA protein was generated by chromosomal insertion, using the
tetracycline selection described above, of a nucleotide sequence encoding the FLAG tag
(DYKDDDDK) just before the STOP codon on the 3 end of the bcsA gene. ycgR R113A4 and
bcsA V695R chromosomal mutants were generated by first inserting a tetracycline antibiotic
resistance cassette into the site of the desired mutation. Tetracycline-resistant strains were then
transformed with oligonucleotides that encoded the single point mutation into cells flanked by 30
nt on either side of the mutation with DNA that was homologous to the DNA flanking the
tetracycline resistance cassette. Mutants containing the mutation in place of the tetracycline
resistance cassette were then selected using the tetracycline selection method described above.
All gene manipulations were designed using the software program Geneious Pro™, and were

verified by PCR amplification of the mutated region and sequencing.

Plasmids
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The plasmids used in this work are listed in Table 2.2. All plasmids were designed using the

software program Geneious Pro™, and were verified by sequencing.

DGC and YcgR expression plasmids

The plasmids used for expression of proteins inside of live strains of S. Typhimurium in
this work were generated in a pMMBG67EH background encoding ampicillin resistance (34). To
make pDGC, PA1120 from P. aeruginosa PAO1 (62) was inserted into pMMB67EH under the
control of the tac promoter, and the pETI5B ribosome binding site
(ACTTTAAGAAGGAGATATCAT) was inserted immediately upstream of the PA7720 start
codon. To make pDGC-YcgR, ycgR and its corresponding putative promoter region (118 bp
upstream of the ycgR start codon) were cloned downstream of PA7120 in pDGC. To prevent
read-through of the ycgR gene when PAI120 transcription was induced with IPTG, the
transcriptional terminator from phage T4 gene 32 was inserted between the end of PA1120 and
the beginning of the YcgR promoter region (31). The YcgR R113A mutation was generated in
this plasmid background using the QuikChange XL™ kit (Agilent) with primers containing the

mutation.

FRET-based biosensor plasmids for protein purification

Plasmids encoding PilZ-based FRET constructs for the determination of c-di-GMP

binding affinities of PilZ domain proteins were generated in a pET15B plasmid background
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containing the N-terminal 6xHis-tagged yfp-cfp FRET fusion pair under the control of a tac
promoter as previously described (23). PilZ domain proteins were cloned into the Spel and
Acc651 sites between the yfp and cfp genes to generate plasmids that would result in the
production of His-tagged, FRET fusion proteins when their expression was induced with IPTG.
BesA from S. Typhimurium and Alg44 from P. aeruginosa are membrane proteins, so the
regions of the genes encoding the PilZ domains of these proteins were cloned into the FRET
construct (residues 691-791 for BesA and 299-389 for Alg44). A truncated version of PA3353
was generated lacking the residues corresponding to the first alpha helix (bases 1-63), since the
full-length PA3353 protein did not demonstrate a change in FRET between the bound and
unbound states that was large enough to accurately measure binding affinity. The BesA V695R,
YcgR R113A, and YcgR S147A point mutations were made on the corresponding pET15B
fusion construct backgrounds using the QuikChange XL™ kit (Agilent) with primers containing

the mutation.

FRET-based biosensor plasmids for expression in vivo

pYcgR-Spy, encoding gentamicin resistance and the YcgR FRET-based biosensor, was
obtained from Christen et a/ (23). This plasmid contains the gene mYPet synthYcgR mCYPet
under the control of an IPTG-inducible promoter. In this plasmid, the ycgR gene, which had
been codon-optimized to remove rare codons during expression in S. Typhimurium, was cloned
between the mYPet and mCYPet genes in Spel and ACC651 sites, resulting in mYPet-YcgR-

mCY Pet fusion protein expression in the presence of IPTG. pYcgRR113A-Spy was generated in
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a pYcgR-Spy background by site-directed mutagenesis using the QuikChange® XL II kit
(Agilent). pBcsA-Spy was constructed by digesting pET15B-BcsAPilZSpy with the restriction
enzymes Spel and ACC651 (FastDigest®, Fermentas) and ligating the released bcsA PilZ region
into pYcgR-Spy (Rapid DNA Ligation Kit, Fermentas) that had also been digested with Spel and

ACC651.

Growth conditions

Unless otherwise stated, cells were grown in Luria Broth at 37C with shaking, in the
presence of antibiotics, arabinose, IPTG, and/or calcofluor (Fluorescence Brightener 28,
Spectrum Chemical MFG) when appropriate. Antibiotic concentrations were: ampicillin, 100 pg
ml™; carbenicillin, 100 pg ml”; chloramphenicol, 20 pg ml”; gentamicin, 15 pg ml™;

kanamycin, 45 pg ml™”; tetracycline, 10 pg ml™.

Protein purification

pET15B plasmids encoding His-tagged PilZ FRET fusion proteins were transformed into
E. coli BL21(DE3) cells. mYPet - PilZ protein - mCyPet fusion proteins were expressed in
BL21(DE3) cells and underwent purification through Ni-NTA resin as previously described (23).
For the affinity measurements shown in Figure 4.4 and Figure 5.1, YcgR and BesA PilZ FRET
constructs, and their associated mutants, were further purified by size exclusion chromatography

using a Superdex™ 200 10/300 GL column (GE Healthcare). To generate a His-tagged BcsA
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PilZ domain lacking fluorophores, this gene was constructed in pET15B without encoding
flanking fluorophores. The His-tagged BcsA protein was expressed in BL21(DE3) cells and
purified through Ni-NTA resin as described (23). This protein then underwent purification by
anion exchange chromatography using a Mono Q™ 5/50 GL column (GE Healthcare) followed

by size exclusion chromatography.

Protein identification using mass spectrometry

In order to identify the protein that co-purified with the S. Typhimurium His-tagged BcsA
PilZ domain when it was expressed in E. coli, protein fractions from the size exclusion
purification step were separated on a SDS-PAGE gel, stained with Coomassie Brilliant Blue
(Thermo Fisher Scientific), and then destained using a solution of 10% acetic acid and 10%
methanol. A 30 kDa band was excised from the gel, and this gel slice was dehydrated by
incubation at room temperature in alternating 100 mM ammonium bicarbonate and 100%
acetonitrile solutions. Proteins were digested in the gel on ice for 45 min with 20 pg ml™” trypsin
(Promega) in the presence of 50 mM ammonium bicarbonate. Digested proteins were then
extracted from the gel using a solution of 5% acetonitrile with 0.1% trifluoroacetic acid,
followed by extraction using 50% acetonitrile with 0.1% trifluoroacetic acid. The solution
containing digested proteins was then centrifuged in an Eppendorf Vacufuge® plus to evaporate
liquid until only about 10 pL of liquid remained in the tube. Protein fragments were then
identified using a LTQ Velos Dual-Pressure Linear Ion Trap Mass Spectrometer (Thermo

Scientific). As a control, the band corresponding to the approximate length of the BesA PilZ
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domain protein (about 15 kDa) was also excised from the gel, processed, and submitted for
identification. As expected, this protein was identified as the S. Typhimurium BcsA PilZ

domain.

Fluorescence spectra and kinetic measurements

c-di-GMP was added to purified FRET fusion protein in 96-well black Greiner plates,
and the amount of FRET was quantified on an Envision multilabel plate reader (PerkinElmer).
Fluorescence spectra were recorded using the quad monochromator (excitation at 425 nm,
emission scan from 460 to 560 nm in 1 nm intervals) using 50-500 nM biosensor in PBS pH 7.4
with 10% glycerol, 200 mM NaCl, and 5 mM B-mercaptoethanol. Emission spectra were
normalized to the total amount of fluorescence emission over the entire scan. Binding affinity
was determined by adding increasing concentrations of c-di-GMP and measuring the resulting
FRET/CFP ratio using a filter-based measurement method (CFP excitation filter CWL 430 nm,
BW 24 nm; CFP emission filter CWL 485 nm, BW 14 nm; YFP emission filter CWL 535 nm,
BW 30 nm, dual dichroic mirror D450/D505 nm) to determine FRET ratios at 24°C to 37°C in
1°C intervals. In the filter-based method, the fraction of FRET biosensor bound to c-di-GMP
was calculated for each biosensor by measuring the FRET/CFP ratio at each indicated c-di-GMP
concentration, subtracting the unbound FRET/CFP ratio, and dividing this number by the
difference between the bound and unbound FRET/CFP ratios. A number of 0 indicates that the
FRET biosensor is completely unbound to c-di-GMP, and a number of 1 indicates that the FRET

biosensor is completely bound to c-di-GMP. Binding affinities and Hill coefficients were
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calculated by fitting a curve to the plot of FRET ratio versus c-di-GMP concentration in either

Quantum Soft pro Fit™ or GraphPad Prism™.,

Analysis of BesA protein expression

To compare BcsA protein expression between strains growing at different temperatures,
cells of a S. Typhimurium strain harboring FLAG-tagged BcsA protein were scraped off of LB
plates that had been incubated at either 37°C for 24 hours, or at 24°C (room temperature) for 48-
72 hours, into pre-weighed Eppendorf tubes, immediately frozen at -80°C for at least 15 minutes,
then resuspended in PBS pH 7.4 at a concentration of 0.2 pg cell wet weight pl' with
chloramphenicol (20 pg ml") to inhibit any protein translation that might occur before and
during the sonication process. To verify that the observed FLAG-tagged band represented
FLAG-tagged BcsA protein, cells expressing the native untagged BcsA protein grown at 24°C
were also included in this analysis. Cells were disrupted by sonication, centrifuged for 10 min at
4°C at full speed in a tabletop Eppendorf centrifuge, and the supernatant containing soluble
protein was discarded. The pellet was resuspended in PBS with 1% lauryldimethylamine-oxide
to solubilize membrane proteins. The mixture was centrifuged again to remove whole cells. The
supernatant, containing membrane proteins, was obtained, and protein content was quantified
using a Bradford assay. 5 mg of total protein was run on an SDS-PAGE gel (6% acrylamide),
transferred to nitrocellulose membranes, and blocked using PBST containing 0.5% milk. Blots

were incubated with a primary antibody (polyclonal anti-FLAG 1:500, Immunology Consultants
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Laboratory), washed, incubated with a secondary antibody (1:5000, donkey anti-rabbit

conjugated to HRP, GE Healthcare), and developed using X-ray film.

Analysis of cellulose production

Visualization of cellulose production on LB plates

Cellulose production is determined by its binding to the fluorescent dye calcofluor, which
fluoresces when it is bound to cellulose. The calcofluor plates used in this work were LB-agar
plates containing 50 pug ml™ calcofluor (Fluorescence Brightener 28, Spectrum Chemical MFG).
Strains were streaked on calcofluor plates and incubated overnight (37°C) or for 2-3 days (24-
30°C). Plates were analyzed by illumination using a UVP Bioimaging System© with an
excitation wavelength of 365 nm unless otherwise specified, equipped with a digital camera for

capturing images.

Quantitative cellulose measurements

For the quantitative cellulose production measurements shown in Figure 4.6, S.
Typhimurium ara::DGC, ara::DGC bcsA-V695R, or the ara::DGC AbcsA mutant were
incubated overnight at 37°C. The next day, cells were diluted to an ODggp of 0.02, incubated at

37°C with shaking until the ODgg reached 3.3, then diluted again to an ODggp of 0.0625. 8 pl of
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each strain were spotted using a multichannel pipettor into each well of a Greiner 96-well black
plate with 200 ul of calcofluor (3 pg ml™) and the indicated amount of arabinose. After
incubation at 37°C for 20 hours (a condition at which Salmonella does not normally make
cellulose), the intensity of calcofluor fluorescence was then quantified by reading the
fluorescence values in an ENVISION multilabel plate reader (PerkinElmer). The data was

analyzed using a Student’s two-tailed T test.

Measurement of cellulose production in swimming agar plates

For determination of cellulose production in swimming agar plates, S. Typhimurium
strains AyhjH, AyhjH AbcsA, pDGC, and pDGC A4bcsA were inoculated as described below in the
“soft-agar motility plate assays” section onto 0.3% agar swimming plates containing 50 ng pL"
calcofluor. To induce production of the DGC PA1120, IPTG had been added to the plate at a
concentration of 100 uM. Plates were incubated at 37°C for 12 hours, then scanned using an
Epson® Perfection 4990 scanner and imaged using a UVP Bioimaging System© with the

excitation wavelength at 254 nm.

Cell lysate assay for production of cellulose

To determine whether cells of S. Typhimurium contained all of the components required
for the production of cellulose when grown at 37°C, an experiment analyzing cellulose

production by cell lysates of strains grown at 37°C was performed. Strains were inoculated into
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1 liter of LB and shaken at 37°C overnight. The next morning, chloramphenicol was added (20
ng ml™) to stop any new protein translation, and cells were allowed to incubate for another hour.
Cells were then rapidly cooled in a dry ice/ethanol bath, pelleted at 4420*g for 15 min at 4°C,
and stored at -80°C for at least 15 minutes. Pellets were resuspended in 25 ml of 70 mM Tris
pH 7.7 with 50 mM NaCl, 10 mM MgCl,, 5 mM CaCl,, 1 mM EDTA, 5 mM B-mercaptoethanol,
protease inhibitors, 20 pg ml™” chloramphenicol to prevent protein translation, and 1 pg ml”
lysozyme to degrade the bacterial cell wall. After 30 minutes of incubation on ice, cells were
lysed in an Avestin™ EmulsiFlex-C3, and cell lysate was centrifuged 4 times for 15 min at 4C at
4500*g to remove whole unlysed cells. At this point, 100 ul of lysate was plated onto LB-agar
plates to verify that all live cells had been removed. Lysate was then incubated in a solution
containing 5% glycerol, 100 uM GTP, 20 mM MgCl,, 1 mM UDP-glucose, and 50 pg ml™
calcofluor, with or without 6 pg ml™ purified DgcA of Caulobacter crescentus, at 37°C for 15
min. 12 replicates of 100 ul each were performed for each strain. After incubation, samples
were centrifuged at max speed in a tabletop Eppendorf centrifuge, washed twice in Tris buffer
(composition above), resuspended in 100 pl Tris buffer, and transferred to a Greiner 96-well
black plate. Calcofluor fluorescence was measured on an Envision multilabel reader
(PerkinElmer) by excitation at 365 nm and emission at 420 nm. The data was analyzed using a

Student’s two-tailed T test.

Soft-agar motility plate assays

Strains were inoculated as overnight cultures in LB at 37°C with shaking. The following

morning, strains were diluted to ODggp of 0.1. 1.5 pl were then spotted onto 0.3-0.35% agar LB
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plates. Plates were incubated at 37°C for 9-13 hours, then scanned using an Epson® Perfection
4990 scanner and imported as TIFF files. The diameter of swimming of each strain was

measured by using the magic wand tool in Adobe™ Photoshop™ CSS5.

Measurement of in vivo FRET/CFP ratios in individual cells

Growth conditions for in vivo biosensor expression — characterization of biosensors (Chapter 5)

To characterize all biosensors for use as in vivo ¢c-di-GMP measurement tools, all strains
containing biosensor plasmids were grown at 30°C to prevent homologous recombination
between the mYPet and mCYPet genes. To determine FRET/CFP ratios in ara::DGC or
ara::PDE strains expressing biosensors, strains were inoculated into one ml LB with 15 pg ml™
gentamicin and 75 uM IPTG, and incubated overnight at 30°C with shaking. The next day,
strains were diluted to an ODgyy of 0.04 in 1 ml modified M63 media (1.1 mM KH,PO,4, 2 mM
K,HPO4, 750 uM (NHy4),SO4, 100 mM glycerol, 5 uM Fe2+NH4SO4, 2 mM MgCl,, 10 mM
NaCl, 15 ug ml" gentamicin, 500 uM IPTG, 1.3 mM arabinose). M63 media was used in these
experiments since LB media demonstrates autofluorescence at the wavelengths used for imaging.
Strains were then incubated for 5 hours and 25 minutes at 30°C with shaking. At this point, cells

were prepared for fluorescence microscopy.

Growth conditions for in vivo biosensor expression — determination of c-di-GMP concentrations

in wild-type vs. AyhjH mutant strains (Chapter 4)
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To determine FRET/CFP ratios in S. Typhimurium 14028s and an isogenic yhjH mutant,
cells were inoculated into one ml LB with 15 pg ml"' gentamicin and 75 uM IPTG, and
incubated at 30°C overnight with shaking. The next day, cells were diluted into 25 ml fresh LB
with 15 pg ml™” gentamicin and 500 pM IPTG at an ODgg of 0.02. Cells were incubated at 37°C
for approximately 2 hours until the ODgyy reached 0.2. At this point, cells were prepared for

fluorescence microscopy.

Sample preparation for fluorescence microscopy

To prepare samples for fluorescence microscopy, cells were centrifuged, washed in M63
media (for strains that had previously been growing in LB), and resuspended in M63 media to an
OD of 2.0. 1.5 ul of resuspended cells were then spotted onto 0.75 mm thick agar pads
(modified M63 media with 1% agarose) on prewarmed, prewashed 1 mm microscope slides
(Thermo Fisher Scientific) and allowed to dry. A prewarmed number 1.5 glass coverslip
(Corning Life Sciences) was applied to the agar pads, and the coverslip was sealed to the slide

using a glue gun to prevent liquid evaporation.

Image acquisition

Fluorescence microscopy images were acquired using a Nikon Eclipse TIE inverted,

wide-field microscope using the same hardware and software as previously published (23). For

each experiment, the microscope chamber was prewarmed to the appropriate temperature.
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Exposure times for the determination of intensities in the FRET, CFP, and YFP channels were

1000, 1300, and 200 ms, respectively, with a conversion gain of 2x and 2x2 binning.

Image processing

For each image, all channels were exported in a TIFF file format by Nikon Elements
analytical software. For each TIFF file, the background intensity was subtracted, and the
subpixel shifts were corrected by registering to the CFP channel image using Imagel version
1.44. Processed images were imported into Nikon NIS Elements software, and regions of
interest representing individual cells were selected. The average intensity values for each region
of interest were then exported to Microsoft® Excel software. Regions of aggregated FRET
protein, represented by localized, unphysiologically high intensity values in either the CFP or
YFP channels near one pole of the cell were deselected when observed and were not counted in
the analysis. Cells demonstrating an average FRET intensity value of less than three times
higher than background were not included in the analysis, unless a clear distinction could be
determined between control strains at this intensity value. Net FRET (nFRET) was calculated by
subtracting spectral bleedthrough and direct YFP excitation from the FRET intensity value (23,
145). To control for brightness, nFRET was normalized to the intensity of the CFP channel
(133). The limit of detection of this technique is 1-2 molecules per pixel, which is hundreds of

molecules per individual bacterial cell.

Determination of FRET/CFP ratios of purified biosensors loaded onto Ni-NTA silica beads
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Ni-NTA Superflow silica resin was obtained from Qiagen. Purified biosensor was mixed
at the concentration of 12.5 nM (for YcgR and YcgR R113A biosensors) or 50 nM (for BesA
PilZ biosensor) with a 1:75 dilution of the Ni-NTA resin and the indicated concentration of c-di-
GMP in PBS pH 7.5 with 200 mM NaCl and 5 mM B-mercaptoethanol at 30°C. 100 pl was
transferred to a chamber of an eight-chambered slide (Lab-Tek™, Thermo Fisher Scientific).
Biosensor-loaded beads were then imaged using the above protocol, with differences in exposure
times for the FRET, CFP, and YFP channels: these were 600, 600, and 100 ms, respectively,

with 1x1 binning.

Mouse virulence assays

Healthy adult BALB/cJ mice (Charles River Laboratories) were administered 10 or 100
cells intraperitoneally with S. Typhimurium 14028s wild-type, AbcsA, AycgR, or AbcsA
AycgR mutants diluted in 100 pl of PBS. The number of cells in inocula was verified by
dilutional plating and found to vary by no more than 25%. The health of infected mice was then
monitored over the course of 4-5 days. All procedures were in compliance with the regulations

of the Institutional Animal Care and Use Committee of the University of Washington.
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Table 2.1. Description of the strains used in this study.
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Strain Description Ancester, Comments, References
E. coli
E. coli DH5a Cloning strain Invitrogen
E. coli DH10b Cloning strain Invitrogen
E. coli BL21(DE3) Strain for protein purification Invitrogen

S. Typhimurium

S. Typhimurium 14028s
S. TyphimuriumLT2
ara:DGC

ara::PDE

AyhjH

AyhjH AycgR

AyhjH ycgR-R113A
AyhjH AbcsA

AadrA

AycgR

AbcsA

AycgR AbcsA
bcsA-FLAG

ara::DGC bcsA-VB695R
ara::DGC AbcsA

Wild-type strain, virulent, ATCC14028
Wild-type strain, avirulent, ATCC700720
(AaraBAD)::PA1120
(AaraBAD)::PA2133
AyhjH: :kan
AyhjH: :kan AycgR ::cam
AyhjH: :kan ycgR.:R113A
AyhjH: :kan AbcsA ::tet
AadrA: :kan
AycgR ::cam
AbcsA :itet
AycgR: :kan AbcsA ::tet
bcsA:FLAG
(AaraBAD)::PA1120 bcsA::V695R
(AaraBAD)::PA1120 AbcsA::tet

Jarvik et al, 2012
McClelland et al, 2001
14028s or LT2
14028s
14028s
14028s
14028s
14028s
14028s
14028s
14028s
14028s
14028s
LT2
LT2



Table 2.2. Description of the plasmids used in this study.
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Plasmid Description Source or Reference

pET16B Protein expression vector. Ampicillin resistance.

pET16B-YcgRSpy pPET16B::mYPet_synthYcgR_mCYPet Christen et al, 2010
pET16B-YcgRR113ASpy pPET16B::mYPet_synthYcgRR113A_mCYPet This work
pET15B-YcgRS147ASpy PET15B::mYPet_synthYcgRS147A_mCYPet This work

pET 15B-BcsAPIlIZSpy PET15B::mYPet_BcsAPRilZ_mCYPet This work

pET 15B-PA2960Spy PET15B::mYPet_PA2960_mCYPet This work
pET15B-PA3353Spy PET15B::mYPet_PA3353_mCYPet This work

pET 15B-Alg44PilZSpy pPET15B::mYPet_Alg44PilZ_mCYPet This work
pET15B-PA4324Spy PET15B::mYPet_PA4324 mCYPet This work

pMMB67EH
pYcgR-Spy
pYcgRR113A-Spy
pBcsA-Spy

pDGC
pDGC-YcgR
pDGC-YcgR R113A

Broad-host expression vector. Gentamicin resistance.
PMMB6E7EH::mYPet_synthYcgR_mCYPet
pPMMB67EH::mYPet_synthYcgRR113A_mCYPet
pPMMBG67EH::mYPet_bcsAPilZ_mCYPet

pMMBG67EH::PA1120
PMMBG67EH::PA1120_T4 32 trans term_pycgR_ycgR
pPMMBG7EH::PA1120_T4 32 trans term_pycgR_ycgR R1113A

Furste et al, 1986
Christen et al, 2010
This work
This work

This work
This work
This work
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CHAPTER 3: THE BINDING AFFINITIES OF PILZ DOMAIN PROTEINS

SPAN A LARGE RANGE OF C-DI-GMP CONCENTRATIONS

Summary

In many different organisms, c-di-GMP signaling involves complex networks composed
of DGCs, PDEs, and c-di-GMP downstream receptors. One major question remaining in the
field of c-di-GMP signaling is how specificity is achieved between c-di-GMP-metabolizing
enzymes and the downstream processes that they control, when all of these enzymes signal
through the same second messenger. Here, we use a FRET-based method to measure the
affinities of c-di-GMP-specific receptors, PilZ domain proteins, and demonstrate large ranges of
c-di-GMP-binding affinities for these proteins in two different organisms: S. Typhimuruim and
P. aeruginosa. We show that the PilZ domain proteins of S. Typhimurium, YcgR and BcsA,
demonstrated a 43-fold difference in their affinities for c-di-GMP. The eight PilZ domain
proteins of P. aeruginosa demonstrated a 145-fold difference in binding affinities, spanning from
the nanomolar to the micromolar range. Differences in binding affinities of c-di-GMP receptors
in these organisms define ranges of intracellular c-di-GMP concentrations in which some
receptors, but not others, would be bound to c-di-GMP within the cell. These data, combined
with measurements of binding affinities of c-di-GMP receptors from other organisms, suggest
that regulation of c-di-GMP signaling by binding affinity may be a conserved mechanism that
allows organisms with many c-di-GMP-binding macromolecules to integrate multiple

environmental signals into one specific output.
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Introduction

c-di-GMP is an intracellular second messenger that regulates motility and
exopolysaccharide production in bacteria. Although many bacterial species encode dozens of
GGDEF and EAL domain proteins that all metabolize the same second messenger, many of these
enzymes have been specifically implicated in certain downstream processes. These observations
have led to the conclusion that c-di-GMP signaling may be functionally compartmentalized (45,
92, 138). There are several potential mechanisms for how this compartmentalization could
occur. One of these mechanisms involves temporal regulation of ¢c-di-GMP components. In this
mechanism, c-di-GMP metabolizing enzymes would be expressed under the same conditions as
their downstream receptors and targets. Indeed, some c-di-GMP components are known to be
under the transcriptional control of various signals (92, 138); however, others appear to be
constitutively expressed, so this mechanism does not adequately account for all observed
signaling specificity (116). Another proposed model for signaling specificity involves the spatial
sequestration of individual c-di-GMP components, such that generation and degradation of c-di-
GMP would act locally on a particular target. Although there is some evidence to support local
activity of c-di-GMP metabolizing enzymes (72, 76), the rapid diffusion of c-di-GMP in the
bacterial cytoplasm would make it difficult to establish such local pools inside of the bacterial
cell (77) (Chapter 6). An alternative, though not mutually exclusive, mechanism by which c-di-

GMP signaling specificity could be achieved is through the binding affinities of downstream
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receptors (45, 58, 77), wherein downstream receptor affinity for c-di-GMP would determine

which receptors are activated at particular c-di-GMP levels.

The hypothesis that regulation of downstream processes occurs at least in part through c-
di-GMP receptor binding affinities is supported by the measured affinities of several PilZ
domain proteins for c-di-GMP, which have been found to vary considerably. For example, the c-
di-GMP binding affinity of DgrA, a PilZ domain protein from Caulobacter crescentus, was
found to be high, with a K4 of less than 50 nM (21). Conversely, Alg44, a PilZ domain protein
in Pseudomonas aeruginosa that is required for alginate production, was found to have a low
binding affinity, with a K4 of approximately 8.4 uM (75). It seems unlikely that these
differences in binding affinities simply reflect differences in the natural concentrations of c-di-
GMP between these organisms, since other, non-PilZ c-di-GMP-binding proteins identified in
these organisms also demonstrate very different affinities for c-di-GMP: PopA from C.
crescentus (2.4 uM) (28), and FimX, PelD, and FleQ from P. aeruginosa (125 nM, 1 uM, and
15-25 uM, respectively) (46, 68, 80). This disparity in the affinities of c-di-GMP receptors
suggests that the concentrations of c-di-GMP required for receptor activation span a large range
even within the same organism.

In this work, we used the same measurement method to measure and compare the binding
affinities of all PilZ domain proteins in two organisms: Salmonella Typhimurium, which harbors
two PilZ domain proteins, and P. aeruginosa, which contains eight. We found that the affinities
of these proteins varied considerably: the PilZ domain proteins of S. Typhimurium differed by
43-fold in their affinities for c-di-GMP, and PilZ domain proteins of P. aeruginosa differed by

145-fold. These data provide support to the hypothesis that signaling specificity can occur by the
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affinities of downstream receptors, since they indicate that there exist discrete levels of c-di-

GMP that would activate some of these c-di-GMP receptors, but not others.

A FRET-based method to measure PilZ domain protein binding affinities for c-di-GMP

In order to measure binding affinities of PilZ domain proteins, we constructed FRET-
based biosensors by fusing these proteins to fluorophores that constitute a FRET pair (Figure
3.1). Intramolecular FRET 1is a very sensitive method for detecting changes in protein
conformation (52, 106). FRET technology depends on the use of a donor and acceptor
fluorophore, in which the donor emission wavelength overlaps with the acceptor excitation
wavelength. In this study, we made use of the two fluorophores mYPet and mCyPet, which are
YFP and CFP derivatives, respectively, that have been optimized for use as a FRET pair (81). In
the absence of c-di-GMP, upon excitation with the mCyPet fluorophore wavelength, FRET
biosensors based on PilZ domain proteins will demonstrate a characteristic FRET profile that is
dependent on the relative distance and/or orientation of the two fluorophores with respect to each
other (Figure 3.2). Upon binding to c-di-GMP, the PilZ domain protein experiences a
conformational change, which results in a change in the FRET output emission spectrum (Figure
3.2). This method has been previously utilized to measure the affinity of YcgR for ¢-di-GMP in
a mYPet-YcgR-mCyPet fusion protein (23), and to measure affinities of other, non-PilZ domain

proteins for other second messengers (51, 78, 83, 87, 107).

The binding affinities of S. Typhimurium PilZ domain proteins differ by 43-fold
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S. Typhimurium harbors two PilZ domain proteins: YcgR and BcsA. We used the FRET-
based method to generate a c-di-GMP biosensor using the BesA PilZ domain in order to compare
its c-di-GMP binding properties to those of YcgR. The BcsA protein is predicted to include nine
transmembrane helices, a glycosyltransferase domain, and a cytoplasmic PilZ domain located
immediately on the carboxyl-terminal side of a transmembrane helix (InterPro -

http://www.ebi.ac.uk/interpro/). Making a FRET fusion using the entire BcsA protein would not

have been possible due to the transmembrane domains of BcesA, so we used the cytoplasmic PilZ
domain as the c-di-GMP-detecting sensor. Both YcgR- and BcsA PilZ domain -based c-di-GMP
biosensors were purified from E. coli BL21(DE3) cells, and their FRET emission spectrum
profiles were analyzed in the presence or absence of 40 uM c-di-GMP using a fluorescence plate
reader. For both the YcgR and BesA PilZ FRET constructs, the presence of ¢-di-GMP results in
a corresponding decrease in FRET of PilZ-FRET fusion proteins (Figure 3.2), suggesting that
binding results in an increase in the distance between the amino- and carboxyl-termini in the
protein tertiary structure, or a change in their dipole-dipole orientation. The c-di-GMP bound
state of the FRET fusion protein can be distinguished from the unbound state by comparing the
ratio of YFP (535 nm) to CFP emission (480 nm) (Figure 3.2).

We used this construct to explore the c-di-GMP binding kinetics of the BcsA PilZ
domain. The c-di-GMP binding affinities for both PilZ domain protein-based c-di-GMP
biosensors were measured by determining their FRET profile in the presence of increasing
concentrations of c-di-GMP. This yielded a concentration-responsive curve of the FRET-based
proteins for c-di-GMP (Figure 3.3 and data not shown for the YcgR FRET protein). The Hill

coefficient was approximately two for the BcsA PilZ domain, similar to Hill coefficients
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measured for other PilZ domains (58, 97), suggesting binding to two molecules of c-di-GMP and
indicating positive cooperativity in c-di-GMP binding (Table 3.2). Unexpectedly, we observed a
Hill coefficient closer to 1.5 for the YcgR FRET-based biosensor at 25°C, compared to the Hill
coefficient previously published of 2 for this protein (23); however, as temperature increased, the
Hill coefficient approximated 2 for this protein (Table 3.2). We were able to measure the
equilibrium binding constant Ky by fitting a line to the concentration-responsive curve. The
affinities for c-di-GMP binding were 191 + 18 nM for YcgR (similar to the value of 195 nM
previously published for this FRET-based biosensor (23)) and 8240 + 238 nM for BcsA at 25°C
(Table 3.1). This represents an approximately 43-fold difference in affinity for c-di-GMP
between these two proteins. Additionally, the c-di-GMP binding affinity of each PilZ domain
protein measured was highly dependent on temperature, since the affinity dropped by
approximately 15% for every increase in °C (Figure 3.3, 3.5 and data not shown). This indicates
that the binding is entropically unfavorable, as was also determined for the binding of the Vibrio
cholerae PilZ domain protein VCA0042 to c-di-GMP (6). The disparity in binding affinities
between YcgR and BcsA was maintained at every temperature measured (Table 3.2).
Comparing the binding curves of these two proteins suggests that there exists a range of
intracellular c-di-GMP concentrations that would stimulate binding to YcgR but would not be
high enough to stimulate binding to BcsA (Figure 3.4), and implies that their specific binding

affinities for c-di-GMP may thus be important for their biological functions (Chapter 4).

The binding affinities of PilZ domain proteins of P. aeruginosa differ by 145-fold
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Next we compared the binding affinities of the eight PilZ domain proteins of P.
aeruginosa using the same sensitive FRET-based method (2). This method has previously been
used to measure the affinities of four P. aeruginosa PilZ domain proteins by our research group
(Table 3.1) (23). We generated FRET-based c-di-GMP biosensors for the remaining PilZ
domain proteins and measured their affinities for c-di-GMP. Alg44 is a membrane protein, and
so the PilZ domain alone of this protein was used in the FRET-based biosensor. We found that
PA2960, the protein from which PilZ proteins derived their name, did not appear to bind c-di-
GMP, as no FRET shift was observed. This is not surprising since PA2960 has been shown to
not bind c-di-GMP in another study (75), likely because it lacks the RxxxR motif required for
binding c-di-GMP (2, 21, 108). Interestingly, the binding curve for PA3353 suggested two
binding sites that differed by about eight-fold, one at an approximate c-di-GMP concentration of
88 nM and one at 732 nM (Figure 3.5, Table 3.1). Further work is needed to determine the
structural basis of c-di-GMP binding at two sites in this protein.

As in S. Typhimurium, the c-di-GMP-binding affinities of P. aeruginosa PilZ domain
proteins spanned a sizable range of c-di-GMP concentrations. The highest and lowest affinities
of P. aeruginosa PilZ domain proteins for c-di-GMP measured in this work differed by 145-fold
(Table 3.1). The Hill coefficient approximated two for every P. aeriguinosa PilZ domain protein
measured, and all measured binding affinities decreased as temperatures increased (Figure 3.5
and data not shown). Other published binding affinities of three other non-PilZ c-di-GMP-
receptors in P. aeruginosa fit into this concentration range (Table 3.1), although it should be
noted that the binding affinities of these proteins were not measured at 25°C. Together these
binding affinities represent at least a 250-fold difference in concentration of c-di-GMP required

to activate c-di-GMP receptors in P. aeruginosa.
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Discussion

In this study, the binding affinities of PilZ domain proteins from S. Typhimurium and P.
aeruginosa were measured using the same FRET-based method and were found to vary
considerably. For S. Typhimurium, affinities differed by 43-fold, and for P. aeruginosa, they
differed by 145-fold. This implies that physiological c-di-GMP levels can vary in these bacteria
from the low nanomolar range up to the micormolar range. This disparity in affinities of c-di-
GMP receptors has also been shown to exist in other bacteria. c-di-GMP-binding molecules
from Caulobacter crescentus and Vibrio cholerae also exhibit large differences in binding
affinities, implying that binding affinities may play an important role in c-di-GMP signaling in
many different bacterial species (Table 3.1). This suggests that intracellular c-di-GMP
concentrations can span a large range in these organisms, and that under certain conditions the
cellular c-di-GMP level would be high enough to stimulate binding to one subset of c-di-GMP-

binding proteins while not activating others.

It is interesting to note that the c-di-GMP-binding molecules shown or suspected to be
involved in motility tend to have high binding affinities in the nanomolar range (DgrA, YcgR
and its homologues VCA0042 and PA3353), and those with lower affinities in the micromolar
range tend to be linked to EPS production (like FleQ, Alg44, BcsA, and VpsT) (Table 3.1).
Possibly this is because it is always beneficial to inhibit swimming when EPS is produced, while
there may be other situations in which it is advantageous to decrease swimming, or perform other
c-di-GMP-controlled activities, without investing energy in an extracellular matrix. In addition,
many DGCs are negatively feedback-inhibited via binding of c-di-GMP to an allosteric I-site,

allowing them to maintain homeostasis of c¢-di-GMP concentrations (20). It is attractive to
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speculate that DGC feedback inhibition may work synergistically with downstream receptor
binding affinities, such that some DGCs would produce enough c-di-GMP to “communicate”
with receptors with low c-di-GMP-binding affinity, while other DGCs with high affinity for c-di-
GMP at the I-site would be limited to activating only receptors with a high affinity for c-di-
GMP. Finally, the P. aeruginosa PilZ domain protein PA3353 demonstrated the presence of two
binding sites in this study. PA3353 might thus act as a bandpass filter, active (or inactive) only

within a narrow range of c-di-GMP levels.

To verify that the c-di-GMP-binding affinity of the FRET-based BcsA PilZ domain
biosensor was not significantly altered by the presence of the fused fluorophores, a BcsA PilZ
domain protein lacking these fluorophores was produced for the purpose of examination of
binding affinity by isothermal titration calorimetry, an established method for measuring binding
affinities of proteins for small molecules. However, this protein could not be separated from
another protein of about 30 kDa during purification process, and thus ITC could not be
performed on the BesA PilZ domain as pure protein could not be obtained using this method.
The FRET BcesA PilZ fusion construct did not demonstrate co-purification with this 30 kDa
protein. The constituent proteins of this 30 kDa band were identified using a mass spectrometer.
Approximately 20 proteins were identified to be associated with this band. One of these
proteins, B-hexosaminidase from E. coli, was present in the sample at high coverage. This
protein has a S. Typhimurium homologue that is very similar in sequence. Since this enzyme is
involved in maintenance of the peptidoglycan layer, it is not clear what physiological relevance,

if any, is represented by the co-purification of this protein with the BesA PilZ domain in E. coli.

The binding affinities of PilZ domain proteins measured in this work using the FRET-

based method is comparable to affinities for these proteins measured using other methods. The
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S. Typhimurium protein YcgR demonstrated a binding affinity of 191 + 18 nM in this assay.
This is very similar to the affinity of this protein previously measured by crosslinking to
radiolabeled c-di-GMP, of 182 + 29 nM (21) (Table 3.1). PA3353 has also been measured by
another group using surface plasmon resonance to be 262 = 66 nM (Table 3.1), although this
binding affinity was measured at 20°C (29). We have found that the binding affinity varies with
temperature, and that for every °C increase in temperature, the binding affinity decreases by
approximately 15% (Table 3.2). Therefore this measurement of 262 £ 66 nM at 20°C would be
estimated to be approximately 530 + 100 nM at 25°C, comparable to the affinity measured by us
of 732 + 122 nM for PA3353 at 25°C. The published affinity for Algd4 (PA3542) is 8.4 uM,
which is slightly higher than the affinity for Alg44 measured by us of 12.7 + 1.7 uM (75) (Table
3.1). This could be because the published affinity was measured using isothermal titration
calorimetry, which is a method that is fairly inaccurate in measuring the affinities of proteins for
small molecules when these affinities are low, and cannot resolve binding affinities of less than
approximately 10 uM (98). Thus, the small difference in the binding affinity of Alg44 as
measured by us and the published binding affinity could be due to differences in measurement

methods.

How could differences in binding affinities be achieved? Mutational studies on Position-
X of the PilZ domain clearly demonstrate that even differences in single amino acids can result
in drastic disparities in binding affinities of PilZ domain proteins for c-di-GMP (58). These
amino acid differences may result in dissimilarities in the specific interactions of amino acid
residues with c-di-GMP in the binding pocket. Indeed, Alg44, which demonstrates a low affinity
for binding c-di-GMP in this study and in others, maintains an alanine in this position, instead of

the arginine that is typically associated with PilZ domain proteins that bind with a higher
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affinity; other PilZ domain proteins in P. aeruginosa demonstrate an arginine, a lysine, or a

glutamine in this position.

The differences in binding affinities of c-di-GMP receptors in S. Typhimurium and P.
aeruginosa indicates a potential mechanism for determining specificity in c¢-di-GMP signaling.
In order to analyze how binding affinities of PilZ domain proteins affect their biological output
functions, we chose to pursue this study further in S. Typhimurium, which has two PilZ domain

proteins, both with published phenotypes (Chapter 4).
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Tables and Figures
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Figure 3.1: The FRET-based biosensor method. PilZ domain FRET proteins were generated
by the fusion of the fluorophores mYPet (YFP) and mCyPet (CFP) to either termini of a PilZ
domain protein. This protein demonstrates a characteristic FRET signal when excited at the
excitation wavelength of mCyPet (425 nm). The amount of FRET is dependent on the particular
PilZ domain protein used to generate the construct. Binding of c-di-GMP to the PilZ domain
changes the conformation of the PilZ domain protein, which results in a shift in the emission
ratio of mYPet (535 nm) to mCyPet (480 nm). In this figure, binding of c-di-GMP results in a
decrease in FRET, though c-di-GMP binding can also result in a FRET increase depending on
the PilZ domain protein used.
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Figure 3.2: YcgR- and BesA PilZ-based biosensors demonstrate a decrease in FRET in the
presence of c-di-GMP. Emission spectra were determined using a fluorescence plate reader
upon excitation of CFP at 425 nm. Shown are the emission spectra in the presence (closed
circles) and absence (open circles) of 40 uM c-di-GMP. For both biosensors, the addition of c-

di-GMP results in a decrease in the amount of FRET. (a) YcgR biosensor, (b) BesA PilZ
biosensor.



69

-
o
1

EENENN

0.0 =

ANE

1 ¥igs o4

c-di-GMP (M)

Fraction of FRET biosensor bound
o
[4) ]

Figure 3.3: The effect of temperature on the binding affinity of the BcsA PilZ domain for c-
di-GMP. Shown are binding curves of the BcsA PilZ domain FRET construct for c-di-GMP at
temperatures ranging from 24°C to 37°C at 1°C intervals as indicated by the legend. Binding
affinity decreases as temperature increases. At each temperature, the fraction of FRET biosensor
bound to c-di-GMP was calculated by determining the FRET/CFP ratio at each indicated c-di-
GMP concentration, subtracting the unbound FRET/CFP ratio, and dividing this number by the
difference between the bound and unbound FRET ratios. A number of 0 indicates that the FRET
biosensor is completely unbound to c-di-GMP, and a number of 1 indicates that the FRET
biosensor is completely bound to c-di-GMP.
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Figure 3.4: The binding affinities of YcgR and the BesA PilZ domain differ by 43-fold. c-
di-GMP binding curves for YcgR (circles) and BesA (squares) biosensors as measured by FRET.
For each biosensor, the fraction of FRET biosensor bound to c-di-GMP was calculated by
determining the FRET/CFP ratio at each indicated c-di-GMP concentration, subtracting the
unbound FRET/CFP ratio, and dividing this number by the difference between the bound and
unbound FRET ratios. A number of 0 indicates that the FRET biosensor is completely unbound
to c-di-GMP, and a number of 1 indicates that the FRET biosensor is completely bound to c-di-
GMP.
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Figure 3.5: Binding curves of PA3353 for c-di-GMP suggest two binding sites. Shown are
binding curves of the PA3353 FRET construct for c-di-GMP at temperatures ranging from 24°C

to 37°C at 1°C intervals as indicated by the legend.



Table 3.1: Affinities of c-di-GMP-hinding molecules in selected bacteria

Binding Affinity (nM)
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Protein This Work Published  Binding Motif Temp (*C) Measurement Method Reference
Salmenella Typhimurium
¥cgR (STM1798) 191+ 18 182 +29 PilZ 25 FRET, *p-Labeled c-di-GMP This work, Christen 2007
BesA (STM3619) 8240 + 238 PilZ 25 FRET This work
Pseudomonas aeruginosa
PA3353 site 1° B8 +17 PilZ 25 FRET This work
PA3353 site 2° 732 +122 262 + 66° PilZ 25,20 FRET, surface plasmon res This work, Duvel 2012
FimX (PA4959) 125 EAL 20 ITC Navarro 2009
PA2989 288 Pilz 25 FRET Christen 2010
PADO12 402 + 39 PilZ 25 FRET Christen 2010
PA4324 735 +474° Pilz 25 FRET This work
PelD (PA3061) 1900 RXXD I-Site 20 ITC Whitney 2012
PA2799 1998 + 448 Pilz 25 FRET Christen 2010
PAAGDE 6126+ 525 Rilz 25 FRET Christen 2010
Algdd (PA3542) 12739 + 1680 8400 PilZ 25 FRET, ITC This work, Merighi 2007
FleQ (PA1097) 15000-25000  Unknown 37 p_Labeled c-di-GMP Hickman 2008
PA2960 png* DNE® Not Applicable 25 FRET, ITC This work, Merighi 2007
Vibrio cholerae
Ve2 Riboswitch 1 GEMM 23 In-Line P* RNA Probing Sudarsan 2008
PlzD 100+ 18 PilZ 25 ITC Benach 2007
PlzC 314 Rilz onice #p_| abeled c-di-GMP Pratt 2007
VpsR 1600 Unknown RT 2p_|abeled c-di-GMP Srivastava 2011
VpsT 3180 WIF/L/M][T/S]R 20 ITC Krasteva 2010
Caulobacter crescentus
DgrA <50+14 PilZ onice Fp-Labeled c-di-GMP Christen 2007
DgrB 132+36 PilZ onice p_Labeled c-di-GMP Christen 2007
DgcA 960 RXXD I-Site 30 Enzymatic Inhibition Assay Christen 2006
PopA 2400 RXXD |-Site onice p-Labeled c-di-GMP Duerig 2009
PleD 5800 RXXD |-Site 30 Enzymatic Inhibition Assay Christen 2006

#PA3353 binding curves indicate two binding sites

The published affinity of this protein was measured at approximately 20°C, corresponding to ~530 nM at 25°C.

“The dynamic range of FRET for PA4324 between bound and unbound states was small, resulting in a high error for the Kd of this protein
“Does not bind to c-di-GMP



Table 3.2: Binding affinities and Hill coefficients of YcgR and
the BcsA PilZ domain at various temperatures

Kd (nM) Hill Coefficient
Temp (°C) YcgR BcsA PilZ YcgR BcsA PilZ
24 125 + 11 5606 + 226 16+£019 241022
25 191 + 18 8240 + 238 1.5+£0.18 22+0.11
26 220+ 24 10350+220 | 1.5+ 0.21 22+0.08
27 266 + 16 11640+ 345 | 1.8+ 017 2.1 +0.11
28 286+ 13 13200+400 | 1.9+ 014 21 +0.11
29 291+ 16 15330+610 | 1.9+ 017 21+0.14
30 320+ 19 17400+ 740 | 1.8+ 017 20x0.14
31 371+ 13 18930+ 1030 | 19+ 0.11 21+0.18
32 406+ 24 22130+ 1620| 22+023 1.9x0.18
33 437 + 30 25250+1980 | 1.7+0.16 1.9x0.19
34 476 + 27 29360+3120| 19+015 19x0.23
35 522 + 53 36080 £4540 | 22+037 19x025
36 571 + 39 38670+5960 | 1.6+0.12 20+0.34
37 621 %+ 32 41830+6400 | 1.6+010 2.0+0.30

73
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CHAPTER 4: THE BINDING AFFINITIES OF SALMONELLA
TYPHIMURIUM PILZ DOMAIN PROTEINS AFFECT THEIR

BIOLOGICAL FUNCTIONS

Summary

c-di-GMP controls cellular processes by binding to receptor macromolecules including
proteins that contain the PilZ domain. The two PilZ domain-containing c-di-GMP receptors in S.
Typhimurium, YcgR and BesA, regulate cellular motility and cellulose production, respectively.
In the previous chapter, we showed that these two proteins demonstrate a 43-fold difference in
their affinities for binding c-di-GMP. Here, we present evidence that the binding affinities of S.
Typhimuruim PilZ domain proteins affect their biological functions. Alteration of the affinities
of YcgR and BcesA altered their levels of activation in different conditions, suggesting that the
disparate affinities of these proteins for c-di-GMP may be optimized for their specific functions.
Inactivation of the EAL domain protein YhjH resulted in a significant increase in the fraction of
cells that demonstrate c-di-GMP levels that are high enough to bind to the higher-affinity YcgR
and inhibit motility, but not high enough to bind to the lower-affinity BcsA and stimulate
cellulose production. This work supports the hypothesis that regulation of c-di-GMP-controlled

processes can occur through the affinities of downstream receptors for c-di-GMP.

Introduction
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In the previous chapter, we discussed a potential mechanism by which the observed
signal transduction specificity between c-di-GMP metabolizing enzymes and their downstream
receptors could be achieved: through the variable binding affinities of c-di-GMP downstream
receptors. This model is based on the observation that the binding affinities of several c-di-
GMP-binding macromolecules span a large range of c-di-GMP concentrations even within the
same organism (Table 3.1). This observation, combined with the fact that some DGCs are
limited in their ability to generate c-di-GMP due to inhibitory I-sites (20), led us to hypothesize
that binding affinities may play a role in the selective activation of c-di-GMP receptors. To

explore this hypothesis, we targeted the c-di-GMP signaling system in Sa/monella Typhimurium.

S. Typhimurium has three defined processes known to be regulated by c-di-GMP:
flagellar-based motility, CsgD expression (and therefore generation of curli fimbriae), and
cellulose production (55, 108, 117, 151) (Chapter 1). Like most Enterobacteria, S. Typhimurium
has two PilZ domain proteins that act as c-di-GMP receptors: YcgR, which controls flagellar-
based motility, and BcsA, the bacterial cellulose synthase. YcgR was originally identified in E.
coli as an inhibitor of motility in an 4ns mutant, and has since been found to bind specifically to
the flagellar complex to inhibit torque generation and thus decrease motility when it binds to c-
di-GMP (12, 30, 59, 89, 108). c-di-GMP stimulates cellulose production presumably by binding
to the PilZ domain of BcsA (117, 151). Thus, a rise in ¢c-di-GMP concentration results in a
decrease in motility (through YcgR) and an increase in cellulose production (through BcsA).
Several of the 20 GGDEF/EAL domain proteins of S. Typhimurium have been linked to one of
these processes. AdrA, a DGC that is dependent on CsgD for its expression, controls cellulose

production; its loss cannot be complemented by the native expression of any other DGC (37,
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102, 151). However, other DGCs that are expressed under both cellulose-producing and non-
cellulose-producing conditions (116) seem to be involved in controlling motility. The
phosphodiesterase that appears to be the most important for maintaining c-di-GMP levels low
enough to allow flagellar motility is YhjH (59, 89, 108). Like YcgR, YhjH is a member of the

flagellar regulon and is expressed from a flagellar class III promoter (33, 59, 136).

In the previous chapter, we showed that the c-di-GMP binding affinities of S.
Typhimurium PilZ domain proteins differ by about 43-fold. Here we present evidence that the
binding affinities of these proteins affect their biological functions. First, we establish that the
regulation of BcsA activity occurs on a post-translational level by c-di-GMP binding. Then, to
analyze the effects of binding affinity on phenotype, we undergo a strategy of site-directed
mutagenesis to generate PilZ domain protein mutants that have altered affinities but otherwise
retain the functions of the native proteins, and tested these proteins in established phenotypic
assays. We found that the binding affinities of these proteins affected the conditions or the
extent to which each PilZ domain protein was activated. Finally, we determine that inactivation
of YhjH results in an increase in the amount of cells that demonstrate a level of ¢-di-GMP high
enough to bind to YcgR, but not to the BesA PilZ domain. This work implies that regulation by
binding affinity of downstream receptors is a possible mechanism for the selective activation of

c-di-GMP-controlled processes in S. Typhimurium.

Cellulose synthesis by BcsA is predominantly regulated at a post-translational level by c-di-

GMP
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The production of cellulose in rich media by BcsA is dependent upon the DGC AdrA,
which is the only DGC in S. Typhimurium that displays temperature-dependent expression:
AdrA is expressed at temperatures of 30°C or lower but not at 37°C (36, 45, 116, 151).
Accordingly, cellulose production can be observed in § Typhimurium grown on LB agar plates
at 30°C or lower, but not at 37°C (Figure 4.1). We found that a strain of S. Typhimurium that
lacks adrA is incapable of producing cellulose at 24°C, as demonstrated by a comparison of the
Aadr4 mutant strain to a AbcsA mutant, similar to results obtained by other groups (37, 102, 151)
(Figure 4.1B). Deletion of yhjH, which encodes an EAL domain protein that acts to prevent
motility inhibition by YcgR, did not result in any increased cellulose production at 24°C, 30°C,
or 37°C (Figure 4.1A and data not shown). Heterologous expression of the DGC PA1120 from
P. aeruginosa was able to induce the production of cellulose even at 37°C (Figure 4.1A),
confirming previous results that cellulose synthesis can be stimulated by increasing the
intracellular c-di-GMP concentration through the expression of an exogenous DGC (116). The
production of cellulose in this DGC-expressing strain was entirely dependent upon BcsA, since a
AbcsA deletion mutant failed to demonstrate any calcofluor binding, which is indicative of

cellulose production (Figure 4.1A).

Since AdrA is required for the production of cellulose, and because AdrA has been
shown to be responsible for over half of the c-di-GMP produced under cellulose-producing
conditions, we hypothesized that the reason why cellulose is not produced at 37°C is because the
level of c-di-GMP is not high enough to bind to BesA due to its lower affinity for this second
messenger. In order to examine the effects of BesA binding affinity on its phenotype, we had to
first determine the mechanism of action of c-di-GMP on cellulose production. c-di-GMP could

stimulate cellulose production directly, through post-translational interaction with the BesA PilZ
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domain, or it could stimulate the expression of BcsA or other factors that are important for
cellulose production at lower temperatures. To determine whether the expression of the BcsA
protein was dependent on temperature, a FLAG tag was encoded on the 3’ end of the
chromosomal bcsA gene in S. Typhimurium. This strain did not demonstrate any deficiency in
cellulose production as determined by fluorescenec on LB-calcofluor agar plates at 24°C (Figure
4.2A). An anti-FLAG Western blot was then performed on cell lysates isolated from cells grown
at either 24°C or 37°C. Differences in cellulose production between 37°C and 24°C were not
due to the differential expression of BcsA protein, since protein extracts from strains harboring a
FLAG-tagged BcsA demonstrated similar amounts of this protein independent of temperature
(Figure 4.2B). This is consistent with previous work showing that genes of the bcs locus are

constitutively expressed (55, 151).

Although this experiment demonstrates that the BcsA protein is present in cells grown at
37°C, it is not informative regarding the presence other components which may be necessary to
stimulate cellulose production at this temperature. To determine whether all of the components
necessary to produce cellulose were present in cells grown at 37°C, cell lysates were prepared
from S. Typhimurium grown at this temperature, and were then incubated with a DGC in vitro at
37°C in the presence of calcofluor. Calcofluor fluorescence was then assessed by the analysis of
these samples in a fluorescence plate reader. These cell lysates were capable of generating
cellulose in the presence of the DGC, implying that the cellulose synthase complex is functional
in cells grown at 37°C (Figure 4.2C). This cellulose production was dependent on a functional
BcesA, as lysate prepared from a strain lacking BesA showed no cellulose production upon DGC
addition. These experiments support the hypothesis that cellulose is not produced at 37°C

because the level of c-di-GMP is below its affinity for binding BesA.
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Mutation of the amino acid immediately N-terminal to the RxxxR motif alters the affinities

of S. Typhimurium PilZ proteins for c-di-GMP

In order to test the effects of binding affinities of PilZ domain proteins on their
phenotypes in S. Typhimurium, we used a strategy of rational, site-directed mutagenesis to alter
c-di-GMP-binding affinity. Crystal and NMR studies of PilZ domain proteins in complex with
c-di-GMP have elucidated the roles of residues of the binding pocket, especially those of the so-
called switch region including the RxxxR motif, in binding to c-di-GMP (6, 58, 111) (Chapter 1).
Specifically, the presence of an arginine at the position immediately N-terminal of the RxxxR
motif (dubbed “Position-X"’) has been shown in the P. putida YcgR homologue, PP4397, to be
an important determinant of the affinity for c-di-GMP-binding (58) (Figure 1.3).

The S. Typhimurium YcgR protein is very similar to the PP4397 protein, demonstrating
21% identity to the length of the protein. Homology modeling indicates that these two proteins
adopt very similar structures (Figure 4.3A). S. Typhimurium YcgR also has an arginine at
Position-X (arginine-113) (Figure 4.3B, 4.4A), so we reasoned that mutation of this arginine to
an alanine might decrease binding affinity for c-di-GMP as it does for PP4397. Indeed, mutation
of arginine-113 to alanine resulted in a YcgR variant that bound c-di-GMP with an affinity of 3.2
uM, which was approximately 17-fold lower than the affinity measured for the wild-type YcgR
protein (Figure 4.4B).

The BesA PilZ domain has a low binding affinity for c¢-di-GMP compared to YcgR (8.2
UM compared to 191 nM), so our goal for BcsA was to increase its affinity. BcsA has a valine at

Position-X (Figure 4.4A). The V. cholerae YcgR homologue, VCA0042, also has a large
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hydrophobic residue, a leucine, in this position. Mutation of this leucine to arginine increased
the binding affinity of VCA0042 for c-di-GMP by approximately three-fold (58). Although
BcsA is not similar in sequence to VCAO0042 outside of conserved residues of the binding
pocket, we reasoned that mutation of the valine in Position-X of BcsA to an arginine might
increase binding affinity in a similar manner as mutation of leucine to arginine in Position-X of
VCAO0042. Mutating this valine to an arginine increased the affinity of BcsA for c-di-GMP to
4.2 uM at 25°C, which is roughly two-fold greater than that of the WT protein (Figure 4.4C).
These mutations did not change the wild-type binding stoichiometries of c-di-GMP to PilZ
domain, indicating that the change in affinity was the major determinant of change in
downstream function. Therefore we were able by site directed mutagenesis to generate PilZ

domain proteins with altered binding affinities for c-di-GMP.

A S. Typhimurium strain harboring a BesA protein with a lower c-di-GMP binding affinity

demonstrates an increase in cellulose production at low levels of c-di-GMP

Once we had generated binding affinity mutants of PilZ domain proteins, we needed
functional assays to determine the effects of these mutations on phenotype. To compare
cellulose production between strains of S. Typhimurium, we constructed a strain in which the
level of c-di-GMP can be controlled by the addition of arabinose. This is due to the presence of
an arabinose-inducible DGC (PA1120 from P. aeruginosa) located on the chromosome under the
control of the native arabinose-inducible pBAD promoter. In this strain, addition of arabinose to

the growth media results in induction of the DGC and cellulose production (Figure 4.5). Thus, in
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this strain, the presence of arabinose induces the production of the DGC, which in turn makes c-

di-GMP and stimulates cellulose production.

To examine whether the twofold increase in binding affinity in the BcsA V695R mutant
affects cellulose production, we generated a strain that harbored the bcsA4-V695R mutation on the
chromosome in the background of this arabinose-inducible DGC. We analyzed differences in
cellulose production, as determined by cellulose binding to the fluorescent dye calcofluor,
between the ara::DGC, ara::DGC AbcsA and ara::DGC besA-V695R strains at different
expression levels of the DGC by varying the arabinose concentrations. At low arabinose levels,
the bcsA V695R mutant generated a small, but reproducible, increase in calcofluor fluorescence
compared to the BesA wild-type strain (Figure 4.6), implying that this strain produces more
cellulose at low levels of arabinose than the wild-type strain. Thus, the binding affinity of BcsA
for c-di-GMP does affect its biological function. Upon addition of higher amounts of arabinose,
the amount of cellulose synthesis between these strains was not significantly different,
suggesting that higher DGC levels result in a cellular c-di-GMP concentration above the Ky
values for both BesA mutant V695R and BesA wild-type enzymes, and thus results in cellulose
production by both enzymes. The bcsA4-V695R mutation did not result in increased cellulose
production at 37°C as visualized by eye (data not shown), possibly because the difference in c-
di-GMP binding affinities of the wild-type and the V695R mutant BcsA proteins is not large

enough to stimulate c-di-GMP binding, and thus cellulose production, under this condition.

A S. Typhimurium strain harboring YcgR with a lower ¢-di-GMP binding affinity requires

higher levels of c-di-GMP to demonstrate motility inhibition
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Next we wanted to determine whether the R113A mutation of YcgR, which results in a
17-fold lower affinity for c-di-GMP, affects motility in S. Typhimurium. S. Typhimurium YcgR
has been shown to decrease the swimming diameter of colonies on motility agar plates when
intracellular levels of c-di-GMP are artificially raised (108). We hypothesized that the YcgR
R113A mutant protein would require a higher concentration of c-di-GMP than the wild-type
YcgR protein in order to inhibit S. Typhimurium swimming in this assay. To test this
hypothesis, S. Typhimurium strains containing a plasmid that expresses the DGC PA1120 from
an IPTG-inducible fac promoter were constructed and evaluated. The addition of IPTG results in
a decrease in swimming motility in this strain, as visualized by a decrease in the halo diameter on
motility agar plates. In contrast, a AycgR deletion mutant does not demonstrate as severe of a
decrease in swimming diameter compared to the wild-type strain, indicating a partial relief of c-
di-GMP-induced swimming inhibition in this strain (Figure 4.7A). Expressing YcgR from its
native promoter on a plasmid complemented the AycgR mutation (Figure 4.7A).

To determine whether the YcgR R113A mutation affected swimming, we complemented
the AycgR mutant strain with wild-type YcgR or the YcgR R113A mutant protein and analyzed
the diameter of the swimming halo at different concentrations of IPTG. Complementation with
YcgR partially inhibited swimming even in the absence of IPTG, which could be an
overexpression effect of YcgR as has been observed previously (89) (Figure 4.7B). Increasing
the IPTG concentration decreased the ability of S. Typhimurium harboring pDGC-YcgR to
swim, indicating that c-di-GMP-bound YcgR was inhibiting motility (Figure 4.7B). At 20 uM
IPTG, the YcgR wild-type protein completely inhibited swimming. Unlike the wild-type YcgR

protein, complementation of the AycgR mutation with YcgR R113A had no effect on swimming
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at 0 uM IPTG. Increasing IPTG also decreased motility in the YcgR R113A complemented
strain as in the YcgR wild-type strain, but 50 uM IPTG was required to completely inhibit
swimming in this strain (Figure 4.7B). This indicates that the YcgR R113A protein requires a
higher concentration of c-di-GMP than the wild-type YcgR protein to inhibit swimming, which

is consistent with its lower binding affinity, thereby correlating affinity with behavior.

Mutation in y/jH results in an increase in the fraction of S. Typhimurium cells that

demonstrate c-di-GMP levels that are high enough to bind YcgR

Another way to explore the affinity hypothesis is in the context of a mutation of the PDE
YhjH. YcgR is most frequently studied in the context of a y4jH mutant background, in which a
second mutation in ycgR partially relieves the swimming defect that is caused by inactivation of
YhjH (12, 30, 89, 108). In E. coli, cells that harbor a mutation in y4jH demonstrate increased c-
di-GMP levels compared to wild-type cells (12). However, it has been demonstrated that
mutation in yAjH in S. Typhimurium does not result in a significant difference in total c-di-GMP
levels in this strain compared to a wild-type strain (112). In order to determine whether the yhjH
mutation results in a rise in c-di-GMP levels that are high enough to stimulate binding to, and
motility inhibition by, YcgR, we analyzed the binding of a synthetic YcgR-FRET construct in
vivo, encoded on the plasmid pYcgR-Spy (23). This construct is described in Chapter 5. Since
this construct is based on YcgR, it allows for an accurate determination of the bound state of

YcgR when expressed inside of live cells.
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Wild-type S. Typhimurium, or an isogenic AykjH mutant strain, both harboring pYcgR-
Spy, were grown in liquid LB media at 37°C to an ODggo of 0.20. At this point, cells were
collected and imaged using fluorescence microscopy, and their net FRET (nFRET)/CFP intensity
ratios were calculated. The nFRET/CFP ratio provides a readout as to whether the YcgR protein
is bound to ¢-di-GMP or unbound (see Chapter 5 for a more detailed discussion). Control strains
expressing either the DGC PA1120 (ara::DGC) or the PDE PA2133 (ara::PDE), and pYcgR-
Spy, were used to determine the bound and unbound nFRET/CFP ratios for the YcgR FRET
construct in this in vivo assay. As expected, these control strains defined homogeneous
populations of cells, based on the nFRET/CFP ratios of individual cells (these control strains are
described in Chapter 5) (Figure 4.8B upper panel, Figure 5.3). Interestingly, in the wild-type
strain expressing pYcgR-Spy, a heterogeneous population of c-di-GMP concentrations was
observed, even though all cells experienced the same environment of liquid batch culture with
shaking (Figure 4.8A, upper panel). This heterogeneity in c-di-GMP concentrations has also
been observed previously for other bacterial species, and it is hypothesized that this phenomenon
is due to the production of progeny cells after cell division that harbor different c-di-GMP
concentrations, and therefore demonstrate different cellular behaviors, in order to promote a
diversification strategy that may enhance survival of the bacterial species (23). In the wild-type
strain, 43.7% of cells demonstrated a nFRET/CFP ratio higher than 0.9, indicative that YcgR was
unbound to c-di-GMP in these cells (Figure 4.8). In contrast, in the y4jH mutant, only 4.8% of
cells demonstrated a nFRET/CFP ratio higher than 0.9, a 10-fold lower fraction than in wild-type
cells. The remainder of cells demonstrated a nFRET/CFP ratio of 0.9 or less, indicating that at
least some of the YcgR FRET constructs were bound to c-di-GMP in these cells. As

demonstrated by Boehm ef al, binding of c-di-GMP to only a fraction of the YcgR molecules
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present in the cell can lead to a decrease in swimming motility, with swimming inhibition
increasing as the number of YcgR molecules bound to c-di-GMP in the cell increases (12). Thus
it is possible that the AyhjH mutant strain is inhibited for motility because a higher fraction of the
YcgR proteins in these cells are bound to c-di-GMP. This experiment demonstrates that
mutation of yhjH does result in an increase in the fraction of cells with an average level of c-di-

GMP that is high enough to bind to the YcgR protein, which is then able to inhibit swimming.

A S. Typhimurium strain harboring the lower-affinity ycgR R1134 mutation does not

demonstrate YcgR-dependent motility inhibition in a Ay#jH mutant

Once we had established that mutation in yAjH results in an increase in average
intracellular c-di-GMP levels, we wanted to assess the effect of the YcgR R113A mutation in the
context of a yhjH mutant background. To examine this, a AyhjH deletion mutation was
generated on a ycgR wild-type, ycgR-RI1134, or AycgR deletion mutant background of S.
Typhimurium. As has been demonstrated previously, the AyhjH mutant strain exhibited
decreased swimming compared to the wild-type strain as visualized by the swimming halo in a
soft-agar motility plate assay (Figure 4.9). The swimming diameter of the AyhjH mutant was
roughly 35% of that observed by the wild-type strain. Swimming was partially restored in the
AyhjH mutant by a second mutation in ycgR (66% swimming diameter of the wild-type strain).
Remarkably, chromosomal replacement of the ycgR codon encoding arginine-113 with a codon
that encodes alanine resulted in a phenotype practically indistinguishable from that of the

deletion mutant (69% swimming diameter of the wild-type strain) in this assay, which implies
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that the YcgR R113A mutant protein cannot complement for the loss of YcgR in this experiment
(Figure 4.9). This suggests that the AyhjH mutation causes the intracellular concentration of c-

di-GMP to rise high enough to bind to YcgR, but not high enough to bind to YcgR R113A.

Mutation in yhjH does not result in cellulose production in soft-agar motility plates

Our data indicates that mutation in yAjH results in an increase in the fraction of cells that
contain c-di-GMP levels that are high enough to bind to the wild-type YcgR protein, but not high
enough to bind to the R113A mutant YcgR protein. Since the affinity of the BesA PilZ domain
for c-di-GMP is less than that of the YcgR R113A mutant protein, we reasoned that AyhjH
mutation would result in a c-di-GMP level high enough to bind to YcgR, but not high enough to
bind to the BcsA PilZ domain. To test this, we first expressed a BcsA PilZ FRET-based
construct inside of live cells and monitored their nFRET/CFP ratios in a similar manner to that of
the YcgR FRET construct (the development and testing of this BesA PilZ-based FRET construct
is described in Chapter 5) (Figure 4.8). As for the YcgR FRET construct, ara::DGC and
ara::PDE strains harboring the BesA PilZ FRET construct defined homogeneous populations
based on their nFRET/CFP ratios (Figure 4.10B, upper panel; Figure 5.5).  Unlike cells
expressing the YcgR FRET construct, wild-type cells expressing the BesA PilZ construct were
homogeneous in their nFRET/CFP ratios (Figure 4.10). The AyhjH mutant strain did not
demonstrate nFRET/CFP ratios that were significantly different than that of the wild-type strain,

and in both strains, these ratios matched that of the ara::PDE strain, indicating that the BcsA
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PilZ domain was unbound to c¢-di-GMP in this assay (Figure 4.10). Thus, the AyAjH mutation

does not result in a change in c-di-GMP levels large enough to affect the BesA PilZ construct.

Since no binding of c-di-GMP to the BcsA PilZ domain was observed in the AyhjH
mutant strain, this implies that even though AyhjH mutation stimulates motility inhibition, it does
not result in the production of cellulose. This was observed during growth on solid agar plates,
implying that the increased c-di-GMP concentration that results from AyhjH deletion does not
induce BcesA activity (Figure 4.1A); however, bacterial detection of solid surfaces may result in
different levels of c-di-GMP on solid agar plates than in the low-agar swimming plate assay (43).
Therefore, we analyzed the production of cellulose on motility agar plates under the same
conditions at which YhjH-dependent motility inhibition is observed. As a control, the S.
Typhimurium pDGC and AbcsA pDGC strains were included. Induction of the DGC results in
the production of a level of c-di-GMP that completely inhibits motility (Figure 4.11). In the soft-
agar motility plate assay, cellulose production was observed in the pDGC strain by its binding to
the fluorescent dye calcofluor (Figure 4.11). In contrast, no calcofluor binding was observed, as
expected, to the pDGC strain lacking besA. Although the AyhjH deletion strain demonstrated an
inhibition in swimming motility in this assay, no calcofluor binding in this strain was observed
(Figure 4.11). The calcofluor fluorescence of this strain was indistinguishable from that of a
AyhjH AbcsA double mutant (Figure 4.11). This demonstrates that the AyhjH mutation results in

motility inhibition but does not stimulate the production of cellulose.

S. Typhimurium PilZ domain proteins are not essential for virulence
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c-di-GMP has been implicated in the virulence of many bacterial pathogens (Chapter 1).
In S. Typhimurium, both the artificial up-regulation of c-di-GMP production, and the deletion of
all GGDEF domain proteins from the genome, result in avirulent phenotypes in a mouse model
of infection, indicating that the relationship of c-di-GMP to virulence in this organism is
complex (63, 116). To determine whether PilZ domain proteins are involved in the virulence of
S. Typhimurium, strains harboring mutations in the ycgR or bcsA genes, or in both genes, were
inoculated intraperitoneally into mice, and the survival of infected mice was monitored over
several days. None of the S. Typhimurium strains in this experiment demonstrated a virulence
defect compared to the wild-type strain in this infection model (Table 4.1). This is in agreement
with previous findings demonstrating that a mutant S. Typhimurium strain lacking besC is fully
virulent upon intraperitoneal injection into chickens (117). However, it remains possible that the

PilZ domain proteins YcgR or BcsA may be important for virulence during oral infection.

Discussion

In this work, we analyzed the role of c-di-GMP-binding affinities of S. Typhimurium
PilZ domain proteins on their biological functions. Using site-directed mutagenesis of Position-
X residues, we generated PilZ domain proteins with altered c-di-GMP binding affinities (Figure
4.4). For YcgR, mutation of arginine-113 to alanine in Position-X likely led to the loss of
important H-bond and/or m-stacking interactions with c-di-GMP, thereby reducing binding
affinity. For BcsA, the effect of mutation of valine-695 to arginine is less clear. It was

hypothesized that mutation of leucine to arginine in Position-X of VCA0042 caused only a minor
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increase in binding affinity because the mutation to arginine did not generate any new bonds to
c-di-GMP (58). If this is also true for the BcsA V695R mutation, this could explain why this
mutation caused only a twofold increase in binding affinity. Phenotypic analyses of these PilZ
domain protein mutants demonstrated that the binding affinity of these proteins for c-di-GMP is
a critical determinant in their biological functions. The BcsA V695R mutation resulted in an
increased production of cellulose at lower levels of c-di-GMP (Figure 4.6), while the YcgR
R113A mutation resulted in the requirement for a higher concentration of c¢-di-GMP to inhibit
motility (Figure 4.7). Analysis of a chromosomal ycgR RI113A strain of S. Typhimurium
demonstrated that this mutation abolished the ability of YcgR to inhibit motility in a AyhjH
mutant (Figure 4.9). This demonstrates that the affinities of these proteins for c-di-GMP
determine the conditions and the extent to which they are active.

This hypothesis is supported by the fact that mutation of yijH appears to result in c-di-
GMP levels that are high enough, in most cells, to affect YcgR, but are not high enough
stimulate cellulose production by binding to BesA. The AyhjH mutation results in a considerable
increase in the fraction of the population that contains c-di-GMP levels that are high enough to
demonstrate at least partial binding to a YcgR FRET construct (Figure 4.8). Binding of YcgR to
c-di-GMP then acts to inhibit motility by its interactions with components of the flagellar
apparatus (12, 30, 89). However, a BcsA PilZ FRET construct, which demonstrates a lower
affinity for c-di-GMP than YcgR (Chapter 3), remained entirely unbound to c-di-GMP in both
wild-type and AyhjH mutant strains (Figure 4.10). This, combined with the observation that the
AyhjH mutation does not appear to affect motility inhibition by the lower-affinity YcgR R113A
mutant protein (Figure 4.9), provides evidence that the rise in ¢-di-GMP levels in the AyhjH S.

Typhimurium mutant is small. This explains why a previous comparison of the total c-di-GMP
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concentrations in wild-type and AyhjH mutant strains of S. Typhimurium did not find a
significant difference in c-di-GMP concentration between these strains (112). Additionally, this
hypothesis is consistent with our data demonstrating that the AyhjH mutation fails to stimulate
cellulose production at 37°C despite the presence of a functional cellulose synthase complex
(Figure 4.1, 4.2, 4.11). It is possible that in wild-type S. Typhimurium, YhjH maintains the level
of ¢-di-GMP close to the K4 for binding YcgR. Changes detected in the environment that result
in a decrease in YhjH activity could then very quickly result in an increase of c-di-GMP levels
that are just above the K4 of YcgR, and are therefore just large enough to be biologically relevant
to the YcgR protein. These data support the hypothesis that YhjH acts as the phosphodiesterase
that specifically regulates the motility-inhibition module in S. Typhimurium by controlling the c-

di-GMP levels that are available to YcgR.

Based on this evidence, we propose the following model to illustrate c-di-GMP signaling
regulation in S. Typhimurium in rich media (Figure 4.12). This model involves the sequential
activation of c-di-GMP receptors in S. Typhimurium through increasing c-di-GMP levels, which
is consistent with the progression of biofilm formation. While the cytoplasmic c-di-GMP
concentration is maintained at a low level by YhjH, it does not bind to either YcgR or to BesA,
resulting in a cell that is motile and does not produce cellulose. Upon sensing biofilm-forming
conditions, c-di-GMP levels rise, which have the immediate impact of decreasing swimming
motility through YcgR. This is an important early step in biofilm formation since cellular
motility is inhibitory during initial biofilm development (109). Increased c-di-GMP levels
induce the expression of CsgD, which would then directly activate the transcription of curli
fimbriae, an important attachment and aggregative factor in S. Typhimurium (100). CsgD

expression also results in the production of AdrA, which, upon sensing cellulose-producing
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conditions, raises the intracellular level of c-di-GMP even higher, resulting in cellulose
production through c-di-GMP binding to BcsA, and thus the mature biofilm is formed. The
requirement for a higher level of c-di-GMP to induce cellulose production, but not to activate the
production of curli fimbriae, is potentially due to the fact that cells that produce cellulose before
generating curli fimbriae appear to be deficient in initial attachment to surfaces (42). There are
several lines of evidence that suggest that AdrA produces a large amount of ¢-di-GMP inside of
the cell. During cellulose-producing conditions, AdrA has been shown to be responsible for
producing most of the c-di-GMP present inside of the cell (55). AdrA is capable of producing
more ¢c-di-GMP than other Salmonella DGCs tested. Its overexpression has been found to raise
the cellular c-di-GMP level by 10,000-fold, compared to two other Salmonella DGCs that have
been shown to affect motility and CsgD expression, which raise the c-di-GMP level by no more
than 6-fold (55). In another study, the overexpression of AdrA resulted in 255 pM c-di-GMP
produced, indicating that it is capable of producing c-di-GMP that is high enough to bind to
BesA (113) (Chapter 1).  If the affinity of the BesA PilZ domain were closer to that of YcgR,
low level of c-di-GMP might both inhibit motility and stimulate cellulose production
simultaneously, a behavior that would be detrimental to biofilm formation. Additionally, there
may be situations in which it would be advantageous to decrease swimming motility through
YcgR but not to produce cellulose. This work suggests that the disparate binding affinities of

YcgR and BcesA are important in the regulation of the biological functions of these proteins.
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Tables and Figures

wild-type

AyhjH ara::DGC
AbcsA
B AadrA
AbcsA wild-type

Figure 4.1: S. Typhimurium makes cellulose at 24°C, but not at 37°C, in a manner that is
dependent on both AdrA and BesA. LB-calcofluor agar plates inoculated with the indicated
strains incubated at either 37°C for 24 hours (a), or 24°C for 72 hours (b). The plate in (a) was
supplemented with 0.001% arabinose. Plates were exposed to UV light with an excitation
wavelength of 365 nm, which is a wavelength that stimulates fluorescence of calcofluor when it
is bound to cellulose. White or light coloring indicates calcofluor binding to cellulose.
ara::DGC signifies a strain of S. Typhimurium that harbors an arabinose-inducible DGC on the
chromosome.
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Figure 4.2: Cellulose is predominantly regulated on a post-translational level by
intracellular c-di-GMP. (a) A C-terminal FLAG tag on the BcsA protein does not affect its
ability to produce cellulose. Shown is a calcofluor agar plate inoculated with the indicated
strains and incubated for 72 hours at 24°C, after which the plate was exposed to UV light with a
wavelength of 365 nm. (b) Western blot using anti-FLAG antibodies on membrane proteins
isolated from S. Typhimurium bcsA-FLAG or a wild-type strain with untagged BcsA that had
been incubated at either 37°C or 24°C. 5 mg total protein was added to each lane. (c) Fold
increase in calcofluor fluorescence of lysate generated from S. Typhimurium, or a Abcs4
deletion strain, at 37°C, incubated in vitro with a DGC, compared to the amount of calcofluor
fluorescence of lysate without DGC addition. n.s. = not significant.
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Figure 4.3: The S. Typhimurium YcgR protein contains an arginine in “Position-X”. (a)
Structural alignment comparing the S. Typhimurium YcgR protein (pink) with the P. putida
PP4397 protein (blue). Image was generated using UCSF Chimera©, production version 1.6.2.
(b) Close-up view of the essential arginines (circled in blue) of the RxxxR motif, and the
Position-X arginine (circled in red) of the S. Typhimurium YcgR protein. Protein backbone and
carbon atoms are shown in pink. Nitrogen atoms are shown in blue. Image was generated using
PyMOL®O version 1.5.0.3.
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Figure 4.4: Mutation of the “Position-X” residues in S. Typhimurium PilZ domain proteins
alters their affinities for c-di-GMP. (a) Table showing the c-di-GMP switch region for YcgR
and BcsA. Shown in white are mutated residues. Small arrows indicate the positions of the
invariant arginines of the RxxxR motif. The affinities shown are for proteins measured at 25°C.
(b) c-di-GMP titration curve for YcgR wild-type (open circles) and YcgR R113A (closed circles)
FRET biosensors at 25°C. (c) c-di-GMP titration curves for BesA PilZ wild-type (open squares)
and BesA PilZ V695R (closed squares) FRET biosensors at 25°C.
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Figure 4.5: A S. Typhimurium strain harboring a chromosomal arabinose-inducible DGC
generates cellulose in the presence of arabinose. Cellulose production on calcofluor-agar
plates with the indicated concentrations of arabinose for S. Typhimurium ara::DGC, or S.
Typhimurium ara::DGC in which the bcsA gene has been deleted. As the concentration of
arabinose is increased, calcofluor fluorescence is also increased.
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Figure 4.6: A S. Typhimurium strain harboring the higher-affinity bcsA-V695R mutation
produces more cellulose at low levels of c-di-GMP than a besA wild-type strain. Calcofluor
fluorescence at different concentrations of arabinose for S. Typhimurium ara::DGC (BcsA wild-
type), or S. Typhimurium ara::DGC in which the bcsA gene has either been deleted (4bcsA) or
mutated (besA-V695R). Shown is the average fluorescence emission intensity at 420 nm, after
excitation at 365 nm. n.s. = not significant.
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Figure 4.7: The YcgR R113A mutation increases the amount of c-di-GMP needed for YcgR
to inhibit motility in S. Typhimurium. (a) Motility assay on soft-agar plates with 25 uM IPTG
of S. Typhimurium strains harboring pDGC or pDGC-YcgR at 37°C for 12 hours. A wild-type
strain without exogenous DGC was not shown since the swimming diameter of this strain is
much larger than that of strains harboring pDGC even in the absence of YcgR. (b) Swimming
diameters of S. Typhimurium AycgR harboring either pDGC-YcgR or pDGC-YcgR R113A,
relative to the swimming diameter of the uncomplemented S. Typhimurium AycgR strain, at
indicated levels of IPTG at 37°C. Both YcgR and YcgR R113A effect a decrease in motility at
increasing IPTG levels, but the YcgR R113A mutant protein requires a higher concentration of
IPTG to inhibit motility than the wild-type YcgR protein.
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Figure 4.8: A S. Typhimurium strain harboring a yhjH mutation demonstrates a larger
proportion of cells with c-di-GMP bound to YcgR than the wild-type strain. (a) Dual-
emission ratio microscopic images (FRET/CFP) of S. Typhimurium (above) or a yhjH mutant
(below) expressing pYcgR-Spy (see Chapter 5). Pseudocolors represent emission ratios
(527/480 nm) of the FRET-based biosensor as indicated by the figure legend to the left. (b)
Histogram showing the fraction of cells that demonstrate the indicated average nFRET/CFP
ratios for either control strains expressing a DGC or a PDE off of an arabinose-inducible
promoter (top), or for wild-type or yAjH mutant strains (bottom). nFRET/CFP ratios differ from
FRET/CFP ratios since nFRET intensities have been corrected for bleedthrough and fluorescence
in the YFP channel. The difference between the wild-type and AyhjH strains is highly significant
(P<0.0001). nFRET: net FRET intensity, calculated by subtracting bleedthrough coefficients and
intensity of the YFP channel as detailed in Materials and Methods. All analyses were performed
at 37°C.
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Figure 4.9: S. Typhimurium strain harboring the lower-affinity ycgR-R1134 mutation does
not demonstrate YcgR-dependent motility inhibition in a AyhjH mutant. Above: swimming
diameters (from left to right) of AvhjH, AvyhjH AycgR, AyhjH ycgR-R113A4, and wild-type S.
Typhimurium strains, on soft-agar plates incubated at 37°C for 9 hours. Below: quantitation of
the swimming diameters of indicated S. Typhimurium AyhjH mutant strains compared to the
wild-type strain. Statistical significance is indicated. The AyhjH AycgR and AyhjH ycgR-R113A4
mutant strains demonstrated the same level of statistical significance compared to the AyhjH
mutant strain.



101

A B
Wild-type 0.6
Il ara::DGC
0.4+ 1 ara::PDE
FRET/CFP g
2.00 ®
1.90 2, 5
o
1.80 E I
1.70 g n S = =
1.60
% 0.8-
1.50 c
2 <
§ 0.6- _ ] Wild-type
r Bl AyhjH
0.4
0.2
p ! 00 —+—7T—T—T—T—T "1 E'|I I:III T
Ayth Qq6 '\’\'é) '\t\\t\b ’\‘}'\’.‘f: \"b\‘.gg '\'b‘)\.b?J \91\‘.)6

nFRET/CFP Intensity Ratio

Figure 4.10: A S. Typhimurium AyhjH mutant strain does not demonstrate a difference in
c-di-GMP binding to the BesA PilZ domain as compared to the wild-type strain. (a) Dual-
emission ratio microscopic images (FRET/CFP) of wild-type (top) or AyhjH mutant (bottom) S.
Typhimurium expressing pBcsA-Spy (see Chapter 5). Pseudocolors represent emission ratios
(527/480 nm) of the FRET-based biosensor as indicated by the figure legend to the left. (b)
Histogram showing the fraction of cells that demonstrate the indicated nFRET/CFP ratios for
control strains expressing a DGC or a PDE off of an arabinose-inducible promoter (top) and
either wild-type or AyhjH mutant strains (bottom). nFRET/CFP ratios are different than
FRET/CFP ratios since nFRET intensities have been corrected for bleedthrough and fluorescence
in the YFP channel. nFRET: net FRET intensity, calculated by subtracting bleedthrough
coefficients and intensity of the YFP channel as detailed in Materials and Methods. The
difference in nFRET/CFP ratios between the wild-type and the AyhjH is not significant (P >
0.05). All analyses were performed at 37°C.
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Figure 4.11: A S. Typhimurium AyhjH mutant strain does not produce cellulose on a soft-
agar motility plate. (a) Visible light and (b) UV images of strains of S. Typhimurium on soft-
agar motility plates with calcofluor, incubated at 37°C for 12 hours. From left: S. Typhimurium
pDGC, AyhjH, AvhjH AbcsA, AbcsA pDGC.
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Figure 4.12: The binding affinities of YcgR and BcsA for c-di-GMP determine cellular
phenotypes. When cellular c-di-GMP levels are kept low by PDEs such as YhjH, neither PilZ
domain protein is bound to c-di-GMP, resulting in a motile cell that does not produce cellulose.
As cellular DGCs increase the concentration of ¢-di-GMP past the K4 for YcgR, YcgR becomes
bound to c-di-GMP and thus inhibits motility, even at levels of c-di-GMP that are not high
enough to bind BcsA. Activation of AdrA expression results in enough c-di-GMP being
produced to bind to BesA, and cellulose synthesis occurs.



104

Table 4.1: Survival of mice inoculated with PilZ domain
protein deletion mutant strains of S. Typhimurium

Inoculum size: 100 cells

# of mice surviving (n=4)

Strain Day 0 Day 4 Day 5
14028s 4 4 0
AbcsA 4 1 0
AycgR 4 3 1
AbcsA AycgR 4 4 0
Inoculum size: 10 cells

# of mice surviving (n=4)
Strain Day 0 Day 4 Day 5 Day 6
14028s 4 3 3 3
AbcsA 4 3 1 1
AycgR 4 3 2 0
AbcsA AycgR 4 4 1 1
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CHAPTER 5: BIOSENSORS WITH ALTERED AFFINITIES FOR C-DI-

GMP EXPAND THE MEASURABLE RANGE OF C-DI-GMP IN VIVO

Summary

Many important questions in the c-di-GMP signaling field can only be answered by
measuring free c-di-GMP concentrations in live, individual cells in vivo. This type of
measurement can be achieved by expressing FRET-based c-di-GMP biosensors in live cells that
report on the concentration of c-di-GMP available to the receptor in real time. Here we present
the construction of three new FRET-based in vivo biosensors, using c-di-GMP binding receptors
that vary in their affinities for c-di-GMP. These receptors are capable of separating populations
of cells based on their ¢-di-GMP concentrations. Correlation of specific FRET/CFP ratios
observed in vivo to particular c-di-GMP concentrations will allow for the accurate determination
of the free c-di-GMP concentration from the nanomolar to the micromolar range in live

individual cells.

Introduction

The work presented in the previous two chapters provides evidence that many different c-
di-GMP concentrations, including intermediate levels, can have diverse effects on cellular

behavior, and that even small alterations in c-di-GMP levels can lead to significant physiological
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changes (Table 1.1, Figure 4.7, Figure 4.8). The ability to accurately measure c-di-GMP
concentrations in vivo under different environmental conditions, and to correlate these levels to

cellular behavior, is thus essential to answering many questions about ¢-di-GMP signaling.

Several techniques exist for measuring the intracellular concentration of c-di-GMP
(Chapter 1, Section iv). Chromatographic methods coupled to mass spectrometry, which
determine the concentration of c-di-GMP in batch culture, are most frequently used to measure
cytoplasmic c-di-GMP concentrations (10, 114, 119). However, these methods have several
inherent limitations. First, chromatographic methods are capable of measuring the average c-di-
GMP concentration for a large number of cells, but they are not informative regarding cell-cell
heterogeneity in second messenger concentration within a population. It is now clear that even
planktonic cells grown under the same environmental conditions demonstrate large differences in
c-di-GMP concentrations (23) (Figure 4.8). Second, these methods measure the total c-di-GMP
present in the cell; however, much of the intracellular c-di-GMP may actually exist in the bound
state (139), and it is the free cytoplasmic level of c-di-GMP that determines its binding to
downstream receptors. Finally, chromatographic methods represent endpoint measurements, in
which cells are destroyed and nucleotides are extracted using extensive extraction protocols
(114, 119). These assays are thus not conducive to monitoring fluctuations of second messenger
concentrations. Since c-di-GMP can be rapidly created and degraded by cellular DGCs and
PDEs (Chapter 1), it would be beneficial to be able to monitor the fluctuating levels of c-di-GMP

in response to environmental stimuli during dynamic cellular processes.

To overcome these limitations, Christen et al constructed a genetically-encoded c-di-
GMP biosensor by fusing the FRET pair mCyPet and mYPet to the c-di-GMP-binding protein

YcgR (23). mCyPet and mYPet are fluorescent proteins that have been evolutionarily optimized
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for FRET (81). FRET-based biosensors have been used in eukaryotic cells to monitor the
concentrations of many small molecules such as cGMP and calcium (27, 78, 84, 87, 107, 130,
147). With these biosensors, the FRET/CFP ratio is used as a readout for the binding state of the
biosensor inside of live cells, which in turn can be correlated to a specific c-di-GMP
concentration based on the affinity of the biosensor for c-di-GMP (23). The YcgR-based c-di-
GMP biosensor is the first construct that applies this method to the analysis of small molecule
concentrations inside of bacterial cells. Measuring intracellular c-di-GMP in vivo using the
FRET-based YcgR biosensor has several advantages over chromatographic methods. Binding of
this biosensor to c-di-GMP can be visualized in individual cells using fluorescence microscopy,
allowing the measurement of variability in c-di-GMP concentrations within a population. Since
this technique measures only the c-di-GMP that is available to the biosensor, it measures the free
cytoplasmic concentration of c-di-GMP, not the total amount. Also, since the YcgR biosensor
binds to c-di-GMP both rapidly and reversibly, it can be utilized to monitor rapid c-di-GMP
fluctuations during dynamic cellular processes. Additionally, this technique does not require the
addition of any exogenous reagents. Thus this method is capable of measuring the biologically
effective cellular concentrations of c-di-GMP in individual live cells in real time.

However, estimating c-di-GMP concentrations using this FRET-based technique has an
important limitation. The YcgR-based c-di-GMP biosensor can only accurately measure c-di-
GMP concentrations between approximately 50 and 700 nM at 25°C, since its range of
measurement is limited by the binding affinity of YcgR for c-di-GMP. Resolution of c-di-GMP
concentrations beyond this range is impossible using this biosensor. Examinations of binding
affinities of c-di-GMP-binding receptors indicate that c-di-GMP levels are likely capable of

spanning a large concentration range even within the same organism (Table 1.1). Measuring c-
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di-GMP concentrations using the YcgR biosensor alone would not be sensitive to differences in
concentration at these higher levels of c-di-GMP. In the following work, we introduce a panel
of biosensors based on PilZ domain proteins that have lower affinities for c-di-GMP than YcgR,

thus expanding the range of c-di-GMP concentrations that can be measured using this technique.

FRET-based biosensors that demonstrate different binding affinities for c-di-GMP expand

the measurable concentration range of c-di-GMP in vitro

In the work presented above, we generated c-di-GMP-binding FRET constructs using
either the BesA PilZ domain, or a mutant YcgR R113A protein, that demonstrate lower affinities
for ¢-di-GMP than the YcgR FRET construct (Figure 3.1, Figure 4.3). These biosensors are
capable of accurately reporting on second messenger concentrations that fall within the linear
portion of their binding curves based on their FRET/CFP emission ratios. The linear region of
the binding curve encompasses approximately 10% to 90% total bound biosensor in solution
(Figure 5.1). Thus, the specific concentration range of measurable c-di-GMP is based on the
binding affinities of these receptors. The measurable range of c-di-GMP for the YcgR wild-type,
YcgR R113A mutant, and BesA PilZ domain FRET constructs are 50-700, 1300-9000, and
3000-22000 nM, respectively, at 25°C (Figure 5.1, Table 5.1). Comparison of these c-di-GMP
concentration ranges revealed that the c-di-GMP concentration range between 700-1300 nM
could not be accurately measured by an existing biosensor, since at this concentration range, over
90% of the YcgR wild-type biosensor is bound to c-di-GMP, but less than 10% of the YcgR
R113A biosensor is bound to c-di-GMP. An additional biosensor with an intermediate affinity

for c-di-GMP was needed to cover this range.
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In order to generate a biosensor with an intermediate affinity for c-di-GMP, we focused
on the conserved PilZ motif DxSxxG in the wild-type YcgR protein as a potential target for
affinity alteration by site-directed mutagenesis. In the P. putida YcgR homologue, PP4397,
mutation of the serine in this motif to an alanine was shown to decrease the binding affinity of
PP4397 for c-di-GMP by approximately 4.5-fold (58). Thus, we generated a S147A YcgR
variant using site-directed mutagenesis of the wild-type YcgR FRET construct, and analyzed its
binding to c-di-GMP. Like the wild-type YcgR FRET construct, this S147A mutant biosensor
demonstrated a decrease in FRET upon the addition of c-di-GMP (Figure 5.1). The binding
affinity of the YcgR S147A FRET construct for c-di-GMP was then measured by increasing c-
di-GMP into a solution containing purified YcgR S147A biosensor and monitoring the
corresponding decrease in FRET. The S147A mutant was found to bind c-di-GMP with an
affinity of 478 £ 38 nM at 25°C, representing a 2.7-fold decrease in affinity from the wild-type
YcgR protein (Figure 5.2). The Hill coefficient for binding was approximately 1.6 + 0.2. Based
on the linear range of the binding curve, this protein is capable of accurately measuring the c-di-
GMP concentration from 120-2100 nM at 25°C. Thus, by constructing this YcgR S147A
mutant, we completed a panel of biosensors that expands the measureable range of c-di-GMP

concentrations from 50 nM to 22 uM at 25°C, over two orders of magnitude (Table 5.1).

FRET- based biosensors with different affinities for c-di-GMP distinguish between

populations of cells with high and low ¢-di-GMP levels in vivo
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In order to measure the concentration of c-di-GMP in vivo, these biosensors must
demonstrate a different FRET/CFP ratio when bound or unbound to c-di-GMP inside of live
cells. To test this, we examined the ability of these biosensors to distinguish between two
populations of cells in which the level of c-di-GMP had been artificially manipulated to be either
very high or very low. This was done by expressing the biosensors in two separate strains of S.
Typhimurium that harbored either a strong DGC or a strong PDE expressed off of the native
chromosomal arabinose-inducible promoter (Figure 4.5, these strains were used as controls in
Figure 4.8 and in Figure 4.10). The addition of arabinose into the growth media of the
ara::DGC or ara::PDE strains results in the generation of large amounts of intracellular c-di-
GMP, or its degradation, respectively, as determined by effects on cellular phenotypes (Figure
4.1 and data not shown). Thus, these strains represent a model system in which the ability of
FRET-based c-di-GMP biosensors to discriminate between populations of high and low c-di-

GMP levels can be tested.

The YcgR R113A and BcesA PilZ in vivo biosensor plasmids were constructed in the
same IPTG-inducible expression vector as the wild-type YcgR biosensor plasmid (23). The
YcgR S147A in vivo expression construct is currently in progress. The YcgR R113A and BesA
PilZ biosensor plasmids were transformed into the ara::DGC strain and the ara::PDE strain.
Transformed cells were grown in modified M9 media to exponential phase in the presence of
IPTG and arabinose. Cells were then immobilized on agar pads, and the FRET and CFP
emission intensities upon excitation at 425 nm for each individual cell were measured using a
fluorescence microscope coupled to a sensitive EMCCD camera. The wild-type YcgR
biosensor, which had already been shown to discriminate between cells containing high and low

levels of c-di-GMP (23), was able to clearly distinguish between these strains based on their
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FRET/CFP ratios (Figure 5.3). Similarly, expression of either the YcgR R113A or BesA PilZ
biosensors also demonstrated clear separation of the ara::DGC and ara::PDE strains into two
distinct populations based on their FRET/CFP ratios (Figure 5.4, 5.5). The ara::DGC and
ara::PDE populations demonstrated different trajectories when the nFRET values were plotted
against the CFP intensity values (Figures 5.3B, 5.4B, 5.5B), suggesting that these biosensors
could be used to measure intermediate FRET/CFP ratios. This demonstrates the utility of these

biosensors for measuring c-di-GMP concentrations in vivo.

Discussion

This work characterizes three new c-di-GMP biosensors that show promise for the
accurate measurement of c-di-GMP inside of live cells over a large range of concentrations.
Although the S147A YcgR biosensor remains to be tested in vivo, the YcgR R113A and BcsA
PilZ biosensors are able to distinguish between populations of high and low c-di-GMP levels
without overlap, based on their FRET/CFP ratios. Several key experiments remain before these
biosensors can be applied to measure specific concentrations of c-di-GMP in live cells. An
important control experiment is to express a FRET construct that does not bind c-di-GMP in
strains in which c-di-GMP is artificially modulated, to verify that the expression of a DGC or
PDE does not induce the production of some other factor that alters the FRET/CFP ratio. In
addition, to correlate in vivo FRET/CFP ratios of these biosensors to specific c-di-GMP
concentrations, the FRET/CFP ratios of purified biosensors should be determined in vitro using

the same microscope settings and conditions as for in vivo FRET/CFP ratio measurements. One
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way to accomplish this is by analyzing the FRET/CFP ratios of purified, His-tagged biosensor
immobilized to Ni-NTA silica beads in the presence of different concentrations of c-di-GMP
(Figure 5.6). Since PilZ domain protein binding affinities vary with temperature (Figure 3.3),
this analysis should be performed at every temperature at which in vivo measurements are
performed. This will allow for the assignment of specific in vivo FRET ratios for each biosensor

to particular c-di-GMP concentrations.

Using these biosensors as a molecular scale for c-di-GMP has many potential
applications. One of these is analyzing the effects of inactivation of various DGCs or PDEs
(Figure 4.8, Figure 4.10). These biosensors may also be used to compare the relative activities of
overexpressed DGCs or PDEs in vivo: some of these c-di-GMP-metabolizing enzymes may
affect intracellular c-di-GMP concentrations to a significantly larger extent than others, due to
factors such as feedback inhibition. Expressing biosensors with altered affinities for c-di-GMP
will also provide insight into the extent of the heterogeneity of c-di-GMP concentrations in
populations where environmental conditions are kept constant, such as growth in broth culture.
Another application is determining how environmental conditions contribute to fluctuating c-di-
GMP levels during various cellular processes, such as the cell cycle (23). Finally, computational
methods that allow for the deconvolution of two or more FRET signals expressed simultaneously

will allow expression of multiple FRET-based c-di-GMP biosensors in the same cell (1, 41, 82).
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Figure 5.1: ¢-di-GMP binding curves of FRET-based biosensors used in this study. For
each biosensor, the fraction of FRET biosensor bound to c-di-GMP was calculated by measuring
the FRET/CFP ratio at each indicated c-di-GMP concentration, subtracting the unbound
FRET/CFP ratio, and dividing this number by the difference between the bound and unbound
FRET ratios. A number of 0 indicates that the FRET biosensor is completely unbound to c-di-
GMP, and a number of 1 indicates that the FRET biosensor is completely bound to c-di-GMP.

® YcgR; ¥YcgR S147A; A YcgR R113A; m BesA PilZ. Dotted lines indicate the FRET/CFP
ratios at which 10% or 90% of the total FRET biosensor is bound.



114
0.020-

0.015- s

““ . noc-di-GMP
0.010- i i “e * 4uMc-di-GMP

Normalized RFU

..l-l..

0.005-

0.000 T T
450 500 550

Wavelength (nm)

Figure 5.2: Fluorescence emission spectra of the YcgR S147A biosensor. 100 nM YcgR
S147A biosensor was excited at 425 nm at 25°C, in the presence and absence of ¢c-di-GMP, and

the emission spectra were recorded. Addition of c-di-GMP to the YcgR S147A biosensor results
in a decrease in the YFP to CFP emission ratios (525/480).
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Figure 5.3: Expression of the YcgR biosensor differentiates between cells overexpressing a
DGC and cells overexpressing a PDE. (a) Dual-emission ratio microscopic images
(FRET/CFP) of cells expressing a DGC (ara::DGC) or a PDE (ara::PDE) and the YcgR
biosensor. Pseudocolors represent emission ratios (527/480 nm) of the FRET-based biosensor as
indicated by the figure legend to the left. (b) Dot plot illustrating the FRET/CFP ratios of cells
expressing either a DGC or a PDE in addition to the YcgR biosensor. Each dot represents the
FRET and CFP emission intensities of an individual cell. Expression of the biosensor separates
the strains into two distinct populations based on their FRET/CFP ratios. (c) Histogram showing
the fraction of cells that demonstrate the indicated nFRET/CFP ratios for strains expressing
either a DGC or a PDE. nFRET: net FRET intensity, calculated by subtracting bleedthrough
coefficients and intensity of the YFP channel as detailed in Materials and Methods. All analyses
were performed at 30°C.
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Figure 5.4: Expression of the YcgR RI113A biosensor differentiates between cells
overexpressing a DGC and cells overexpressing a PDE. (a) Dual-emission ratio microscopic
images (FRET/CFP) of cells expressing a DGC (ara::DGC) or a PDE (ara::PDFE) and the YcgR
R113A biosensor. Pseudocolors represent emission ratios (527/480 nm) of the FRET-based
biosensor as indicated by the figure legend to the left. (b) Dot plot illustrating FRET/CFP ratios
of cells expressing either a DGC or a PDE, in addition to the YcgR R113A biosensor. Each dot
represents the FRET and CFP emission intensities of an individual cell. Expression of the
biosensor separates the strains into two distinct populations based on their FRET/CFP ratios. (c)
Histogram showing the fraction of cells that demonstrate the indicated FRET/CFP ratios for
strains expressing either a DGC or a PDE. nFRET: net FRET intensity, calculated by subtracting
bleedthrough coefficients and intensity of the YFP channel as detailed in Materials and Methods.
All analyses were performed at 30°C.
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Figure 5.5: Expression of the BecsA PilZ biosensor differentiates between cells
overexpressing a DGC and cells overexpressing a PDE. (a) Dual-emission ratio microscopic
images (FRET/CFP) of cells expressing a DGC (ara.:DGC) or a PDE (ara::PDFE) and the BcsA
PilZ biosensor. Pseudocolors represent emission ratios (527/480 nm) of the FRET-based
biosensor as indicated by the figure legend to the left. (b) Dot plot illustrating FRET/CFP ratios
of cells expressing either a DGC or a PDE, in addition to the BcsA PilZ biosensor. Each dot
represents the FRET and CFP emission intensities of an individual cell. Expression of the
biosensor separates the strains into two distinct populations based on their FRET/CFP ratios. (c)
Histogram showing the fraction of cells that demonstrate the indicated FRET/CFP ratios for
strains expressing either a DGC or a PDE. nFRET: net FRET intensity, calculated by subtracting
bleedthrough coefficients and intensity of the YFP channel as detailed in Materials and Methods.
All analyses were performed at 30°C.
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Figure 5.6: FRET/CFP ratios of purified biosensors immobilized on Ni-NTA silica beads.
For each biosensor, shown is a representative image of a single bead in the presence of the
indicated c-di-GMP concentration. YcgR, 12.5 nM; YcgR R113A, 12.5 nM; BesA PilZ, 50 nM.
Pseudocolors represent FRET/CFP ratios as indicated by the legend at right. Individual
FRET/CFP ratios were: YcgR, 1.5-2.3; YcgR R113A, 1.15-1.65; BesA PilZ 2-4.7. The higher
FRET ratios as determined in this experiment compared to those of the in vivo measurements are
due to differences in optical configurations used for imaging (see Materials and Methods), and
also may be affected by intermolecular FRET of individual biosensor molecules loaded adjacent
to each other on the bead. This experiment was performed at 30°C.



Table 5.1: Measureable range of c-di-GMP concentrations
for biosensors used in this study

Biosensor Kd (nM)'  Measurement Range (nM)?
YcgR 174 £ 14 50-700
YcgR S147A 478 £ 38 120-2100
YcgR R113A 3352 280 1300-9000
BcsA PilZ 8267 + 249 3000-22000

'Binding affinities were measured at 25°C

“Measurement range is based on the c-di-GMP concentrations
at which ~10-90% FRET biosensor is bound to c-di-GMP
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS

c-di-GMP is a second messenger that is used by many bacterial species to integrate
environmental information from different cellular inputs in order to direct cellular behavior.
Because many GGDEF and EAL domains are physically linked to putative environmental
sensing domains, the precise level of c-di-GMP in the cell is likely tightly controlled by multiple
environmental signals (77). Although every DGC produces the same small, diffusible second
messenger molecule, many of these enzymes can be specifically linked to a particular
downstream c-di-GMP-regulated process (12, 37, 55, 112, 113). In the work above, we present
evidence that one mechanism by which this signaling specificity can occur is through the

selective activation of c-di-GMP receptors based on their affinities for the second messenger.

In Chapter 3, we found that the downstream targets for c-di-GMP, PilZ domain proteins,
differ greatly in their affinities for c-di-GMP even within the same organism. To measure the
binding affinities of PilZ domain proteins, we employed a FRET-based method in which
individual PilZ domain proteins are expressed as fusion proteins with a FRET pair of
fluorophores. Binding to c-di-GMP can then be assessed by monitoring the amount of FRET in
these constructs, which is sensitive to small changes in protein structure. We found that the PilZ
domain proteins in S. Typhimurium differed by 43-fold in their affinities for c-di-GMP, and the
PilZ domain proteins in P. aeruginosa differed by 145-fold. The striking variability in c-di-
GMP-binding affinities of PilZ domain proteins suggests that binding affinities may be important

for the biological phenotypes of these proteins.
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In Chapter 4, we take this work a step further and determine the effects of binding
affinities on the biological phenotypes that have been attributed to the two PilZ domain proteins
in S. Typhimurium, BesA and YcgR. Increasing the binding affinity of BesA for c-di-GMP
increased the amount of cellulose that this enzyme produced at lower levels of ¢c-di-GMP than
for the wild-type enzyme. Decreasing the binding affinity of YcgR for c-di-GMP increased the
amount of c-di-GMP needed for this protein to inhibit cellular motility. This decrease in binding
affinity abolished the phenotype typically ascribed to YcgR; namely, its ability to inhibit cellular
motility in a AyAjH mutant, which encodes an EAL domain protein. During the course of this
work, we also determined that in this AyhjH mutant, there is an increase in the fraction of the
cellular population that demonstrates levels of c-di-GMP that are high enough to bind to the
high-affinity YcgR; however, this increase in intracellular c-di-GMP levels does not appear to be
high enough to bind to the low-affinity BesA PilZ domain. Accordingly, AyhjH mutation does
not stimulate the production of cellulose. This indicates that the affinities of YcgR and BesA are
important for their biological phenotypes, and that their disparities in binding affinities for c-di-

GMP may allow them to be selectively targeted by cellular c-di-GMP-metabolizing enzymes.

Finally, in Chapter 5, we introduced three new FRET-based constructs as in vivo,
genetically encoded biosensors for the estimation of c-di-GMP concentrations inside of live,
individual cells. These constructs are based on PilZ domain proteins used in Chapter 4, and
demonstrate significantly lower binding affinities than the established FRET-based in vivo
biosensor, which is based on the YcgR protein. Two of these three biosensors are characterized
in Chapter 5, and shown to clearly distinguish between cellular populations that have artificially

raised, or artificially lowered, c-di-GMP levels. Further development and use of these biosensors
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will result in the accurate measurement of free c-di-GMP levels in individual live cells from the

nanomolar to the micromolar range.

Does c-di-GMP signaling specificity also occur by the generation of local c-di-GMP pools?

Observations of specificity in c-di-GMP signaling indicate that c-di-GMP signaling can
be functionally compartmentalized (45, 55, 62, 77, 92, 138). This work provides support to the
hypothesis that specific targeting of c-di-GMP receptors occurs through the affinity of receptors
for c-di-GMP. However, an alternative hypothesis for how signaling specificity can be achieved,
based on the generation of localized pools of c-di-GMP, has been proposed (72, 76, 113). In this
hypothesis, c-di-GMP metabolizing enzymes would be localized in the cell cytoplasm close to
their target receptors, and thus would achieve specificity for these receptors by affecting the c-di-

GMP concentration only within the immediate vicinity.

It is difficult to envision how the maintenance of local pools of a small, freely diffusible
molecule would be achieved in the bacterial cell in the absence of some compartmentalizing
physical structure such as a phospholipid membrane. In eukaryotic cells, individual pools of the
second messenger cAMP have been observed with a diameter as small as 1 um (147). Like c-di-
GMP, cAMP is a hydrophilic second messenger that would also be freely diffusible. One
hypothesis regarding how these microdomains are maintained involves PDEs that are
specifically localized in subcellular compartments that act to decrease the concentration of
cAMP in a spatially restricted manner, thereby generating these local pools (146). However, a

small molecule takes approximately 1000 times longer to diffuse across a eukaryotic cell than a
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bacterial cell (79). Given the viscosity of the bacterial cytoplasm, and the experimentally-
determined average radius of c-di-GMP, this small molecule would achieve equilibrium in the
bacterial cell in less than 30 milliseconds (38, 79, 134). Thus, any physiological difference in
local concentrations of c-di-GMP in the bacterial cell would be dissipated due to diffusion. This
is supported by observations of c-di-GMP levels in individual cells during imaging of cells
expressing c-di-GMP biosensors. Although heterogeneity in c-di-GMP concentrations was
readily observed between adjacent individual cells, no evidence for separate pools of c-di-GMP
was observed in the thousands of S. Typhimurium cells analyzed during the course of this work.
This has also been observed by Christen et al, who used this FRET-based biosensor method and
found that the level of c-di-GMP in a mother cell of C. crescentus is homogeneous throughout
the cell cytoplasm before division; individual daughter cells demonstrate differences in cellular
c-di-GMP levels only when the plasma membrane forms between daughter cells and effectively
separates their individual cytoplasms (23) (personal communication). In addition, generation of
local pools as a mechanism to achieve signaling specificity has been hypothesized to explain the
observation that inactivation of some DGCs and PDEs, which are known to affect cellular
behavior in a c-di-GMP dependent manner, do not demonstrate a change in the total amount of c-
di-GMP in the cell (76, 112). However, we have found that even small changes in c-di-GMP
concentrations that occur upon DGC or PDE inactivation can result in a shift in the bound state
of downstream receptors. Thus, failure to observe gross changes in total c-di-GMP
concentrations does not necessarily indicate that the mutation has no effect on free intracellular

c-di-GMP levels, or that its effect is due to localized pools of c-di-GMP.

The work presented here favors a mode of regulation in c-di-GMP signaling that depends

upon the total level of cytoplasmic c-di-GMP; however, this mechanism of regulation is by no
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means mutually exclusive with other mechanisms. Although this work is supported by the work
of others that suggest that regulation of downstream effectors occurs through total intracellular
levels of c-di-GMP in Salmonella (116), the mechanisms of regulation may differ between
organisms. Indeed, recent work has elegantly demonstrated that the level of c-di-GMP inside of
V. cholerae only correlates slightly with the phenotypic output of biofilm formation, although the
correlation between the c-di-GMP produced by individual DGCs and the production of biofilm is
much more robust (72). It is possible that other mechanisms are at work in the c-di-GMP
signaling network of V. cholerae that remain to be determined. It has also been suggested that
different mechanisms for achieving signaling specificity may occur even within the same

organism (92, 113).

Do the enzymatic activities of c-di-GMP metabolizing enzymes determine their abilities to

affect different downstream receptors?

Future work in c-di-GMP signaling should further unravel the biochemical basis by
which different DGCs and PDEs are able to communicate with specific downstream receptors.
The hypothesis presented here predicts that different DGCs and PDEs demonstrate variability in
the amount of c-di-GMP inside of the cell that they can metabolize. In DGCs, this variability
could result from differences in catalytic activities, such as variability in the affinity for the GTP
substrate or the velocity of the reaction, and also from the presence of inhibitory I-sites, which
would limit the synthesis of c-di-GMP to particular concentrations that are defined by the affinity

of the I-site for the second messenger. In this way, DGCs would be able to communicate with
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certain downstream receptors based on the combination of c-di-GMP production ability and the
binding affinities of the downstream receptors. For example, the work presented in previous
chapters suggests that the DGC AdrA in S. Typhimurium is much more active than other DGCs
in this organism, and for this reason it is capable of stimulating BcsA activity whereas other
DGCs are incapable of doing so. Altering the ability of c-di-GMP metabolizing enzymes in S.
Typhimurium, and then monitoring the ability of these enzymes to communicate with specific
downstream receptors, is a next step in exploring this hypothesis. FRET-based biosensors will
be useful in these types of studies, as they can provide a readout for the bound state of specific c-
di-GMP receptors. Association of all ¢c-di-GMP metabolizing enzymes encoded in bacterial
genomes with the downstream receptors that they regulate will involve a systems biology
approach to the study of c-di-GMP signaling. Although this is a daunting task, the association of
the activities of ¢-di-GMP-metabolizing enzymes with particular downstream receptors will add

greatly to our understanding of c-di-GMP signaling networks.

What is the significance of heterogeneity of c-di-GMP concentrations within a population?

Another theme that warrants further study in c-di-GMP signaling is observed
heterogeneity of c-di-GMP concentrations within populations of cells (Figure 4.8) (23).
Diversifying cellular behaviors through maintaining different c-di-GMP levels may result in
beneficial properties for the bacterial population (23). It is possible that heterogeneity of c-di-
GMP concentrations exists in many different environmental situations. For example, during the
course of this work, we observed that overexpression of a DGC in S. Typhimurium on LB-

calcofluor agar plates results in much more calcofluor binding than growth of the wild-type
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strain at a temperature permissible for cellulose production (Figure 4.1). This could be because
the level of c-di-GMP produced inside of wild-type cells is not high enough to fully saturate the
BcesA enzyme, or it could be due to heterogeneity of c-di-GMP concentrations in the wild-type
strain in which some bacteria provide cellulose for the entire colony, while in the DGC-
overexpressing strain, all of the bacteria have c-di-GMP levels that are high enough to produce
the polysaccharide, and thus copious amounts of cellulose is produced. Expressing in vivo c-di-
GMP biosensors will assist in determining the extent of c-di-GMP heterogeneity in this situation

and in others.

In conclusion, our data suggest that c-di-GMP signaling specificity may be achieved
through the affinities of downstream receptors. This theory is consistent with environmental
signal integration by DGCs and PDEs resulting in the generation of a specific free level of c-di-
GMP. The fascinatingly complex regulation of c-di-GMP signaling likely involves many
different, ingenious strategies, which will be unraveled by future studies into the c-di-GMP

signaling networks of many different bacteria.
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