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ABSTRACT

The Proteobacterium Vibrio fischeri induces bioluminescence upon establishing its light-
organ symbiosis with the Hawaiian bobtail squid, Euprymna scolopes. This bioluminescence is
controlled by pheromone-mediated signaling, which in turn is influenced by many environmental
factors, one of which is a carbon source. In particular, glucose affects pheromone regulation,
apparently through the activity of the cAMP-receptor protein CRP and the second messenger
CAMP, which is generated by CyaA. In the absence of glucose, cCAMP-CRP stimulates many
catabolic operons in Proteobacteria, and crp is important in host colonization for other vibrios.
Therefore, | became interested in CAMP-CRP’s role in the light-organ environment, and how a
carbon source translates into changes in cCAMP-CRP activity. My first goal was to investigate
CAMP-CRP’s role in the symbiosis and during growth in culture. Both AcyaA and Acrp mutants
were attenuated in host colonization, and cCAMP-CRP activity measured from a CRP-dependent
transcriptional reporter was elevated in the symbiosis. In culture, glucose improved the growth

of AcyaA and Acrp mutants and decreased CAMP-CRP activity. N-acetylglucosamine (NAG)



similarly improved the growth of the mutants, although it did not decrease cCAMP-CRP activity.
My results suggest that CRP is active in V. fischeri during colonization and that glucose is not a
major carbon source in the light organ. My second goal was to determine how cAMP and CRP
levels are controlled in V. fischeri. In Escherichia coli, glucose lowers intracellular cAMP and
CRP levels. However, despite lowered cAMP-CRP activity, | found higher intracellular cAMP
levels in the presence of glucose. | showed that the proteins CyaA, CpdA, CpdP, and EIA®",
along with an unknown transporter, control CAMP levels; however, neither CAMP concentration
nor CRP levels seemed to explain the decrease in cCAMP-CRP activity in glucose-grown cells. |
hypothesize that CRP is being regulated by a post-translational mechanism, such as protein
acetylation. This dissertation illustrates the importance of CAMP-CRP-mediated regulation in
the V. fischeri-E. scolopes symbiosis and suggests there are yet unknown means by which

glucose regulates cAMP-CRP activity in Proteobacteria.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Overview
Bacteria use diffusible signaling molecules, or “pheromones,” to regulate gene expression
and to coordinate certain behaviors such as bioluminescence, biofilm formation, virulence, or
motility.  These group behaviors often contribute to successful bacteria-host interactions,
whether they are mutualistic symbioses or pathogenic infections. Bacterial pheromones
accumulate in a cell-density dependent manner and once a threshold concentration of the
pheromone is reached, the signal binds a cognate receptor, which directly or indirectly activates
transcription of genes needed to promote a certain behavior. Because of the cell-density
dependence for pheromone accumulation, such signaling is often called “quorum sensing.”
However, bacteria also change their group behaviors in different environments and niches where
they are faced with fluctuating factors such as changes in nutrient sources or the presence of
other bacteria in the community (18, 41). These conditions can affect the accumulation of
pheromone signals through constraints on pheromone diffusion, changes in signal degradation,
or regulation of pheromone synthases (18). In this way, bacteria respond to changing
environments in part by controlling certain group processes using pheromone-mediated
regulatory circuits that require both a “quorum” of cells and an appropriate external environment.
In the remainder of this chapter, | will describe bacterial pheromone-mediated regulation by

two structurally different types of pheromones, N-acyl-homoserine lactones (AHLs) and a signal



called Al-2. In addition, I will discuss the pheromone-controlled lux system underlying
bioluminescence in Vibrio fischeri, the Vibrio-squid light-organ symbiosis, and evidence for
CAMP-CRP-mediated regulation of bioluminescence in this system. | will then review similar
signaling systems in other bacteria and the regulatory input of CAMP-CRP into these systems.
Lastly, | will describe the importance of environmental factors in regulating bioluminescence
and how specific carbon sources could act as environmental cues to control the cCAMP-CRP

regulon in V. fischeri.

Pheromone-mediated regulation
First discovered in V. fischeri, LuxR-Luxl-type AHL signaling systems are well
conserved and have been reported in over seventy proteobacterial genera (18). The LuxI-type

proteins synthesize AHLs (Fig. 1.1), which can have different acyl chain lengths or decorations
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Figure 1.1: Structures of AHL pheromones produced by many Proteobacteria. (A) Structure
of an AHL; “R” represents a variable acyl chain. (B) Examples of AHLs with different chain
lengths and decorations such as an oxo group.



such as a hydroxyl group. AHLs are generated by the formation of an amide bond between S-
adenosyl methionine (SAM) and an acyl moiety of the cognate acyl carrier protein (ACP) (18,
62, 105). The availability of the ACP substrates and the specificity of the synthases for different
acyl-ACPs allow bacteria to produce different AHLs (Fig. 1.1B) (18). For example, Ytbl of
Yersinia pseudotuberculosis can synthesize up to 24 different AHLs (18, 112), whereas LuxI of
Vibrio fischeri predominantly produces only one. The N-terminal portion of Luxl homologs
contains six conserved residues found throughout the Luxl family that are important for AHL
synthase activity (18, 63). The C-terminal region of Luxl homologs may also play an important
role by providing specificity with respect to the acyl-ACP substrate (63).

LuxR and LuxR-type proteins are transcriptional regulators that bind to their cognate
AHLs and subsequently bind to DNA to regulate the transcription of target genes as described
below. LuxR homologs have conserved amino acids (162) and structural similarities in the N-
and C-termini, corresponding to the sites of AHL interaction and DNA binding, respectively (18,
54, 146, 173). Interestingly, some bacteria in the Vibrionaceae family have AHL-based
signaling systems that are structurally and functionally unlike the LuxR-LuxI system. One of
these is the AinS/AInR system in V. fischeri, which will be discussed in greater detail below.

Another type of pheromone, collectively known as Al-2 (Fig. 1.2), is more universal,
being produced by both Gram-positive and Gram-negative bacteria (31, 149, 166), suggesting a
role for inter-species communication. Al-2 signaling in various bacteria controls
bioluminescence, virulence, and biofilm formation (114, 152, 166). Al-2 was first identified as a
regulator of luminescence in Vibrio harveyi and was shown to be made from SAM, which is a
methyl donor for different cellular processes (8, 28). This use of SAM generates a toxic

byproduct, S-adenosyl homocysteine (SAH), that is then recycled by the enzymatic activities of



Pfs and LuxS, the latter of which is known as the Al-2 synthase (8, 31). LuxS converts S-ribosil
homocysteine (SRH) to homocysteine (Fig. 1.2) resulting in an unstable byproduct, 4,5-
dihydroxy-2,3-pentanedione (DPD), which undergoes a non-enzymatic conversion to a R or S
form of 2,4-dihydroxy-2-methyldihydro-3-furanone (DHMF). R-DHMF undergoes hydration to
form the Al-2 molecule used by E. coli and Salmonella whereas the S-DHMF will also undergo
hydration but then complexes with borate to form Al-2 recognized by V. harveyi (Fig 1.2) (152).
Thus, related but structurally distinct compounds are collectively referred to as Al-2. V. fischeri

utilizes both Al-2 and AHL-based signaling, which will be explained further below.
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Figure 1.2: Synthesis of Al-2. Blue arrows represent the non-enzymatic reactions in
which two isomers R- or S- form Al-2 for E. coli and Salmonella and Al-2 for V. harveyi,
respectively. Abbreviations include: SAM, S-adenosyl methionine; SAH, S-adenosyl
homocysteine; SRH, S-ribosil homocysteine; DPD, 4,5-dihydroxy-2,-3-pentanedione;
DHMF, 2,4-dihydroxyl-2-methyldihydro-3-furanone; and S-THMF, (2S,4S)-2-methyl-
2,3,3,4-tetrahydroxytetrahydrofuran.



The V. fischeri —E. scolopes symbiosis and the lux operon
The V. fischeri-E. scolopes symbiotic infection

One model strain for studying AHL- and Al-2-based signaling is V. fischeri ES114,
which is an isolate from the light organ of the Hawaiian bobtail squid, Euprymna scolopes (12).
This symbiotic relationship provides V. fischeri with nutrients, and V. fischeri populations are
higher in environments occupied by the squid (81). In exchange, the squid utilizes the bacterial
luminescence presumably as a camouflaging behavior called counterillumination to obscure the
squid’s silhouette from predators at night (70, 143, 156).

V. fischeri makes up less than 0.1% of the bacterial community in the environment where
the host lives, and yet only V. fischeri colonizes the light organ of E. scolopes (96). After
hatching, the juvenile squid are infected with V. fischeri, which triggers the development of the
light organ where V. fischeri resides (99). Once inside the light organ, V. fischeri divides rapidly
and induces its luminescence (96). Although the luxICDABEG (lux) genes that are responsible
for luminescence are induced at different times in distinct light-organ microenvironments, most
if not all symbiotic cells have induced luminescence within 24 hours post-infection (40).
Luminescence is a colonization factor for V. fischeri, and pheromone signaling is required for its

induction in the host (15, 153).

Luminescence and its regulation in V. fischeri

V. fischeri generates bioluminescence using proteins encoded by the lux operon. The
enzyme luciferase, LuxAB, catalyzes the light-generating reaction, by converting a reduced
flavin mononucleotide (FMNH,), a long-chain aliphatic aldehyde (RCHO), and oxygen to

oxidized FMN, aliphatic acid (RCOOH), water, and light (Fig. 1.3) (90). The aliphatic acid



reductase complex (LuxCDE) recycles the acid to aldehyde, and LuxG regenerates FMNH; (19,
45, 46, 90). In addition to the energy devoted to Lux protein synthesis, this process consumes
reducing equivalents along with oxygen, potentially competing with energy-generating pathways
for these substrates, and it hydrolyzes ATP in regenerating the aldehyde substrate. Perhaps not
surprisingly, expression of luminescence can slow the growth of bacteria, and dim or dark
mutants may outgrow wild-type in culture (15).

Because luminescence is an energetically expensive process in V. fischeri, the lux operon
is tightly regulated. Notably, luminescence is controlled in a cell-density dependent manner and
is not highly expressed in dilute planktonic cells. Such regulation is easily rationalized, because
the luminescence output of a lone single cell would be too low to be detected by any biological
system. The bacteria monitor their own population density through diffusible pheromones,
which accumulate in the surrounding environment. At low cell densities, the pheromones are at
low concentrations and unable to induce luminescence until they have reached a higher
concentration that can only be achieved at higher cell densities (43, 55, 110). Once the threshold

concentration of pheromone is reached, the lux operon is induced.
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Figure 1.3: Light reaction involving LuxCDABEG proteins. LuxAB is luciferase and
LuxG and LuxCDE are involved in recycling the products back into the substrates.



The lux operon also contains the pheromone synthase, Luxl, which produces 3-oxo-
hexanoyl-homoserine lactone (30C6) (Fig 1.1). Once 30C6 accumulates, it binds and activates
the lux transcriptional activator, LuxR (43, 44, 72, 137, 138). Activated LuxR can then bind the
promoter of luxICDABEG at a lux box sequence to promote transcription, resulting in a positive
feedback loop in which more Luxl and 30C6 are synthesized to activate more LuxR (Fig. 1.4)
(136). Pheromones like 30C6 are often called “autoinducers”, because of their self-stimulatory
regulatory role.

As mentioned above, V. fischeri has an additional AHL synthase, AinS, which
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Figure 1.4: Pheromone-mediated regulation of lux operon in V. fischeri. LuxI and AinS
produce AHL signals 30C6 and C8, respectively, which combine with LuxR to stimulate
transcription of luxICDABEG. LuxS produces Al-2. C8 or Al-2 along with their
cognative receptors, AinR or LuxPQ, respectively, stimulate LuxR expression through a
circuit involving LuxU, LuxO, Qrr, and LitR. In the presence of C8 or Al-2, this
regulatory cascade results in transcriptional activation of LuxR by LitR. cAMP-CRP
binds to both the ainSR and luxR promoters and activates their transcription (91).




synthesizes N-octanoyl-homoserine lactone (C8) (Fig. 1.1) (57, 79, 80). Although a weaker
inducer than 30C6, C8 also binds and activates LuxR (Fig. 1.4). Lupp et al. demonstrated that
maximal induction of the lux operon requires both AHLs; however, C8 autoinduction precedes
that of 30C6 (89). It is believed that at moderate cell density, C8 autoinduction is prominent;
and that at the higher cell density found during an established symbiosis, 30C6 autoinduction is
most important (90).

C8 also stimulates LuxR expression through a circuit involving LuxU, LuxO, Qrr, and
LitR (Fig. 1.4) (142). AlI-2 signals through this pathway as well, with both C8 and Al-2
signaling converging at LuxU. Based on similar systems in other Vibrio species (87, 97, 102),
binding of C8 or Al-2 to their cognate receptors, AinR or LuxPQ, respectively, change the
relative kinase and phosphatase activities toward LuxU (52, 151). Whereas in the presence of
C8 or Al-2, kinase activity (but not phosphatase activity) of AinR and LuxPQ decrease leading
to less phosphorylated LuxU and therefore less phosphorylated LuxO (51, 87). On the other
hand, in the absence of C8 and Al-2, the cognate receptors have increased phosphatase activity
to phosphorylate LuxU which then phosphorylates LuxO, a negative regulator of luminescence
(104). Phosphorylated LuxO together with sigma 54 activates transcription of a gene encoding
a small RNA (qgrr) (82, 104) that in combination with RNA chaperone Hfq, leads to degradation
of target MRNAs, notably V. fischeri’s litR transcript. Therefore, the presence of C8 or Al-2
contribute to the positive regulation of LuxR by LitR, a transcriptional activator that binds to the
luxR promoter (49, 88), thus providing a link between these pheromones and the priming of the
LuxR-LuxI system. However, Al-2-mediated regulation of luminescence appears minor under

the conditions tested to date (87), whereas ainS and ainR play a larger role.



Environmental regulation of luminescence

Although high cell density is required for pheromone signaling and bioluminescence, it is
not the whole story. Regulators of luminescence that have been discovered include ArcA, the
response regulator of the redox-responsive ArcA/ArcB two-component regulatory system, which
binds upstream of luxl and represses luminescence in culture (14). It was also shown that Mg®*
influences luminescence by both PhoQ-dependent and -independent mechanisms (92). Several
other genes have likewise been shown to control luminescence (92). Among the first regulators
of luminescence discovered was cAMP-CRP, which is discussed below and is believed to
connect a carbon source, glucose in particular, with regulation of luminescence through the

modulation of luxR and ainS (Fig. 1.4).

CRP and the second messenger cAMP
cAMP-CRP

The cAMP receptor protein (CRP) combines with cAMP to form a regulatory complex
that binds DNA, thereby promoting transcription of genes encoding catabolic pathways and other
processes such as flagellum synthesis and toxin production (17). The second messenger, CAMP,
is synthesized from ATP by adenylate cyclase (168). Once bound to CRP, CAMP alters CRP’s
conformation into an active form that binds to a symmetrical DNA sequence with consensus of
5’-TGTGA-Ng-TCACA-3’. Typically, cCAMP-CRP then interacts with RNA polymerase in one
of multiple ways to modulate the initiation of transcription of target genes (77). As a global
regulator, CAMP-CRP regulates over a hundred promoters in E. coli (20) leading to increased
expression of transport systems and enzymes utilized in catabolizing various carbon sources, as

well as enzymes in the tricarboxylic acid (TCA) cycle such as malate dehydrogenase, citrate



synthase, succinate dehydrogenase, and aconitase (30, 158, 165). Because of this role, CRP is
alternatively known as CAP, for catabolite activator protein.

CAMP-CRP is best known for its role in catabolite repression in E. coli, in which the cell
minimizes catabolism of other sugars in the presence of glucose. The phenomenon of diauxic
growth occurs when a cell uses up the glucose and then moves on to catabolizing a non-preferred
carbon source, such as lactose in the case of E. coli (58). In the presence of the preferred carbon
source, glucose, the cellular cAMP levels are lowered to prevent transcriptional activation of
catabolic genes needed for utilization of the non-preferred carbon sources (58). Glucose
availability is connected to cCAMP-CRP through the glucose phosphotransferase system (PTS)
(Fig. 1.5) (58). During PTS transport of sugars, phosphoenolpyruvate (PEP) supplies the
phosphoryl group to enzyme 1 (El) which subsequently relays the phosphoryl group to the
histidine protein (HPr) and then to cytoplasmic EIIA®" domain and then to the membrane
associated EIIB domain of the sugar transporter (58). When glucose is present, the phosphoryl
group is ultimately relayed to glucose during import by the EIIC membrane domain, leaving
ENLA®" unphosphorylated.

The ENA®® protein and its phosphorylation state play an important role in catabolite
repression in E. coli (9). In the absence of glucose, EIIA®* is mainly in its phosphorylated form,
but when glucose is available appreciably more EINA®° is unphosphorylated.  This
unphosphorylated EIA®' can bind and inactivate certain permeases and other proteins involved
in the uptake and utilization of alternative carbon sources such as lactose through a mechanism
called inducer exclusion, making this the primary mechanism of catabolite repression in E. coli
(58). This observation and other studies illustrate that other regulatory mechanisms are present

besides modulation of cAMP-CRP for catabolite repression (58).
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Nonetheless, the regulation of adenylate cyclase (CyaA) activity (6, 9, 48, 119, 150) in
response to the phosphorylation state of EIIA®' connects glucose to this regulation in which the
phosphorylated form of EINA®" interacts with CyaA to activate CAMP synthesis in the absence
of glucose (9, 168). In E. coli it has been thought that intracellular cAMP is mainly controlled in
response to glucose based on its synthesis by CyaA, which is regulated both post-translationally
(123, 129), as noted above, or transcriptionally (2, 106). Turnover of cAMP is accomplished by
a CAMP phosphodiesterase, CpdA, which breaks down cAMP into 5’-AMP. This enzyme was
first partially purified in E. coli by Nielsen et al. (111), and later it was purified and characterized
by Imamura et al. (67) and shown to be specific for the degradation of only cAMP and not
cGMP like some other phosphodiesterases. It was confirmed that CpdA does degrade cAMP and
that a cpdA-disrupted strain had two-fold higher cAMP than the parent strain (67).

Another means of regulating intracellular cAMP concentrations is through export (131).
Hantke et al. speculated that in E. coli, export is the main mechanism for lowering intracellular
CAMP levels, noting that CpdA has a low affinity for cCAMP (61). Hantke et al. further
postulated that TolC, an outer membrane channel protein, in conjunction with a cytoplasmic
export system, is responsible for exporting CAMP out of the cell. However, this hypothesis was
only assessed indirectly, by measuring f-galactosidase activity with the assumption that this
activity directly correlates with cAMP levels (61). In addition after requesting strains from this
group, | was told that the tolC mutant (H41) published in the paper was not actually a tolC
mutant; however, S-galactosidase expression was more sensitive to low amounts of added cCAMP
with a correct tolC mutant, which they interpret as decreased CAMP export. Although regulation
of cCAMP export is not well described at this time, this mechanism is a valid phenomenon that

could influence intracellular cAMP as shown in E. coli and other bacteria (131).
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The evidence that cCAMP levels are lowered in the presence of glucose through glucose
phosphorylation by the PTS has been a widely accepted model in E. coli and in other systems
(69, 94, 115, 117). It has been continually established that growth on glucose results in two- to
five-fold lower intracellular cAMP in E. coli (115). Whether the regulatory effect of glucose and
CAMP-CRP is mediated entirely by modulation of cAMP levels has been questioned. Ishizuka et

al. saw a 2-fold decrease in CAMP after glucose was added to exponentially growing cells, but

IM

ATP

CyaA

® <®EI)C ®HPr)<®EAM/
El HPr ENAGIe

A
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Glucose-6-

Figure 1.5: Phosphotransferase system in E. coli. In the presence of glucose,
phosphoenolpyruvate (PEP) transfers a phosphate group to enzyme | (El) then to the
histidine protein (HPr) then to enzyme IIA cytoplasmic domain (ENA®") and then to
enzyme 1IB domain (EIIB) as glucose is transported through the enzyme IIC transporter
(ENC). Glucose is ultimately phosphorylated which results in less activation of adenylate
cyclase (CyaA) to synthesize cAMP from ATP. In this model, the presence of glucose
results in lowered CAMP levels.

suggested that the decrease in CAMP was too small to account for the significant decrease seen
with p-galactosidase expression (69). Additionally, they found that high concentrations of

exogenous CAMP did not eliminate catabolite repression by glucose, which suggested that

12



decreased cAMP alone is not enough to explain the repressive effect of glucose (69). They
speculated that the level of CRP protein must be lowered as well, and tested this model by
growing E. coli with or without glucose and measuring the amount of protein using an
immunoblot analysis (69). There was a 2.5-fold reduction in the amount of CRP protein in the
presence of glucose in several E. coli strains (69). To further test that the modulation of CRP
rather than cAMP levels was critical to cCAMP-CRP based regulation, crp was constitutively
expressed on a plasmid to overcome catabolite repression in the presence of CAMP showing that
glucose lowers both cAMP and CRP levels in E. coli (68).

The widely accepted model that phosphorylated EIA®" interacts with adenylate cyclase
to stimulate CAMP synthesis has been largely based on mutant analysis. Park et al. took an in
vitro approach and found that both the phosphorylated and unphosphorylated forms of EIA®*
interact with the C-terminal domain of adenylate cyclase without stimulating CAMP synthesis
(113). However, adenylate cyclase could be activated by the phosphorylated form of EIA®"
only in the presence of E. coli crude cell extract suggesting the high activity of adenylate cyclase
requires an additional unknown regulatory factor that is present in the crude extract (113). These
data indicate that the mechanism(s) by which cAMP-CRP is controlled in E. coli in response to

glucose remains an open question.

CRP-mediated regulation and its role in V. fischeri luminescence

Repression of luminescence in V. fischeri in response to glucose was first reported by
Friedrich and Greenberg with strain MJ1, which is isolated from the light organ of the Japanese
pinecone fish, Monocentris japonica (128). Later, it was reported that glucose does not affect

luminescence in strain ES114, although the data and conditions were not shown (12). The
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distinction between MJ1 and ES114 is important. They represent different clades within the V.
fischeri species (16), their pheromone and luminescence systems appear to have been under
selective pressures to diverge (16), and the symbiosis between ES114 and its host squid can be
reconstituted in the laboratory (126, 141), thus making it now a more prominent research model
than MJ1. | supervised an undergraduate researcher, Anne Weeks, who retested the response of
strain ES114 and found that glucose can repress luminescence in ES114, while also confirming
that exogenous supplementation with cAMP can increase luminescence of this strain. These
observations were published in a paper that | co-authored (91).

To study the mechanism of catabolite repression of V. fischeri MJ1, Dunlap and
Greenberg cloned the lux operon of MJ1 into E. coli. In this context too, glucose repressed
luminescence, and this repression could be relieved by adding cAMP (37). The effects of
glucose, cCAMP, and autoinducer on luminescence and luciferase activity were studied in both the
E. coli parent strain and in crp and cya mutants (37). They concluded that the induction of
luminescence requires CAMP-CRP (37), and hypothesized that cCAMP-CRP binds to the luxR
promoter increasing luxR transcription, and that the increased pools of LuxR activate
luxICDABEG (38). Dunlap et al. provided evidence to support this hypothesis by cloning luxR
downstream of an IPTG-inducible promoter to produce constitutively high levels of LuxR in cya
and crp mutants containing the lux operon and saw that the cya and crp mutations did not affect
luminescence (38). Also, undefined cya- and crp-like mutants of V. fischeri MJ1 were isolated
and showed similar results to transgenic E. coli crp and cya mutants with lux on recombinant

plasmids (35).
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These and other data suggested that CRP affects luminescence by regulating luxR
transcription (38). In addition, a CRP binding site was identified in the luxR-luxl intergenic
region based on similarity to the CRP binding site consensus sequence of E. coli (Fig. 1.6), and
by a footprint analysis (38, 136). | co-authored a paper demonstrating, among other things, that
while the LuxR-Luxl intergenic region has rapidly diverged between a variety of V. fischeri
strains, the putative CRP-binding site has been largely conserved (16). It is possible that the
spacing between the putative CRP box and the luxR promoter varies by 1-2 bases between
strains, but the location of CRP binding with respect to the promoter remains uncertain, because,

unfortunately, the luxR transcriptional start site has not been determined.
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Figure 1.6: Location of crp box of the lux operon in V. fischeri MJ1. Model showing
where CAMP-CRP may bind to facilitate RNA polymerase binding to the luxR
promoter and increase transcription of luxR. * indicates that the transcriptional start
site(s) has not been mapped in V. fischeri.

Similarly, work on the bioluminescent bacterium, V. harveyi showed that glucose
repressed luminescence and implied a role for CRP in this control. Chatterjee et al.
demonstrated that V. harveyi CRP binds directly to the luxCDABE promoter (this species lacks
luxl and luxG) with the addition of CAMP, and that a crp null mutant resulted in elimination of
luminescence (26). In transgenic E. coli, the V. harveyi CRP can functionally substitute in for E.

coli’s CRP to activate lux (26).
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Although CRP appears well conserved structurally and functionally between E. coli and
the Vibrionaceae, sharing ~95% amino acid identity and the ability to cross complement, studies
in transgenic E. coli can miss elements of lux regulation found in their native background. For
example, work done with the V. fischeri luxR-luxG region cloned into E. coli would not have
detected effects on the AinS-AinR system, which E. coli lacks. Lyell et al. found that cAMP-
CRP regulates not only luxR, but also ainS in V. fischeri ES114, adding another layer of
complexity to this pheromone-signaling network and underscoring the connection between
CAMP-CRP and pheromone signaling (91).

The connections between glucose and pheromone-mediated signaling are not unique to V.
fischeri. Glucose affects relatively unrelated systems, including peptide pheromone-signaling
systems in Gram-positive bacteria, such as the agr system in Staphylococcus aureus (13).
Moreover, in addition to V. fischeri, other Proteobacteria also specifically use cAMP-CRP to
modulate pheromone signaling, and a few examples of cAMP-CRP control over pheromone

systems will be outlined below.

CRP-mediated regulation of pheromones

As noted above, CRP is a global regulator, and when bound to cAMP, the cAMP-CRP
complex binds DNA to either activate or inhibit transcription of target genes (77). CRP controls
pheromone-mediated signaling in other systems, that regulate many diverse functions. As
examples, | will describe other AHL and Al-2 signaling systems in Pseudomonas aeruginosa,

Erwinia chrysanthemi, and E. coli / Salmonella enterica.
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P. aeruginosa las and rhl systems and the effect of the CRP-homolog, Vfr

The opportunistic pathogen, P. aeruginosa uses AHL-based signaling through the las and
rhl systems to regulate the production and release of extracellular virulence factors. Each of
these systems resembles the LuxI-LuxR signaling system of V. fischeri but with distinct AHL
signals and regulatory effects. The las system has a transcriptional activator, LasR that binds
and responds to the pheromone 3-oxododecanoyl-homoserine lactone (30C12) (32). The rhl
system generates the AHL pheromone butyryl-homoserine lactone (C4), which functions through
its cognate transcriptional activator RhIR (32). When bound to 30C12, LasR becomes activated
and promotes transcription of rhIR. RhIR will then combine with the other pheromone, C4, to
activate the transcription of several genes including the rhlAB operon, which encodes proteins in
rhamnolipid synthesis (29). LasR and RhIR belong to the LuxR family of transcriptional
regulators and bind to sequences resembling the lux-box recognized by LuxR in V. fischeri (29,
163).

A CRP homolog was identified in P. aeruginosa and named Vfr, Virulence factor
regulator, due to its role in virulence factor production (148). Vfr is involved in the
transcriptional regulation of both of the transcriptional regulators of P. aeruginosa’s AHL
systems, lasR (3, 148, 161) and rhIR (29). Several Vfr-binding sites were found in the rhIR
promoter region (71), one of which represses transcription. Additionally, two of the binding
sites overlap the las boxes where LasR/30C12 binds to activate rhiR (29).

Vir can substitute for CRP in E. coli; however, Vir seems to play a different
physiological role in P. aeruginosa (148). Vir and E. coli CRP share 67% identity and 91%
similarity and have a similar structure, but there are notable functional differences (135, 148).

Serate et al. showed that Vfi’s ligand sensing and response differs from E. coli’s CRP in that Vfr
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has a significantly higher affinity for cAMP than CRP does, and Vfr can be activated not only by
CAMP Dbut also by cGMP (135). Moreover, in some cases, such as the regulation of lasR, Vfr
activity does not require the binding of cCAMP (53, 135). Although there are many similarities
between CRP and Vfr, including the ability of vfr to restore catabolite repression of the lac
promoter in an E. coli crp mutant, Vfr is not required for catabolite repression in P. aeruginosa
(148). At this time, the exact link between environmental conditions, CAMP levels, and Vfr-
mediated regulation in P. aeruginosa remains uncertain. Nonetheless, this CRP homolog clearly

modulates AHL-mediated signaling.

Erwinia chrysanthemi expl-expR

E. chrysanthemi is a plant pathogen that causes soft-rot disease by degrading plant cell
walls through the activity of extracellular enzymes such as pectinases. One network that
modulates the expression of pectinases is pheromone-mediated regulation by ExpR and Expl.
Expl, a homolog of Luxl, is an AHL synthase that makes both 30C6 and N-hexanoyl-
homoserine lactone (C6), although 30C6 is the more abundant signal (109). ExpR, a homolog
of LuxR, is convergently transcribed with Expl and binds to the promoters of expl, expR, and
target pectinase genes. EXpR has the greatest affinity for a conserved lux box-like sequence of
its own promoter, and the position of this lux box-like site suggests repressor activity (24, 124).
ExpR is a part of a LuxR-subfamily that differs from LuxR of V. fischeri in that they can
dimerize, bind to DNA, and regulate target genes without binding their cognate AHL ligand (24).
ExpR of E. chrysanthemi can regulate itself through AHL-independent repression and 30C6-

mediated de-repression (24). This regulation is cell density-dependent; at low cell density ExpR
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auto-represses and once 30C6 accumulates, de-repression at the expR promoter occurs in
response to 30C6 binding to ExpR (24).

Catabolite repression is observed in E. chrysanthemi during growth on glucose and in the
presence of pectin catabolic products (125). E. chrysanthemi’s CRP shares 98% identity to E.
coli CRP and can functionally replace CRP in E. coli (125). E. chrysanthemi’s CRP is
responsible for positively or negatively regulating the expR and expl promoters, respectively
(124). This connection is further illustrated by the increased levels of 30C6 and C6 and a
decrease in pectinase synthesis in a crp mutant (124, 125). Thus, in contrast to V. fischeri where
both pheromone synthesis and the pheromone-responsive regulator are up-regulated by cAMP-

CRP, in E. chrysanthemi pheromone synthesis and response are differentially regulated.

E. coli / S. enterica and Al-2 production

Al-2, the cross-species autoinducer, is found in many different bacteria and used to
control a variety of processes. In S. enterica serovar Typhimurium, Al-2 (Fig 1.2) uptake and
modification are performed by proteins encoded in the divergent IsTACDBFGE and IsrRK
operons (167). LuxS synthesizes Al-2, which can accumulate outside of the cell but is
transported into the cell through the Lsr ABC-type transporter. Upon entry, Al-2 is
phosphorylated by LsrK (167). Phosphorylated Al-2 can either act as an inducer by binding to
LsrR to relieve its repression of the Isr operon or become degraded by LsrF and LsrG (167).
Accumulation of extracellular Al-2 occurs during exponential growth and rapidly decreases once
the cells enter stationary phase due to the increase in Al-2 uptake by the Lsr transport system.
The Isr operon in E. coli is both homologous to, and functions analogously to, the S. enterica

serovar Typhimirium Isr operon (167).

19



Glucose affects Al-2 levels in both Salmonella and E. coli, and this effect is mediated by
CAMP-CRP. Wang et al. showed that catabolite repression affects Al-2 accumulation through
CAMP-CRP, which directly activates Isr transcription and indirectly represses luxS expression
(159). In the presence of glucose, there is less CAMP-CRP to activate Isr transcription, resulting
in less internalization of Al-2. The effect of glucose on Al-2 shows a link between catabolite
repression and Al-2 levels through the cAMP-CRP regulation of Al-2 uptake, modification, and
synthesis (167).

It is intriguing that different pheromone-signaling systems are each in some way
controlled by CRP or similar proteins, and this observation suggests a connection between
bacterial cell-cell communication and nutrition. Although a high cell density quorum may be
required for signaling in each case, the control of pheromones in response to carbon source and
availability could indicate a theme of group decision making with respect to nutrient scavenging.
Having established clear links between cAMP-CRP and the Ain and Lux systems of V. fischeri,
we sought to use this bacterium as a model to understand the connection between the
environment, CAMP-CRP, and pheromone signaling. Ultimately, the ability to observe V.
fischeri in natural symbiotic infections affords an opportunity to view such signaling in an
ecologically relevant context; however, we first had to establish basic links between

environmental conditions and modulation of cCAMP-CRP.

Purpose of this research
Using the model of catabolite repression in E. coli (Fig 1.5), we predicted that the
decrease of luminescence in V. fischeri grown on glucose is due to the reduced levels of cCAMP.

The PTS proteins of V. fischeri share a high degree of amino acid identity with those of E. coli;
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ptsH (HPr, 79%), pstl (El, 73%), and crr (EIIA®®, 83%) (4, 133, 155), and we therefore
hypothesized a connection between EIA®" and cAMP levels similar to that reported in E. coli.
On the other hand, Visick et al. saw that ptsl and crr mutants had increased luminescence
compared to wild type suggesting that the PTS inhibits luminescence (155), which does not fit
with a model in which EIIA®" stimulates cAMP production resulting in cAMP-CRP stimulation
of luminescence. The evidence outlined above also indicates that modulation of cAMP-CRP may
be more complicated than what is portrayed in Fig 1.5, and that both the cAMP levels and CRP
levels may be affected in the presence of glucose. We know that V. fischeri ES114 cAMP-CRP
acts at the promoters of luxR and ainS to induce luminescence (91). However, it is still unclear
how cAMP and CRP levels are regulated in V. fischeri. The mechanisms and responses to
environmental cues remain unknown. | have sought to clarify in V. fischeri how glycerol and
glucose affect the levels of intracellular cAMP and whether these levels may then affect CRP
expression and regulation.

The initial aim of my research was to determine the importance of AcyaA and Acrp in the
symbiosis and growth on different carbon sources which is outlined in Chapter 2. In culture,
Acrp and AcyaA mutants have attenuated growth relative to wild type on all the carbon sources
tested; however, growth relative to wild type is less attenuated when cells were provided glucose,
N-acetylglucosamine, or, in the case of cyaA mutant, CAMP. This is consistent with the E. coli
model in which there are low levels of CAMP and CRP in the presence of glucose. During
symbiosis, the presence of cCAMP and CRP are required for persistent colonization and needed
for bright luminescence in culture.

In Chapter 3, | determined the intracellular cAMP levels during different growth

conditions and in different mutant backgrounds, which better defined the mechanisms that
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regulate CAMP levels. What | found is that CAMP levels are influenced by three mechanisms:
synthesis, degradation, and excretion through proteins CyaA, CpdA/CpdP, and an unknown
transporter, respectively. What still remains unclear is whether cCAMP determines how cAMP-
CRP activity is regulated. The data so far indicate that CAMP levels may not be the major factor
influencing cAMP-CRP activity in V. fischeri when comparing cells grown on glycerol or
glucose. Rather, | speculate there is a post-translational modification of CRP that alters its
activity in V. fischeri grown on glucose.

Finally in the last chapter | will discuss how this research has contributed to the
knowledge of cAMP-CRP regulation in Proteobacteria in addition to furthering our
understanding of the controls governing bioluminescence and pheromone regulation by an

environmental cue such as carbon source availability in V. fischeri ES114.
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CHAPTER 2
THE IMPORTANCE OF CRP AND CYAA IN HOST COLONIZATION DURING

THE VIBRIO FISCHERI-EUPRYMNA SCOLOPES SQUID SYMBIOSIS!

'Deanna M. Colton, Julie L. Stoudenmire, and Eric V. Stabb. To be submitted to FEMS

Microbiology Letters.
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Abstract

CRP, together with second messenger cAMP generated by CyaA, transcriptionally
controls a broad regulon in many Proteobacteria and typically induces expression of genes when
glucose is unavailable. In the light-organ symbiont Vibrio fischeri, symbiotic luminescence is
induced by the AinS/AInR and LuxI/LuxR pheromone systems and transcription of both ainSR
and luxR are activated by CAMP-CRP. Here, we examined the role of cAMP and CRP during V.
fischeri’s growth in culture and during symbiotic infection of its host squid, Euprymna scolopes.
Both Acrp and AcyaA mutants colonized the E. scolopes light organ poorly, achieving 1000-fold
lower levels of colonization than wild type after 48 hours. Moreover, a CAMP-CRP-dependent
reporter was expressed during the symbiosis, indicating activation of the CRP regulon during
infection. In culture, Acrp and AcyaA mutants displayed growth rates less than half of ES114’s
on most carbon sources. However, growth rates closer to those of wild type were achieved with
glucose and N-acetylglucosamine, and cAMP completely restored growth of the AcyaA mutant.

Our results provide insight into the nutritional status of V. fischeri in this light-organ symbiosis.

Introduction

Vibrio fischeri is a bioluminescent Proteobacterium that forms light-organ symbioses
with certain marine animals, including the Hawaiian bobtail squid, Euprymna scolopes. The V.
fischeri-E. scolopes symbiosis is a powerful model system for studying mutualistic symbioses
because of the genetic tractability of V. fischeri and the ability to reconstitute this symbiosis in
the laboratory (126, 141). Gene regulation during infection and the induction of symbiotic
bioluminescence have been areas of particular interest, partly because bioluminescence is

governed by pheromone-mediated regulation. In V. fischeri strain ES114, an isolate from E.
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scolopes that serves as the wild type in many studies, bioluminescence is much more strongly
induced during host colonization than during growth in culture (12). Studying regulators of
bioluminescence can therefore provide valuable insight into the light-organ environment.

Among the first regulators of luminescence discovered was cAMP-CRP. Initially,
Dunlap and Greenberg observed that cAMP-CRP controlled bioluminescence in transgenic
Escherichia coli carrying the light-generating luxR-luxICDABEG region from V. fischeri (35,
37). More recently, we found that cAMP-CRP regulates the AInS/AIinR and Luxl/LuxR
pheromone systems, both of which coordinate regulation of luminescence (91).

Luminescence is a colonization factor for V. fischeri (15, 153), and in other bacteria the
CRP regulon includes genes important for host infection, colonization, and virulence. For
example, in Vibrio cholerae, cAMP-CRP controls the quorum sensing master regulator HapR,
biofilm formation, motility, and host colonization (21, 50, 84-86). V. cholerae crp mutants
produce elevated cholera toxin and toxin co-regulated pilus, yet they are also defective in mouse
intestinal colonization, showing the importance of CRP for survival in the host (140).

In addition to controlling host-associated phenotypes, the cAMP and CRP duo is best
known in Proteobacteria for activating catabolic genes required for utilization of non-glucose
carbon sources. To accomplish this regulatory role, adenylate cyclase (CyaA) generates the
second messenger CAMP, which binds to CRP and alters its conformation, enabling CRP to bind
DNA and activate, or less frequently to inhibit, transcription at target promoters (77). cAMP-
CRP interacts with RNA polymerase (and potentially other regulators) in Class 1, II, or Il type
interactions (20). In each case CRP binds to a 22-bp repeat with the core consensus motif 5°-
TGTGA-N6-TCACA-3’ (20, 77). During growth on a preferred substrate such as glucose, there

is generally less CAMP-CRP activity, either through decreased levels of cAMP, modulation of
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CRP, or both (9, 58, 69). For example, in E. coli, the EIIA®" component of the glucose
phosphotransferase system (PTS) affects CyaA activity in such a way that glucose availability
leads to decreased cAMP levels and lower cAMP-CRP activity (100, 121).

Carbon source availability is a defining feature of the host environment, but the growth
substrates that V. fischeri utilizes and the availability of preferred substrates in its symbioses are
not well understood. Nealson and Ruby suggested that glucose metabolism might play a
symbiotic role in fish light organs (127), but the hosts were not experimentally tractable. In the
E. scolopes symbiosis, host epithelial cells slough into the light-organ crypts, producing a
complex growth medium (126). Moreover, V. fischeri can access amino acids, mostly in the
form of peptides during colonization (59), and may utilize sugars such as mannose that decorate
host cell surface molecules (98). Wier et al. found metabolic patterns in the symbionts that
followed the squid’s diurnal cycle to suggest that chitin, N-acetylglucosamine (NAG), glycerol,
and glycerol-3-phosphate are utilized during the symbiosis (164); however, a nagB mutant
impaired in NAG utilization showed no apparent symbiotic defect (103). In contrast, a ptsl
mutant affected in the utilization of several fermentable sugars, including glucose, was severely
impaired in colonization (1). Despite what is known, it is difficult to predict the activity and
importance of CAMP-CRP in the V. fischeri-E. scolopes symbiosis, and we therefore addressed

these issues in the present study.
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Table 2.1: Bacterial strains and plasmids used in this study

Strain and Source or
plasmid Relevant characteristics® reference
E. coli
DH5a. @80dlacZAM15 A(lacZYA-argF)U169 deoR supE44 hsdR17 (60)
recAl endAl gyrA96 thi-1 relAl
DHS5aApir DHS5a lysogenized with Apir (39)
CC118\pir A(ara-leu) araD Alac74 galE galK phoA20 thi-1 rpskE rpsB (145)
argeE(Am) recA Apir
V. fischeri
ES114 Wild-type isolate from E. scolopes (12)
JB24 ES114 Acrp (14)
DCO03 ES114 AcyaA This study
DC18 ES114 AcpdP This study
DC48 ES114 AcpdP AcpdA This study
DC55 ES114 AcpdP AcpdA AcyaA This study
Plasmids®
pAH9 sarA promoter P1-mCherry (RFP) ampR, ermR (13)
pDC5b AcyaA allele; ColE1, oriVR6KY, oriTgrps, kanR, ermR This study
pDC40 AcpdP allele; ColE1, oriVR6KYy, oriTgps, kanR, camR This study
pDC54 AcpdA allele; ColE1, oriVR6KYy, oriTgps, kanR, camR This study
pDC85 oriVROKYy, oriTrps, PES213, mCherry, kanR, Pcrp-p-camR- | This study
gfp
pEVS104 conjugative helper plasmid; oriVR6KYy, oriTgrps, kanR (145)
pJLS27 oriVR6KYy, oriTrps, pES213, mCherry, kanR, promoterless- | This study
camR-gfp
pVSV33 oriVR6KYy, oriTrps, pPES213, kanR, promoterless-camR-gfp (40)

Oligonucleotides
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c
CRPartpromF GAT GCATGC TAATGT GAGTTAGCT CACTCAT This study
CRPartpromR TGA GTC GAC AGN NNN NNA GTG TAN NNN NNN | This study
NNN NNNNAT GAG TGA GCT AAC TCA CAT TAG
CATGCATC

cyaAupF3 GGC GCG TGT GCT CAA CAG CGT GCT GAC This study

cyaAupR3 ATG GGC GCG CCC ATT AGT GCT AAA GCT CGC | This study
TCT ACACG

cyaAdnF2 ATG GGC GCG CCC TAA AAA GCA AAA AGA GAT | This study
CCG AGATTT GGG

cyaAdnR2 GGC CGCCTT TCT CTT GTT CAT ACA TAG CAA AC | This study

Clalprimer3 CGC GAAAAT CGATAAA This study

Clalprimer4 CGCGTTTATCGATTTT This study

cpdPoligoA CTT TTA ATC CCC AAT AAACCATGT AGG This study

cpdPoligoB GCT AGC CAT ATCCAACCTTAAATAATA This study

cpdPoligoC TAT TAT TTA AGG TTG GAT ATG GCT AGC TAA | This study
AAA AGT TAT TGT AAA AAT

cpdPoligoD GGT CAAGTT ATA GAG TGG AAT CATATTCTT G | This study

cpdAoligoA CGATCATTATCACGAGTATCGTTGTCAC This study

cpdAoligoB GCT AGC CAACCTTTT AATTCT TTT CTA AAA This study

cpdAoligoC TTT TAG AAA AGA ATT AAA AGG TTG GCT AGC | This study
TAA TGA ATA AAC CAA

cpdAoligoD CGT GCG TACCACCTTGTGCT This study

JLSmcherryF3 TAC GGC CGT TGA CAT AAA GTC GAA GTT ATT | This study
CTATAA TAG GAT CCC CGG GTA CCT AGG GAG

JLSmcherryR GCG CGG CCG TTA CTT GTA CAG CTC GTC CAT | This study
GCC

% Drug resistance abbreviations used: camR, chloramphenicol resistance (cat); ermR,

erythromycin resistance; kanR, kanamycin resistance; ampR, ampicillin resistance
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b All alleles cloned in this study are from V. fischeri strain ES114. Replication origin(s) of each
vector are listed as R6Ky, ColE1, and/or pES213. Plasmids based on pES213 are stable in V.
fischeri ES114 and do not require antibiotic selection for maintenance (40).

¢ All oligonucleotides are shown 5’ to 3. Underlined regions highlight restriction enzyme
recognition sites.

d«N” indicates randomized bases

Materials and Methods
Growth media and reagents

Escherichia coli cultures were grown at 37°C in LB medium (101) with final
concentrations of 20 pg ml™ chloramphenicol (cam), 40 pg ml™ kanamycin (kan), or 60 pg ml™*
ampicillin (amp) when appropriate for selection. V. fischeri was grown in either LBS medium
(144) , SWTO medium (14), ASWT medium (12) where seawater was replaced with Instant
Ocean (Aquarium Systems, Mentor, OH), or supplemented fischeri mineral salts medium (FMM)
(134) containing either 40 mM glycerol, 20 mM glucose, 16.7 mM N-acetylglucosamine, 20 mM
fructose, 20 mM mannose, or 10 mM cellobiose as indicated. For selection in V. fischeri, 2 ug
ml™ chloramphenicol (cam) or 5 pg ml™ erythromycin (erm) were added to LBS. Adenosine 3,
5’-cyclic monophosphate (CAMP) was obtained from Sigma-Aldrich (St. Louis, MO).
Bromocresol purple sodium salt was obtained from Eastman (Rochester, NY) and prepared as a

1.5% w/v solution for use as pH indicator.
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Strains, oligonucleotides, and plasmids

Strains, plasmids, and oligonucleotides used in this study are listed in Table 2.1.
Oligonucleotides were synthesized by Integrated DNA Technologies (Coralville, 1A). V.
fischeri ES114 was the wild-type strain used (12). E. coli strains DHS5a (60) or DHS5aApir (39)
were used for the cloning with the latter used to maintain plasmids bearing the R6K origin of
replication. Mutant alleles were transferred from E. coli into V. fischeri on plasmids by
triparental mating using the conjugative helper plasmid pEVS104 (145) in strain CC118Apir

(64).

Molecular genetics and sequence analyses

Plasmids were constructed using standard techniques as described previously (76). In-
frame deletion mutants were made through allelic exchange (15) and verified by PCR. The
resulting mutants are listed in Table 2.1. To generate a mutant lacking cyaA (VF0067), we
generated a deletion allele consisting of 1.5 kb upstream of cyaA (amplified with primers
cyaAupF3 and cyaAupR3) fused at an Ascl site to 1.5 kb of downstream of cyaA (amplified with
primers cyaAdnF2 and cyaAdnR2), and we inserted a small dsDNA fragment consisting of
oligos Clalprimer3 and Clalprimer4 at the Ascl site to restore the reading frame, resulting in the
sequence 5°-GGC GCG AAA ATC GAT AAA CGC GCC-3’ between the cyaA start and stop
codons.  The resultant plasmid, pDC5b, was moved into ES114 for allelic exchange, resulting
in the in-frame deletion mutant DC03 (Table 2.1).

To generate a mutant lacking cpdP (VF1256), a deletion allele was made using overlap
extension PCR (SOE-PCR) (65) in which 1.5 kb upstream of cpdP (amplified with primers

cpdPoligoA and cpdPoligoB) was connected to the 1.5 kb downstream of cpdP (amplified with
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primers cpdPoligoC and cpdPoligoD) by complementary sequences at the 3’-end of cpdPoligoB
and 5’-end of cpdPoligoC. The resultant plasmid, pDC40, contained the start and stop codons of
cpdP separated by a Nhel site and was moved into wild-type ES114 for allelic exchange to make
DC18 (Table 2.1). To generate a deletion allele for cpdA (VF2230), 1.5 kb upstream of cpdA
(amplified with primers cpdAoligoA and cpdAoligoB) was fused at a Nhel site to 1.5 kb
downstream of cpdA (amplified with primers cpdPoligoC and cpdPoligoD). The resultant
plasmid, pDC54, was then moved into DC18 to make the AcpdP AcpdA double mutant DC48.
We then moved the AcyaA allele on pDCS5b into DC48 to make the AcpdP AcpdA AcyaA mutant,
DC55.

To generate the reporter parent vector pJLS27, mCherry was PCR amplified from pAH9
using primers JLSmcherryF3 and JLSmcherryR (Table 2.1). JLSmcherryF3 added a promoter
upstream of the mCherry ribosome binding site. The resultant PCR product was digested with
Eagl and cloned into Eagl-digested pVSV33, yielding a constitutive mCherry separated by
transcriptional terminators from a promoterless cat-gfp reporter.

Construction of the artificial cCAMP-CRP-dependent Class Il promoter (Pcrp-p) reporter
plasmid pDC85 is described in greater detail below. Briefly, oligos CRPartpromF and
CRPartpromR were annealed together and DNA polymerase | (Klenow fragment) from New
England Biolabs was used to fill in single-stranded overhangs. The fill-in products were
digested with Sall and Sphl and cloned upstream of cat-gfp in pJLS27 between the Sall and Sphl
sites. Fluorescence intensity of strains carrying the resultant plasmids or pJLS27 was measured
using a Synergy 2 plate reader (Biotek, Winooski, VT). GFP and mCherry fluorescence were

measured using excitation/emission wavelength pairs of 485 nm/528 nm and 530 nm/590 nm,
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respectively. Green fluorescence was normalized to constitutive red fluorescence of mCherry to

determine the specific fluorescence (GFP/mCherry).

Squid colonization assays and microscopy

For squid colonization assays, V. fischeri strains were grown in ASWT at 28°C without
shaking until an ODsgs of 0.4 to 0.7. Inocula were diluted in filtered Instant Ocean and dilution
plated onto LBS to determine CFU ml™. Newly hatched juvenile E. scolopes were placed in the
inocula for up to 20 hours and then moved to inocula-free Instant Ocean. After 24 or 48 hours,
squid were homogenized and plated on LBS to determine CFU/squid. To assess fluorescence of
transgenic V. fischeri symbionts with pDC85 or pJLS27, squid were dissected and viewed by
epifluorescence microscopy using a Nikon Eclipse E600 microscope. In parallel, strains with
pDC85 or pJLS27 were grown on SWTO agar plates supplemented with either glycerol, glucose,
NAG, or mannose and grown overnight at 28°C, at which point colonies were likewise imaged.
A Nikon 51004v2 filter set was used to visualize the constitutive red fluorescence along with the

green fluorescent reporter simultaneously.

Results
CyaA and Crp are important for host colonization

To assess CAMP-CRP’s role during the squid symbiosis and determine whether cyaA and
crp are important for host colonization, we assayed the ability of the AcyaA and Acrp mutants to
colonize juvenile squid. In our first experiment, at a comparable inoculum around 2000 CFU
ml™, squid colonization was undetectable with a Acrp mutant as opposed to the squid colonized

by ES114. When the Acrp mutant inoculum was increased ~5-fold more than wild type, squid
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were colonized yet at 200-fold less CFU/squid than wild type at 24 hours and over 1000-fold less
than wild type at 48 hours (Fig. 2.1A). We saw similar colonization defects with the AcyaA
mutant in another experiment. Figure 2.1B shows one typical experiment with the AcyaA mutant
where at an inoculum level around 2000 CFU ml™ only three out of the eleven animals were
colonized, resulting in over 1000-fold less CFU/squid than wild type. Thus both cyaA and crp

are apparently required for robust colonization initiation and persistence.

Poor growth of Acyad and Acrp mutants on different carbon sources

To place the importance of cyaA and crp in V. fischeri’s symbiotic colonization in
perspective, we wanted to determine the growth of these mutants in culture with different carbon
sources. We compared both the growth rate (gen hr') and growth yield of the Acrp and AcyaA
mutants relative to wild-type ES114, both in a complex medium (SWTO) and in a more defined
medium (FMM) each amended with different carbon sources. We reported previously that the
Acrp mutant, JB24, was very dim and grew poorly (91). We wanted to see if this was also true
for the AcyaA mutant, which cannot make the cAMP needed to activate CRP. As we predicted,
the Acyad4 mutant mimicked the Acrp mutant in slow growth (Table 2.2) and dim luminescence
(not shown). Exogenous cAMP reversed these defects for the AcyaA mutant but not for the Acrp
mutant (Table 2.2). Both the AcyaA and Acrp mutants grew poorly on all the carbon sources
tested (Table 2.2), with growth rates less than half that achieved by wild-type ES114. Compared
to glycerol and mannose, glucose and N-acetylglucosamine (NAG) yielded substantially better
growth rates for the AcyaA and Acrp mutants relative to ES114. Moreover, on glucose, NAG,

and fructose the Acrp and AcyaA mutants eventually reached the same growth yields as ES114,
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whereas on mannose, cellobiose, and glycerol the mutants’ growth yields remained well under

half of ES114’s growth yield.
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Figure 2.1: Symbiotic colonization by ES114, Acrp, and AcyaA mutants. (A) 24 and 48
hours post colonization; ES114 inoculum, 1700 CFU ml™; Acrp inoculum, 6500 CFU ml™ (n
=12-13). (B) 48 hours post colonization; ES114 inoculum, 2800 CFU ml™; AcyaA inoculum,
2000 CFU ml™ (n = 10-11). Asterisks indicate p< 0.05. O’s indicate squid with colonization
below the limit of detection. X’s indicate the number of V. fischeri cells in an individual
squid, and the bar indicates the average colonization level.
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Table 2.2: Growth rates and yields of ES114, JB24, and DC03 grown on different carbon

sources
Growth Rate (gen hr)? Growth Yield”
SWTO + ES114 JB24 DCO03 ES114 JB24 DCO03
Sugar Acrp AcyaA Acrp AcyaA
Glucose 1.6 0.8 0.9 6.8 10 9.8
NAG 1.7 0.8 0.8 8.9 7.5 8.3
Fructose 1.4 0.5 0.5 7.9 9.9 9.9
Mannose 14 0.3 0.3 7.3 1.6 14
Cellobiose 1.2 0.3 0.2 8.3 1.6 1.6
Glycerol 1.0 0.3 0.3 8.5 1.2 1.0
Glycerol 1.3 0.5 1.3 9.2 2.5 7.9
+5mM
cAMP
Glucose 1.0 0.7 1.1 8.6 10 7.5
+5mM
cAMP
FMM +
Sugar
Glucose 1.2 0.6 0.6 2.2 2.0 2.0
NAG 1.0 0.6 0.7 2.0 2.0 2.0
Glycerol 1.0 0.2 0.3 2.4 1.5 1.5
Glycerol 1.0 0.1 0.5 3.4 0.7 3.7
+5mM
cAMP
Glucose 1.1 0.8 0.9 2.1 2.0 2.0
+5mM
cAMP

& Growth rates calculated at ODsgs5 0.3-0.6

b Growth yield presented as the final ODsgs
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Figure 2.2: Construction and identification of Pcrp-p-cat-gfp reporter plasmid pDC85. Panel
(A) shows engineered inserts with a Class Il CRP-dependent promoter overlapping the -35
element that is based on the E. coli lac promoter but without the Lac operator and with many
nucleotides randomized. The -10 and -35 promoter elements are underlined, and the CRP
binding site is in bold, with the core 5’-TGTGA(N6)TCACA-3’ indicated above. Panel (B)
shows the insert sequence in pDC85. Panel (C) illustrates a map of parent reporter plasmid
pJLS27, with a constitutive mCherry separated by three Rho-independent transcriptional
terminators (indicated as stem loops) from a multiple cloning site and a promoterless cat-gfp
reporter. Panel (D) shows results of three plasmids screened in DC55 (AcpdP AcpdA AcyaA )
for responsiveness to cAMP, with green fluorescence normalized to the constitutive red
fluorescence at culture ODsgs between 0.4 and 0.5, and the fluorescence of pJLS27 subtracted
as background. The plasmid in clone 92 was designated pDC85 (Pcrp-p-cat-gfp reporter) for
further experiments.
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Figure 2.3: Epifluorescence images of E. scolopes light-organ and V. fischeri colonies. (A)
Light organs from squid that were un-colonized or “apo-symbiotic”, colonized by ES114 with
promoterless-gfp vector pJLS27, and colonized by ES114 with Pcrp-p-gfp 48 hours post
inoculation. (B) V. fischeri colonies grown on SWTO agar supplemented with indicated sugar.
Pcre-p in ES114 (left) and Acrp (middle) compared to promoterless parent vector pJLS27 in
ES114 (right).
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A cAMP-CRP-dependent reporter is activated in V. fischeri symbionts

Interpreting the phenotypes of Acrp and AcyaA mutants is complicated due to their poor
growth under various conditions, so in order to investigate cCAMP-CRP-mediated expression
further we developed a gfp transcriptional reporter under the control of a cAMP-CRP-dependent
promoter (Pcrp-p). Other studies have used CRP-dependent reporters to assess CAMP-CRP
activity, but these have been based on native promoters that are also controlled by other
regulators. We sought to generate an artificial promoter devoid of other known regulatory
elements and we used the lac promoter sequence of E. coli as a template. A cAMP-CRP
dependent promoter was designed with a strong consensus CRP site overlapping a weaker -35
element and a strong -10 site and randomized bases “N” in between (Fig. 2.2A) to remove non-
CRP regulatory sites like the lac operator. Variants of this template were then cloned into
pJLS27 (Fig. 2.2C) and E. coli transformants were screened for higher GFP/mCherry
fluorescence relative to that of the promoterless parent vector. The best candidates were then
moved into V. fischeri DC55 (AcpdP AcpdA AcyaA), which cannot make its own cAMP (our
unpublished data), and screened for induced fluorescence with the addition of exogenous CAMP.
Figure 2.2D illustrates three typical variants that were screened, with one clone showing no
responsiveness to CAMP and two others that do. The plasmid in clone number 92 (Fig. 2.2D)
was named pDCS85, the promoter was sequenced and designated Pcrp.p (Fig. 2.2B), and this
reporter was used for further experiments.

The Pcrp-p-gfp reporter (pDC85) became a useful tool to monitor cCAMP-CRP activity in
both the squid and in culture. To test further whether cAMP-CRP-mediated expression is
relevant in the symbiosis, juvenile squid were infected with ES114 carrying pDC85 or pJLS27

and dissected after 24 or 48 hours to visualize red and green fluorescence from the plasmid in
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their light organs. Compared to apo-symbiotic squid or squid infected by ES114 with the
promoterless control, the Pcrp-p-gfp reporter showed elevated green fluorescence suggesting
CAMP-CRP activity in the light organ 24 hours (data not shown) and 48 hours after infection
(Fig. 2.3A).

We also observed this reporter in V. fischeri strains grown on different carbon sources.
To test whether this Pcrp-p-gfp is dependent on CRP, we moved it into the Acrp mutant and
examined colonies grown on media supplemented with glucose, NAG, glycerol, and mannose
confirming that the CRP-dependent reporter is not active in the absence of crp, illustrated by the
red fluorescence of the constitutive mCherry and lack of green fluorescence (Fig. 2.3B). Similar
results were found with the promoterless parent vector in ES114 (Fig. 2.3B). In Table 2.2, we
showed that both glucose and NAG improved the growth of both the AcyaA and Acrp mutants,
suggesting that cAMP-CRP-mediated regulation is not required for catabolism of these carbon
sources. However, high green fluorescence was observed from the Pcrp-p-gfp reporter in ES114
during growth on NAG, but no with colonies grown with glucose (Fig. 2.3B). In addition,

relatively little green fluorescence was observed in cells growing with mannose (Fig. 2.3B).

Discussion

In this study, we investigated the importance of cCAMP-CRP in V. fischeri, particularly
during colonization of the E. scolopes light organ. In other bacteria, CRP requires the second
messenger CAMP to become an active regulator (77), and the V. fischeri genome indicates a
single adenylate cyclase, CyaA, for production of cCAMP. We therefore predicted that Acrp and
AcyaA mutants would behave similarly, which proved to be the case. The one notable and

predictable difference between these strains was that amending the medium with cAMP restored

39



wild-type-like growth to the AcyaA mutant but not to the Acrp mutant (Table 2.2). This
observation seems to confirm what had been previously inferred (35, 91), that exogenous CAMP
can enter V. fischeri cells at least to some extent.

Both the Acrp and AcyaA mutants displayed very poor colonization of E. scolopes. The
reason for this attenuation is unknown but may be multi-factorial, given that cAMP-CRP
regulates many different functions. Among the known cAMP-CRP-controlled genes in V.
fischeri are luxR and ainSR (91), which are involved in pheromone-mediated signaling and
bioluminescence (142). The Acrp (91) and AcyaA mutants are dim, and luminescence is a
colonization factor required for symbiotic persistence (15, 153); however, weak luminescence
alone cannot account for the colonization defect of the Acrp and AcyaA mutants. A dark
AluxCDABEG mutant is only attenuated three- to four-fold 48h after infection (15), whereas the
Acrp and AcyaA mutants were far more attenuated, close to 1000-fold, at the same time point
(Fig 2.1). The LuxR and AinS/AinR regulons extend beyond luminescence (7, 23, 88, 122, 147),
but the symbiotic defects of luxR and ainS mutants are also not as severe as those of the Acrp and
AcyaA mutants (87, 153). In other bacteria, attenuated virulence and/or host colonization have
been reported for crp mutants (84, 85). It is likely that in V. fischeri CRP affects genes
associated with colonization in addition to catabolic operons. Further investigation of the CRP
regulon in V. fischeri may reveal other important factors in its symbiotic lifestyle.

To help interpret the symbiotic defects of the Acrp and AcyaA mutants and put them in
perspective, we also examined growth of these mutants cultured outside of the host with different
growth substrates. One could argue that the poor colonization of the Acrp and AcyaA mutants is
due to their inability to grow on the present substrates in the light organ rather than a symbiosis-

specific effect. It is true that Acrp and AcyaA mutants showed growth defects in all conditions
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tested, with the possible exception of the AcyaA mutant growing in certain media supplemented
with cCAMP (Table 2.2); however, growth rates and growth yields of the mutants in culture
(Table 2.2) are not starkly different from wild type compared to their symbiotic defects. Growth
yields were similar for the mutants and wild type under several culture conditions, and growth
rates were modestly compromised when the cultured cells were provided glucose or NAG. It is
tempting to speculate that neither, glucose, NAG, nor cAMP are major carbon sources for V.
fischeri in the light organ, given that these compounds largely recover growth of one or both of
the mutants in culture. Although such a model is consistent with our results, it is also possible
that CRP regulates a colonization factor that is irrelevant to cultured cells to account for our data.

As an alternative and complementary approach to assessing the role of cAMP-CRP
during symbiosis, we used a fluorescent cAMP-CRP-dependent transcriptional reporter (Pcrp-p).
This reporter was inactive in a Acrp mutant or in wild type grown on glucose, but it displayed
activity in symbiotic wild-type V. fischeri cells (Figure 2.3A). These data indicate that cCAMP-
CRP is an active regulator in symbiotic cells and suggests the same general relationship between
CAMP-CRP activity and glucose that is seen in other bacteria. In E. coli, CAMP-CRP levels are
lowered in the presence of glucose through the regulation of CAMP levels by the glucose PTS
and by lowering the amount of CRP protein (69). V. fischeri also has annotated components of
the glucose PTS that share homology with the E. coli proteins (155). Thus, the relatively low
expression of the Pcrp-p-gfp reporter in glucose-grown V. fischeri cells is not surprising. This
observation is also consistent with the much-improved relative growth of the Acrp and AcyaA
mutants when they are provided glucose indicating that growth on glucose requires less CAMP-

CRP activity. Although there may be many causes for the attenuation of the Acrp and AcyaA
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mutants in the host light organ, the observations with our reporter in wild-type cells support the
conclusion that glucose is not a major carbon source for symbiotic cells.

As noted above, there has been speculation on possible carbon sources or growth
substrates within the E. scolopes light organ. Experiments with auxotrophs suggest the light
organ is a complex environment (59), and Wier et al. suggested that different substrates are
utilized at different times during the symbiosis (164). Of particular interest is NAG, which
makes up the polymer chitin and is abundant in the marine environment, constituting an
important carbon and nitrogen source for many vibrios such as V. cholerae (56). Even in non-
marine models, NAG can be an important growth substrate for host-associated bacteria (27, 139).
Similar to V. cholerae (56), V. fischeri has multiple copies of nag catabolic genes (103), and
there are two putative CRP binding sites within the intergenic region between the divergent
nagE-nagAC operons in V. fischeri, suggesting that CAMP-CRP activates these promoters, as
was shown at the similar operon in E. coli (120) and V. cholerae (56). Although a nagB mutant
did not have an obvious colonization defect (103), NAG could still be a growth substrate
available to symbiotic cells.

In the present study, our data with NAG were somewhat surprising and difficult to
interpret. Despite the bioinformatic prediction that cCAMP-CRP might be required to stimulate
NAG catabolism, NAG recovered growth of Acrp and AcyaA mutants similarly to glucose (Table
2.2), indicating that it is efficiently catabolized without CRP. Moreover, in contrast to their
similar effects on growth, the bright green fluorescence seen with the Pcrp.p-gfp reporter in wild-
type cells grown on NAG was the opposite of the effect seen with glucose. These observations
might be rationalized as NAG not being transported by the glucose PTS, and therefore not

affecting CyaA activity and CAMP levels, yet still providing the cells with easy access to glucose
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through NAG catabolism. However, a growth analysis of a V. fischeri EIIA®" mutant on NAG
suggests EIIA®" may be involved in NAG catabolism (data not shown). Moreover, one might
expect the same argument to be true for cellobiose, which is a disaccharide of glucose that has a
dedicated transport system (1), yet cellobiose does not recover growth of our mutants as well as
NAG did (Table 2.2). The relative efficiency and kinetics of cellobiose and NAG utilization, or
the relative dependence on CRP for their catabolism, may account for the differences we have
observed. Finally, it is worth noting that others have suggested that metabolic effects of glucose,
for example its ability to provision the cell with certain metabolic precursors, affects CAMP-CRP
activity rather than glucose per se (171); however, the distinction between NAG and glucose in
our study does suggest a special effect of glucose itself.

Although the CRP regulon in V. fischeri has not been entirely defined, we have provided
insight into its importance in carbon source utilization in culture and symbiotic growth in the
light organ. In particular, our data with a fluorescent Pcrp-p-gfp reporter highlight the activation
of CAMP-CRP in symbionts. Future studies with this reporter comparing symbionts over time
and in different light-organ microenvironments will help to elucidate the nutritional status of V.

fischeri symbionts.
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THE PARADOXICAL EFFECT OF GLUCOSE ON INTRACELLULAR CAMP AND CAMP-

CRP ACTIVITY IN VIBRIO FISCHERI?
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Abstract

Proteobacteria often coordinate regulatory responses to carbon sources using CRP and
the second messenger CAMP, which combine to stimulate transcription of genes during growth
on non-glucose substrates. For example, pheromone signaling in Vibrio fischeri is controlled in
part by the availability of glucose and this effect relies on CAMP-CRP. CRP typically plays a
role in catabolite repression and consistent with that model, a cAMP-CRP-dependent reporter
showed lower activity in V. fischeri grown in media amended with glucose rather than glycerol.
Surprisingly though, intracellular cAMP levels were higher in glucose-grown cells. Using
mutant analyses, we established that adenylate cyclase, CyaA, was responsible for cAMP
generation, the EIIA®"® component of the glucose transport system could enhance cAMP
production, and the phophodiesterases, CpdA and CpdP, consumed intracellular and extracellular
CAMP, respectively. However, the observation of lower intracellular cAMP levels in glycerol-
grown cells seemed best explained by changes in CAMP export, via an unknown mechanism.
Importantly, the cAMP-CRP-dependent reporter had lowered activity in response to glucose
even when a crp2 allele, which acts independently of cCAMP, was placed in a AcyaA mutant
background, indicating that the inhibitory effect of glucose was independent of CAMP. Neither
crp transcription nor CRP protein levels appeared to account for this effect of glucose. We
speculate that some unknown mechanism, perhaps differential post-translational modification of

CRP during growth on glycerol or glucose, may modulate cCAMP-CRP activity.
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Introduction

Cyclic 3°, 5’-AMP (cAMP) together with the cAMP receptor protein CRP are widespread
in Proteobacteria and are best known for their role in activating expression of catabolic pathways
in response to growth on a non-preferred (e.g., non-glucose) substrate (58, 100, 121). When
cAMP combines with CRP, it causes a conformational change such that CRP binds target
promoters, allowing it to interact with RNA polymerase and activate or inhibit transcription (77).
As discussed below, cCAMP-CRP activity typically is decreased when glucose is available, which
plays a role in the catabolite repression response. Accordingly, CRP-mediated regulation
encompasses many metabolic pathways and non-metabolic processes as well.

Within the Vibrionaceae, CRP plays the traditional role in regulating catabolic genes, but
it also controls processes involved in infection and pheromone-mediated signaling. For example,
motility, virulence, pheromone signals, and quorum-sensing regulators are controlled by CRP in
the human pathogens Vibrio vulnificus and Vibrio cholerae (75, 85). In the mutualistic light-
organ symbiont Vibrio fischeri, CRP modulates both the LuxI/LuxR and AinS/AinR pheromone
systems, which in turn regulate colonization factors such as motility and luminescence (87, 88,
91). V. fischeri is an useful model for understanding regulation during infection, in part because
of the experimental tractability of its symbiosis with Euprymna scolopes (126, 141). Elsewhere,
we have reported that cCAMP-CRP is active and important during this symbiotic infection, and
we became interested in how cCAMP-CRP activity is modulated in V. fischeri.

The role of cAMP-CRP in catabolite repression has been elucidated primarily in
Escherichia coli, although studies in V. vulnificus and V. fischeri are also useful (35, 37, 75). In
E. coli, the model has emerged that cCAMP-CRP activity is controlled through the modulation of

the second messenger CAMP, and that intracellular cAMP levels are controlled at the level of
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adenylate cyclase (CyaA), which generates cCAMP (168). A connection to glucose availability is
provided by the glucose phosphotransferase system EIIA®" component, the phosphorylated form
of which increases CyaA activity (83). When glucose is available, it is phosphorylated after its
transport into the cell, with the consequence of less phosphorylated EIIA® and therefore less
CyaA enzymatic activity and synthesis of cCAMP (6, 9, 48, 119, 150).

Other means of cAMP control include cAMP degradation and cAMP export. In E. coli,
turnover of cAMP is accomplished by the cAMP phosphodiesterase CpdA (67, 73).
Interestingly, V. fischeri possesses both CpdA and a periplasmic CAMP phosphodiesterase that
E. coli does not (22, 36). The periplasmic cAMP phosphodiesterase, CpdP, in V. fischeri allows
it to grow on cAMP as a sole nitrogen and carbon source, but its role, if any, in controlling
endogenously produced cAMP is unknown. Bacteria also release cCAMP, and it was proposed
that export is the main control over cAMP in E. coli, given CpdA’s relatively low affinity for
cAMP (61).

Despite the focus on control of CAMP levels, it remains possible that cCAMP-CRP activity
is controlled at least in part by other mechanisms. For example, at least under some conditions,
CRP protein levels are lower during growth on glucose (69). Moreover, it should be cautioned
that some studies use native [-galactosidase activity to assess changes in CAMP levels (47, 61),
and this indirect measure might just as well reflect other effects on the CRP protein.

In this study we sought to measure CAMP in V. fischeri and to assess the roles of CyaA,
CpdA, CpdP, and EIIA®"® in setting these levels. We also wanted to test the overarching
predictions, based on other systems, that cCAMP-CRP-dependent activation would be higher
when cells were grown on glycerol rather than glucose, and that this difference in activity would

reflect lower intracellular CAMP levels in glucose-grown cells.
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Materials and Methods
Strains, growth media and reagents

Strains, plasmids, and oligonucleotides used in this study are listed in Table 3.1. V.
fischeri ES114 was the wild-type strain used (12). E. coli strains DH5a (60) or DHS5aApir (39)
were used for cloning, with the latter used to maintain plasmids with the R6K origin of
replication. E. coli cultures were grown at 37°C in LB medium (101) with 20 pg ml™
chloramphenicol (cam) or 40 pg ml™ kanamycin (kan) added when appropriate for selection. V.
fischeri was grown at 28°C in LBS medium (144), at 24°C in SWTO medium (14), or at 24°C in
supplemented mineral salts medium (FMM) (134) containing 40 mM glycerol or 20 mM
glucose. When appropriate for selection of V. fischeri, 2 pg ml™ cam or 5 pg ml™ erythromycin

(erm) were added to LBS.

Plasmids, oligonucleotides, molecular techniques, and sequence analyses

Plasmids and mutants were constructed using standard techniques as previously described
(15, 76).  Once mutant alleles were constructed, they were transferred from E. coli into V.
fischeri on plasmids by triparental mating using the conjugative helper plasmid pEVS104 (145)
in strain CC118Apir (64), and allelic exchange was confirmed by PCR.

For the construction of the AcyaA crpl strain DC25, the E. coli crp* allele was amplified
from pCRP (CRP* T127L/S128l) using oligos ECCRPfor and ECCRPrev. The crp* allele was
then cloned into pDC41 between sequences flanking crp in V. fischeri. We generated pDC41
from pJLB117, which contains a Acrp allele with the start and stop codons of crp separated by an
Nhel site. pJLB117 was digested with Xbal and self-ligated to delete a second Nhel site.

pBluescript was fused to this vector at a Xbal site, because its ColE1 origin facilitates allelic
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exchange, and the resulting plasmid was pDC41. The amplified crp* allele was then cloned into
the unique Nhel site between the sequences upstream and downstream of crp to make pDC42.
pDC42 was then introduced into AcyaA strain DCO03, and through allelic exchange it replaced the
native crp with crp* (Table 3.1). As explained further below, sequencing this locus revealed that
recombination into the chromosome occurred in a region of shared homology between E. coli
crp* and V. fischeri crp, resulting in a V. fischeri-E.coli crp* hybrid (crpl) in strain DC25. A
spontaneous mutation in the crpl allele resulted in crp2 in strain DC26.

To create a chromosomal CRP-dependent reporter, we first generated plasmid pDC16,
which allows us to place the native luxCDABEG luminescence-generating genes under control of
a non-native promoter following allelic exchange. Briefly, pDC16 contains V. fischeri sequences
from within luxR to within luxC, centered on the intergenic region between luxl and luxC, with
three transcriptional terminators and a multiple cloning site between luxl and luxC oriented such
that promoters cloned into the multiple cloning site will be responsible for luxCDABEG
expression when exchanged into the chromosome. To create the promoterless-lux strain DCO8,
pDC16 was exchanged into ES114. The artificial CRP-dependent promoter Pcgrp.p from pDC85
was cloned upstream of luxC in pDC16 to make pDC82. This allele was exchanged into ES114
and DC26 to make strains DC57 and DCG63, respectively, so that luxCDABEG in these strains is
under transcriptional control of an artificial CAMP-CRP-dependent promoter.

To generate a mutant lacking tolC (VF2233), we generated a deletion allele consisting of
1.5 kb upstream of tolC (amplified with primers tolColigoA and tolColigoB) fused at a Nhel site
to 1.5 kb of downstream of tolC (amplified with primers tolCdownF2 and tolCdownR2) in
plasmid pDC70, which was moved into ES114 or DC18 for allelic exchange, resulting in AtolC

and AcpdP AtolC mutants DC52 and DC53, respectively (Table 3.1).
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To generate crr::ermR mutants by single crossover and plasmid integration, plasmid
pTMO152 was moved into the recipient V. fischeri strains through triparental mating. To make
crr::erm mutants DC42 and DC51, pTMO152 was moved into DC38 and DC18, respectively.
To make the Acrp Pcrp-p-lux strain, DC68, pJLB117 was moved into DC57 and through allelic

exchange, the crp gene was knocked out.

Luminescence measurements

Overnight V. fischeri cultures were diluted 1:1000 in 20 ml of SWTO or FMM in 125-ml
flasks, and then incubated at 24°C with shaking at 200 rpm. 500-ul samples were removed
periodically and the optical density at 595 nm (ODsgs) was measured with a BioPhotometer
(Brinkman Instruments, Westbury, NY). Samples were aerated by rapid shaking for 10 seconds,
and relative luminescence was measured immediately with a Glomax TD-20/20 luminometer
(Promega, Madison, WI) (15). Specific luminescence reported is the relative luminescence per

ODsgs.

CAMP Assays

We used the Amersham cAMP Biotrak Enzyme-immunoassay System (GE Healthcare,
Buckinghamshire, UK) to determine cAMP concentrations following the manufacturer’s
instructions. For measurement of intracellular cAMP, cells cultured in FMM containing either
glycerol or glucose were grown to an ODsgs ~0.4, and 5 ml of culture were pelleted by
centrifugation. The pellet was washed twice with cold FMM, re-suspended in 270 pl assay
buffer, and boiled for 10 min. Then 30 pl of 2.5% dodecyltrimethylammonium bromide (lysis

1A reagent) was added to give a final concentration of 0.25%. The lysate was pelleted by
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centrifugation to remove debris, and the supernatant was either stored at -80°C overnight or
loaded directly into the assay wells. The manufacturer’s instructions were then followed to assay
CAMP levels. For detection of extracellular cAMP, 1 ml of culture was sampled, cells were
removed by centrifugation, the supernatant was diluted with lysis 1A reagent, and 100 pl of the
samples were loaded into wells. For each experiment, two biological replicates were run for
each condition in duplicate wells. For measurements of extracellular cAMP, the cCAMP standard
was prepared in FMM + 0.25% lysis solution to match the samples. The absorbance at 450 nm
was measured using a Synergy 2 plate reader (BioTek, Winooski, VT), and the concentrations of
CAMP in the samples were determined from the standard curve and normalized to the protein
concentration of the lysate measured by a Bradford Assay using Protein Assay reagent from
Biorad (Hercules, CA).

Another kit, DetectX Direct cyclic AMP Enzyme Immunoassay (Arbor Assays, Ann
Arbor, Michigan) was used to assay intracellular and extracellular cAMP for DC48. For
detection of intracellular cAMP, cells were grown as above except that 10 ml of cells were
pelleted by centrifugation and lysed with 200 pl of the supplied sample diluent. Extracellular

CAMP samples and standards were prepared as above.

Western blot analysis of CRP

V. fischeri strains grown in glycerol or glucose were lysed by boiling in SDS reducing
buffer (65 mM Tris-HCI with 2% SDS) and pelleted by centrifugation. The soluble proteins
were resolved using SDS-PAGE and transferred to a polyvinyldene fluoride (PVDF) membrane
(Millipore, Bedford, MA). E. coli strain MG1655 was included as a positive control and V.

fischeri JB24 Acrp mutant was used as a negative control. The total protein was visualized by
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staining with Ponceau S (0.1% Ponceau S in 1% acetic acid) and de-stained with 0.1 M sodium
hydroxide and distilled water. The membrane was blocked with 5% nonfat dry milk overnight at
4°C with shaking. After extensive washing with Tris-buffered saline and Tween 20 (TBS-T)
(0.02 M Tris-HCI pH 7.6; 16 g I"* NaCl; 0.2% Tween 20), the membrane was probed with a
1:2000 dilution of polyclonal rabbit anti-E. coli-CRP antibody (Hiroji Aiba group, Japan) as the
primary antibody and washed again with TBS-T and then incubated with a 1:2000 dilution of
goat anti-rabbit alkaline phosphatase conjugate (Biorad, Hercules, CA) as the secondary
antibody. The secondary antibody was detected using nitro blue tetrazolium (NBT) and 5-
bromo-4-chloro-3-indolyl-phosphate (BCIP) according to the manufacturer’s instructions

(Promega, Madison, W1).

Table 3.1: Bacterial strains and plasmids used in this study

Strain and Source or
plasmid Relevant characteristics® reference
E. coli
MG1655 F- lambda- ilvG- rfb-50 rph-1 (10)
DH5a @80dlacZAM15 A(lacZYA-argF)U169 deoR supE44 hsdR17 (60)
recAl endAl gyrA96 thi-1 relAl
DHS5aApir DH5a lysogenized with Apir (39)
CC118\pir A(ara-leu) araD Alac74 galE galK phoA20 thi-1 rpsE rpsB (145)
argE(Am) recA Apir
V. fischeri
DCO03 ES114 AcyaA Chpt. 2
DCO08 ES114 promoterless-lux This study
DC18 ES114 AcpdP Chpt. 2
DC25" ES114 AcyaA crpl This study
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DC26° ES114 AcyaA crp2 This study
DC38 ES114 AcpdA Chpt. 2
DC42 ES114 AcpdA crr::ermR This study
DC48 ES114 AcpdP AcpdA Chpt. 2
DC51 ES114 AcpdP crr::ermR This study
DC52 ES114 AtolC This study
DC53 ES114 AcpdP AtolC This study
DC57 ES114 Pcrp-p-lux This study
DC63 ES114 AcyaA crp2 Pcrp-p-lux This study
DC68 ES114 Acrp Pcrp-p-lux This study
ES114 Wild-type isolate from E. scolopes (12)
JB22 ES114 Payss-luxCDABEG (15)
JB24 ES114 Acrp (14)
J.

JAS202 ES114 Acrr Schwartzman
Plasmids"
pAKD702 Promoterless-lacZ, pES213, oriVR6KYy, oriTgps, CAMR (42)
pBluescript ColEI, ampR Stratagene
pCRP E. coli crp* (CRP* T127L/S1281) (172)
pDC16 luxR-luxl; three transcriptional terminators; promoterless- This study

luxC
pDC41 Acrp allele ANhel; ColEL, oriVR6KYy, oriTgps, kanR, camR This study
pDC42 E. coli crp* allele; ColEL, oriVR6KY, oriTgrps, kanR, camR, This study

ampR
pDC70 AtolC allele; ColE1, oriVR6KYy, oriTgres, kanR, camR This study
pDC82 luxR-luxl; transcriptional terminators; Pcrp-p-l1uxC This study
pDC85 oriVR6KYy, oriTgps, pPES213, mCherry, kanR, Pcrp.p-camR- Chpt. 2

gfp
pEVS104 conjugative helper plasmid; oriVR6KYy, oriTgps, kanR (145)
pJLB117 Acrp allele; ColE1, oriVR6KY, oriTgrps, kanR, camR (14)
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pJLB146 Plac-crp in shuttle vector pVSV105; pES213, oriVR6KY, (14)
camR

pTMO152 crr::ermR; oriVR6Ky (155)

Oligonucleotide®

Pcrp92#1 CTAATG TGAGTT AGCTCACTC ATAGTT TAT This study
CAA AAA ATACAC TAC AAT ACT GTC GAC

Pcrp92#2 CTAGGT CGACAG TATTGT AGTGTATTTTTT This study
GAT AAACTATGAGTG AGC TAACTCACATTA
GGG CC

EcCRPfor CGA ACG ACT AGT GCATGG TGC TTG GCA AAC This study
CGC

EcCRPrev CGA ACG ACT AGT GGG ATT AAC GAG TGC CGT This study
AAA CGA CGATGG

tolColigoA CAA CGG TGT GAT CTT GAG AAA TAT CAC CCG This study

tolColigoB GCT AGC CTC ATGGTG GTT TGT CCT GC This study

tolCdownF2 GTA GCT AGC CCA AAT AAG TTG ATACCAATT This study
ATGTAATTAC

tolCdownR2 CGA CTA AGT TGG CGT AGAACTTGC G This study

 Drug resistance abbreviations used: camR, chloramphenicol resistance; ermR, erythromycin

resistance; kanR, kanamyecin resistance; ampR, ampicillin resistance

b Upon recombination into V. fischeri chromosome, E. coli crp* became crpl (V. fischeri-E. coli

crp* hybrid)

¢ A spontaneous mutation occurred to make additional amino acid change (G141S) in crpl to

make crp2

4 Replication origin(s) of each vector are listed as R6KYy, ColE1, and/or pES213. Plasmids based

on pES213 are stable and do not require antibiotic selection for maintenance (40).

¢ All oligonucleotides are shown 5’ to 3’. Underlined regions highlight restriction enzyme

recognition sites.
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Results
Intracellular cAMP levels are higher in cells grown on glucose

Given the role of cCAMP-CRP in the catabolite-repression response of E. coli and other
Proteobacteria (17, 34, 121), along with the observation that cyaA and crp are more dispensable
in V. fischeri when cells are provided glucose (91), we predicted that V. fischeri cells growing on
glycerol would have higher intracellular cAMP levels than cells growing on glucose. However,
we observed the opposite, with ~3-fold higher levels of intracellular cAMP in wild-type ES114
cells grown on glucose relative to glycerol (Fig. 3.1). This result was reproducible and
statistically significant (p<0.05). We estimate that the intracellular cCAMP concentrations in

ES114 grown under these conditions were approximately 15 to 45 uM, which falls within a
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Figure 3.1: Intracellular cAMP for V. fischeri strains. Cells were grown to ODsgs of 0.4
in FMM amended with 40 mM glycerol or 20 mM glucose. cCAMP in cell lysate was
normalized to pg of protein. Error bars represent standard error. Data from multiple
experiments were combined with ES114 in each experiment giving similar values. We
estimate that 100 fmol cAMP/ug protein on this scale is equivalent to an intracellular
concentration of ~10 uM cAMP.
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range that would be physiologically relevant in E. coli (116, 118). Figure 3.1 reports CAMP
levels for cells at 0.4 ODsgs; however, we similarly observed higher cAMP levels in glucose-

supplemented cells at ODsgs of 0.2 and 0.6 (data not shown).

Control of intracellular cAMP levels by CyaA, CpdA, and EIA®"

We sought to test the roles of proteins that might influence CAMP levels in the cell, and if
possible to find a mechanism underlying the higher intracellular levels of cCAMP observed in
glucose-grown cells. Based on other Proteobacteria and bioinformatic analysis of the ES114
genome we predicted that: (i) CyaA is responsible for CAMP synthesis, (ii) intracellular cCAMP is
consumed by the phosphodiesterase CpdA, (iii) CAMP levels may be modulated further by the
periplasmic phosphodiesterase CpdP, and (iv) cAMP production is enhanced by ENAS"
(encoded by crr) in the absence of glucose. To test this model, we generated mutants in cyaA,
cpdA, cpdP, and crr, both singly and in specific combinations, and measured intracellular cCAMP
levels.

CyaA was the only putative adenylate cyclase identified in the V. fischeri ES114
genome, and a AcyaA mutant produced no detectable CAMP. This strain served as a negative
control as measurements of its CAMP were consistently at background levels, which were
typically less than 1% of the intracellular cAMP concentration of ES114 grown on glycerol (data
not shown).

The ES114 genome revealed two putative CAMP phosphodiesterases, CpdA and CpdP.
The latter had previously been characterized in V. fischeri as a periplasmic cAMP
phosphodiesterase (22, 36), and we found that deleting cpdP resulted in 1- to 2-fold higher

intracellular cAMP compared to ES114 (Fig. 3.1). Moreover, the AcpdP mutant still displayed
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~3-fold higher intracellular cAMP when grown on glucose, much like wild type (Fig. 3.1). A
more likely candidate for influencing intracellular cAMP levels appeared to be CpdA, which
resembled cytoplasmic cAMP phosphodiesterases from E. coli (67) and V. vulnificus (73), both
in its sequence and the genetic context of the cpdA gene. Indeed, the AcpdA mutant had
significantly elevated intracellular cAMP levels relative to ES114 (p<0.05), particularly when
grown on glycerol (Fig. 3.1), confirming its role in breaking down intracellular cAMP. Unlike
ES114 and the AcpdP mutant, for the AcpdA mutant there was relatively little difference between
glucose- and glycerol-grown cells (Fig. 3.1).

Next, to test the role of EIIA®" in enhancing cAMP production, we measured cAMP in a
Acrr mutant and moved this mutation into the AcpdA and AcpdP backgrounds. Our primary
prediction was that a Acrr mutant would have lower cAMP levels than wild type when grown on

glycerol, owing to a lack of phosphorylated EIIA®", which is thought to stimulate CyaA activity
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Figure 3.2: Extracellular cAMP in V. fischeri cultures. Strains were grown to ODsgs 0f 0.4 in
FMM amended with 40 mM glycerol or 20 mM glucose. Error bars represent standard error.
Data from multiple experiments were combined with ES114 in each experiment giving
similar values.
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in E. coli (6, 48, 100, 119, 121, 130, 150). We saw no significant difference from ES114
(p>0.05) in cAMP levels in the Acrr mutant in glycerol-grown cells; however, when a AcpdA
mutant was compared to a AcpdA crr- double mutant, a significant (p<0.05) drop in intracellular
CAMP was seen (Fig. 3.1). Although crr mutants grew poorly relative to other strains on

glucose, crr mutants did achieve the 0.4 ODsgs at which cCAMP levels were measured.

Extracellular cAMP differs in glucose- and glycerol-grown cells

CAMP export has been reported in other bacteria (131), and in E. coli extracellular cAMP
can constitute ~90% of the total CAMP in culture (61, 118) We therefore considered the
possibility that differential CAMP export under various growth conditions could account for
changes in intracellular cAMP. We measured extracellular cAMP in wild type grown on
glycerol or glucose and saw no difference (p>0.05) in extracellular cAMP (Fig. 3.2). However,
the periplasmic cAMP phosphodiesterase CpdP might be expected to consume extracellular
CAMP and obscure any differences in CAMP export. In the AcpdP mutant we observed 10- to
100-fold more extracellular cAMP than wild-type ES114 grown on glucose or glycerol,
respectively (Fig 3.2). Additionally, extracellular cAMP was 7-fold higher in glycerol-grown
cells as opposed to glucose (Fig. 3.2). Moreover, during growth on glucose, a AcpdP crr- double
mutant had over 10-fold less extracellular cAMP than did the AcpdP mutant. These results are
consistent with a model whereby ENIA®"® contributes to increased cAMP production during
growth on glycerol, but that concomitantly increased export of CAMP in glycerol-grown cells
results in lower intracellular cCAMP levels.

To test the importance of cAMP export further, we measured intracellular and

extracellular ;CAMP in the same cultures using a AcpdP AcpdA mutant, allowing us to assess total
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CAMP export without interference from cAMP degradation. We found that in glycerol-grown
cells the combined intracellular and extracellular cAMP was actually 2-fold higher than in
glucose-grown cells (Fig. 3.3). However, only 24% of the total CAMP in cultures of glycerol-
grown cells is intracellular, whereas 76% of total CAMP remained intracellular in glucose-grown
cells at the same ODsgs.

Hantke et al. postulated that the outer membrane channel protein TolC was involved in
CAMP export in E. coli (61), and we therefore investigated TolC in V. fischeri. However, we did
not see an accumulation of intracellular cAMP in a AtolC mutant, nor did we find a difference in
extracellular cAMP levels between a AtolC mutant and a AcpdP AtolC double mutant (data not
shown). We then employed a random transposon mutagenesis approach (93) in an attempt to
find mutants defective in CAMP export. We used the AcpdP AcpdA AcyaA triple mutant DC55,

which can neither generate nor destroy cCAMP, as the parent strain, and monitored its ability to
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Figure 3.3: Comparison of intracellular cAMP to extracellular cAMP. Both intracellular and
extracellular cAMP was measured from cultures of DC48 (AcpdP AcpdA) grown in FMM
amended with 40 mM glycerol or 20 mM glucose to an ODsgs of 0.4.
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utilize mannose using a colorimetric assay. Exogenous addition of sufficient cCAMP could
stimulate mannose utilization in DC55, and we screened mutants for mannose utilization in the
presence of sub-stimulatory cAMP levels reasoning that impairment of CAMP export might
allow mannose utilization to be stimulated with lower exogenous cCAMP levels. Unfortunately,

after screening several thousand mutants, none were obtained with this phenotype.

CAMP-CRP activity appears lower in cells grown on glucose
Given our unexpected observation that intracellular cAMP levels were actually higher in

glucose-grown cells, we wanted to determine how glucose affected cCAMP-CRP activity. In
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Figure 3.4: Expression of CRP-dependent reporter in crp” and crp2” backgrounds. Specific
luminescence was determined for cells grown to ODsgs of 1.0 on SWTO amended with 40
mM glycerol or 20 mM glucose. Background luminescence is represented by an ES114
derivative with a promoterless-lux allele. The ES114 strain with constitutive-lux serves as
control to show the glucose effect on reporter activity is CRP-dependent. Error bars represent
standard error (n=2).
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other cases, intracellular cAMP levels dictate cCAMP-CRP activity; however, to fill its traditional
role in catabolite repression CAMP-CRP activity would have to be lower on glucose-grown cells.
To test CAMP-CRP activity in transcriptional activation, we synthesized an artificial CAMP-
CRP-dependent promoter (Pcrp-p) and engineered a strain where the luxCDABEG genes were
placed under Pcrp-p control on the V. fischeri chromosome. Consistent with the traditional role
of CRP in catabolite repression, we saw ~10-fold lower activity from the CRP-dependent
reporter in cells grown on glucose relative to those grown on glycerol (Fig. 3.4). Similar results
were obtained with a plasmid-borne Pcrp-p-gfp reporter (data not shown). Additionally, JB22
(ES114 Payss-lux), a constitutive lux-expressing strain grown on glycerol or glucose, was used as
a control to show that the glucose effect on luminescence in the reporter strains was dependent

on CRP (Fig. 3.4).

The effect of glucose on cAMP-CRP activity is independent of CAMP

Given our apparently paradoxical observations that amendment with glucose appears to
simultaneously decrease cCAMP-CRP activity while increasing intracellular cCAMP, we wanted to
determine if the effect of glucose on cAMP-CRP activity was independent of cCAMP levels. To
accomplish this goal, we generated a strain with a crp that acts independently of CAMP, crp*, in
a AcyaA mutant background. We obtained an E. coli cCAMP-independent crp* allele with amino
acid changes T127L/S128l1 (172) that we exchanged onto the chromosome of a AcyaA mutant at
the crp locus. Unexpectedly, recombination occurred between the E. coli crp* sequence and the
V. fischeri crp gene, resulting in a chimeric crp gene that encoded the first 63 amino acids of V.
fischeri CRP, and the remaining C-terminal E. coli crp sequence, including the mutations

encoding the T127L/S1281 CRP* changes. We noticed two colony phenotypes when streak-
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purifying this strain; one that was slightly smaller than wild type and one closer to wild-type
size. Both types were isolated and crp* from each was sequenced. A clone with the large-
colony phenotype had an additional mutation in crp, generating amino acid change G141S. A
similar G141S mutation was documented previously by Kim et al. to make constitutively active
CRP variants (74). We used this T127L/S1281/G141S CRP* variant (crp2) in a AcyaA
background, so that cells lacked cAMP yet displayed phenotypes consistent with activation of
the CRP regulon.

Interestingly, glucose still caused decreased expression of the Pcrp-p-lUx reporter, even in
AcyaA crp2 background (Fig. 3.4). We previously reported that under these conditions, glucose
did not affect luminescence from a similarly constructed strain with a constitutive promoter
driving lux expression (91). Thus, under these conditions, the glucose effect on CRP activity

appears to be independent of cCAMP.
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Figure 3.5: Expression of CRP-dependent reporter with constitutive crp.  Specific
luminescence was determined for DC68 (Acrp Pcrp-p-lux) with plasmid Pic-crp grown to
ODsgs of 1.0 on SWTO amended with 40 mM glycerol or 20 mM glucose. Error bars
represent standard error (n=2).
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The effect of glucose on cAMP-CRP activity is independent of CRP transcription

To explore whether the native promoter of crp is necessary for this glucose-mediated
effect, V. fischeri crp was cloned downstream of a Pj,c promoter and moved into a Acrp mutant
of V. fischeri with Pcrpp-lux reporter on the chromosome. After removing native
transcriptional control of crp, we still saw lower cAMP-CRP-dependent activity in the presence
of glucose (Fig. 3.5). These data were similar to the 10-fold difference we saw between
glycerol- and glucose-grown cells with the Pcrp.p-lux reporter strains with crp on the
chromosome (Fig. 3.4). Thus, this glucose-mediated effect on cAMP-CRP activity is not

dependent on native crp transcription.

Glucose does not detectably affect the amount of CRP protein

Next, to investigate one other potential means of regulating cCAMP-CRP activity, we
sought to determine if there were lower levels of CRP protein in glucose-grown cells. Ishizuka
et al. (69) described a reduction in CRP levels in E. coli grown on glucose, and we wanted to see
if the amount of CRP protein in V. fischeri could account for the difference in CRP activity in
cells grown on glycerol or glucose in wild-type ES114. Using an anti-CRP antibody, there
appears to be no detectable difference in the amount of CRP protein in V. fischeri cells grown on
glycerol or glucose (Fig. 3.6). Although we have not quantified [CRP] and cannot rule out a
difference when cells are grown with glycerol or glucose, our results do not reflect the sort of
changes in CRP reported by Ishizuka et al. Thus, CRP protein levels do not appear to account
for the paradoxical observation of increased cCAMP levels and decreased CRP activity in the

presence of glucose.
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Figure 3.6: Detection of CRP in E. coli and V. fischeri. Western immunoblot analysis using
anti-CRP on cell lysates from E. coli MG1655, V. fischeri Acrp, and wild-type ES114. E. coli
grown in LB and V. fischeri cells grown to ODsgs of 1.0 in SWTO amended with 40 mM
glycerol or 20 mM glucose.

Discussion

In this study we investigated if and how CRP activity and cAMP levels are affected in
response to carbon sources, glucose in particular, in V. fischeri. Several lines of evidence
suggested that CRP played a role in V. fischeri similar to the model that has emerged in other
Proteobacteria, with increased activation of the cAMP-CRP regulon when glucose is unavailable.
As predicted by this model, Acrp and Acya mutants of V. fischeri grew much better when
supplemented with glucose than with glycerol (Chapter 2). Similarly, a Virtual Footprint
analysis (108) of the CRP regulon in V. fischeri suggested potential CRP binding sites upstream
from many genes and operons involved in catabolism of non-glucose carbon sources, such as is
the case in E. coli and other bacteria. In some instances, experiments seem to confirm these
bioinformatic predictions, for example based on the inability of a Acrp mutant to utilize the

respective non-glucose carbon sources. Similarly, there is a predicted CRP binding site upstream

64



from the cellobiose (cel) utilization operon, and glucose leads to decreased expression from the
cel promoter (1). In a recent study (Chapter 2) and here, we generated CRP-dependent reporters,
which yielded lower expression when cells were grown in the presence glucose. Taken together,
all of our evidence is consistent with the canonical role of CRP, together with the second
messenger CAMP, in stimulating expression of certain genes when glucose is unavailable.

Our data are also consistent with established controls over cAMP levels, although the
relative importance of these mechanisms appears to be different in V. fischeri and E. coli, at least
under the conditions tested. It appears that in both organisms, the adenylate cyclase CyaA is
responsible for cAMP synthesis, and turnover of CcAMP is accomplished by the
phosphodiesterase CpdA. However, during growth without glucose, an E. coli cpdA mutant
showed only a 2-fold increase in intracellular cAMP, attributed to a low K, for cCAMP (67),
whereas a V. fischeri AcpdA mutant had 10-fold higher cAMP levels (Fig. 3.1). Moreover, as
discussed below, the effect of the EIA®" transport component on cAMP levels, which appears
to be critical in E. coli (83), was only evident in V. fischeri in a AcpdA mutant background. Thus
it appears that CpdA may play a larger role in determining cCAMP levels in V. fischeri, and it
would be interesting to compare the enzymatic activities of the V. fischeri enzyme to that of E.
coli.

Previous work showed that cAMP levels in E. coli are modulated in response to glucose
based on the EINA®" component of the glucose-transport system, which is encoded by crr (132).
When glucose is absent, the phosphorylated form of EIIA®" activates CyaA to produce more
cAMP, but in the presence of glucose, EIAC" transfers its phosphate to glucose during import,
resulting in lower CyaA activity and less cCAMP. Bettenbrock et al. showed that the

phosphorylation state of EIA®' dictates the amount of cCAMP synthesis (9). Unexpectedly, we
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found no significant difference in intracellular cAMP between the Acrr mutant and wild type in
glycerol-grown cells; however, the predicted decrease in cCAMP upon disruption of crr was seen
in the AcpdA mutant and AcpdP mutant backgrounds in which cAMP levels were elevated (Figs
3.1 and 3.2). These results suggest that EIIA® functions similarly in the regulation of cCAMP
synthesis in V. fischeri and E. coli, but the relative importance of its role may vary between the
organisms or the growth conditions.

A more surprising result was our observation in V. fischeri of higher intracellular cAMP
levels when cells were grown in the presence of glucose rather than glycerol. This is the
opposite of what has been reported in E. coli and if CAMP were the determining factor for
CAMP-CRP activity, increased cCAMP in glucose-grown cells would invert the proposed role of
CRP. The higher levels of intracellular cAMP could be in part an effect of differential
degradation of cAMP, considering intracellular cAMP was not significantly different in the
AcpdA mutant grown on glycerol or glucose (Fig. 3.1). However, we speculate that cAMP
export is the major determinant underlying this difference in intracellular cAMP. Indeed, the
relationship between glucose and cAMP was reversed when extracellular cCAMP was examined,
with higher extracellular cAMP levels from glycerol-grown cells. Upon examining the
intracellular to extracellular cAMP concentrations of a AcpdA AcpdP double mutant, which
eliminates those mechanisms of cCAMP turnover, we found that total cCAMP is 2-fold higher with
glycerol than with glucose (Fig. 3.3). Thus, our data are consistent with higher cAMP
production in cells grown in glycerol rather than glucose, but with increased CAMP export in the
glycerol-grown cells.

Our results raise intriguing questions about CAMP export. The mechanism underlying

this phenomenon is unknown, but does not require tolC, as has been proposed in E. coli (61). In
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E. coli, addition of a tolC mutation in a Acya background increased the sensitivity of a regulatory
response to added cAMP, but neither intracellular nor extracellular cAMP was measured directly
(61). Given our data, such examination of the E. coli tolC mutant seems prudent. Although our
initial screen for export-deficient mutants was not fruitful, other approaches might identify the
gene(s) involved in cAMP export, which is likely an important research priority for elucidating
the role of this second messenger.

It is worth noting that differences in extracellular cAMP concentration were only evident
in V. fischeri mutants lacking the CpdP periplasmic cCAMP phosphodiesterase. CpdP is unlike
other previously characterized bacterial periplasmic phosphodiesterases in its specificity for 3’-
5’-cyclic nucleotides (22), and our data raise new questions about its role. Upon discovering
CpdP, Dunlap et al. speculated that it may have a role in degrading free CAMP in the seawater or
during symbiotic infection (22). In light of our findings, the selective advantage of CpdP could
instead stem from its degradation of endogenously produced cAMP. It is possible that the
advantage conferred by CpdP is to recycle exported CAMP by converting it into 5’-AMP, which
is subsequently transported back into the cell and funneled into nucleotide synthesis pathways.
Alternatively, if host cells respond to cAMP from the symbionts, CpdP might function by
attenuating such inter-organismal detection or signaling. Future studies of cpdP should consider
possible roles related to degradation of endogenous cCAMP production.

Perhaps the most important focus for future studies is to understand how glucose affects
CAMP-CRP activity under the conditions of our assays, and how such activity could be higher
even if CAMP levels are lower. It is not clear why this phenomenon would exist in V. fischeri
when E. coli and other Proteobacteria seem to achieve higher cAMP-CRP activity by increasing

intracellular cCAMP in response to non-glucose carbon sources. It seems clear that changing
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levels of cAMP is only one of multiple ways to modulate cAMP-CRP activity, and the
overriding mechanism may depend both on the bacterium and the conditions. It remains possible
that the phenomenon we observed in V. fischeri also occurs in E. coli under certain conditions,
and it would be interesting to know if this were the case.

Although we do not know how widespread this phenomenon is, under the conditions used
here, there is clearly a glucose-mediated effect independent of cCAMP levels. This conclusion is
best illustrated by the phenotype of a AcyaA crp2 mutant, which still responded to glucose
although it does not generate cAMP and its CRP does not require it. Although others have noted
lower CRP protein levels in E. coli during growth on glucose (69), we did not see a similar effect
to what they reported (Fig. 3.6). Moreover, native transcriptional regulation of crp did not
appear to be required for the effect of glucose on cCAMP-CRP activity.

We speculate that cCAMP-CRP activity might be controlled further by post-translational
protein modification. One possible mechanism for such control would be lysine acetylation.
Alan Wolfe’s lab has shown that CRP can be acetylated by acetyl-P in vitro in the absence of an
acetyltransferase (A. Wolfe, personal communication); however, it is unclear if this process is
physiologically relevant. In Salmonella, protein acetylation and deacetylation are important
mechanisms in regulating many central metabolism enzymes, and acetylation levels can vary
between cells grown on glucose or other carbon sources (160). Interestingly, Castano-Cerezo et
al. provided evidence that cAMP-CRP may regulate the transcription of an E. coli
acetyltransferase, YfiQ (or PatZ), which is involved in acetate metabolism regulation (25). We
considered the possibility that CRP acetylation by YfiQ might underlie the modulation of its
activity in glucose-grown cells; however, the same glucose-dependent effect was still seen in a

yfiQ mutant (data not shown). To investigate further whether CRP is controlled post-
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translationally, a good first step would be proteomic analysis on V. fischeri’s CRP to identify
acetylation or other modifications of this protein in cells grown on glycerol or glucose.

Evidence presented here adds more complexity to the control of cCAMP-CRP-mediated
gene regulation and provides evidence that carbon sources regulate CAMP-CRP activity in V.
fischeri, thus proving the importance of an environmental cue in governing pheromone-mediated

regulation in the Vibrio-squid symbiosis.
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CHAPTER 4

CONCLUSIONS AND FUTURE DIRECTIONS

The purpose of this dissertation was to broaden our understanding of how a host
environment influences the pheromone-mediated behaviors of a bacterial symbiont. The Vibrio
fischeri-Euprymna scolopes symbiosis is a great model system for such studies, as
bioluminescence is a well-studied pheromone-controlled behavior. V. fischeri’s luminescence is
much more strongly induced in the host environment than it is in culture, and studying regulators
that govern pheromone-mediated regulation can therefore provide insight into the symbiotic
environment and help identify the potential cues that underlie the host-symbiont relationship.
The regulator CRP, along with the second messenger cCAMP, govern pheromone-mediated
regulation and bioluminescence in V. fischeri, in addition to being involved in other processes,
most notably the catabolism of non-glucose carbon sources. My goals were to determine the
relevance of cCAMP-CRP activity during symbiosis and to examine the mechanisms that regulate
this activity in V. fischeri grown on different carbon sources.

In Chapter 2, I investigated the importance of cCAMP-CRP in the Vibrio-squid symbiosis
and found that this duo was essential for robust colonization. This observation cannot be
explained solely by the dim luminescence of the AcyaA and Acrp mutants or the known effect of
CAMP-CRP on luxR and ainSR, because a AcyaA or Acrp mutant is compromised for
colonization far more than either a dark mutant (15) or luxR and ainS mutants (87, 154). It is

likely that the severe 100-fold or greater attenuation in colonization by the AcyaA and Acrp
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mutants have multiple causes. cAMP-CRP is known to regulate many colonization factors in
other bacteria, for example it regulates type | fimbriation in uropathogenic Escherichia coli,
which is required for tissue attachment (107), and in Vibrio cholerae CyaA and CRP are needed
for chitin-induced natural competence, due to CAMP-CRP’s role in chitin surface colonization
and chitin degradation (11). In V. cholerae, CAMP-CRP is involved in regulating HapR, which
negatively regulates biofilm production (85). Therefore, crp mutants of V. cholerae actually
have increased biofilm production in addition to cholera toxin production, yet they are unable to
colonize the small intestine (84). This confirms the crucial role cCAMP-CRP plays in host
survival and how this role is multi-faceted.

Much like these other host-bacterial relationships, V. fischeri requires certain colonization
factors for host-cell attachment and successful initiation of colonization (126). Altura et al.
provided evidence that during the early stages of V. fischeri colonization of E. scolopes, both
attachment of V. fischeri to host cilia and aggregation between V. fischeri cells, which is
mediated by exopolysaccharide production, were necessary for initiation (5). Yip et al. also
showed the importance of V. fischeri cells aggregating with one another during initiation and
successful colonization and identified a syp gene cluster in V. fischeri that is believed to be
involved in biofilm formation and exopolysaccharide production (169, 170). Symbiotic
colonization of syp mutants resulted in over a 1000-fold less CFU/squid than wild type colonized
squid (169). In addition, a two-component regulator, RscS has a predicted role in regulating this
syp gene cluster and a rscS mutant also has severe colonization defects (157, 169).

Such low colonization is comparable to the levels | saw with the AcyaA and Acrp mutants
(Fig 2.1), and | speculate that CRP-mediated regulation of syp and/or rscS may in part underlie

the symbiotic phenotype of these mutants. Interestingly, a virtual footprint analysis (108) has
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revealed a CRP site in the intergenic region between rscS and the divergent glpR although this
site is closer to the glpR promoter, which is a likely target for cAMP-CRP, given its role in
activating glycerol catabolism. In addition, putative CRP sites were also found in the syp gene
cluster upstream of sypG and also sypA, the first gene in the operon. This 18-gene operon
contains annotated glycosyltransferases and genes involved in polysaccharide metabolism. At
this time, however, the reason for the severe attenuation of colonization by the AcyaA and Acrp
mutants is not clear. As noted in Chapter 2, the growth attenuation of these mutants in culture
does not seem as severe as their attenuation in the squid. This hints at cCAMP-CRP having a role
in regulating an unknown colonization factor in addition to activating catabolic operons. Further
work needs to be done to determine the CRP regulon in V. fischeri, and to determine if important
colonization factors, such as the syp genes, are controlled by cCAMP-CRP.

| also believe the relationship between cAMP-CRP and NAG catabolism should be
explored further, because NAG may be a potential carbon source for V. fischeri in the squid. At
present, the relationship between CRP and NAG is somewhat puzzling. In V. cholerae, the
ENIA®" component of the glucose PTS can transfer the phosphoryl group the NAG-specific EI1B
domain and them to the incoming NAG (11, 66). Therefore, as with glucose, one would predict
less activation of adenylate cyclase and lower cAMP production in the presence of NAG.
Similarly, in V. cholerae both glucose and NAG can cause suppression of chitin degradation and
the colonization of chitin surfaces, presumably through the reduction of cCAMP-CRP levels (11).
Consistent with this idea, crp and cyaA mutants of V. cholerae could not colonize chitin surfaces
well. Likewise, we have evidence in V. fischeri that EIIA®" may play role in the NAG PTS.
Given the similarities between NAG and glucose, it is puzzling that our cAMP-CRP-dependent

reporter showed elevated activity in the presence of NAG when glucose had the opposite effect.
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On the other hand, from what | have shown in Chapter 3, the CAMP-CRP activity in V. fischeri is
independent of CAMP levels, so NAG and glucose could have the same effect on cAMP while
exerting different effects on cAMP-CRP activity.

In another connection between NAG and CRP, a virtual footprint analysis revealed a
putative CRP binding site in the intergenic region of the divergent nagE-nagAC operon in V.
fischeri. In V. cholerae, CAMP-CRP has different roles at this operon in which it (i) helps
stabilize the repressor loop of NagC to repress this operon and (ii) activates transcription of these
genes in the absence of NagC (56). Even if this is also true in V. fischeri, it remains difficult to
interpret the role of CAMP-CRP in NAG catabolism.

Another important unresolved question is whether NAG is even physiologically relevant
in the symbiosis. An important source of NAG is chitin, which is abundant in the marine
environment, and is even found in E. scolopes. This squid produces its own chitin, which is
present in the tissue lining the light-organ ducts (95). Once V. fischeri arrives at the pore to the
light organ, it migrates through the duct down into the crypts. The migration towards the crypts
is thought to be directed by a chemotactic response towards chitin oligosaccharides (95). V.
fischeri had been shown to have a strong chemotactic response to NAG (33); however, it has
been proposed that chitobiose, a disaccharide of glucosamine, is more physiologically relevant
(95). Mandel et al. showed data supporting a model wherein V. fischeri degrades host-associated
chitin, releasing chitobiose, and thus creating a gradient that V. fischeri will follow into the light
organ (95). This model is further supported by the observed phenotype of a cheA mutant, which
is chemotaxis-deficient, being defective in entering the light organ pores (95).

In Chapter 3, | further characterized the effect that carbon source has on the CAMP levels

of the cell and on cAMP-CRP activity. What | found suggested that unlike the prevailing model
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in E. coli, the cCAMP levels in V. fischeri do not dictate cCAMP-CRP activity at least under the
conditions tested here. It should be noted that much of the previous work in E. coli should be
cautiously interpreted, because some studies have correlated the native f-galactosidase activity
of E. coli with cAMP levels, inferring that higher 3-galactosidase activity equals higher cAMP-
CRP activity and therefore higher cCAMP levels (47, 61).

| sought to investigate this relationship between glucose and cAMP-CRP activity in V.
fischeri by directly measuring cAMP levels and using an artificial cAMP-CRP-dependent
reporter that is theoretically void of other intrinsic regulatory elements affecting reporter activity.
Given that glucose still lowered CRP activity both in the absence of cCAMP in the AcyaA crp2
mutant and with removal of native transcriptional control, I hypothesize that protein acetylation
is regulating CRP activity in the presence of glucose. As a good start to testing this hypothesis,
proteomic analysis of V. fischeri’s CRP from cells grown on glycerol or glucose would be useful
to determine if there are protein modifications and if these modifications are acetylated lysines.
There is an established connection between CRP and acetylation, in that it has been shown in E.
coli that CRP regulates proteins involved in acetylation.

In E. coli, CRP activates transcription of the acetyltransferase YfiQ (or PatZ), a homolog
of Salmonella’s Pat acetyltransferase (25). In both Salmonella and E. coli, these homologs are
responsible for inhibiting Acs activity by acetylation (25). In E. coli, a patZ mutant only had a
slight growth defect on glucose (25), whereas in Salmonella, a pat mutant grew slower on
glucose due to decreased acetylation (160). For V. fischeri, preliminary work with a yfiQ mutant
did not reveal any growth defects in glucose, nor did | see increased cCAMP-CRP-dependent
reporter activity in the presence of glucose, indicating that V. fischeri’s YfiQ is an unlikely

candidate for acetylating CRP. In addition to regulating PatZ, cCAMP-CRP can also activate
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transcription of acs (78), suggesting that both the acetyltransferase PatZ and Acs are expressed
under the same conditions (25). This supports the notion that multiple regulatory mechanisms
are in place to fine tune Acs activity by acetylation under conditions where cAMP-CRP would
also activate transcription of acs (25). It is likely V. fischeri could have similar mechanisms in
place to fine tune the enzymes in central metabolism both at the protein level and at the
transcriptional level by cAMP-CRP.

A proteomic analysis of the CRP protein would help identify whether or not CRP is being
acetylated, and this would be a step toward determining the physiological significance of CRP
acetylation in V. fischeri. Not only could such post-translational modification of CRP affect the
metabolic activity of the cell, but it could also affect pheromone-mediated signaling and most
importantly, bioluminescence. Bioluminescence is lowered in the presence of glucose in V.
fischeri and this could be accounted for by low cAMP-CRP activity (91). Taken together,
metabolism and bioluminescence seem to be coordinated together by the effects on cAMP-CRP
activity. If we can better determine how metabolism of certain carbon sources affect cCAMP-
CRP activity, then we can better understand how the environmental cues V. fischeri encounters

during the symbiosis affects pheromone-mediated regulation.
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