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Abstract

The Mechanisms and Consequences of Lon Proteolysis in Vibrio cholerae

by

Avatar Joshi

The discovery of ATP-dependent proteolysis began with Lon protease in the 1960s.

Since that time, Lon (or LonA) has been identified as a key regulator of protein quality

control and diverse cellular processes in archaea, bacteria, as well as in the mitochondria

of eukaryotic cells. Despite nearly 60 years of research, the substrates of Lon and the

mechanisms that dictate Lon proteolysis remain poorly understood. The work presented

here focuses on understanding the mechanisms and consequences of Lon proteolysis in

V. cholerae.

Vibrio cholerae is the Gram-negative facultative pathogen responsible for the

diarrheal disease cholera. V. cholerae remains a threat to global public health. There

are estimated to be 1.3–4.0 million cases of cholera and 21,000–143,000 deaths worldwide

each year. Lon plays a critical role in regulating processes important for V. cholerae’s

pathogenic cycle. For example, Lon regulates virulence factor production, type VI

secretion system (T6SS)-dependent killing, biofilm formation, motility, c-di-GMP levels,

cell division, and stress adaptation. Furthermore, V. cholerae mutants defective in Lon

poorly colonize the host intestinal tract.

Previous work performed by the Yildiz lab identified Lon as a repressor of the

T6SS, which was a novel function attributed to prokaryotic Lon. To better understand
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how Lon might regulate the T6SS, I compiled the known functional and regulatory

networks governing activation of the T6SS (Chapter 1). We then used whole proteome

analysis to identify potential Lon targets that might explain Lon repression of the T6SS

(Chapter 2). We identified TfoY as a Lon substrate and showed that Lon-dependent

proteolysis of TfoY represses T6SS-dependent killing and motility. In addition, we used

a combination of genetic and biochemical approaches to demonstrate that Lon binds to

c-di-GMP and that c-di-GMP inhibits Lon-dependent proteolysis of TfoY.

Most analyses on Lon have focused on Lon-dependent regulation in planktonic

grown cells. Thus, relatively little is known regarding how Lon regulates processes

important for biofilm formation. We performed whole proteome and whole transcrip-

tome analyses on WT and ∆lon biofilms to identify potential Lon substrates and Lon-

regulated pathways in biofilms (Chapter 3). Our analyses indicates that Lon isd im-

portant regulator of biofilm matrix production, virulence factor production, nucleotide

pool homeostasis, iron homeostasis, and DNA repair pathways during the biofilm growth

mode. The work outlined here provides valuable insights into how regulated proteolysis

functions to control processes important for V. cholerae pathogenesis.
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Chapter 1

Rules of Engagement: The Type VI

Secretion System in V. cholerae

1.1 A Versatile Weapon for a Deadly Pathogen

The type VI secretion system (T6SS) is a contact-dependent contractile nanoma-

chine used by bacteria to translocate a toxin coated, membrane puncturing device into

neighboring cells [1, 2, 3]. Since its discovery, T6SS genes have been identified in over

a quarter of sequenced Gram-negative bacteria and this highly abundant system has

been shown to mediate antagonistic interactions against a wide variety of prokaryotic

and eukaryotic organisms [1, 2, 4, 5, 6]. One of the first bacterium shown to possess

the T6SS was Vibrio cholerae and thus, much of our understanding of T6SS structure,

function, and regulation has been developed from continued study of the T6SS in this

model pathogenic organism [1]. V. cholerae is a Gram-negative bacterium responsible
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for the diarrheal disease cholera. There have been seven recorded cholera pandemics in

the past 200 years, with the seventh still ongoing [7]. According to the World Health

Organization, cholera infections continue to impact 1.4 to 4.3 million people globally

and result in 21,000 to 143,000 deaths every year [8, 9]. While over 200 serogroups of

V. cholerae have been characterized, pandemics have only been attributed to the O1

serogroup [7]. V. cholerae exists primarily in the aquatic environment, where it can

be transmitted to a human host through the ingestion of contaminated food or water.

V. cholerae has developed several mechanisms, including the T6SS, to compete with

the diverse prokaryotic and eukaryotic organisms that it encounters in both the aquatic

environment and human host. Emerging research on the activation of the T6SS suggests

that it may contribute to the persistence and evolution of V. cholerae through direct

antagonism of competing microbes [1, 10, 11]. Additionally, it is well established that

the T6SS plays an important role in promoting V. cholerae’s fitness and pathogenicity

in the host [6, 12, 13, 14, 15, 16, 17, 18, 19]. Current research suggests that V. cholerae

uses the T6SS to kill off competing commensal microbes [16, 17, 18, 19, 20]. In addi-

tion, T6SS-mediated attacks on the host’s microflora and intestinal tract may serve to

modulate the host immune system, promoting virulence factor production and altering

host intestinal mechanics in addition to host viability [16, 17, 18, 19].

Although significant discoveries have been made in the 15 years since the T6SS

was initially discovered, there is still much to be uncovered about when and how the

T6SS is deployed and the role it plays in environmental survival and infection. This

review provides an update on the current knowledge of the structure, activity, and

2



function of the T6SS, as well as the signals and regulatory networks important for its

activation in V. cholerae.

1.1.1 The Structure of the T6SS

The T6SS is a multicomponent toxin delivery apparatus that has structural

and functional homology to the T4 bacteriophage tail spike [15,16]. Imaging studies

suggest that translocation of T6SS effectors occurs through a contraction event that

propels a membrane puncturing spike into neighbouring cells (Figure 1.1) [3, 21].

Assembly of the T6SS begins with the recruitment of baseplate proteins that

anchor the outer sheath and the inner tube to the lipid membranes of the bacteria. The

membrane complex is comprised of at least 8 different proteins, which provide structural

stability and dock the remaining components [22]. After the membrane complex is

assembled, the proteins that comprise the tip are recruited. The base of the tip is

composed of a trimeric complex formed by valine-glycine repeat proteins (VgrG1-3),

while the upper portion of the tip is composed of proteins containing repeating proline-

alanine-alanine-arginine (PAAR) motifs [3, 23, 24]. Following tip assembly, an inner

tube formed by hemolysin-coregulated protein (Hcp) hexamers encased within an outer

tube composed of the VipA/VipB protein complex polymerizes onto the VgrG and

PAAR-motif tip complex. The outer and inner tubes polymerize into the cytosolic

space over the course of 30 seconds and can reach the membrane opposite the baseplate

[21, 25, 26]. The T6SS can remain fully extended for several minutes until an unknown

signal triggers rapid contraction of the outer sheath ( 5ms) and translocation of the inner

3



Figure 1.1: Contraction of the Type VI Secretion System (T6SS) Results in the Translo-
cation of Effector Proteins. (A) The membrane complex is comprised of both a baseplate
structure TssEFGK (HsiF and VasABE in Vibrio cholerae), as well as membrane an-
choring components TssJLM (VasDFK in V. cholerae). The outer sheath (VipA/VipB)
and inner tube (Hcp) proteins polymerize to form an extended tube that is assembled
onto VgrG and PAAR-motif proteins at the cytoplasmic side of the membrane complex.
Effector proteins are recruited to the PAAR or VgrG proteins. (B) After assembly,
the T6SS complex remains stable until an unknown signal results in the contraction
of the outer sheath and the propulsion of the inner tube into a neighboring cell. (C)
Upon translocation of the inner tube, tip, and effector complex, the effector proteins
can exhibit their toxic activity. Concurrently, the ATPase ClpV disassembles the outer
sheath so that the components can be recycled.
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tube into the extracellular space [21, 25]. In Pseudomonas aeruginosa, contraction of

the outer sheath can occur in response to incoming T6SS attacks or other injuries to

the outer membrane. However, the signals and mechanisms that govern contraction in

V. cholerae remain elusive. After contraction and secretion occurs, the ClpV ATPase is

recruited to disassemble and recycle the VipA/VipB tube components [21, 25, 27, 28].

Analysis performed in a variety of species suggests that effectors can associate

with Hcp, PAAR-motif proteins, and VgrG [29, 30, 31, 32]. To date, all characterized V.

cholerae T6SS effectors are either loaded onto the VgrG tip or are part of the tip proteins

themselves. Both VgrG-1 and VgrG-3 harbor effector domains within their C-termini

that either have actin cross-linking or peptidoglycan degrading abilities, respectively.

Other effectors called ‘cargo effectors’, are loaded directly onto the tip of the T6SS. It

was recently determined that loading of the cargo effector TseL is facilitated by the

chimeric protein Tap-1 (also called Tec-1), which contains a VgrG-binding N-terminal

domain and a TseL binding C-terminal domain [33, 34]. Finally, the so-called PAAR-

motif proteins, which assemble into a cone-like structure at the tip of the T6SS and

form a sharp point that facilitates membrane puncture, are hypothesized to harbour C-

or N-terminal effector domains or to bind and load additional effectors [35]. Indeed, V.

cholerae encodes a PAAR-motif protein that functions as an effector binding adaptor

that loads the effector TseH [36]. It was also recently determined that T6SS effectors

contribute to the proper assembly of the V. cholerae T6SS [37]. This effector onboard

checking mechanism ensures that each T6SS attack has the capacity to deliver a toxic

payload to neighboring cells.
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1.1.2 Activity and Function of the T6SS

Pandemic strains of V. cholerae encode identical effectors suggesting these

effectors contribute to V. cholerae pandemicity [10, 38]. Pandemic V. cholerae possess

two T6SS effectors that target eukaryotic cells and utilizes these effectors as a means

of escape from predatory amoeba in the environment. The VgrG-1 actin-crosslinking

domain causes cytotoxic crosslinking in the predatory amoeba Dictyostelium discoideum

and J774 macrophages (Figure 1.2B) [1]. Additionally, VgrG-1 has been associated with

intestinal inflammation and diarrheal symptoms in the infant rabbit as well as efficient

colonization of the infant mouse [6, 15].

Further, the actin-crosslinking domain of VgrG-1 has been shown to play a role

in modulating host intestinal motility in the zebra fish model of infection, which leads

to the expulsion of the host commensal Aeromonass veronii [17]. The cargo effector

VasX targets both eukaryotic and prokaryotic cells by disrupting the cell membrane

and has demonstrated activity against D. discoideum and Escherichia coli [39, 40].

Efficient colonization of the infant mouse and rabbit intestinal tract is also significantly

influenced by the presence of the peptidoglycan degrading effector VgrG-3 [14]. The

host intestinal tract is colonized with commensal bacteria that act as a barrier between

V. cholerae and its preferred niche within the lumen of the small intestine. It has

been shown that T6SS-active V. cholerae strains significantly alter the host microbiome

[18, 17, 20]. Further, T6SS-dependent killing of host commensals in the infant mouse

model alters the host immune response, ultimately promoting V. cholerae virulence

6



Figure 1.2: (A) In the aquatic environment V. cholerae often forms biofilms on chitin
surfaces. Chitin oligomers serve as a signal for the coactivation of natural competency
and the T6SS, which allows for the killing of competing microbes and the acquisition
of released DNA (represented as linear fragments inside of intact cells and outside of
compromised cells). (B) V. cholerae can also utilize the T6SS to escape from predatory
protozoans. (C) During infection, the T6SS is believed facilitate V. cholerae colonization
and virulence through the killing of host microbes. It may additionally target host
macrophages or cause intestinal inflammation that can facilitate infection.
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factor production and host fluid accumulation [17]. Finally, T6SS-dependent killing

of commensal bacteria can reduce intestinal progenitor cell proliferation and epithelial

renewal as well as reduce host viability in Drosophila melanogaster [19]. Together these

studies demonstrate a role for the T6SS in promoting V. cholerae’s fitness in the host

by attacking and killing the host’s microbiota (Figure 1.2C) [18, 19].

The bactericidal activity of V. cholerae‘s T6SS was not discovered until four

years after the initial identification of the T6SS [41]. It is now thought that this activity

plays a role in inter- and intra-species competition and clonal segregation [42]. When

the V. cholerae T6SS targets another bacterial cell, two distinct outcomes can occur.

If the neighbouring bacterium encodes the same immunity genes as the predator cell,

the delivered effectors are deactivated, and the cell is protected. These two bacteria are

said to be compatible. For VgrG-3, this effector-immunity interaction appears to occur

at 1:2 ratios, as dimerization of the immunity protein is critical to its function. Alter-

natively, if the target bacterium does not encode the immunity genes it will be subject

to cell lysis. Though the T6SS gene clusters are widely conserved among V. cholerae

strains, the effectors and corresponding immunity proteins encoded in these clusters

have been reported to be highly variable [10, 43]. This diversity in effector-immunity

pairs contributes to intra- and inter-species competition in various environmental niches

[38]. Although the factors and mechanisms that predict competition outcomes are still

being explored, it is likely that the arsenal of effectors and immunity genes each bacteria

possesses, each bacteria’s ability to acquire new effector and immunity genes through

horizontal gene transfer events, potential differences in growth rate, rate of fire of the
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T6SS, and how the T6SS is regulated under specific conditions contribute to success

during these antagonistic interactions [42, 44].

T6SS-mediated bacterial killing by pandemic V. cholerae is enacted by four

effectors, including the lipase, TseL, and the pore forming colicin VasX, which both tar-

get the cell membrane, as well as two effectors that target peptidoglycan; the lysozyme

VgrG-3 and the amidase TseH (Table 1.1) [23, 40]. Though these effectors have been

shown to be active exclusively within the periplasm of the prey cell, a cytoplasmic-acting

effector with proposed ribonuclease activity has been characterized in P. aeruginosa and

additional nucleic acid-targeting effectors have been identified in other species that may

be active in the cytoplasm [32, 45, 46].

While it was previously thought that the T6SS was only active against Gram-

negative bacteria, it was recently shown that A. baumanii ATCC 17978 can kill Gram-

positives [47]. This isolate of A. baumanii secretes D-Lysine, thereby raising the ex-

tracellular pH and enhancing the activity if its peptidoglycan degrading effector, TseH,

such that killing of Gram-positive bacteria occurs [47]. Indeed, abiotic factors such as

Ca2+, Mg2+, and temperature have been shown to alter V. cholerae effector activ-

ity as well [48]. More specifically, divalent cations appear to enhance the activity of

V. cholerae TseH and TseL. In addition, VasX and VgrG-3 play a more prominent

role in E. coli killing at 30C while TseL is more active at 37C [48]. While the exact

mechanism of divalent cation and temperature-dependent sensitivity of prey strains to

T6SS attacks remain unclear, preliminary work suggests that the PhoPQ, BaeSR, and

Rcs two-component systems are involved in protection from T6SS attacks in E. coli.
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Table 1.1: Type VI Secretion System (T6SS) Effector Proteins from Pandemic Vibrio
cholerae Strains

Effector Target kingdom Adaptor Immunity Effector activity Effector class Refs

VgrG1 Eukaryotes – – Actin crosslinking C-terminal extension 3

TseL Prokaryotes Tap-1 TsiV1 Putative lipase Cargo effector 29, 38

VasX
Prokaryotes
Eukaryotes

VasW TsiV3 Pore forming Cargo effector 30, 38

VgrG3 Prokaryotes – TsiV3 Peptidoglycan C-terminal extension 19

TseH Prokaryotes – TsiH Peptidoglycan Cargo effector 36

In addition, it was shown that the VxrAB two-component system is also important in

defending against T6SS attacks [36, 48]. Together this suggests that pathways involved

in the envelope stress response play a role in mitigating T6SS effector toxicity. Over the

past decade, a plethora of effector classes have been identified in Gram-negative bacteria

and it is likely more will be discovered. The study of T6SS effectors has illuminated the

versatility and limitations of V. cholerae’s T6SS during antagonistic interactions with

competing microorganisms. The continued identification and characterization of T6SS

effectors will remain an important means of enhancing our understanding of the role

the T6SS plays in bacterial and host interactions.

1.2 T6SS Genetic Organization and Regulation

Pandemic V. cholerae T6SS genes are encoded in one large operon (VCA0105-

VCA0124), known as the large or major cluster, and at least three smaller operons

known as auxiliary clusters 1, 2, and 3 (VCA0017-VCA0021, VC1415-VC1419, and

VCA0284-VCA0286) (Figure 1.3) [1, 49, 50].

The large cluster encodes the majority of the T6SS structural components,
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Figure 1.3: Genetic Loci of the Vibrio cholerae Type VI Secretion System (T6SS).
The genes of the T6SS are organized into one main cluster and at least three auxiliary
clusters. Genes are color-coded based on predicted function and labeled with V. cholerae
gene annotations. Black arrows denote known transcriptional start sites.

with the exception of the essential secreted inner tube component Hcp, two of the VgrG

proteins, and one PAAR-motif protein (VCA0284) [1, 50]. Auxiliary clusters 1 and 2

encode for the nearly identical hcp1 (VC1417) and hcp2 (VCA0017) genes, either of

which is sufficient to produce Hcp and form the inner tube [50, 51]. Auxiliary clusters

1 and 2 also encode for the VgrG-1 (VC1416) and VgrG-2 (VCA0018) tip components

respectively, as well as unique effector sets and their cognate immunity proteins [40, 50].

The third auxiliary cluster encodes for one PAAR motif protein (VCA0284) and a

unique effector-immunity pair (VCA0285-86) [35, 49]. In addition to the promoters

found upstream of each operon, internal promoter activity has been identified within

the large cluster and auxiliary clusters 1 and 2 that lie just upstream of the immunity

genes [40, 52]. The transcriptional regulators that drive expression from these internal

promoters are not well understood; however it has been hypothesized that they may

allow immunity proteins to be constitutively expressed, thus ensuring protection from
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neighbouring kin cells even in the absence of an active T6SS [52]. Finally, additional

auxiliary clusters (auxiliary clusters 4, 5, and 6) have been identified in environmental

isolates [53]. Each auxiliary cluster possesses a copy of hcp, vgrG, and unique effector

and immunity genes.

Significant advancements have been made in discerning the complex regulatory

networks that govern the transcription and activation of the T6SS in V. cholerae. The

transcriptional regulator VasH, which is encoded in the large T6SS cluster (VCA0117),

was among the first T6SS regulators to be identified [1, 54]. VasH is a bacterial enhancer

binding protein that complexes with the alternative sigma factor RpoN and coordinates

transcription from the upstream promoters of auxiliary clusters 1 and 2 (Figure 1.4)

[1, 55, 56, 57, 58]. The genetic organization of the T6SS clusters provides a mechanism

by which activation of the large cluster prompts transcription from the auxiliary clusters

and the production of an assembled T6SS. In addition, free Hcp can bind directly to the

N-terminus of VasH and inhibit its activity. This provides a post-translational mech-

anism that limits expression of the auxiliary clusters when excess T6SS components

have been produced [59]. Since the discovery of VasH, numerous additional regulators

have been identified and diverse signalling pathways that feed into T6SS activation

in response to various environmental cues have been characterized. For example, the

T6SS is now known to be controlled via the quorum sensing and catabolite repres-

sion pathways [56, 58]. These signalling cascades are additionally integrated into the

chitin induced competency cascade, which coordinates co-expression of the T6SS and

competency genes [11, 60]. Finally, the T6SS is influenced by a number of additional
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environmental and host signals including, but not limited to, temperature, osmolarity,

the secondary messenger cyclic dimeric (3’ → 5’) GMP (c-di-GMP), mucin, and bile

[52, 61, 62, 63]. Together, these regulatory mechanisms provide insights into how V.

cholerae coordinates its T6SS activity in both the aquatic and host environments.

1.2.1 Quorum Sensing

Quorum sensing (QS) is a form of bacterial communication that occurs through

the production, secretion, and sensing of small molecules known as autoinducers [64, 65].

This communication allows alterations in gene expression to occur across a population

of bacteria in response to changing cell density, which is signaled by increasing lev-

els of autoinducers. QS is known to regulate a variety of behaviors important for V.

cholerae’s aquatic and intestinal life cycles including biofilm formation, motility, natural

competency, and virulence factor production [60, 66, 67]. It is now recognized that QS

also coordinates T6SS activation by repressing the T6SS at low cell density (LCD) and

upregulating the T6SS at high cell density (HCD) (Figure 1.4) [68]. In V. cholerae,

QS-mediated gene regulation occurs through a phosphorelay cascade modulated by four

sensor histidine kinases, CqsS, LuxPQ, CqsR, and VpsS. CqsS and LuxPQ sense the

levels of cholerae autoinducer 1 (CAI-1) and autoinducer 2 (AI-2), respectively, while

the ligands for CqsR and VpsS have not been identified [69, 70]. At LCD, these four

histidine kinases phosphorylate the phosphotransfer protein LuxU, which in turn phos-

phorylates LuxO [69, 70]. Phosphorylated LuxO activates the expression of four small

RNAs known as Qrr1-4, which bind to and destabilize the mRNA transcripts of the
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large cluster of the T6SS and HapR. At HCD, however, LuxO is unphosphorylated, and

transcription of qrr1-4 is inactive, thus permitting the translation of the large T6SS

cluster and HapR [68]. HapR positively regulates transcription of auxiliary clusters 1

and 2, likely via direct binding to HapR binding motifs [71].

1.2.2 Chitin-Induced Competency Pathway

V. cholerae spends much of its life cycle in the aquatic environment, where

it is frequently found associated with chitinous surfaces, such as the exoskeletons of

zooplankton. Mounting evidence suggests that growth on zooplankton facilitates V.

cholerae’s persistence, transmission, and virulence [72, 73]. Thus, mechanisms and

strategies that promote V. cholerae’s successful colonization of chitinous surfaces are of

great interest. V. cholerae has evolved several signaling cascades that are influenced by

the presence of chitin, including the ability to utilize chitin as a carbon source, natural

competency, and activation of the T6SS [11, 74, 75, 76].

Chitin is an insoluble polymer consisting of repeating β-1,4-linked N-acetylglu-

cosamine (GlcNAc) residues. Upon growth on chitin, the histidine kinase (HK) ChiS,

senses GlcNac polymers and initiates a regulatory cascade that results in the expression

of genes important for the transport, degradation and utilization of chitin, as well as

those required for natural competency [75, 76]. Natural competency allows bacteria

to import extracellular DNA (eDNA) from the environment, which can act as either

a nutritional resource or be recombined into the genome, facilitating horizontal gene

transfer [75, 76]. In V. cholerae, the signaling cascade initiated by ChiS couples natural
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competency to the induction of the T6SS via the transcriptional regulator TfoX (Figure

1.4) [11]. The ability of TfoX to activate competency and T6SS genes is dependent

upon the presence of the QS and TfoX-dependent regulator, QstR, which is required for

the production of T6SS structural components [11, 60]. Thus, QS signals also appear to

feed into the chitin competency pathway to initiate activation of the T6SS; however, the

molecular mechanisms underlying this activation have not been characterized. Addi-

tionally, the nucleoside scavenging regulator CytR is essential for natural transformation

and contributes to T6SS gene activation; however, the means by which it regulates the

T6SS remain unclear (Figure 1.4) [77]. During chitin-induced co-activation of the T6SS

and natural competency, V. cholerae uses its T6SS to kill non-immune, incompatible

bacterial cells, freeing eDNA that is then taken up by its competency machinery [11].

Thus, the T6SS may facilitate genetic diversity and the evolution of V. cholerae strains

in the environment via the acquisition of new genetic information through horizontal

gene transfer, in addition to promoting V. cholerae’s colonization and persistence on

chitinous surfaces through targeted killing of competing microbes (Figure 1.2A).

1.2.3 Carbon Catabolite Repression

The T6SS is positively regulated by the small molecule cyclic adenosine mono-

phosphate (cAMP) and global regulator cAMP receptor protein CRP (Figure 1.4) [58].

The cAMP-CRP complex is essential for the carbon catabolite repression (CCR) re-

sponse. CCR is a form of global regulation that facilitates the efficient uptake and

metabolism of preferred carbon sources by repressing secondary metabolic pathways in
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the presence of a preferred carbon source. The CCR response is mediated through the

phosphotransferase system (PTS), which coordinates the passage and phosphorylation

of preferred carbohydrates, such as glucose, into the cell. When preferred carbon sources

are exhausted or unavailable, transcription of the adenylate cyclase gene, cyaA, is up-

regulated, which leads to increased levels of cAMP [78, 79]. Free cAMP binds to CRP

and the resulting complex acts as a transcriptional regulator, controlling the activation

and repression of a number of essential V. cholerae pathways, including carbon up-

take, QS, chitin utilization and chitin induced natural competency, as well as the T6SS

[58, 80, 81]. Deletion of either cyaA or crp prevents production of Hcp, indicating that

the cAMP-CRP complex is essential for T6SS production [58]. The mechanism by which

cAMP-CRP regulates the T6SS is unclear; however, it is possible that cAMP-CRP in-

fluences T6SS production through its regulation of QS and chitin-induced competency

[80, 81]. Additional studies are needed to determine whether cAMP-CRP controls T6SS

production through these pathways or through alternative regulatory mechanisms.

1.2.4 Post-Translational Regulation

Little is known about the post-translational regulation of T6SS protein produc-

tion, assembly, and activation in V. cholerae. However, the Lon (or LonA) protease was

recently identified as a negative regulator of the T6SS (Figure 1.4) [82]. Lon belongs

to the AAA+ superfamily of proteins and couples ATP-hydrolysis with the binding,

unwinding, and degradation of targeted proteins. While a major role of the Lon pro-

tease is to degrade misfolded or otherwise aberrant proteins, it also has the ability to
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degrade specific protein targets [83]. This targeted degradation by Lon provides post-

translational regulation of a wide array of processes in a variety of bacteria, including E.

coli, P. aeruginosa, and B. subtilis, though V. cholerae is the only bacteria in which the

Lon protease has been shown to regulate the T6SS. In the absence of Lon, transcription

of hcp1 and 2 are upregulated 5-fold while 2-fold increases are observed in transcripts

from the main cluster. Additionally, production and secretion of Hcp is increased, and

killing of E. coli prey is increased by 2-fold in a standard killing assay [82]. At the

time I began my PhD research, the Yildiz lab had demonstrated that Lon was a key

regulator of T6SS gene expression and killing, however, the molecular mechanisms that

governed this regulatory pathway were unknown.

Since my dissertation research focuses on characterizing Lon-dependent regu-

latory mechanisms in V. cholerae, I was especially interested in determining how the

Lon protease controls the T6SS. Using a combination of proteomic, molecular genet-

ics, and biochemical techniques we determined the Lon inhibits T6SS-dependent gene

expression and killing by controlling steady state levels of TfoY [84]. Furthermore, we

provide evidence that Lon is a c-di-GMP receptor protein and that c-di-GMP inhibits

Lon-dependent proteolysis of TfoY [84]. Finally, our data supports a model where

T6SS activity is elevated when c-di-GMP is high, indicating that TfoY may play a role

in T6SS-mediated competition in biofilms [84]. This work is fully discussed in Chapter

2.
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Figure 1.4: The Regulatory Network of the T6SS in V. cholerae. Activation is indi-
cated by arrow-headed lines while inhibition is indicated by bar-headed lines. Lines
that do not enter the Type VI Secretion System bubble represent regulation through an
unknown mechanism. Regulators that directly bind to promoters are designated with
solid lines while those that activate through as of yet unknown mechanisms have dashed
lines. At low cell density, the quorum sensing small RNAs (sRNAs, denoted by a dashed
outline) Qrr1-4 inhibit translation of hapR and the main T6SS cluster mRNAs. At high
cell density, this inhibition is relieved. The chitin utilization cascade induces expression
of TfoX, which acts in concert with HapR to activate QstR. TfoX and QstR facilitate
transcription of the main cluster while HapR activates transcription of auxiliary clus-
ters 1 and 2. When preferred carbohydrates are absent, CRP-cAMP accumulates and
activates T6SS gene expression. At low nucleoside levels, CytR activates T6SS gene
expression. Cyclic-di-GMP (c-di-GMP) is produced by diguanylate cyclases (DGCs)
and degraded by phosphodiesterases (PDEs). TfoY can be produced through low and
high c-di-GMP pathways. When c-di-GMP levels are low, Lon-dependent proteolysis
of TfoY occurs efficiently. When c-di-GMP levels are high, Lon-depedent proteolysis of
TfoY occurs inefficiently. Activation of auxiliary clusters 1 and 2 requires the VasH-
RpoN complex. High levels of Hcp can inhibit VasH-RpoN-dependent transcription of
the T6SS. The VxrAB two component system (TCS) senses an unknown signal and
activates T6SS gene expression. OscR represses the T6SS under conditions of low os-
molarity. CspV is required for activation of the T6SS at temperatures between 25◦C
and 37◦C. Mucins activate the T6SS while bile salt metabolites inhibit T6SS tube for-
mation. Mg2+, Ca2+, and temperature can enhance the effectiveness of T6SS effectors.
The H-NS-like protein TsrA and the LonA protease inhibit the T6SS. These regulatory
cascades are described in detail within the main text. This figure was generated using
BioRender (https://app.biorender.com/)
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1.2.5 Regulation of the T6SS in the Host

Infection by V. cholerae occurs through the ingestion of contaminated food or

water. The invading bacteria navigate through the digestive system to the epithelial

surface of the small intestine where V. cholerae produces virulence factors that promote

colonization and disease onset. Recent studies have shown that the T6SS is active in

the host and contributes to virulence and intestinal colonization [6, 13, 15, 18, 19,

17, 20]. The regulatory mechanisms that govern T6SS expression during pathogenesis

remain poorly defined. It is likely that many of the regulators and signaling pathways

mentioned earlier contribute to T6SS induction during pathogenesis; however, most

in vivo assays have focused on the function of the T6SS within the host rather than

its regulation. QS is known to play an essential role in coordinating V. cholerae’s

virulence cascade and current data suggests that the T6SS remains under the control of

HapR and LuxO during infection [6, 66]. Additionally, the H-NS-like protein TsrA was

shown to repress virulence factors, including the T6SS; however, its mechanism of action

remains unknown [6]. A recently identified two component system (TCS), VxrAB, was

demonstrated to positively regulate intestinal colonization in a T6SS-dependent manner;

however, the mechanism by which it regulates in vivo T6SS activity and the signal that

feeds into this TCS is unknown [15]. The important role the T6SS appears to play in

pathogenesis prompts additional studies of T6SS regulation within the host, which may

aid in our understanding of this system.
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1.2.6 Influence of Environmental Signals on T6SS Regulation

The T6SS of V. cholerae is also influenced by a number of environmental signals

encountered in the aquatic environment or the host, though many of the key regulators

that mediate these signals have not yet been identified. The cyclic antimicrobial peptide

known as polymyxin B has been shown to result in increased T6SS gene expression

and killing of D. discoideum, although the exact mechanism of this regulation remains

unclear [85].

Osmolarity is known to be an important signal that influences the T6SS

through the osmoregulator OscR, which represses T6SS gene expression at low osmolar-

ities (85mM NaCl). The repressive effect of OscR is relieved when V. cholerae is placed

in high osmotic conditions (340mM NaCl) (Figure 1.4) [62, 86]. Temperature addition-

ally modulates the activity and expression of the T6SS, repressing T6SS gene expression

at low temperatures (15◦C) and activating T6SS gene expression at high temperatures

(25◦C – 37◦C) (Figure 1.4) [61, 62]. The activation of the T6SS in response to elevated

temperature appears to be regulated in part by the cold shock protein CspV. Deletion of

cspV, significantly decreases the transcription of hcp, resulting in less killing of bacterial

prey at 25◦C and 37◦C [61]. While the mechanisms through which OscR and CspV reg-

ulate the T6SS remain unclear, some studies have shown that T6SS gene induction and

activity is optimal at osmolarities of 340mM NaCl and temperatures of 25◦C [61, 62].

These conditions are similar to those found in the estuarine habitats where V. cholerae

resides [87, 88, 89]. Thus, the regulatory mechanisms described here may have adapted
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to facilitate competition and survival within this niche.

The V. cholerae T6SS is also responsive to host signals, such as mucin, bile,

and indole (Figure 1.4). Mucins, the main component of the mucus layer in the in-

testine, are known to increase T6SS-mediated killing of bacterial prey, while the bile

salt deoxycholic acid represses T6SS killing via inhibition of T6SS tube formation [63].

The production of deoxycholic acid is facilitated by the commensal bacterium Bifi-

dobacterium bifidium, which is capable of metabolizing certain bile acids to deoxycholic

acid [63]. Additionally, in vitro exposure to indole, a signaling molecule found in large

concentrations in the mammalian intestinal tract, was shown to activate T6SS gene

expression and may feed into in-vivo control of the T6SS [90]. Given that efficient

colonization of the intestinal tract is known to be significantly influenced by the pep-

tidoglycan degrading effector VgrG-3, the V. cholerae’s T6SS may target commensal

bacteria to facilitate intestinal colonization (Figure 1.2C) [14, 15]. Signals produced by

the microbiota may serve to inhibit or activate V. cholerae’s T6SS and may influence

host susceptibility to disease. Indeed, host microbial communities are known to increase

colonization resistance against many pathogens by preventing access to desirable niches,

limiting nutrient availability, and producing inhibitory compounds [91, 92, 93] Thus, V.

cholerae may overcome these obstacles through T6SS killing of the host’s microbiota;

however, additional work is required to characterize the influence of the microbial com-

munity on V. cholerae pathogenesis and T6SS activity.
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1.3 Concluding Remarks

Over the past 15 years, significant advancements have been made on the struc-

tural and mechanistic properties of the T6SS, as well as the signals and regulatory path-

ways that govern its activation in V. cholerae. It is now understood that V. cholerae

can use its T6SS on chitinous surfaces and co-regulates T6SS activation with natural

competency pathways [11]. This provides a mechanism that likely increases the survival

and persistence of V. cholerae in the aquatic environment through the direct killing of

microbial competitors and may contribute to the evolution of V. cholerae through hori-

zontal acquisition of new genetic information from killed cells (Figure 1.2A). In addition,

V. cholerae uses its T6SS as a colonization and virulence determinant by targeting the

host’s epithelial cells as well as the commensal microbial population (Figure 1.2C).

While numerous insights have been made into the structure, function, and

regulation of this bacterial weapon, substantial gaps remain. For example, the extent

to which the T6SS facilitates inter- and intra-species competition and the biologically

relevant targets of the T6SS require further exploration. Furthermore, the regulatory

mechanisms and pathways important for T6SS activation in the host are poorly char-

acterized. Indeed, additional research is required to identify the activating signals and

mechanisms through which most regulators function.

Finally, it is important to note that while all sequenced V. cholerae isolates

encode for T6SS genes, not all strains regulate their T6SS identically [1, 6, 94]. Many

environmental isolates have a constitutively active T6SS, while all characterized pan-
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demic strains exercise more controlled regulation of the T6SS [1, 94]. These differences

are most apparent within the QS pathway. In constitutively active strains, HapR has

relatively little influence on T6SS gene expression, while the influence of QS on strains

that heavily regulate their T6SS differs, with some strains requiring the removal of

LuxO for activation under standard laboratory conditions [6, 68]. This diversity of reg-

ulatory strategies may be indicative of evolutionary adaptations that are advantageous

to the specific isolate’s niche. So far, all studied isolates belonging to the O1 and O139

serogroups, which are responsible for pandemic outbreaks of cholera, tightly control

expression of the T6SS [1, 6, 68, 94]. This may facilitate the timely activation of the

T6SS when it is most needed for colonization of the host or survival in the aquatic envi-

ronment, while repressing it when it is disadvantageous. Given the wealth of knowledge

revealed about the T6SS in the past 15 years, it is exciting to consider what future

study of the T6SS will yield as we continue to explore the complexities of the T6SS in

V. cholerae and other important human pathogens.
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Chapter 2

c-di-GMP Inhibits LonA-dependent

Proteolysis of TfoY in V. cholerae

2.1 Introduction

Regulated proteolysis is a critical cellular mechanism that helps cells maintain

homeostasis and regulate diverse processes [1, 2, 3]. The LonA (or Lon) protease is

present across all domains of life and plays a central role in maintaining cellular home-

ostasis. LonA facilitates the turnover of misfolded, damaged, or unused proteins, a

process which frees amino acids for use in other cellular machinery [1, 2, 3]. LonA’s

central role in governing cellular behaviors is highlighted by the gross dysregulation of

wide-ranging cellular processes in its absence. For example, in many bacterial species,

loss of lonA results in aberrant cell division, susceptibility to stressors such as UV ir-

radiation and heat shock, as well as aberrant control of motility, biofilm formation,
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quorum sensing, virulence factor production, and host colonization. Indeed, deletion of

lonA significantly reduces the in vivo fitness of every pathogenic bacteria in which it

has been tested [4, 5, 6, 7, 8, 9, 10, 11, 12].

LonA belongs to the superfamily of ATPases associated with diverse cellular

activities (AAA+ ATPases) [1, 2, 3]. LonA monomers assemble into a barrel shaped hex-

amer, which utilizes successive rounds of ATP-hydrolysis to bind, unwind, and translo-

cate proteins into a central chamber where catalytic serine and lysine residues irre-

versibly proteolyze substrates [1, 2, 3, 13, 14]. Because proteolysis is irreversible, the

selectivity of AAA+ proteases must be carefully controlled [1, 2, 3, 13, 15]. In some cases,

AAA+ proteases recognize their substrates directly, via recognition of conserved motifs

known as degrons [1, 2, 3, 13, 14]. In other cases, additional specificity factors, known

as adaptors, or other small signaling molecules can modulate the rate of proteolysis.

To date, only two LonA adaptor proteins have been identified [16, 17]. The first LonA

adaptor, known as SmiA, was identified in Bacillus subtilis and coordinates proteolysis

of the swarming motility master regulator SwrA [16]. The second adaptor, known as

HspQ, is a specificity-enhancing factor that allosterically activates Yersinia pestis Lon

protease against diverse substrates including a small histone-like protein YmoA, which

controls activation of the type III secretion system [17]. LonA has also been shown

to respond to diverse signals in vitro, such as polyphosphate, cyclic AMP, guanosine

tetraphosphate, c-di-GMP, and DNA; however, relatively little is known regarding the

physiological consequences of these molecules in vivo[18, 19, 20].

LonA plays a critical role in the infection cycle of Vibrio cholerae, the facul-
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tative human pathogen responsible for the acute diarrheal disease cholera. V. cholerae

remains a threat to global public health. There are estimated to be 1.3–4.0 million

cases of cholera and 21,000–143,000 deaths worldwide each year [21]. We previously

demonstrated LonA’s importance in V. cholerae pathogenesis as deletion of lonA re-

sults in a severe colonization defect in the infant mouse model [4]. LonA positively

regulates biofilm formation but negatively regulates motility, the toxin co-regulated

pilus and cholera toxin [4, 8]. In addition, LonA negatively regulates the type VI secre-

tion system (T6SS), a contact dependent contractile spear that translocates toxins into

neighboring prokaryotic and eukaryotic cells [4, 22]. LonA also functions as an activator

and a repressor of c-di-GMP pools in planktonic and biofilm grown cells, respectively

[4]. Finally, deletion of lonA results in filamentation of cells, suggesting it plays a role in

cell septation [4]. Collectively, these phenotypes demonstrate the significance of LonA

regulated cellular processes in V. cholerae pathogenesis and environmental survival. To

date, only two known LonA substrates have been identified in V. cholerae. The first is

FliA, an alternative sigma factor (σ28) that coordinates the activation of late stage flag-

ellar genes and the repression of virulence gene expression [8]. The second is the quorum

sensing master regulator HapR, which is proteolyzed by LonA upon heat shock in order

to induce biofilm formation [23]. LonA proteolysis of FliA or HapR is highly condition

dependent and is not sufficient to explain a majority of the phenotypes observed in a

lonA mutant.

In the current study, using a quantitative proteomics approach, we identify the

T6SS and motility regulator TfoY as a LonA target. We show that the hyper activation
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of motility and T6SS-dependent killing in the ∆lonA strain are due to the absence of

LonA-mediated degradation of TfoY. Further, we find that c-di-GMP represses LonA

proteolysis of TfoY in vivo and show that c-di-GMP directly binds to LonA and inhibits

its activity in vitro. Finally, we demonstrate the significance of LonA and TfoY medi-

ated regulation of motility and T6SS-dependent killing phenotypes in strains with high

and low cellular levels of c-di-GMP relative to WT. Our work provides the first in vivo

evidence that LonA is a true c-di-GMP receptor protein and suggests how this second

messenger can temper the levels of TfoY through changes in regulated degradation.

2.2 Results

2.2.1 Whole proteome analysis identifies TfoY as a putative LonA

substrate

The substrates controlled by LonA in V. cholerae remain poorly characterized.

Since the stability of a protein targeted for degradation is directly dependent upon

the protease or proteases that degrade it, we sought to perform a global analysis of

the relative enrichment of proteins in wild-type (WT) and ∆lonA strains. To identify

proteins whose stability are dependent upon LonA, we used tandem mass tag (TMT)-

labeling coupled with liquid chromatography tandem mass spectrometry (LC-MS/MS)

to quantify the proteomes of WT and a ∆lonA mutant one hour after treatment with the

translational inhibitor chloramphenicol. We reasoned that these conditions would reveal

the most striking differences for LonA substrates (Fig 2.1). We identified 80 proteins
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to be significantly enriched in the ∆lonA strain (Table A.1), suggesting that these

proteins are either proteolyzed by LonA or are regulated in a LonA-dependent pathway.

In addition, we identified 38 proteins to be significantly enriched in WT relative to the

∆lonA strain (Table A.2), suggesting that LonA positively impacts production of these

proteins through indirect means.

Figure 2.1: TfoY is significantly enriched in the ∆lonA mutant relative to wild-type. A
volcano plot of proteins enriched in WT and ∆lonA mutant after translational inhibition.
The proteomes of WT and ∆lonA strains (n = 5) that had been grown to an OD600 =
1.0 and exposed to the translational inhibitor chloramphenicol for 1-hour were analyzed
by TMT-labeling and LC-MS/MS. A student’s t-test using a Benjamini-Hochberg FDR
cutoff of 5% was used to identify proteins that were statistically significantly enriched.
Proteins enriched in ∆lonA relative to WT are shown in pink. Proteins enriched in WT
relative to ∆lonA are shown in blue.

The proteins identified in our analysis are predicted to be involved in a wide

array of metabolic activities such as amino acid and protein biosynthesis, central in-

termediary metabolism, energy metabolism, fatty acid and phospholipid biosynthesis,
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the synthesis of nucleosides and nucleotides, and DNA metabolism. In addition, there

was significant enrichment of hypothetical proteins and those involved in protein fate,

secretion, or predicted to have regulatory functions. The most significantly enriched

protein identified in our analysis was the transcriptional regulator TfoY (4.28 log2 fold

increase), which was recently shown to lead to significant increases in motility and the

T6SS, two behaviors that LonA represses [24]. Given that TfoY was the most abundant

protein identified in our analysis and LonA control over TfoY could explain multiple

∆lonA phenotypes, we chose to focus our analysis on TfoY.

2.2.2 TfoY stability is controlled by LonA

To validate that TfoY stability is dependent upon LonA, we performed an in

vivo protein stability assay. Since the conditions that lead to TfoY production remain to

be fully elucidated, we placed the tfoY gene under the control of the Ptac promoter at

the Tn7 locus on the chromosome in both WT and ∆lonA strains [25]. We then induced

TfoY production via the addition of IPTG and tested TfoY stability as a function of

time after translational inhibition. We observed that TfoY is highly unstable in the

WT genetic background, with the majority of TfoY protein degraded within 15 minutes

(Fig 2.2). In contrast, TfoY was stabilized in the absence of LonA (Fig 2.2). Indeed, we

observed little to no signs of degradation for at least two hours, suggesting that LonA

is the major factor governing TfoY protein stability in V. cholerae.
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Figure 2.2: TfoY stability depends on the LonA protease. In vivo stability of TfoY
after translational inhibition. TfoY was overproduced from the Tn7 locus in WT and a
∆lonA strains. Stability of TfoY was analyzed by western blot using an antibody against
TfoY at the indicated time points. RNAP was used as a biomass loading control.

2.2.3 LonA represses motility and the type VI secretion system via

TfoY

LonA is a repressor of motility and the T6SS, while TfoY enhances both path-

ways [4, 24]. Given that TfoY stability is dependent upon LonA, one explanation for the

hypermotility and increased T6SS-dependent killing observed in the ∆lonA background

is the increased abundance and stability of TfoY protein. To determine if dysregula-

tion of TfoY could account for the increased activation of motility and T6SS-dependent

killing observed in the ∆lonA strain, we assessed the motility and T6SS-dependent

killing phenotypes of WT, ∆tfoY, ∆lonA, and ∆lonA ∆tfoY as well as in a tfoY over-

producing strain (Fig 2.3A–2.3D).

The lack of tfoY did not result in statistically significant differences in motility

or T6SS mediated killing relative to WT, suggesting that TfoY production is tightly
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regulated under these conditions. Consistent with our previous work, the ∆lonA strain

exhibited increased motility and T6SS killing [4]. Furthermore, strains harboring a

mutation in the active site of LonA, where the catalytic serine is replaced with an alanine

(LonAS678A), exhibited motility and T6SS-dependent killing phenotypes similar to a

∆lonA strain, indicating that LonA’s proteolytic activity is necessary for repression of

motility and T6SS-dependent killing. Consistent with our hypothesis, we observed that

deletion of tfoY in the ∆lonA strain restored motility and T6SS-dependent killing to WT

levels. We also observed that overproduction of TfoY leads to enhanced motility and

T6SS-dependent killing, which is consistent with TfoY’s known role as an activator of the

T6SS and motility (Fig 2.3B and 2.3D) [24, 26]. In addition, we assessed levels of TfoY

in lonA and tfoY mutant strains relative to WT (Fig 2.3E). We observed that detection

of TfoY is dependent upon the presence of a functional LonA and that complementation

of tfoY in the ∆lonA∆tfoY mutant restored detection of TfoY. The high levels of TfoY

in the complemented strain, which harbors 500 base pairs of the upstream regulatory

sequence, suggests that additional regulatory factors may be present at the native locus

of tfoY.

Finally, overexpression of tfoY from the Ptac promoter leads to large increases

in TfoY. Taken together, these findings suggest that LonA tempers motility and T6SS-

dependent killing in V. cholerae by controlling cellular levels of TfoY.
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Figure 2.3: LonA represses motility and the T6SS through TfoY. Quantification of
flagellar motility and T6SS killing experiments. For motility assays, single colonies were
stabbed into LB soft agar plates (0.3% agar) and incubated at 30◦C for approximately 18
hours. (A) Swimming motility phenotypes of WT, ∆fliA (negative control) and various
∆lonA and/or ∆tfoY deletions as well as their complementation strains from the Tn7
site. (B) Overexpression of tfoY from the Ptac promoter in plates with and without
IPTG. (C) The T6SS killing phenotypes of various tfoY and lonA deletion mutants
as well as their complementation strains were analyzed. T6SS killing was determined
by enumerating the survival of E. coli strain MC4100, which is susceptible to T6SS
attack. In addition, ∆hcp was included as a negative control for T6SS dependent killing
and lonA(S678A) as a control for LonA-dependent proteolysis. (D) Overexpression of
tfoY from the Ptac promoter on plates with or without IPTG. Motility and T6SS-
dependent killing experiments represent the average and SD of at least three independent
experiments. Statistical analysis was performed using an unpaired Student’s t-test.
Statistical values indicated are (**p<0.01, ***p < .001, and ****p < 0.0001). (E)
Abundance of natively produced TfoY as well as overexpressed TfoY from the Ptac
promoter.
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2.2.4 LonA controls multiple cellular processes independently of TfoY

In addition to regulating motility and the T6SS, LonA is also responsible for

modulating cellular processes that contribute to biofilm formation, intracellular pools

of c-di-GMP, and intestinal colonization [4]. We wondered what role, if any, TfoY may

play in these ∆lonA phenotypes. We evaluated the impact of TfoY on lonA biofilm

formation using fluorescently labeled V. cholerae WT, ∆tfoY, ∆lonA, and ∆lonA∆tfoY

strains and confocal laser scanning microscopy (CLSM) (Fig 2.4A). We found that

the biofilm-forming ability of the ∆tfoY strain is not altered, and that ∆lonA and

∆lonA∆tfoY strains formed biofilms with similar properties (S3 Table) suggesting that

LonA regulation of tfoY is not responsible for the aberrant biofilm formation observed

in ∆lonA. In addition, TfoY appears to be dispensable for biofilm formation under the

conditions used in this study.

Deletion of lonA also results in decreased levels of global c-di-GMP during

exponential growth [4]. Intracellular pools of c-di-GMP are elevated through enzymes

known as diguanylate cyclases (DGC) and decreased by phosphodiesterases (PDE).

Thus, we wondered whether in the absence of lonA, TfoY may accumulate and lead

to lower levels of c-di-GMP. We used LC-MS/MS to quantify global pools of c-di-

GMP in WT, ∆tfoY, ∆lonA, and ∆lonA∆tfoY strains (Fig 2.4B). Consistent with our

previous analysis, we found that strains lacking lonA had lower levels of c-di-GMP [4].

However, we did not observe statistically significant differences between WT and ∆tfoY

or between ∆lonA and ∆lonA∆tfoY strains. This suggests that LonA’s control over
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c-di-GMP levels under these conditions occurs through a TfoY-independent pathway.

Figure 2.4: LonA regulates biofilm formation, cellular c-di-GMP levels, and intestinal
colonization through TfoY independent mechanisms. Analysis of biofilm formation by
CLSM, cellular c-di-GMP levels by LC-MS/MS, and intestinal colonization by in vivo
competition assays. (A) Top-down and orthogonal views of mature biofilms formed by
WT, ∆tfoY, ∆lonA, ∆lonA∆tfoY mutants that contained gfp at the Tn7 locus. Scale
bars are 40µm. (B) Cellular levels of c-di-GMP in WT, ∆tfoY, ∆lonA, ∆lonA∆tfoY
that had been grown to exponential phase (OD600 = 0.4) and analyzed for global c-
di-GMP by LC-MS/MS. (C) Competitive index of V. cholerae strains. Otherwise WT
strain (∆lacZ ) was co-inoculated with the strains indicated at a 1:1 ratio into 5-day
old infant mice. The number of bacteria per intestine was determined 20 to 22 h post
inoculation. The competitive index (CI) was determined as the output ratio of mutant
to WT cells divided by the input ratio of mutant to WT cells per gram of intestine.
Statistical analysis for panel B used a One-way ANOVA with Tukey’s post-hoc analysis.
Statistical analysis for panel C used Wilcoxon’s signed rank test (*p<0.05, **p<0.01).

Finally, to determine what role the LonA and TfoY regulatory circuit might
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play during intestinal colonization, we performed an in vivo competition experiment

by competing WT, ∆tfoY, ∆lonA, and ∆lonA∆tfoY strains against a lacZ- WT strain

in the infant mouse intestinal colonization model (Fig 2.4C). We did not observe a

statistically significant difference between the ∆lonA ∆tfoY strain relative to the ∆lonA

strain. In addition, ∆tfoY did not exhibit any competition defect relative to WT. We

conclude that TfoY is not a significant factor involved during intestinal colonization of

the infant mouse in either WT or ∆lonA genetic backgrounds.

2.2.5 LonA activity and TfoY stability are modulated by c-di-GMP

in vivo

Because c-di-GMP is known to regulate TfoY expression, we next explored

whether TfoY abundance and stability is influenced by c-di-GMP levels in vivo [24, 26].

We reasoned that DGCs and PDEs that impact V. cholerae motility could participate in

the LonA-TfoY-c-di-GMP regulatory module and used strains lacking four diguanylate

cyclases (∆4DGC; ∆cdgD∆cdgH ∆cdgK ∆cdgL) and two phosphodiesterases (∆2PDE;

∆rocS∆cdgJ ) that impact V. cholerae motility to evaluate TfoY stability. We first

assessed if natively produced TfoY would be detectable in WT, ∆lonA, ∆2PDE, and

∆4DGC strains using a ∆lonA∆tfoY mutant as a negative control for TfoY produc-

tion (Fig 2.5A). We were able to detect significant accumulation of TfoY in ∆lonA. In

addition, we also observed the presence of TfoY in the ∆2PDE strain but not in WT,

∆4DGC, or ∆lonA∆tfoY strains, suggesting that high levels of c-di-GMP in the ∆2PDE

background stabilized TfoY, possibly by inhibiting LonA. Given that c-di-GMP can reg-
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ulate the production of TfoY at both transcriptional and post-transcriptional levels, we

assessed TfoY abundance in WT, ∆lonA, ∆lonA∆2PDE, and ∆lonA∆4DGC mutants

to better understand how the LonA regulatory mechanism functions to control cellular

levels of TfoY (Fig 2.5B) [24, 26]. In the absence of lonA, TfoY levels were increased in

all backgrounds relative to WT. Notably, levels of TfoY were significantly enriched in

the low c-di-GMP strain in the absence of lonA. It was previously shown that c-di-GMP

limits production of TfoY protein by binding to a riboswitch (Vc2) located in the 5’UTR

of tfoY mRNA [24, 27, 28]. Thus, this result is consistent with prior analyses, which

have shown that decreasing levels of c-di-GMP results in enhanced TfoY translation,

and suggests that LonA plays a more significant role in regulating levels of TfoY when

c-di-GMP levels are low [24, 26]. In addition, we also observed a small but consistent

increase in TfoY in the ∆lonA∆2PDE relative to the ∆lonA strain (Fig 2.5B, Table

A.2). Notably, levels of LonA did not significantly differ in WT, ∆2PDE, and ∆4DGC

strains (Fig 2.5C), suggesting that LonA quantity is not regulated by c-di-GMP. To

determine if LonA turnover of TfoY might be influenced by c-di-GMP, we introduced

the Tn7::Ptac-tfoY construct into the ∆4DGC and ∆2PDE strains and assessed TfoY

stability relative to WT (Fig 2.5D). In addition, we simultaneously assessed global levels

of c-di-GMP from these strains when tfoY was overproduced. We determined that cel-

lular c-di-GMP levels are decreased 4.4-fold in the ∆4DGC and increased 2.2-fold in the

∆2PDE strains (Fig 2.5E). Interestingly, we found that TfoY stability is enhanced and

decreased in ∆2PDE and in ∆4DGC strains, respectively suggesting that TfoY stability

is positively correlated with cellular c-di-GMP. Taken together, our data demonstrates
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that c-di-GMP mediated inhibition of LonA proteolysis is a central factor governing

levels of TfoY.

Figure 2.5: TfoY stability is influenced by c-di-GMP. In vivo abundance and stability
of TfoY in high and low c-di-GMP genetic backgrounds relative to WT. (A) Abundance

53



of natively produced TfoY in WT, ∆lonA, a mutant lacking two phosphodiesterases
(∆2PDE; ∆rocS∆cdgJ ) as well as a strain lacking four diguanylate cyclases (∆4DGC;
∆cdgD∆cdgH ∆cdgK ∆cdgL).(B) Abundance of TfoY in WT, ∆lonA, ∆lonA∆2PDE,
∆lonA∆4DGC strains. (C) Abundance of LonA in WT, ∆2PDE, and ∆4DGC strains.
(D) TfoY was overproduced from the Tn7 locus in WT, ∆2PDE and ∆4DGC strains.
Overproduction of TfoY was achieved via the addition of 0.1mM IPTG for 2 hours.
Levels of TfoY were assessed immediately before and after translational inhibition via
chloramphenicol. (E) Prior to translational inhibition, 40mLs of culture was spun down
and analyzed for global c-di-GMP by LC-MS/MS. A One-way ANOVA using Dunnet’s
multiple comparisons test was used for statistical analysis (**p<0.01, ***p<0.001).
Abundance and stability of TfoY was analyzed by western blot using an TfoY antibody.
RNAP was used as a control for sample loading in all western blots. Levels of LonA were
analyzed by western blot using a LonA antibody. (F) Swimming motility phenotypes of
∆tfoY and ∆lonA deletions in WT, ∆2PDE, and ∆4DGC strains. (G) Overexpression
of tfoY from the Ptac promoter in plates with (+) and without (-) IPTG. For motility
assays, single colonies were stabbed into LB soft agar plates (0.3% agar) and incubated
at 30C for approximately 18 hours. (H) The T6SS killing phenotypes of ∆tfoY and
∆lonA deletions in WT, ∆2PDE, and ∆4DGC strains. (I) Overexpression of tfoY from
the Ptac promoter in liquid culture and on plates (++) relative to uninduced (-). (J)
Overexpression of tfoY from the Ptac promoter in liquid culture (+). Cells were then
washed to remove the inducer and spotted onto plates lacking IPTG. T6SS-dependent
killing was determined by enumerating the survival of E. coli strain MC4100, which
is susceptible to T6SS attack. Statistical analysis was performed using an unpaired
Student’s t-test. Statistical values indicated are (*p<0.05, **p<0.01, ***p<0.001, and
****p<0.0001).

2.2.6 c-di-GMP levels govern LonA and TfoY-dependent regulation

of motility and the T6SS

Given that LonA and c-di-GMP coordinate TfoY stability, we wondered how

these two factors might function to influence TfoY-mediated phenotypes. We first as-

sessed how the deletion of tfoY and of lonA in WT, ∆2PDE, and ∆4DGC strains

would alter motility and T6SS-dependent killing (Fig 2.5F and 2.5H). We did not

observe any changes in motility or T6SS-dependent killing in ∆tfoY, ∆tfoY ∆2PDE,

and ∆tfoY ∆4DGC strains relative to WT, ∆2PDE and ∆4DGC strains (Fig 2.5F
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and 2.5H). We also did not observe altered motility in ∆lonA∆2PDE relative to the

∆2PDE strain or ∆lonA∆4DGC relative to the ∆4DGC strain (Fig 2.5F). Both ∆lonA

and ∆lonA∆2PDE exhibited increased T6SS-dependent killing relative to WT; how-

ever, T6SS-dependent killing was not different between these strains (Fig 2.5F). In

contrast, the ∆lonA∆4DGC strain exhibited increased T6SS-dependent killing relative

to ∆lonA and ∆lonA∆2PDE strains (Fig 2.5F). Collectively, these results show that

LonA regulates T6SS-dependent killing in WT, ∆2PDE, and ∆4DGC strains and that

LonA-dependent regulation is most prominent when cellular c-di-GMP levels are low.

These T6SS-dependent killing phenotypes correlate with the levels of TfoY observed in

these strains (Fig 2.5E).

We next explored how overproduction of TfoY would impact motility and

T6SS-dependent killing (Fig 2.5G and 2.5I). We analyzed these phenotypes in ∆tfoY,

∆tfoY ∆2PDE, and ∆tfoY ∆4DGC strains containing the Tn7::Ptac-tfoY construct. As

expected, overexpression of tfoY led to increased motility in the ∆tfoY background (Fig

2.5G) [24]. Overproduction of TfoY also enhanced motility in the ∆tfoY ∆2PDE strain

but not in the ∆tfoY ∆4DGC strain. It is noteworthy that the increase in TfoY-induced

motility was 1.7-fold in ∆tfoY, 3.3-fold in ∆tfoY ∆2PDE, and 1.1-fold in ∆tfoY ∆4DGC

strains. Together, these data suggest that as cellular levels of c-di-GMP increase, TfoY

is able to play a more pronounced role in regulating motility. To analyze the impact of

TfoY overproduction on T6SS-dependent killing, we induced TfoY production in cells

grown in liquid cultures and on agar plates (Fig 2.5I). Overproduction of TfoY led to

increased killing in all strains tested (Fig 2.5I). We observed greater T6SS-dependent
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killing in ∆tfoY ∆2PDE and ∆tfoY ∆lonA strains, conditions where TfoY is more stable

and accumulates to higher levels (Fig 2.5A, 2.5B and 2.5D and A.2A and A.2B Fig).

However, we also observed a significant increase in T6SS-dependent killing when TfoY

was overproduced in the ∆tfoY ∆4DGC strain. The increase in T6SS-dependent killing

was 26-fold in ∆tfoY, a 1,575-fold in ∆tfoY ∆2PDE, a 13,336-fold ∆tfoY ∆4DGC and

1,944-fold ∆tfoY ∆lonA strain. The large increase in TfoY-dependent killing of E. coli in

the ∆tfoY ∆4DGC strain was unexpected given that TfoY accumulates to substantially

lower levels in this strain relative to the others tested (A.2A and A.2B Fig).

To determine if the increase in T6SS-dependent killing could be mediated by

increased transcription of T6SS gene clusters, we assessed TfoY-mediated transcrip-

tional activation of the T6SS by introducing transcriptional reporters of the large T6SS

operon (vipA-lux ) and of auxiliary cluster 2 (hcp2-lux ) into the TfoY overproduction

strains. TfoY overproduction led to increased T6SS gene expression in each of these

strains (Fig. A.3A and A.3B). However, we only observed very small increases in T6SS

promoter activity between ∆tfoY ∆2PDE and ∆tfoY ∆4DGC strains relative to the

∆tfoY strain (Fig. A.3A and A.3B). Such modest increases in transcription from these

promoters are unlikely to account for the substantial increases in T6SS-dependent killing

observed.

To further evaluate the impact of LonA and c-di-GMP regulation of TfoY sta-

bility on T6SS-dependent killing, we modified our experimental conditions in such a way

that pools of TfoY were controlled before the onset of the T6SS-dependent killing as-

say. To do this, we first overproduced TfoY in ∆tfoY, ∆tfoY ∆lonA, ∆tfoY ∆2PDE, and
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∆tfoY ∆4DGC strains in liquid-grown culture. We then collected cells and resuspend

them in a buffer without inducer; the T6SS-dependent killing experiment were then

performed on agar plates without inducer (Fig 2.5J). Overproduction of TfoY in the

∆tfoY ∆2PDE strain resulted in increased T6SS-dependent killing compared to ∆tfoY

or ∆tfoY ∆4DGC strains (Fig 2.5J). However, in the ∆lonA∆tfoY strain killing was

restored to levels comparable to the ∆tfoY ∆2PDE strain (Fig 2.5J), indicating that

LonA is the governing factor regulating TfoY-induced T6SS-dependent killing under

the conditions tested.

2.2.7 LonA activity can be directly regulated by c-di-GMP

Prior work has shown that c-di-GMP can inhibit Lon protease activity in vitro;

however, this work was restricted to E. coli Lon [19]. Based on our in vivowork, we hy-

pothesized that c-di-GMP may also function to reduce LonA activity in V. cholerae. In

order to test this, we purified LonA and assessed how c-di-GMP influences LonA prote-

olysis of the model substrate casein. We found that addition of c-di-GMP substantially

reduced the ability of LonA to degrade casein with approximately 60% reduction in ac-

tivity at the highest c-di-GMP concentration tested (Fig 2.6A and 2.6B) with no effects

on ATP hydrolysis in the conditions used (Fig 2.6C and 2.6D). We next tested direct

binding of c-di-GMP, using a radiolabeled nucleotide DRaCALA assay and found that

purified LonA bound c-di-GMP (Fig 2.6E), albeit with weak affinity [29]. We confirmed

this result by using a c-di-GMP derivative (MANT-c-di-GMP) that increases fluores-

cence when bound [30]. Fluorescence of MANT-c-di-GMP increased when incubated
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with LonA and less so with heat denatured LonA, suggesting that a structured motif

of LonA is likely important for c-di-GMP binding (Fig 2.6F). Taken together, these

data show that LonA can weakly bind c-di-GMP directly and, most importantly for our

model of TfoY regulation, that the V. cholerae LonA protease activity can be inhibited

by c-di-GMP.

2.3 Discussion

LonA is a pleiotropic regulator in V. cholerae governing diverse behaviors such

as cell morphology, biofilm formation, motility, c-di-GMP pools, the T6SS, virulence

gene expression, and intestinal colonization [4]. In the current study, we fill significant

gaps regarding the mechanism by which LonA controls these processes. We identified the

T6SS and motility regulator TfoY as a LonA substrate and demonstrated that LonA-

mediated proteolysis of TfoY functions to temper V. cholerae’s activation of flagellar

mediated motility and T6SS-dependent killing. We determined that c-di-GMP reduces

LonA-dependent proteolysis of a model substrate in vitro. In addition, we observed that

cellular levels of TfoY are enhanced and stable when cellular c-di-GMP levels are high,

providing evidence that c-di-GMP inhibits LonA proteolysis in vivo. Furthermore, we

show how LonA and TfoY influence motility and T6SS-dependent killing phenotypes

differently in strains with high and low levels of c-d-GMP relative to WT.

Prior to this study only two LonA substrates had been identified in V. cholerae

[8, 23]. The first is the alternative sigma factor FliA, which helps coordinate the acti-
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Figure 2.6: LonA proteolysis is directly regulated by c-di-GMP. In vitro proteolysis and
protein ligand binding assays are shown. (A) Proteolysis of FITC-casein by purified
LonA results in increased fluorescent signal. (B) Initial rate of substrate degradation as

vation of late stage flagellar genes and also acts to repress virulence factor production

[8, 31]. Upon assembly of the hook, or shearing of the flagellar filament, the anti-sigma

factor FlgM is secreted through the flagella, permitting FliA to activate the genes nec-

essary for flagellar function and the repression of virulence gene expression [8, 31, 32].
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a function of c-di-GMP. (C) ATP hydrolysis for LonA alone and in the presence of
c-di-GMP was monitored by loss of NADH, which is consumed stoichiometrically with
ATP. (D) Rate of ATP hydrolysis as a function of c-di-GMP. Representative curves for
(A) and (C) are shown with different concentrations of c-di-GMP. (E) Quantification of
fraction bound of 32P-c-di-GMP to LonA by DRaCALA. Binding data shown represent
the average and SD of triplicate independent experiments. Fraction bound by LonA
and Alg44 were compared to buffer control by Student’s t-test. *** indicate p value of
0.0005, respectively. (F) Purified LonA or heat denatured LonA (boiled) were incubated
with MANT-c-di-GMP. Representative emission fluorescence spectrum (excitation at
355 nm) is shown. Emission spectrum of MANT-c-di-GMP alone is also shown as a
control.

The release of FliA by FlgM, however, also causes FliA to become highly unstable due

to proteolysis by LonA [8]. Thus, LonA’s control of FliA in the host may be important

for derepressing virulence factor production. The second substrate is the quorum sens-

ing master regulator HapR, which is proteolyzed by LonA during heat shock in order

to activate biofilm formation [23]. We note that neither FliA nor HapR were identi-

fied in our proteome analysis, however, this is likely due to the physiological conditions

required for LonA proteolysis of these regulators.

TfoY belongs to a class of proteins that contain TfoX-like N- and C-terminal

domains. Proteins with TfoX-like domains are transcription factors that are frequently

found in gamma-proteobacteria and are involved in the regulation of natural compe-

tency, the T6SS, and motility. Homologues of TfoY, such as TfoX of V. cholerae, Sxy-1

of Haemophilus influenzae, and Sxy of E. coli are regulators of DNA uptake and natu-

ral transformation in their respective organisms [24, 33, 34, 35, 36]. Prior studies have

shown that TfoY does not control competency; TfoY is, however, an activator of motility

in diverse Vibrio species and frequently controls T6SS-dependent killing as well [24, 37].
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Figure 2.7: Model of LonA and c-di-GMP regulation of TfoY. Regulation of tfoY by
c-di-GMP takes place at multiple regulatory points. TfoY production is regulated at
the transcriptional level via a c-di-GMP binding transcriptional factor; at the post-
transcriptional level via a c-di-GMP dependent riboswitch; and the post-translational
level via c-di-GMP modulated proteolysis. The upstream regulatory region of tfoY
contains 4 promoters. Promoters P1 and P2 (black bent arrows) produce transcript that
contains the Vc2 riboswitch (close stem loop), which functions as an off switch when
bound by c-di-GMP (yellow circle) and prevents translation [24,26,28]. In contrast,
transcripts produced from promoters P3 and P4 (red bent arrows), driven by the c-
di-GMP binding transcriptional activator VpsR, do not contain the Vc2 riboswitch
[26]. In this model, we present our current understanding of post-transcriptional and
post-translational regulation of TfoY (orange circles) by LonA (purple barrel) and c-di-
GMP. At high c-di-GMP levels, transcripts without the Vc2 riboswitch accumulate at
high levels. Transcript containing the Vc2 riboswitch are not translated. This results
in moderate levels of TfoY. At the same time, high levels of c-di-GMP greatly reduce
LonA-dependent proteolysis of TfoY, which results in TfoY activation of motility and
T6SS-dependent killing. At intermediate c-di-GMP concentrations, transcripts with
and without the Vc2 aptamer are present and LonA activity is reduced. This leads to
low levels of TfoY production and the activation of motility and T6SS-dependent
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killing. At low c-di-GMP conditions, transcripts with the Vc2 aptamer are not in-
hibited by c-di-GMP. In addition, LonA activity is also not repressed by c-di-GMP,
thereby leading to increased TfoY degradation. Under these conditions, TfoY activates
T6SS-dependent killing but not motility. This figure was generated using BioRender
(https://app.biorender.com/).

It is important to note that the stability of Sxy of E. coli is also dependent upon LonA,

which suggests that LonA proteolysis of TfoX-like domain containing proteins may be

a common regulatory mechanism in diverse bacterial species [33].

While we did not observe TfoY to play a role in modulating an increase or

decrease in c-di-GMP levels in the ∆lonA strains, transcriptomic analysis revealed that

TfoY overproduction leads to significant transcriptional changes in a wide array of DGCs

and PDEs [24]. Thus, it is possible that under certain conditions TfoY functions to alter

levels of c-di-GMP within the cell by modulating the production of specific DGCs and

PDEs. Of the c-di-GMP enzymes regulated by TfoY, the motility repressor CdgD ap-

pears to be the most significantly impacted [24, 38, 39, 40]. Specifically, overproduction

of TfoY leads to significant repression of cdgD [24]. Notably, we found that CdgD levels

were elevated in WT relative to the lonA mutant. Thus, elevated TfoY in the lonA

mutant may function to lower levels of CdgD in the cell. It is therefore possible that

the enhanced motility observed in the lonA mutant and in tfoY overexpressing strains

is at least in part due to repression of cdgD.

While the environmental signals that govern the production of TfoY remain

unclear, it has become increasingly apparent that sustained sensing of c-di-GMP by

multiple c-di-GMP receptors is critical in controlling TfoY synthesis and turnover (Fig
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2.7) [24, 26, 27, 37, 41, 42, 43]. For example, TfoY is regulated at the transcriptional

level via a c-di-GMP binding transcriptional factor; at the post-transcriptional level

via a c-di-GMP dependent riboswitch; and at the post-translational level via c-di-GMP

modulated proteolysis. The upstream regulatory region of tfoY contains 4 promoters.

Promoters P1 and P2 produce transcript that contains the Vc2 riboswitch, which re-

stricts translation when bound by c-di-GMP [24, 27, 28]. Decreasing levels of c-di-GMP

derepresses the Vc2 inhibitory mechanism and permits translation of tfoY mRNA into

TfoY protein [24, 26, 27, 28]. However, elevated levels of c-di-GMP also permit the

productio[26]. This occurs through the master regulator of biofilm formation, VpsR,

which binds to tfoY promoter elements P3 and P4 within and downstream of the Vc2

riboswitch, respectively, resulting in transcript lacking the Vc2 inhibitory mechanism

[26]. It is important to note that decreasing levels of c-di-GMP leads to greater pro-

duction of TfoY than elevating c-di-GMP does [24, 26, 37]. We note that these studies

utilized TfoY fluorescent fusions to evaluate TfoY production. It has been previously

shown that fluorescent fusions with sfGFP can severely limit LonA proteolysis unless

circular permuted variants of sfGFP are used [44]. Thus, the translational reporters

utilized in prior studies may have prevented LonA-mediated proteolysis of TfoY, and

would therefore reflect TfoY protein production but not TfoY turnover [24, 26, 37].

Consistent with this hypothesis, we observe that a greater amount of TfoY accumulates

in the ∆4DGC strain relative to the ∆2PDE strain in mutants where lonA has been

deleted.

Our findings suggest the presence of an additional regulatory module governing
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TfoY stability in a c-di-GMP dependent manner. Specifically, when c-di-GMP levels

are decreased, the Vc2 regulatory mechanism is bypassed and TfoY protein is produced

efficiently. However, because LonA is unimpeded by c-di-GMP, it proteolyzes TfoY

efficiently as well. On the other hand, when c-di-GMP levels are high, TfoY production

occurs less efficiently and LonA proteolysis of TfoY is similarly scaled back by c-di-GMP.

Therefore, the same ligand that drives large changes in transcriptional and translational

control of TfoY expression also buffers steady state levels of TfoY through proteolysis.

Our genetic and phenotypic analyses also suggest that TfoY may play dif-

ferent roles under high and low c-di-GMP conditions. For example, we observed that

TfoY is increasingly important in driving motility when c-di-GMP levels are increased.

Levels of c-di-GMP are elevated in biofilms, thus it is possible that TfoY may aid in

dispersal from biofilms by enhancing motility. Conversely, we did not observe TfoY to

significantly influence motility when c-di-GMP levels were low, which is consistent with

a prior analysis that analyzed TfoY-dependent motility when a phosphodiesterase was

overproduced [24]. TfoY also enhances T6SS-dependent killing when c-di-GMP lev-

els are increased, indicating that TfoY may have a role in mediating T6SS-dependent

competition in biofilms. Similarly, overproduction of TfoY resulted in robust T6SS-

dependent killing in strains with low cellular levels of c-di-GMP. We found that the

increases in T6SS-dependent killing in strains with high and low c-di-GMP levels are

likely independent of TfoY’s ability to activate transcription from the two T6SS operons

tested. Thus, it is possible that TfoY functions synergistically with additional c-di-GMP

dependent regulatory factors to enhance V. cholerae fitness against its competitors. An
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intriguing observation from this analysis is that overproduction of TfoY led to the most

significant T6SS-dependent killing phenotype in a strain with low cellular levels of c-

di-GMP, despite levels of TfoY also being lowest under in this background. While the

physiological significance of this regulation remains to be fully elucidated, these find-

ings suggests that TfoY is capable of mounting a particularly powerful T6SS-dependent

assault when cellular c-di-GMP levels are reduced. It was previously hypothesized that

activation of TfoY could be part of a danger sensing system utilized in a defensive es-

cape response [24]. The results of our genetic and phenotypic analysis suggest that the

production of TfoY could be important for launching a T6SS-mediated counter-attack

in the presence of a c-di-GMP reducing “danger signal,” and that LonA and c-di-GMP

would be central regulators controlling the magnitude and longevity of this output.

Our finding that c-di-GMP limits LonA proteolysis in V. cholerae is consistent

with a previous report that found addition of c-di-GMP inhibits degradation of α-casein

by E. coli Lon in an endpoint assay [19]. The same study also found that binding of c-di-

GMP to Lon could be indirectly monitored by loss of HPLC signal [19]. In our current

work, we extend upon those findings by using kinetic assays to monitor degradation in

real-time. We also demonstrate c-di-GMP weakly binds to LonA using a radiolabeled

assay and a fluorescent assay. It remains to be determined how LonA binds c-di-GMP,

how selective this binding is, and how binding of this ligand reduces LonA activity. It

will be important to assess how c-di-GMP modulates LonA proteolysis against a wide

range of substrates in order to determine if c-di-GMP functions solely as a repressor or

if it can also function to enhance proteolysis by altering LonA target specificity.
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2.4 Methods

2.4.1 Ethics statment

All animal procedures used were in strict accordance with the Guide for the

Care and Use of Laboratory Animals [45] and were approved by the University of Cal-

ifornia (UC), Santa Cruz, Institutional Animal Care and Use Committee, Santa Cruz,

CA (approval number Yildf1206).

2.4.2 Bacterial strains, growth conditions and antibody generation

The bacterial strains used in this study can be found in S4 Table. V. cholerae

and E. coli strains were grown aerobically in Lysogeny Broth (LB) broth (1% tryptone,

0.5% yeast extract, 1% NaCl, pH 7.5) at 30◦C and 37◦C, respectively. LB agar contained

granulated agar (Difco) at 1.5% (wt/vol). Antibiotics were used when necessary at the

following concentrations: rifampin, 100 µg/ml; ampicillin, 100 µg/ml; gentamycin, 15

µg/ml; and chloramphenicol, 2.5µg/ml, 5µg/ml, or 100 µg/ml as indicated in the text.

2.4.3 Strain and plasmid generation

Plasmids were constructed using standard cloning methods or the Gibson As-

sembly recombinant DNA technique (New England BioLabs, Ipswich, MA). Gene dele-

tions were carried out using allelic exchange of the native open reading frame (ORF)

with a truncated ORF, as previously described [39]. The generation of complementation

and overexpressing mutants was carried out using a Tn7-based system, as previously
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described [4, 25]. For the tfoY complementation construct, the open reading frame of

tfoY, as well as 500bp upstream, were cloned into pGP704-Tn7 plasmid. For the tfoY

overexpression construct, the open reading frame of tfoY was cloned into pMMB67EH,

which contains the IPTG inducible Ptac system. The Ptac-tfoY fusion was then cloned

into the pGP704-Tn7 plasmid. Triparental matings with donor E. coli S17λpir carrying

the pGP704-Tn7 plasmid with the gene of interest, helper E. coli S17λpir harboring

pUX-BF13, and V. cholerae deletion strains were carried out by mixing all three strains

and incubating mating mixtures on LB agar plates for 18 h at 30◦C. Transconjugants

were selected on LB media containing rifampicin and gentamycin at 30◦C. Insertion of

the complementation construct to the Tn7 site was verified by PCR. V. cholerae WT

and mutant strains were tagged with green fluorescent protein (GFP) according to a

previously described procedure [46]. The GFP-tagged V. cholerae strains were veri-

fied by PCR and used in biofilm analyses. Transcriptional reporters were generated by

cloning the upstream of the regulatory region as well as a portion of the open reading

frame of VCA0107 (vipA) or VCA0017 (hcp2 ) into the pBBRlux plasmid using estab-

lished methodologies [47]. The exact lengths of the regulatory region used can be found

in the supplementary material (S4 Table).

2.4.4 Whole proteome analysis

V. cholerae WT and ∆lonA strains that lacked the genes for cholera toxin

(ctxAB) were grown aerobically at 30◦C overnight. The cultures were diluted 1:500

and grown to OD600 = 1.0, at which point 100µg/mL of chloramphenicol was added

67



to stop translation. After 1-hour of chloramphenicol treatment, cells were collected

by centrifugation and flash frozen in liquid nitrogen, and then stored in -80◦C. Five

biological replicates for WT and ∆lonA were collected. These samples were processed

at NYU Proteomics Facility for analysis by liquid chromatography coupled with mass

spectrometry.

2.4.5 Proteome extraction and sample preparation for mass spectrom-

etry analysis

Cell pellets were resuspended in 8M urea in 100 mM HEPES buffer (pH 8.0)

and 250µg of each protein lysates were reduced using dithiothreitol (5µl of 0.2M) for

1-hour at 55◦C. The reduced cysteines were subsequently alkylated with iodoacetamide

(5µl of 0.5M) for 45 min in the dark at room temperature. Next, 20mM HEPES

(pH 8.0) were added to dilute the urea concentration to 2M and the protein lysates

were digested with Trypsin (Promega) at a 100:1 (protein:enzyme) ratio overnight at

room temperature. The pH of the digested protein lysates was lowered to pH<3 using

trifluoroacetic acid (TFA). The digested lysates were desalted using C18 solid-phase

extraction (Sep-Pak, Waters). 40% acetonitrile (ACN) in 0.5% acetic acid followed by

80% acetonitrile (ACN) in 0.5% acetic acid was used to elute the desalted peptides. The

peptide eluate was concentrated in the SpeedVac and stored at -80◦C.
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2.4.6 Tandem Mass Tag (TMT) labeling

The dried peptide mixture was re-suspended in 100mM TEAB (pH 8.5) using

a volume of 100µl. Isobaric mass tag labeling was performed used the TMT 10plex

reagent set from ThermoFisher. Each sample was labeled with TMT reagent according

to the manufacturer’s protocol. In brief, each TMT reagent vial (0.8mg) was dissolved

in 41 µL of anhydrous ethanol and was added to each sample. The reaction was allowed

to proceed for 60min at room temperature and then quenched using 8µL of 5% w/v

hydroxylamine. The samples were combined at a 1:1 ratio and the pooled sample

was subsequently desalted using SCX and SAX solid-phase extraction columns (Strata,

Phenomenex) as described [48].

2.4.7 Global proteome analysis

A 500 µg aliquot of pooled sample was fractionated using basic pH reverse-

phase HPLC using previously established procedures [49]. Briefly, the sample was loaded

onto a 4.6mm×250mm Xbridge C18 column (Waters, 3.5µm bead size) using an Agilent

1260 Infinity Bio-inert HPLC and separated over a 70min linear gradient from 10 to 50%

solvent B at a flow rate of 0.5ml/min (Buffer A = 10mM ammonium formate, pH 10.0;

Buffer B = 90% ACN, 10mM ammonium formate, pH 10.0). A total of 40 fractions

were collected throughout the gradient. The early, middle and late eluting fractions

were concatenated and combined into 10 final fractions. The combined fractions were

concentrated in the SpeedVac and stored at -80(circ)C until further analysis.
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2.4.8 LC-MS/MS analysis

An aliquot of each sample was loaded onto a trap column (Acclaim PepMap

100 pre-column, 75 µm×2cm, C18, 3µm, 100Å, Thermo Scientific) connected to an ana-

lytical column (EASY-Spray column, 50m×75µm ID, PepMap RSLC C18, 2µm, 100Å,

Thermo Scientific) using the autosampler of an Easy nLC 1000 (Thermo Scientific) with

solvent A consisting of 2% acetonitrile in 0.5% acetic acid and solvent B consisting of

80% acetonitrile in 0.5% acetic acid. The peptide mixture was gradient eluted into

the QExactive mass spectrometer (Thermo Scientific) using the following gradient: a

5%-23% solvent B in 100min, 23% -34% solvent B in 20 min, 34% -56% solvent B in

10 min, followed by 56%- 100% solvent B in 20 min. The full scan was acquired with

a resolution of 70,000 (@ m/z 200), a target value of 1e6 and a maximum ion time of

120ms. After each full scan 10 HCD MS/MS scans were acquired using the following

parameters: resolution 35,000 (@m/z 200), isolation window of 1.5m/z, target value of

1e5, maximum ion time of 250ms, normalized collision energy (NCE) of 30, and dynamic

exclusion of 30s.

2.4.9 Data analysis

Raw mass spectrometry data were processed using Proteome Discoverer 2.1.

Proteins and peptides were searched against the PATRIC V. cholerae using the Byonic

with a protein score cut-off of 300, using the following settings: oxidized methionine (M),

and deamidation (NQ) were selected as variable modifications, and carbamidomethyl

(C) as fixed modifications; precursor mass tolerance 10ppm; fragment mass tolerance
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0.02 Da. The following filters and criteria were used for quantification: Proteins iden-

tified with less than two unique peptides were excluded from analysis. Bioinformatics

analysis was performed with Perseus, Microsoft Excel and R statistical computing soft-

ware. Student’s t-test using Benjamini-Hochberg FDR cutoff of 5% was then used to

identify proteins that were differentially enriched.

2.4.10 in vivo proteolysis and protein abundance assays

Overnight cultures of V. cholerae were diluted 1:500 in 100mL of LB medium.

Cells were grown until an OD600 = 0.1 was reached, 0.1mM IPTG was added to induce

transcription of tfoY from the Ptac promoter. Induction proceeded for 2-hours, 2mL

aliquots were taken immediately prior, and then at the time points indicated after the

addition of 100x the minimum inhibitory concentration of chloramphenicol (100µg/mL).

Protein abundance assays were performed similarly with minor modifications noted in

the figure legends. BCA analysis was used to quantify total protein loaded. Relative

levels of TfoY, LonA, and RNAP were assessed by western blot analysis. The TfoY

antibody was used at 1µg/mL concentration, the LonA antibody at 0.5µg/mL, and

the RNAP antibody was used at 0.625µg/mL. At least three independent biological

replicates were performed for all in vivo protein abundance and stability assays. For

densitometric analysis, software from Image Lab v6.01 (Bio Rad Laboratories) was used

to quantify band intensity of TfoY from western blots. Adjusted total band intensity was

calculated by subtracting the background intensity values from the total band intensity

value.
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2.4.11 Swimming motility assays

Flagellar motility was determined by inoculating a single overnight colony into

the center of LB soft agar plates (0.3% wt/vol). For overexpression experiments, the

soft agar plates were supplemented with 0.1mM IPTG to induce expression from the

Ptac promoter. The plates were moved to 30(circ)C and the swimming diameter was

recorded 18-hours post inoculation. The motility phenotype of each mutant was assessed

using at least three independent biological replicates. Statistical analysis of motility was

performed using an unpaired Student’s t-test.

2.4.12 Interbacterial killing assays

V. cholerae WT and mutant strains and the E. coli strain MC4100 were grown

overnight in LB medium at 30(circ)C and 37(circ)C respectively. Overnight grown cul-

tures of V. cholerae and E. coli strains were diluted 1:200 in LB medium supplemented

with 340mM NaCl. V. cholerae strains were grown to an OD600 = 0.8–1.0 while E. coli

was grown to an OD600 = 0.4–0.8. Approximately 109 V. cholerae and 108 E. coli cells

were mixed and 25µL of this mixture was spotted in technical triplicate onto nitrocel-

lulose membrane that had been placed on LB agar supplemented with 340mM NaCl.

For overexpression experiments, 0.1mM IPTG was included in the liquid media and/or

plates as indicated in the text. In the interbacterial competition assay that addressed

TfoY stability on T6SS-dependent killing (Fig 2.5J), 0.1mM IPTG was included in liq-

uid media, the cells were then washed twice with 1x PBS, and then V. cholerae and E.

coli were mixed and spotted onto 340mM NaCl agar plates lacking IPTG. Interbacterial
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competition was allowed to proceed for approximately 4-hours at 37(circ)C, at which

point the filter membranes were removed and resuspended in 1mL of 1x PBS. Cells were

resuspended and serial dilutions were generated and spotted onto LB plates containing

100µg/mL of streptomycin, grown overnight, and the surviving E. coli was enumerated.

Statistical analysis of T6SS killing was performed using an unpaired Student’s t-test.

2.4.13 Biofilm assays

Flow cell chambers were inoculated with 200µL of overnight-grown cultures

of GFP-tagged V. cholerae strains that had been diluted to an OD600 of 0.02. Once

inoculated, the bacteria were allowed to adhere at room temperature for 1 hr without

flow. Next, the flow of 2% (vol/vol) LB (0.2 g/liter tryptone, 0.1 g/liter yeast extract,

1% NaCl) was initiated at a rate of 7.5 ml/h and continued for 24 h. Confocal laser

scanning microscopy (CLSM) images of the biofilms were captured with the Zeiss 880

microscope using an excitation wavelength of 488 nm and an emission wavelength of

543 nm. Three-dimensional images of the biofilms were reconstructed and analyzed

using Imaris software (Bitplane). Biofilm analysis was performed using COMSTAT2.

Statistical analysis of biofilms was performed with ANOVA, utilizing Tukey’s multiple

comparison analysis.

2.4.14 Intestinal colonization assays

Colonization of the infant mouse was performed as previously described [4].

Briefly, a WT strain, a WT strain lacking lacZ (∆lacZ ), ∆lonA, ∆tfoY, and ∆lonA∆tfoY
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mutants were grown overnight at 30◦C in LB media. The mutant strains (lacZ+) strains

were competed against otherwise WT ∆lacZ strain at a 1:1 ratio in 1xPBS containing

Evan’s blue dye. The input inoculum was serial diluted and plated onto LB agar plates

supplemented with X-gal such that lacZ containing strains could be visually differenti-

ated from the ∆lacZ WT. Approximately 105 CFU were intragastrically administered

to groups of 5-day-old CD-1 mice (Charles River Laboratories, Hollister, CA). At 20hrs

post infection, the small intestine was removed, weighed, and homogenized. The ratio of

the ∆lacZ WT and the respective competing strains were determined by serial diluting

and plating the homogenized intestine onto LB agar plates containing rifampicin and

X-gal. Statistical analyses were performed using the Wilcoxon’s signed-ranked test.

2.4.15 DRaCALA measurment of ligand binding

For binding assay, final concentrations of the following are used: 2 µM Vc Lon

was mixed with in 1x binding buffer (10 mM Tris, pH 8.0, 100 mM NaCl) and added

to 3.3 nM 32P-c-di-GMP in a 20 µL reaction. The entire reaction was incubated for

1 min at room temperature and 2 µL of the reaction was applied to dry nitrocellulose

paper to perform DRaCALA. Once dried and imaged, the fraction bound quantified

using Fujifilm Multi Gauge software v3.0. The assays were performed in triplicate [29].

2.4.16 Measurement of MANT-c-di-GMP binding

MANT-c-di-GMP (2’-O-(N’-Methylanthraniloyl)-cyclic diguanosine monophos-

phate; BioLog, Germany) was added at 2.5 µM to LonA at 0.7 µM hexamer either native
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or denatured by heating at 95◦C for 20 minutes. Fluorescence was measured by exci-

tation at 355 nm and scanning emission from 380–600 nm. Assays were performed in

triplicate [30].

2.4.17 Protein purification and in vitro proteolysis assays

Full length lonA from V. cholerae was cloned into a pBAD33 expression vector

and transformed into BL21DE3. Overnight cultures grown at 37◦C were back diluted

into 6 L of LB + 100 µg/ml ampicillin, grown to mid-log phase, and induced by addition

of 0.2% L-arabinose for 3 hours. Cells were pelleted by centrifugation then pellets were

resuspended in lysis buffer (100 mM potassium phosphate at pH 6.5, 1 mM DTT, 1 mM

EDTA, 10% glycerol). Following microfluidization disruption, the lysate was clarified by

centrifugation (15,000 g / 30 minutes), and supernatant was applied to 10 ml of washed

hydroxyapatite resin (Sigma). Following batch binding for 1 hour at 4◦C, bound resin

was washed twice (3 column volumes each) with buffer A (100 mM potassium phosphate

at pH 6.5, 1 mM DTT, 1 mM EDTA, 10% glycerol), then twice (3 column volumes each)

with buffer B (200 mM potassium phosphate at pH 6.5, 1 mM DTT, 1 mM EDTA, 10%

glycerol), centrifuging at 2000 g for 10 minutes following each wash to separate the resin.

Protein was eluted by 3 washes (1 column volume each) with elution buffer (400 mM

potassium phosphate at pH 6.5, 1 mM DTT, 1 mM EDTA, 10% glycerol). Elutions were

filtered using 0.22 um filters, then concentrated to 5 ml using centrifugal concentrators

(10 kDa cutoff). Concentrate was loaded onto a Sephacryl S-200 (120 ml) equilibrated

in 50 mM Tris (pH 8), 1 mM DTT, 1 mM EDTA, and 20% glycerol and eluted with the
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same buffer. Activity was monitored by testing fractions using FITC-casein (see below).

Active fractions were pooled and loaded onto a 1ml Mono-Q equilibrated in Qbuffer A

(25 mM Tris pH 8, 50 mM KCl, 10% glycerol, 1 mM DTT), washed extensively and

eluted with a 30 CV (0–100%) gradient using Qbuffer B (25 mM Tris pH 8, 1M KCl, 20%

glycerol, 1 mM DTT). Final active fractions were concentrated, snap frozen in liquid

nitrogen, and stored at -80◦C. Standard proteolysis reactions contain 100–200 nM LonA

(hexamer concentration) in degradation buffer (20 mM Tris pH 8, 100 mM KCl, 10 mM

MgCl2) with 4 mM ATP, 5 mM creatine phosphate, 7.5 µg/ml creatine kinase (for ATP

regeneration) and 10 µg/ml FITC-Casein (Sigma). Increases in fluorescence (ex 460

nm / em 520 nm) due to degradation of the labeled substrate was monitored using a

Spectramax M5 (Molecular Devices) in 384-well nonbinding surface plates (Corning)

incubated at 30◦C. ATP hydrolysis was monitored using a coupled NADH-based assay

where loss of NADH corresponds 1:1 with hydrolysis of ATP [50].

2.4.18 Analysis of promoter activity of T6SS operons

Luminescence assays were performed as previously described with minor al-

terations [4, 38, 51]. Briefly, overnight cultures of V. cholerae were grown in LB media

containing 5µg/mL of chloramphenicol. Cells were diluted 1:500 in LB media containing

2.5µg/mL chloramphenicol and grown to late exponential phase (OD600 = 1.0). Cells

were diluted 1:10 in LB and luminescence was measured in technical triplicate. Relative

luminescence was quantified across at least 3 biological replicates. Statistical analysis

was performed using an unpaired Student’s t-test.

76



Bibliography

[1] Samar A Mahmoud and Peter Chien. Regulated proteolysis in bacteria. Annual

review of biochemistry, 87:677–696, 2018.

[2] Adrian O Olivares, Tania A Baker, and Robert T Sauer. Mechanistic insights

into bacterial AAA+ proteases and protein-remodelling machines. Nature Reviews

Microbiology, 14(1):33, 2016.

[3] Eyal Gur, Dvora Biran, and Eliora Z Ron. Regulated proteolysis in gram-negative

bacteria—how and when? Nature Reviews Microbiology, 9(12):839–848, 2011.

[4] Andrew Rogers, Loni Townsley, Ana L Gallego-Hernandez, Sinem Beyhan, Laura

Kwuan, and Fitnat H Yildiz. The LonA protease regulates biofilm formation,

motility, virulence, and the type vi secretion system in Vibrio cholerae. Journal of

bacteriology, 198(6):973–985, 2016.

[5] the Lon protease homologue LonA, not LonC, contributes to the stress tolerance

and biofilm formation of Actinobacillus pleuropneumoniae.

[6] Lihong He, Manoj Kumar Mohan Nair, Yuling Chen, Xue Liu, Mengyun Zhang,

Karsten RO Hazlett, Haiteng Deng, and Jing-Ren Zhang. The protease locus

of Francisella tularensis lvs is required for stress tolerance and infection in the

mammalian host. Infection and immunity, 84(5):1387–1402, 2016.

[7] Elena BM Breidenstein, Laure Janot, Janine Strehmel, Lucia Fernandez, Patrick K

Taylor, Irena Kukavica-Ibrulj, Shaan L Gellatly, Roger C Levesque, Joerg Over-

77



hage, and Robert EW Hancock. The Lon protease is essential for full virulence in

Pseudomonas aeruginosa. PloS one, 7(11):e49123, 2012.

[8] Katharina Pressler, Dina Vorkapic, Sabine Lichtenegger, Gerald Malli, Benjamin P

Barilich, Fatih Cakar, Franz G Zingl, Joachim Reidl, and Stefan Schild. AAA+

proteases and their role in distinct stages along the Vibrio cholerae lifecycle. In-

ternational Journal of Medical Microbiology, 306(6):452–462, 2016.

[9] Akiko Takaya, Toshifumi Tomoyasu, Akane Tokumitsu, Mizue Morioka, and

Tomoko Yamamoto. The ATP-dependent Lon protease of Salmonella enter-

ica serovar Typhimurium regulates invasion and expression of genes carried on

Salmonella pathogenicity island 1. Journal of bacteriology, 184(1):224–232, 2002.

[10] Lefu Lan, Xin Deng, Yanmei Xiao, Jian-Min Zhou, and Xiaoyan Tang. Mutation

of Lon protease differentially affects the expression of Pseudomonas syringae type

III secretion system genes in rich and minimal media and reduces pathogenicity.

Molecular plant-microbe interactions, 20(6):682–696, 2007.

[11] Carly Ching, Brendan Yang, Chineme Onwubueke, David Lazinski, Andrew

Camilli, and Veronica G Godoy. Lon protease has multifaceted biological func-

tions in Acinetobacter baumannii. Journal of bacteriology, 201(2), 2019.

[12] Shengchang Su, Bonnie B Stephens, Gladys Alexandre, and Stephen K Farrand.

Lon protease of the α-proteobacterium Agrobacterium tumefaciens is required for

78



normal growth, cellular morphology and full virulence. Microbiology, 152(4):1197–

1207, 2006.

[13] Robert T Sauer and Tania A Baker. AAA+ proteases: ATP-fueled machines of

protein destruction. Annual review of biochemistry, 80:587–612, 2011.

[14] Tania A Baker and Robert T Sauer. ATP-dependent proteases of bacteria: recogni-

tion logic and operating principles. Trends in biochemical sciences, 31(12):647–653,

2006.

[15] Susan Gottesman. Proteases and their targets in Escherichia coli. Annual review

of genetics, 30(1):465–506, 1996.

[16] Sampriti Mukherjee, Anna C Bree, Jing Liu, Joyce E Patrick, Peter Chien, and

Daniel B Kearns. Adaptor-mediated Lon proteolysis restricts Bacillus subtilis hy-

perflagellation. Proceedings of the National Academy of Sciences, 112(1):250–255,

2015.

[17] Neha Puri and A Wali Karzai. Hspq functions as a unique specificity-enhancing

factor for the AAA+ Lon protease. Molecular cell, 66(5):672–683, 2017.

[18] Akio Kuroda, Kazutaka Nomura, Ryo Ohtomo, Junichi Kato, Tsukasa Ikeda,

Noboru Takiguchi, Hisao Ohtake, and Arthur Kornberg. Role of inorganic

polyphosphate in promoting ribosomal protein degradation by the Lon protease

in E. coli. Science, 293(5530):705–708, 2001.

[19] Devon O Osbourne, Valerie WC Soo, Igor Konieczny, and Thomas K Wood.

79



Polyphosphate, cyclic AMP, guanosine tetraphosphate, and c-di-GMP reduce in

vitro Lon activity. Bioengineered, 5(4):264–268, 2014.

[20] Chin Ha Chung and Alfred L Goldberg. DNA stimulates ATP-dependent proteol-

ysis and protein-dependent ATPase activity of protease La from Escherichia coli .

Proceedings of the National Academy of Sciences, 79(3):795–799, 1982.

[21] Mohammad Ali, Allyson R Nelson, Anna Lena Lopez, and David A Sack. Updated

global burden of cholera in endemic countries. PLoS neglected tropical diseases,

9(6):e0003832, 2015.

[22] Avatar Joshi, Benjamin Kostiuk, Andrew Rogers, Jennifer Teschler, Stefan

Pukatzki, and Fitnat H Yildiz. Rules of engagement: the type vi secretion sys-

tem in Vibrio cholerae. Trends in microbiology, 25(4):267–279, 2017.

[23] Kyung-Jo Lee, You-Chul Jung, Soon-Jung Park, and Kyu-Ho Lee. Role of heat

shock proteases in quorum-sensing-mediated regulation of biofilm formation by

Vibrio species. Mbio, 9(1), 2018.

[24] Lisa C Metzger, Sandrine Stutzmann, Tiziana Scrignari, Charles Van der Henst,

Noémie Matthey, and Melanie Blokesch. Independent regulation of type vi secretion

in Vibrio cholerae by TfoX and TfoY. Cell reports, 15(5):951–958, 2016.

[25] Ying Bao, Douglas P Lies, Haian Fu, and Gary P Roberts. An improved tn7-

based system for the single-copy insertion of cloned genes into chromosomes of

gram-negative bacteria. Gene, 109(1):167–168, 1991.

80



[26] Benjamin R Pursley, Michael M Maiden, Meng-Lun Hsieh, Nicolas L Fernandez,

Geoffrey B Severin, and Christopher M Waters. Cyclic di-GMP regulates TfoY in

Vibrio cholerae to control motility by both transcriptional and posttranscriptional

mechanisms. Journal of bacteriology, 200(7), 2018.

[27] Saki Inuzuka, Kei-Ichiro Nishimura, Hitoshi Kakizawa, Yuki Fujita, Hiroyuki Fu-

ruta, Shigeyoshi Matsumura, and Yoshiya Ikawa. Mutational analysis of structural

elements in a class-i cyclic di-gmp riboswitch to elucidate its regulatory mechanism.

The Journal of Biochemistry, 160(3):153–162, 2016.

[28] Saki Inuzuka, Hitoshi Kakizawa, Kei-ichiro Nishimura, Takuto Naito, Katsushi

Miyazaki, Hiroyuki Furuta, Shigeyoshi Matsumura, and Yoshiya Ikawa. Recogni-

tion of cyclic-di-GMP by a riboswitch conducts translational repression through

masking the ribosome-binding site distant from the aptamer domain. Genes to

Cells, 23(6):435–447, 2018.

[29] Kevin G Roelofs, Jingxin Wang, Herman O Sintim, and Vincent T Lee. Dif-

ferential radial capillary action of ligand assay for high-throughput detection of

protein-metabolite interactions. Proceedings of the National Academy of Sciences,

108(37):15528–15533, 2011.

[30] Indra Mani Sharma, Thillaivillalan Dhanaraman, Ritta Mathew, and Dipankar

Chatterji. Synthesis and characterization of a fluorescent analogue of cyclic di-

GMP. Biochemistry, 51(27):5443–5453, 2012.

81



[31] Zhi Liu, Tim Miyashiro, Amy Tsou, Ansel Hsiao, Mark Goulian, and Jun Zhu.

Mucosal penetration primes Vibrio cholerae for host colonization by repressing

quorum sensing. Proceedings of the National Academy of Sciences, 105(28):9769–

9774, 2008.

[32] Nidia E Correa, Jeffrey R Barker, and Karl E Klose. The Vibrio cholerae FlgM ho-

mologue is an anti-σ28 factor that is secreted through the sheathed polar flagellum.

Journal of bacteriology, 186(14):4613–4619, 2004.

[33] Milena Jaskólska and Kenn Gerdes. CRP-dependent positive autoregulation and

proteolytic degradation regulate competence activator Sxy of Escherichia coli .

Molecular Microbiology, 95(5):833–845, 2015.

[34] Karin L Meibom, Melanie Blokesch, Nadia A Dolganov, Cheng-Yen Wu, and

Gary K Schoolnik. Chitin induces natural competence in Vibrio cholerae. Sci-

ence, 310(5755):1824–1827, 2005.

[35] Rosemary J Redfield. Sxy-1, a Haemophilus influenzae mutation causing greatly

enhanced spontaneous competence. Journal of bacteriology, 173(18):5612–5618,

1991.

[36] Sunita Sinha and Rosemary J Redfield. Natural DNA uptake by Escherichia coli .

PLoS One, 7(4):e35620, 2012.

[37] Lisa C Metzger, Noémie Matthey, Candice Stoudmann, Esther J Collas, and

82



Melanie Blokesch. Ecological implications of gene regulation by tfox and TfoY

among diverse vibrio species. Environmental microbiology, 21(7):2231–2247, 2019.

[38] D Zamorano-Sánchez, W Xian, CK Lee, M Salinas, W Thongsomboon, L Cegelski,

GCL Wong, and FH Yildiz. Functional specialization in Vibrio cholerae diguanylate

cyclases: distinct modes of motility suppression and c-di-GMP production. mBio

10: e00670-19, 2019.

[39] Xianxian Liu, Sinem Beyhan, Bentley Lim, Roger G Linington, and Fitnat H

Yildiz. Identification and characterization of a phosphodiesterase that inversely

regulates motility and biofilm formation in Vibrio cholerae. Journal of bacteriology,

192(18):4541–4552, 2010.

[40] Bentley Lim, Sinem Beyhan, James Meir, and Fitnat H Yildiz. Cyclic-digmp sig-

nal transduction systems in Vibrio cholerae: modulation of rugosity and biofilm

formation. Molecular microbiology, 60(2):331–348, 2006.

[41] N Sudarsan, ER Lee, Z Weinberg, RH Moy, JN Kim, KH Link, and RR Breaker.

Riboswitches in eubacteria sense the second messenger cyclic di-GMP. Science,

321(5887):411–413, 2008.

[42] Benjamin R Pursley, Nicolas L Fernandez, Geoffrey B Severin, and Christopher M

Waters. The Vc2 cyclic di-GMP-dependent riboswitch of Vibrio cholerae regu-

lates expression of an upstream putative small RNA by controlling RNA stability.

Journal of bacteriology, 201(21):e00293–19, 2019.

83



[43] Mona W Orr, Michael Y Galperin, and Vincent T Lee. Sustained sensing as an

emerging principle in second messenger signaling systems. Current opinion in mi-

crobiology, 34:119–126, 2016.

[44] Matthew L Wohlever, Andrew R Nager, Tania A Baker, and Robert T Sauer.

Engineering fluorescent protein substrates for the AAA+ Lon protease. Protein

Engineering, Design & Selection, 26(4):299–305, 2013.

[45] National Institutes of Health et al. Guide for the care and use of laboratory animals.

National Academies, 2012.

[46] Jiunn CN Fong, Kevin Karplus, Gary K Schoolnik, and Fitnat H Yildiz. Identifi-

cation and characterization of RbmA, a novel protein required for the development

of rugose colony morphology and biofilm structure in Vibrio cholerae. Journal of

bacteriology, 188(3):1049–1059, 2006.

[47] David Zamorano-Sánchez, Jiunn CN Fong, Sefa Kilic, Ivan Erill, and Fitnat H

Yildiz. Identification and characterization of VpsR and VpsT binding sites in

Vibrio cholerae. Journal of bacteriology, 197(7):1221–1235, 2015.

[48] Jessica R Chapman, Olga Katsara, Rachel Ruoff, David Morgenstern, Shruti

Nayak, Claudio Basilico, Beatrix Ueberheide, and Victoria Kolupaeva. Phospho-

proteomics of fibroblast growth factor 1 (fgf1) signaling in chondrocytes: identifying

the signature of inhibitory response. Molecular & Cellular Proteomics, 16(6):1126–

1137, 2017.

84



[49] Amit Bhardwaj, Yanling Yang, Beatrix Ueberheide, and Susan Smith. Whole

proteome analysis of human tankyrase knockout cells reveals targets of tankyrase-

mediated degradation. Nature communications, 8(1):1–13, 2017.

[50] Kristina Jonas, Jing Liu, Peter Chien, and Michael T Laub. Proteotoxic stress

induces a cell-cycle arrest by stimulating Lon to degrade the replication initiator

DnaA. Cell, 154(3):623–636, 2013.

[51] Jennifer K Teschler, Andrew T Cheng, and Fitnat H Yildiz. The two-component

signal transduction system vxrab positively regulates Vibrio cholerae biofilm for-

mation. Journal of bacteriology, 199(18), 2017.

85



Chapter 3

Regulation of Biofilm Formation by the

Lon Protease in V. cholerae

3.1 Introduction

Biofilms are aggregates of microbial cells encapsulated within a protective ex-

tracellular polymeric matrix. The biofilm growth mode is prevalent as it increases the

fitness of resident microorganisms [1]. Biofilm formation is critical to the infectious

cycle of V. cholerae, the Gram-negative facultative human pathogen responsible for the

diarrheal disease cholera [2]. In the aquatic environment, biofilms protect V. cholerae

from diverse environmental stressors as well as predatory bacteriophages and protozoans

[3, 4]. V. cholerae biofilms are also primed for infection as they produce high levels of

cholera toxin and the toxin co-regulated pilus, which are required for host colonization

and the onset of cholera symptoms [5]. Furthermore, biofilms shed from the host are
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hyperinfectious relative to their planktonic counterparts [5, 6, 7].

The transcriptional regulatory mechanisms governing biofilm formation in V.

cholerae have been extensively studied, however, relatively little is known regarding how

biofilm formation is regulated at the post-translational level. Proteolysis is a fundamen-

tal cellular process that maintains protein homeostasis through the targeted destruction

of proteins [8]. Lon (or LonA) is a broadly conserved, energy-dependent protease that

couples ATP hydrolysis with protein turnover [8, 9, 10]. Lon functions as a housekeeping

protease that degrades aberrant or misfolded proteins and as a post-translational regu-

lator that degrades specific protein targets. Lon substrates are often critical regulatory

proteins controlling diverse cellular functions [8]. Thus, Lon-dependent regulation has

far-reaching consequences in shaping the global protein content of the cell and, in turn,

dictating various aspects of cellular physiology and behavior. Lon often regulates cell

division, motility, and biofilm formation [8, 10]. Furthermore, Lon plays an important

role in stress adaptation, enhancing a cell’s fitness when faced with diverse genotoxic or

proteotoxic stressors [8, 11, 12]. In the case of bacterial pathogens, Lon contributes to

the production of virulence factors and host colonization [13, 14, 15, 16, 17]. Although

the importance of Lon-dependent regulation is well established in bacteria, relatively

few Lon substrates have been identified.

Lon regulates processes important for V. cholerae’s infectious cycle. Lon mu-

tants poorly colonize the host intestinal tract and display abnormal expression patterns

of cholera toxin and the toxin co-regulated pilus [13, 15]. Lon mutants are also highly

motile and hyper-activate the type VI secretion system (T6SS), a contact-dependent
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nanomachine that delivers anti-prokaryotic and anti-eukaryotic toxins to neighboring

cells [18, 19]. Finally, Lon also plays an important role in regulating biofilm formation

[13, 15, 20, 21]. Lon mutants form tangled, loosely packed biofilms composed primarily

of hyperfilamentous cells that have altered c-di-GMP levels and biofilm gene expression

[13, 15, 20].

Due to the irreversible nature of proteolysis, proteases must be strictly reg-

ulated. Indeed, diverse stressors, signaling molecules, adaptors, and anti-adaptors, as

well as specificity altering factors modulate Lon activity [11, 15, 21, 22, 23]. Cur-

rently, three Lon targets have been identified in V. cholerae, and proteolysis of each

target is condition-dependent. Lon represses motility as well as the expression of the

toxin co-regulated pilus and cholera toxin through proteolysis of the alternative sigma

factor (σ28) FliA [15]. However, Lon-dependent turnover of FliA is inhibited by the

anti-sigma factor FlgM, which functions as a Lon anti-adaptor [15]. Lon also represses

motility and T6SS-dependent killing through proteolysis of TfoY [13, 21, 24]. We pre-

viously showed that Lon-dependent proteolysis of TfoY is reduced by elevated levels

of c-di-GMP [21]. Finally, Lon activates biofilm gene expression during heat shock by

degrading the quorum-sensing master regulator HapR. However, since Lon-dependent

turnover of HapR is contingent upon heat shock, Lon likely regulates biofilm forma-

tion and biofilm-associated processes independently of HapR in most other conditions

[13, 15, 20, 21].

Most analyses on Lon have focused on Lon-dependent regulation in planktonic

grown cells. Thus, relatively little is known regarding how Lon regulates processes im-
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portant for biofilm formation. In the current study, we perform whole proteome and

whole transcriptome analyses on WT and ∆lon biofilms grown at 25◦C to identify po-

tential Lon substrates and Lon-regulated pathways in biofilms. Our analyses indicates

that Lon is important regulator of biofilm matrix production, virulence factor produc-

tion, nucleotide pool homeostasis, iron homeostasis, and DNA repair pathways during

the biofilm growth mode. Our analysis also found that PurH, NDK, and CspD were

among the most enriched proteins in the ∆lon biofilm. We find that Lon regulates the

steady-state levels of PurH and CspD, suggesting that these proteins are targeted by

Lon. Furthermore, we provide preliminary data indicating that Lon-dependent regula-

tion of CspD activates c-di-GMP biosynthesis while Lon-dependent regulation of PurH

represes c-di-GMP biosynthesis. In addition, we find that ∆lon strains are more sensi-

tive to streptonigrin, which induces cell death in the presence of free intracellular iron.

In addition, our initial results suggest that PurH, NDK, and CspD may play a protective

role in mitigating streptonigrin-induced cell death in ∆lon mutants. Finally, we show

that Lon-deficient strains are hypersensitive to DNA damage inflicted by mitomycin C.

The work outlined here provides valuable insights into how regulated proteolysis func-

tions to control processes important for biofilm formation, biofilm-associated virulence

factor production, c-di-GMP biosynthesis, and stress responses in V. cholerae.
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3.2 Results and Discussion

3.2.1 The Lon protease shapes the global proteome and transcriptome

during biofilm formation

The absence of proteolysis can lead to the enrichment of target proteins. To

identify putative Lon targets and Lon-regulated pathways during biofilm formation,

we compared the proteome and transcriptome of WT and ∆lon strains when grown

as biofilms. For these studies, we grew WT and ∆lon biofilms in drip flow reactors

and compared biofilm-associated phenotypes, including biofilm matrix production and

cellular c-di-GMP levels. We found that the ∆lon mutant formed biofilms composed of

hyperfilamentous cells (Fig 3.1A) with an overall reduction in cellular c-di-GMP (Fig

3.1B) and decreased abundance of the biofilm matrix proteins RbmA (Fig 3.1C) and

RbmC (Fig 3.1D), suggesting that Lon functions to regulate various aspects of biofilm

formation under these conditions. In addition, since the biofilm growth mode promotes

hyperinfectivity through increased virulence factor production, we tested the expression

of cholera toxin (Fig 3.1E) and toxin co-regulated pilus (Fig 3.1F). While we did not

observe differences in CtxA production, we found that the ∆lon mutant had elevated

levels of TcpA, the major pilin subunit of the toxin co-regulated pilus, indicating Lon

represses toxin co-regulated pilus levels in biofilms.

The proteomic analysis was performed using TMT-labeling and LC-MS/MS.

We applied a false discovery cutoff of 15% (p<0.15) to identify differentially regulated

proteins. This analysis detected 198 differentially regulated proteins in WT and ∆lon
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Figure 3.1: Lon regulates cell filamentation, c-di-GMP, biofilm matrix proteins, and
virulence factor production in biofilms. Analysis of cell morphology, intracellular c-di-
GMP, biofilm matrix proteins, and virulence factors in WT and ∆lon 48-hour drip flow
reactor biofilms. (A) Scanning electron microscopy of Vibrio cholerae WT and ∆lon
biofilms. Scale bars are provided for size reference. (B) Quantification of intracellu-
lar c-di-GMP by LC-MS/MS. Statistical analysis was performed using Student’s t-test
(**p<0.01). Western blot analysis of the biofilm matrix proteins (C) RbmA and (D)
RbmC as well as the virulence factors (E) TcpA and (F) CtxA. RNA polymerase was
used as a protein loading control.
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Figure 3.2: A volcano plot of proteins enriched in WT and ∆lon mutant biofilms. The
proteomes of WT and ∆lon biofilms (n = 3) that had been grown for 48-hours in drip
flow reactors were analyzed. A Student’s t-test using Benjamini-Hochberg FDR cutoff
of 15% was applied to identify proteins that were statistically significantly enriched.
Proteins statistically significantly enriched in ∆lon are labeled in orange and proteins
statistically significantly enriched in WT are labeled in cyan.
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biofilms (Fig 3.2). Of these, 96 proteins were increased and 102 proteins decreased

in abundance in the ∆lon biofilm relative to WT, respectively (Table B.1: Proteins

Enriched in ∆lon) (Table B.2: Proteins Enriched in WT). The transcriptional profil-

ing studies were performed using RNA-seq and a false discovery rate of 15% (p<0.15)

was applied to identify differentially regulated transcripts. The transcriptomic profil-

ing experiment identified 1,194 differentially regulated genes (Fig. 3.3). Of these, 883

transcripts increased in abundance and 1,111 decreased in abundance in ∆lon biofilm

relative to WT, respectively. To better understand how Lon regulation impacts various

cellular processes during biofilm formation, we analyzed our proteomic and transcrip-

tomic data sets for genes involved in Lon-associated biofilm, motility, T6SS, virulence

factor, and stress-related phenotypes.

3.2.2 Regulation of Biofilm Formation

Biofilm formation requires the biofilm matrix components Vibrio polysaccha-

ride (VPS), encoded in vps-I and vps-II operons, and the matrix proteins RbmA, Bap1,

and RbmC. A complex regulatory hierarchy governs the regulation of biofilm formation;

however, VpsT and VpsR, transcriptional regulators whose activity is enhanced by c-di-

GMP binding, function as the master regulators of biofilm gene expression [2, 25]. We

observed a 1.9-fold reduction in RbmA protein levels and a 3.3-fold reduction in RbmC

protein levels in the ∆lon mutant relative to WT. There were small but significant tran-

script abundance reductions in most biofilm matrix genes in the ∆lon mutant relative

to WT (Fig 3.4A). We did not observe significant changes in protein and transcript
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Figure 3.3: Whole transcriptome analysis of WT and ∆lon from biofilms. A volcano plot
of differentially enriched transcripts from WT and ∆lon biofilms. The transcriptome of
WT and ∆lon biofilms (n = 3) that had been grown for 48-hours in drip flow reactors
were analyzed. An FDR cutoff of 0.5% was applied to identify transcripts that were
differentially expressed. Transcripts significantly enriched in ∆lon are labeled in orange
and transcripts significantly enriched in WT are labeled in cyan.
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abundance of VpsT. While VpsR protein levels were not altered, VpsR transcript levels

were elevated modestly (1.4-fold) in the ∆lon mutant relative to the WT strain. Levels

of c-di-GMP change during biofilm formation and increase VpsR and VpsT activity.

Since the ∆lon biofilm has significantly reduced c-di-GMP levels relative to the WT

biofilm, lower c-di-GMP levels may result in reduced gene expression from VpsR and

VpsT regulated promoters.

We also note that CsrA protein (1.5-fold enriched) and transcript (2.5-fold)

levels were elevated relative to WT in the ∆lon biofilm. CsrA is an RNA binding

protein that can impact the stability, elongation, and translation efficiency of RNA

targets [26, 27, 28, 29]. Recent work suggests that CsrA positively regulates biofilm

gene expression during the exponential phase but inhibits biofilm gene expression during

the stationary phase. Furthermore, it was recently shown that rbmA transcript co-

immunoprecipitates with CsrA, suggesting CsrA may directly regulate rbmA [30]. Thus,

one possibility is that the elevated levels of CsrA in the ∆lon biofilm results in direct

repression of RbmA and indirect repression of other biofilm matrix genes. Future studies

using both genetic and biochemical assays will be required to establish the role of CsrA

in V. cholerae biofilm formation and it’s role in Lon-dependent phenotypes.

3.2.3 Regulation of Flagellar Assembly

Flagellar genes are categorized hierarchically based on their sequential activa-

tion by the transcriptional regulators FlrA, RpoN (σ 54), FlrC, and FliA [31]. FlrA

is the lone class I gene and activates RpoN-dependent transcription of class II flagellar
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Figure 3.4: Heat maps of differentially expressed genes and proteins that are up-
regulated or down-regulated in the ∆lon biofilm relative to WT. Shown are selected
genes that encode for (A) biofilm matrix production, (B) flagellar assembly, (C) T6SS
assembly, (D) virulence factor production, and (D) iron transport systems. Transcripts
and proteins that increased in abundance are labeled in orange while those that de-
creased are labeled in cyan. The log2 fold change (∆lon/WT) for each gene is shown
on their respective cells.
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genes. Class II flagellar genes include the FlrBC two-component system, promoting

RpoN-dependent transcription of class III flagellar genes. When the anti-sigma factor

FlgM is exported out of the flagellar hook, FliA activates class IV flagellar gene ex-

pression. FlrA functions as the master regulator of flagellar gene expression due to its

placement at the top of the flagellar regulatory hierarchy, and flrA deficient mutants

typically display reduced transcription from class II-IV flagellar genes.

We observed a 1.5-fold increase in the flagellar hook protein FlgE (VC2197)

in the ∆lon mutant relative to WT. However, no other flagellar proteins were signifi-

cantly different in the proteomics. The ∆lon mutant exhibited flagellar gene expression

patterns atypical of the flagellar regulatory cascade (Fig 3.4B). Specifically, message

abundance of class I, II, and IV genes are decreased; however, most class III genes are

elevated. FlrC regulates class III flagellar genes; however, flrC transcript is reduced

in the ∆lon mutant. This finding suggests that rather than abundance, the activity of

FlrC may be altered. FlrC heptameric assembly is inhibited by c-di-GMP [32]. Thus,

the reduced levels of c-di-GMP in the ∆lon biofilm might facilitate FlrC-dependent

transcription of class III flagellar genes. It is important to note that c-di-GMP also

directly inhibits FlrA activity, and the reduced c-di-GMP in the ∆lon mutant did not

lead to an increase in FlrA-dependent gene expression [33]. This is likely because FlrA

binds to c-di-GMP more tightly than FlrC and is therefore, more easily repressed by

c-di-GMP [32, 33].
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3.2.4 Regulation of Pathogenesis

Most genes required for V. cholerae pathogenesis are located on the Vibrio

pathogenecity island (VPI) and the CTXΦ prophage [34]. The VPI, also known as

the toxin co-regulated pilus island, contains the genes required for biogenesis of the

toxin co-regulated pilus [34]. In addition, the VPI contains other genes that are known,

or thought to, enhance fitness during infection such as accessory colonization factors

(acfABCD), an aldehyde dehydrogenase (aldA), and the ToxR-activated genes (tagA

and tagE-1 ) [35, 36, 37, 38]. The CTXΦ prophage contains the genes for cholera toxin

biogenesis (ctxAB). The toxin co-regulated pilus and cholera toxin are required for effi-

cient colonization, the onset of cholera symptoms, and biofilm hyperinfectivty [5, 39, 40].

Thus, the toxin co-regulated pilus and cholera toxin are considered the primary virulence

determinants in V. cholerae. The proteomic analysis found that levels of pathogenesis-

related proteins were higher in ∆lon compared to WT. More specifically, AcfB was 2.4-

fold enriched, TcpA was 1.5-fold enriched, and TcpB was 1.6-fold increased in the ∆lon

mutant relative to WT. The increased levels of TcpA in the ∆lon mutant are consis-

tent with our earlier observations (Fig3.1 F). Interestingly, the transcript abundance of

AcfB, TcpA, and TcpB were reduced 7.8-fold, 4.1-fold, and 16-fold, respectively. Indeed,

all genes encoded on the VPI and CTXΦ showed decreased transcript abundance (Fig

3.4D). Together, this indicates that opposing transcriptional and post-transcriptional

regulatory mechanisms are influencing virulence factor production in the ∆lon biofilm

relative to WT.
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In V. cholerae, transcriptional regulation of pathogenesis genes is under the

control of TcpPH, ToxRS, HapR, FliA, AphAB, and ToxT [34, 41]. Transcriptional

activation of the virulence regulon is controlled primarily by the TcpPH and ToxRS

two-component signaling networks, which function to drive the expression of ToxT, the

master regulator of virulence gene expression [39, 40, 42]. ToxT activation leads to the

expression of virulence genes, including those located on the VPI and CTXΦ prophage

[40]. Repression of the ToxT regulatory module can occur in several ways. First, at high

cell density, the quorum-sensing regulator HapR can repress AphA and AphB, which

leads to reduced transcription of tcpPH [43]. Reduced tcpPH transcription leads to

reduced toxT transcription [43]. In addition, FliA is thought to function as both an

activator and repressor of the virulence cascade by bridging motility and quorum sensing

signaling networks [15, 31, 44]. Specifically, during penetration of the intestinal mucosa,

the flagellar filament breaks, which permits secretion of the anti-sigma factor FlgM [44].

In the absence of FlgM, FliA represses virulence gene expression [16,31]. However,

FliA also represses hapR transcription and this is thought to prime the activation of

the virulence cascade by derpressing HapR control of aphA [44]. HapR is optimally

produced at high cell density. Since the infectious dose of V. cholerae is relatively

high (106 CFU/mL) levels of HapR are also likely high. Thus, it is thought that FliA

repression of hapR transcription is important in resetting the quorum sensing regulatory

module back to a low cell density state [44]. The absence of FlgM, however, also permits

proteolysis of FliA by Lon [16]. Together, this regulatory circuit is thought to ensure

virulence factor production occurs when V. cholerae is properly situated in the host
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intestinal tract [44]. Since both HapR and FliA are targets of Lon, and both regulators

can repress virulence factor production, the enrichment of either HapR or FliA in the

transcriptomic or proteomic datasets would indicate their involvement in repressing

the virulence regulon in the ∆lon biofilm [15, 20] [16,21]. However, neither HapR nor

FliA were differentially regulated in the proteomics, and hapR and fliA transcripts

were modestly decreased in the ∆lon biofilm. Together, this suggests that HapR and

FliA-independent mechanisms function to repress virulence gene expression in the ∆lon

biofilm.

Another mechanism that shuts down virulence gene expression is the accumu-

lation of unsaturated fatty acids (UFA), which bind to and inhibit ToxT activity [45, 46].

When UFAs are high, fatty acid catabolic pathways are upregulated while fatty acid

biosynthesis pathways are down regulated [47, 48]. The fatty acid catabolic genes FadA

(4.3-fold enriched), FadB (2-fold enriched), and FadI (2.1-fold enriched) were among the

most enriched proteins in the ∆lon biofilm, and the transcriptomics revealed similar

trends in transcript abundance. Conversely, protein levels of the fatty acid biosynthesis

genes FabF (1.5-fold decreased) and FabV (1.2-fold decreased) were reduced. Interest-

ingly, it was recently shown that the dicyclic nucleotide cyclase, DncV (VC0179), and

the phospholipase CapV (VC0178) positively regulate fatty acid catabolism and inhibit

fatty acid biosynthesis [49]. It has been proposed that DncV/CapV may modulate

ToxT activity by regulating intracellular UFA levels [49, 50]. More specifically, DncV

produces cyclic GMP-AMP (cGAMP), a signaling molecule that binds to, and directly

activates, CapV phospholipase activity. When bound to cGAMP, CapV functions to
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remove long-chain fatty acids (LCFA) from the cell membrane. Thus, DncV and CapV

may regulate ToxT activity by modulating fatty acid catabolism. Interestingly, CapV

protein levels were 2.3-fold enriched and DncV protein levels were 1.4-fold enriched.

In addition, we identified the hypothetical protein VC0178A (WP 001125591.1) to be

4-fold increased in the ∆lon biofilm. VC0178A is not annotated in the N16961 genome;

however, it is located immediately upstream of the dncV/capV operon and may consti-

tute an additional component of this system.

An intriguing question that remains is how protein levels of TcpA, TcpB, and

AcfB are elevated despite the substantial decreases in their transcript abundance in the

∆lon biofilm. One possible explanation is that translation of these genes is enhanced

through the action of translational regulators. RNA binding proteins are known to

regulate translation efficiency and we identified elevated levels of two proteins that are

known (CsrA) or are predicted (CspD) to be RNA binding proteins in the ∆lon -omics

data sets. CsrA is known to positively impact the production of virulence-related genes

by promoting the translation of aphA, a positive regulator of the virulence cascade.

However, we did not detect increased levels of AphA protein in the proteomics data sets

[30]. In addition, it is not known if CsrA directly controls of tcpA, tcpB, or acfB. The

second translational regulator is CspD which was 4.0-fold enriched in the proteomics

and 6.5-fold enriched in the transcriptomics. A function for CspD in virulence gene

regulation has not been explored. Thus, additional analysis is required to determine

what role, if any, CsrA and CspD have in virulence factor production.
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3.2.5 Regulation of Iron Homeostasis

Among the most significantly reduced proteins in the ∆lon biofilm were those

involved in the acquisition and transport of iron (Fig3.4 E). The abundance of proteins

involved in the acquisition and transport of vibriobactin, enterobactin, heme, and ferric

iron were significantly lower in the ∆lon biofilm relative to the WT strain. More specif-

ically, VctP (VCA0227), which encodes a periplasmic vibriobactin binding protein, was

3.3-fold reduced in the ∆lon biofilm and ViuA (VC2211), which encodes a vibriobactin

TonB-dependent receptor, was 1.8-fold reduced in the ∆lon biofilm. In addition, both

IrgA (VCA0475) and VctA (VCA0232), which encode enterobactin TonB-dependent re-

ceptors, were 1.6 and 1.4-fold reduced in the ∆lon biofilm relative to WT. Furthermore,

HutA (VCA0576), which encodes the TonB-dependent receptor for heme, and HutX,

which encodes a heme cytosolic carrier protein, were 1.6-fold and 2.7-fold reduced, re-

spectively. Finally, FbpA (VC0608), which encodes a periplasmic ferric iron-binding

protein, was 1.8-fold reduced. Additional analysis of the operons encoding the vib-

riobactin and enterobactin permease systems VctPDGC (VCA0227-30), heme perme-

ase system HutBCD (VCA0914-VCA0916), and ferric iron permease system FbpABC

(VC0608-VC0610), as well as their respective TonB-dependent receptors, revealed re-

ductions in transcript abundance ranging from 1.5-10-fold in the ∆lon biofilm relative

to WT. In Vibrio cholerae, the transcriptional regulator Fur represses these iron acqui-

sition systems when intracellular iron levels are high. Thus, it seems likely that the

cellular levels of iron are greater in the ∆lon biofilm than its WT counterpart. It is
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also interesting to note that ToxT indirectly activates iron uptake genes [50]. Thus, it

is possible that repression of ToxT by UFAs may also contribute to the repression of

these iron uptake systems in the ∆lon biofilm.

While iron is an essential cofactor in many enzymatic processes, cells need

to balance intracellular iron levels to avoid generating reactive oxygen species (ROS),

such as hydrogen peroxide and superoxide, which can lead to systemic cellular damage.

For example, nucleobases, especially guanosine nucleotides, are highly susceptible to

oxidation and can lead to DNA base mispairing, the formation of DNA lesions, and

double-stranded DNA (dsDNA) breaks [51, 52, 53]. We know little regarding the con-

sequences of RNA oxidation by ROS; the existing evidence suggests that tRNAs and

ribosomes are susceptible to oxidative stress and that misincorporation of oxidized bases

into mRNA can reduce translation efficiency [53, 54]. Furthermore, ROS can lead to

the peroxidation of lipid molecules leading to their degradation [53]. Finally, oxidation

of essential enzymatic cofactors or the amino acids methionine and cysteine can lead

to loss of enzymatic activity, protein misfolding, and proteotoxic stress [53, 55, 56].

Interestingly, it was recently shown in Salmonella enterica, that loss of lon results in

increased metal ion uptake and oxidative stress [57].

3.2.6 Regulation of Reactive Oxygen Stress Response Pathways

In V. cholerae, the SoxRS two component system as well as the transcrip-

tional regulators OxyR-1 and OxyR-2 are involved in sensing and responding to ROS

[58, 59, 60]. Both systems rely on regulators that become active in the presence of
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oxidizing conditions [61, 62]. For example, SoxR (VCA0084) monomers each contain an

iron sulfur [2Fe-2S] cluster and assemble into a homodimer. SoxR activation requires

full oxidation of its iron sulfur cluster core (Fe3+ - Fe3+). Fully oxidized SoxR activates

SoxS (VC1825), which in turn leads to the expression of genes to cope with ROS such

as the superoxide dismutases sodA (VC2694), sodB (VC2045), and sodC (VC1583) [63].

Similarly, OxyR-1 becomes active when a critical cysteine becomes oxidized [61]. The V.

cholerae OxyR-2 is thought to be activated similarly and functions to regulates OxyR-

1 activity [58,59,61]. Active OxyR-1 and OxyR-2 lead to the production of hydrogen

peroxide scavenging genes such as alkylhydroperoxide reductase, ahpC (VC0731). No-

tably, hydrogen peroxide also activates the expression of the catalases katG (VC1560)

and katB (VC1585), albeit independently of OxyR-1 [64]. None of the listed genes were

identified in the proteomics analysis. Furthermore, all of these genes were either not

differentially regulated or only modestly downregulated (1.2 to 1.5-fold reduced) in the

∆lon transcriptomic profiling experiment. The only exception to this was the transcript

for katG, which was 1.5-fold increased in the ∆lon mutant. The SoxRS and OxyR-1

systems primarily respond to superoxide and hydrogen peroxide. Since these systems

function as direct redox sensors of these stressors, it seems unlikely that intracellular

superoxide or hydrogen peroxide are at high enough concentrations to activate these

systems in the ∆lon biofilm.
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3.2.7 Regulation of Reactive Nitrogen Stress Response Pathways

While ROS response pathways were only modestly different in WT and ∆lon

biofilms, pathways that sense and respond to reactive nitrogen species (RNS) were

among the most upregulated proteins and transcripts in the ∆lon biofilm. While SoxRS,

OxyR-1, and OxyR-2 regulated genes were only modestly different in WT and ∆lon

biofilms, proteins and transcripts of genes involved in the detoxification and response to

reactive nitrogen species (RNS) were substantially different in WT and ∆lon biofilms.

RNS exert systemic cellular damage. For example, nitric oxide can disrupt the func-

tion of proteins containing cysteine residues and can also damage proteins with haeme

centers and labile 4Fe-4S iron sulfur clusters. Many enzymes involved in the electron

transport chain (ETC) depend on cysteine, haeme, and iron sulfur clusters for electron

transfer. Thus, RNS is often associated with growth inhibition due to the the collapse

of the ETC. In addition, RNS can corrupt the nucleotide pool by reacting with nucle-

obases, particularly guanosine nucleotides, leading to DNA mutagenesis and impaired

translation [65, 66].

In V. cholerae, the nitric oxide response is mediated through NorR (VCA0182),

which contains a non haeme iron that forms a mononitrosyl iron complex in the presence

of RNS [67, 68]. In E. coli, NorR activation occurs in the presence of nitric oxide,

nitrite, and nitrate [68, 69, 70]. The formation of the mononitrosyl iron complex leads

to NorR’s activation. NorR proceeds to activate transcription of hmpA (VCA0183) and

nnrS (VC2330), which detoxify RNS [67, 68]. In addition, NorR functions repress its
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own transcription [67]. HmpA was one of the most enriched proteins in the ∆lon biofilm

(4.5-fold enriched). In addition, hmpA and nnrS transcription were increased 5.4-fold

and 6.5-fold respectively in the ∆lon biofilm. Finally, norR transcription was decreased

by 1.7-fold in the ∆lon mutant relative to WT. Together, this suggests that the ∆lon

mutant may be experiencing stress due to RNS.

3.2.8 Regulation of DNA Repair Pathways

We identified numerous enzymes involved in DNA repair to be upregulated in

the ∆lon biofilm proteomics and transcriptomic datasets. Specifically, RecA (VC0543),

which is involved in DNA recombination and repair, was 2.2-fold enriched in the ∆lon

proteomics and 2-fold enriched in the ∆lon transcriptomics. Furthermore, RecN (VC0852)

and RecX (VC0544) transcripts were 3-fold increased in the ∆lon biofilm. RecA, RecN,

and RecX are members of the bacterial recombination system, which help repair stalled

replication forks and DNA lesions through homologous recombination [71]. In addition,

UvrA (VC0394), a nucleotide excision repair (NER) pathway component, was 1.6-fold

enriched in both the ∆lon proteomics and transcriptomics [71]. NER functions to repair

diverse genotoxic DNA lesions. In addition, Dps (VC0139), which encodes for a DNA-

binding oxidative stress defense protein, was 1.7-fold enriched in the ∆lon proteomics

and 2-fold increased in the ∆lon transcriptomics. Finally, there was a 2-fold enrichment

of the transcript and protein abundance of VC0428, which belongs to the universal

stress protein superfamily of proteins. Universal stress proteins protect cells from di-

verse stressors, including oxidative stress, though the protective mechanisms utilized by
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these enzymes are poorly understood. Together, this suggests that Lon-deficient strains

are likely coping with some sort of DNA damage. Indeed, inhibition of cell division and

subsequent filamentation is often associated with DNA damage, nucleotide starvation,

or corruption of the nucleotide pool [72, 73, 49, 74].

3.2.9 Analysis of Lon Targets

To identify Lon targets in biofilm-grown cells, we focused on three of the pro-

teins with the highest abundance in the proteomics: PurH, NDK, and CspD. The two

most enriched proteins identified in our proteomics were PurH (6.2-fold enriched) and

NDK (4.6-fold enriched). PurH encodes for the bifunctional phosphoribosylaminoim-

idazolecarboximide formyl transferase/IMP cyclohydrolase; it catalyzes the final two

steps in inosine monophosphate (IMP) biosynthesis, a precursor of purine nucleotides

[75]. NDK encodes for nucleoside diphosphate kinase, a broadly conserved enzyme that

plays an important role in regulating nucleotide homeostasis [76]. NDK catalyzes the

reversible transfer of γ-phosphates from nucleoside triphosphates (NTPs) to nucleo-

side diphosphates (NDPs) as well as deoxynucleoside diphosphates (dNDPs) [77, 78].

NDK enzymatic activity results in the generation of nucleoside triphosphates (NTPs)

and deoxynucleoside triphosphates (dNTPs), respectively. While NDK has broad sub-

strate specificity, NDK acts most favorably on guanosine nucleotides [77, 78, 79]. Since

diguanylate cyclases (DGCs) generate c-di-GMP from 2GTP, enzymes that alter the

cellular pool of GTP are likely to influence c-di-GMP levels.

The most enriched regulatory protein identified in our analysis was CspD (4-
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fold enriched), belonging to the CspA family of cold shock proteins. In E. coli, Lon

regulates steady-state levels of CspD in vivo and in vitro [80]. The Lon protease encoded

by V. cholerae Lon shares 82% identity to its E. coli homolog, indicating that there

may be some conservation in the proteins they target. Indeed, V. cholerae and E. coli

Lon have overlapping substrate profiles [15, 21, 81, 82]. A role for CspD in regulating

V. cholerae cellular processes remains unexplored; however, its enrichment in the ∆lon

biofilm suggests it may play an important role in regulating Lon-dependent processes.

3.2.10 The role of Lon on effecting steady-state levels of PurH, NDK,

and CspD

To determine if PurH, NDK, or CspD might be Lon substrates, we generated

FLAG tagged PurH, NDK, and CspD overproduction strains. An inducible promoter

drove the expression of the tagged constructs at the neutral Tn-7 site in ∆purH, ∆ndk,

and ∆cspD strains. In addition, we also generated a similar set of strains in ∆lon genetic

backgrounds. To determine the impact of Lon on the stability of these proteins, we

inhibited protein translation with chloramphenicol addition and then analyzed protein

abundance over time. While we did not observe NDK stability to be regulated by Lon,

we did find that PurH and CspD were more stable in the absence of Lon, suggesting

that PurH and CspD are Lon targets. These assays should be repeated to validate that

Lon affects PurH and CspD steady state levels.

It is important to note that this experiment was performed using planktonic

cultures grown to stationary phase. These conditions are unlikely to reproduce the
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Figure 3.5: In vivo stability of PurH, NDK, and CspD. 3xFLAG tagged PurH, CspD,
and NDK were placed under the control of the Ptac promoter at the Tn7 locus in the
mutant strains indicated. Each mutant was grown aerobically overnight in the pres-
ence or absence of 0.1mM IPTG. Levels of each protein were assessed before and after
translational inhibition. (A) Steady state levels of PurH in ∆purH and ∆lon∆purH
backgrounds. (B) Steady state levels of NDK in ∆ndk and ∆lon∆ndk. (C) Steady
state levels of CspD in ∆cspD and ∆lon∆cspD backgrounds. PurH, NDK, and CspD
were detected with FLAG antibody. Cells were normalized by optical density and by
BCA. For CspD, RNA polymerase was included as an additional protein loading control.
PurH and NDK possess a 3xFLAG tag on the C-terminal region while CspD possesses
a 3xFLAG tag on the N-terminal region.

109



conditions found in a mature biofilm. Thus, we cannot definitively rule out NDK as a

Lon target. Additional PurH, NDK, and CspD abundance analysis should be assessed

from 48-hour biofilms in WT and ∆lon mutants. It is also important to note that while

epitope tags are an efficient way of detecting a protein, some tags can interfere with

Lon substrate acquisition [83]. Thus, these studies should be repeated using antibodies

raised against PurH, NDK, and CspD.

3.2.11 The role of PurH, NDK, and CspD in c-di-GMP and biofilm

matrix production during biofilm formation

Next, we sought to determine what role, if any, PurH, NDK, and CspD might

have in c-di-GMP and biofilm matrix production in mature biofilms. Thus, we con-

structed purH, ndk, and cspD mutants in WT and ∆lon genetic backgrounds to de-

termine their role in these processes during biofilm formation. To accommodate the

number of mutant strains and to acquire sufficient biomass for mass spectrometry and

western analysis, we grew mutants as tube biofilms for 48-hours. Our preliminary data

indicate that the ∆lon mutant had significantly reduced c-di-GMP (3.6A) as well as re-

duced RbmA and RbmC (Fig 3.6B and 3.6C) relative to the WT strain. These results

are consistent with our 48-hour drip flow reactor biofilms, suggesting that c-di-GMP

regulation under these conditions is similar. PurH, NDK, and CspD single mutants

did not alter c-di-GMP pools (Fig. 3.6A) or biofilm matrix production (Fig. 3.6B),

indicating they are dispensable for these processes in the presence of Lon.

While deletion of ndk in the ∆lon mutant did not alter c-di-GMP, deletion
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Figure 3.6: Quantification of intracellular c-di-GMP and biofilm matrix proteins from
biofilms. V. cholerae WT and mutant strains were grown in silicone tubing under
constant flow for 48-hours in LB. (A) The biofilms were harvested and c-di-GMP was
extracted and then quantified by high performance liquid chromatography-tandem mass
spectrometry (HPLC-MS/MS). The value of each individual replicate is shown. (B)
RbmA and RbmC levels were also assessed by western blot. RNAP was used as a
biomass loading control.

of purH in the ∆lon mutant significantly decreased c-di-GMP levels, indicating that

PurH positively contributes to c-di-GMP biosynthesis in biofilm-grown ∆lon strains.

Furthermore, deletion of cspD in the ∆lon mutant appears to restore c-di-GMP levels

to those similar to WT, indicating that CspD functions to repress c-di-GMP biosyn-

thesis in the ∆lon biofilm. We note that additional replicates are required to validate

these findings. If these findings are reproducible, it would suggest that Lon represses

c-di-GMP biosynthesis by regulating PurH and activates c-di-GMP biosynthesis by reg-

ulating CspD. Interestingly, loss of purH and cspD in the ∆lon mutant did not alter

RbmA or RbmC levels. Since these two proteins are transcriptionally activated by c-di-

GMP, we expected the levels of RbmA and RbmC protein to correspond with c-di-GMP

pools. Thus, translational regulatory mechanisms may be involved in controlling RbmA
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and RbmC production in the ∆lon mutant.

3.2.12 The role of PurH, NDK, and CspD in motility and T6SS-

dependent killing phenotypes

We also wondered if PurH, NDK, and CspD might participate in other Lon-

associated phenotypes. Specifically, we asked if they influenced motility or type VI

secretion system (T6SS)-dependent killing. We did not observe differences in motility in

the ∆purH, ∆ndk, or ∆cspD strains between WT (Fig. 3.6A). In addition, there were

no differences in motility phenotypes of the ∆lon∆purH, ∆lon∆ndk, or ∆lon∆cspD

strains and ∆lon single mutant. We observed similar pattern for the T6SS-dependent

killing assays (Fig. 3.6B). The lone exception was that deletion of cspD resulted in

significantly increased killing relative to WT. However, deletion of cspD in the ∆lon

background did not further increase killing in the ∆lon mutant. The enchanced T6SS-

dependent killing observed in the ∆lon mutant is due to TfoY [21]. Since loss of cspD

does not reduce T6SS-dependent killing in the ∆lon mutant, it is likely that CspD

functions upstream of TfoY.

3.2.13 The role of PurH, NDK, and CspD in stress response pheno-

types

The down regulation of iron transport systems in the ∆lon biofilm are consis-

tent with Fur mediated repression under iron replete conditions [84]. Streptonigrin is an

antibiotic that leads to DNA damage in the presence of oxygen and free intracellular iron
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Figure 3.7: Quantification of flagellar motility and T6SS-dependent killing. For motil-
ity assays, single colonies were stabbed into LB soft agar plates (0.3% agar) and in-
cubated at 30C for 18 hours. (A) The swimming motility phenotypes of WT, ∆purH,
∆ndk, ∆cspD, ∆lon, ∆lon∆purH, ∆lon∆ndk, and ∆lon∆cspD were assessed. (B) The
T6SS-dependent killing phenotypes of WT, ∆purH, ∆ndk, ∆cspD, ∆lon, ∆lon∆purH,
∆lon∆ndk, and ∆lon∆cspD were determined by enumerating the survival of E. coli
MC4100, which is susceptible to T6SS-mediated attacks. In addition, hcp was included
as a negative control for T6SS-dependent killing.

[85]. Thus, we indirectly assessed free intracellular iron levels by quantifiying strepton-

igrin induced cell death of WT and ∆lon mutant strains (Fig. 3.7A). Our preliminary

results indicate that mutants deficient in Lon are more susceptible to streptonigrin

treatment than WT. In addition, loss of ndk in the WT genetic background resulted

in decreased survival. In addition, loss of ndk in the ∆lon genetic background further

decreased the fitness of this strain relative to the ∆lon single mutant. The ∆purH and

∆cspD single mutants strains did not appear to be more vulnerable to streptonigrin

than the WT strain. However, loss of purH or cspD in the ∆lon genetic background
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led to further decreases in survival. This data supports the hypothesis that levels of

intracellular iron are elevated in the ∆lon mutant. Futhermore, it suggests that NDK,

CspD, and PurH may play protective roles in defending against streptonigrin induced

cell death.

Figure 3.8: Survival of V.cholerae WT and mutant strains during streptonigrin and
mitomycin C treatment. (A) V. cholerae WT and mutant strains were grown overnight
at 37C in LB media supplemented with 1ug/mL of streptonigrin or (B) 0.025ug/mL of
mitomycin C. The CFU/mL of surviving V. cholerae was enumerated.

Lon-deficient mutants are often more susceptible to DNA damage. Thus, we

assessed the susceptibility of WT and ∆lon in the presence of mitomycin C (MMC); a

cytotoxic DNA crosslinking agent (Fig 3.7B). We found that ∆lon was extraordinarily

sensitive to MMC treatment. Complementation of lon at the Tn7 locus restored survival

to WT levels. This indicates that Lon plays an important role in the DNA damage

response in V. cholerae. Further analysis is required to determine what role PurH,
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NDK, and CspD play in protecting cells from MMC. This would help establish if they

function specifically in regulating iron homeostasis, or more generally in response to

DNA damage. Furthermore, since RNS response pathways are upregulated in the ∆lon

biofilm, it would be interesting to explore if these enzymes also mitigate RNS toxicity.

3.2.14 Concluding Remarks

In this study, we used proteomic and transcriptomic analyses to identify Lon

regulated processes in biofilms. Our data indicates that Lon controls biofilm matrix

production, virulence factor production, nucleotide pool homeostasis, iron homeostasis,

and DNA repair pathways; processes that are known to influence V. cholerae’s fitness

in its environmental resevoirs and during infection [5, 84, 86]. Thus, future studies

directed at understanding the mechanisms by which Lon controls these processes will

be of considerable interest.

The data shown here suggests that PurH and CspD are likely Lon substrates

and that Lon-dependent control of these enzymes influences c-di-GMP biosynthesis.

Additional analysis of the role of these enzymes on biofilm development is warranted.

Growth of fluorescently labled mutant strains in flow cell biofilms would allow the im-

pact of PurH and CspD at different stages of biofilm development to be assessed. In

addition, it will be interesting to determine if PurH, NDK, or CspD influence virulence

factor transcription or translation and what role these enzymes play in host colonization.

Finally, determing the mechanism by which PurH, NDK, and CspD mitigate streptoni-

grin induced toxicity will be of interest. Indeed, the hyperfilamentation of ∆lon mutants
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coupled with the upregulation of DNA repair and stress response pathways suggests that

∆lon mutant is attempting to cope with genotoxic stress. The source of this stressor

is currently unclear, however, the upregulation of RNS response enzymes indicates that

nitrosative stress is the likely culprit.

It is interesting to note that purine nucleotides, especially guanosine bases, are

especially susceptible to ROS and RNS. Oxidized and nitrated nucleotides such as 8-

oxoguanine and 8-nitroguanosine are mutagenic. Thus, it seems paradoxical that PurH

and NDK, enzymes that enhance the production of guanosine nucleotides, would func-

tion to preserve the viability of Lon-deficient mutants when challenged with genotoxic

stress. One possibility is that the corruption of the nucleotide pool leads to the upreg-

ulation of enzymes that can replenish the pool useable nucleotides. Thus, PurH and

NDK may ensure that uncorrupted purine nucleotides are available for DNA and RNA

synthesis. It is also interesting to note that 8-nitroguanosine 3’,5’-cyclic monophosphate

(8-nitro-cGMP), functions as an important secondary messenger molecule in eukaryotic

cells that modulates the cellular oxidative stress responses [87]. While a role for nitrated

bases in prokaryotic secondary messenger signaling has not been explored, it is tempt-

ing to speculate similar systems exist. In either scenario, these enzymes would need to

be strictly regulated in order to ensure their mutagenic properties don’t outweigh their

protective properties. Thus, Lon-dependent regulation of these enzymes may act as a

control checkpoint to preserve nucleotide pool homeostasis.
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3.3 Materials and Methods

3.3.1 Bacterial Strains and Growth Conditions

The bacterial strains used in this study can be found in S4 Table. V. cholerae

and E. coli strains were grown aerobically in Lysogeny Broth (LB) broth (1% tryptone,

0.5% yeast extract, 1% NaCl, pH 7.5) at 30◦C and 37◦C, respectively. LB agar contained

granulated agar (Difco) at 1.5% (wt/vol). Antibiotics were used when necessary at the

following concentrations: rifampin, 100 µg/ml; ampicillin, 100 µg/ml; gentamycin, 15

µg/ml; streptonigrin, 1µg/mL, and mitomycin C, 0.0250µg/mL.

3.3.2 Strain and Plasmid Generation

Plasmids were constructed using standard cloning methods or the Gibson As-

sembly recombinant DNA technique (New England BioLabs, Ipswich, MA). Gene dele-

tions were carried out using allelic exchange of the native open reading frame (ORF)

with a truncated ORF, as previously described [88]. The generation of complementation

and overexpressing mutants was carried out using a Tn7-based system, as previously de-

scribed [14,89]. For overexpression of purH, ndk, and cspD, the open reading frames were

cloned into pMMB67EH vectors designed to include either N- or C-terminal 3xFLAG

tags. The vectors contain the IPTG inducible Ptac system. The Ptac-ORF fusions

were then cloned into the pGP704-Tn7 plasmid. Triparental matings with donor E.

coli S17λpir carrying the pGP704-Tn7 plasmid with the gene of interest, helper E. coli

S17λpir harboring pUX-BF13, and V. cholerae deletion strains were carried out by mix-

117



ing all three strains and incubating mating mixtures on LB agar plates for 18 h at 30◦C.

Transconjugants were selected on LB media containing rifampicin and gentamycin at

30◦C. Insertion of the complementation construct to the Tn7 site was verified by PCR.

3.3.3 Biofilm Assays

Drip flow reactor (DFR) biofilm experiments were performed using a 6-chamber

drip flow reactor purchased from BioSurface Technologies Corporation (BST). Cell den-

sity was normalized to approximately 109 CFU/mL in 15mL, and 100µL of this was

set aside for serial dilutions, which were used to verify equal loading of the cham-

bers. The DFR was laid flat, and 15 mLs of bacterial culture was added to each

chamber to promote initial attachment to uncoated glass slides. After 1-hr, the 15mL

of bacterial culture was decanted to remove non-adherent cells. The DFR was then

placed at a 10◦ angle, and a peristaltic pump was used to flow LB medium at a rate

of 0.8mL/minute/channel (8.25 RPM) to each chamber. Biofilms were grown at 25◦C

for 42-hours. The entire biofilm was harvested in 2.5mLs of 1xPBS buffer. Then, 1mL

of culture was spun down and used for proteome analysis, 1mL was used for c-di-GMP

quantification, and 200µL was used for BCA quantification. In addition, 100µL of the

remaining culture was serially diluted to enumerate the total CFU/mL of the biofilm.

An unpaired Students t-test was used to assess statistical differences between the input

and outputs from the DFR biofilms.
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3.3.4 Proteome Analysis

For proteome analysis, DFR biofilms were grown as indicated above. The 1mL

of bacterial culture taken for proteome analysis was spun down and resuspended in

500µL of 50mM Tris pH 8.0 containing 8M Urea. The samples were then immediately

flash frozen and stored at -80◦C. Isobaric mass tag labeling was prepared using the

TMT 6-plex kit (Fisher Scientific). TMT labeling and LC-MS/MS were performed by

Justyne Ogdahl from Peter Chien’s lab at the University of Massachusetts, Amherst.

Data analysis was performed using Protein Discoverer software. Proteins and peptides

were matched using the PATRIC V. cholerae database. ANOVA for individual proteins

was applied across three replicates for WT and ∆lon strains and an adjusted p-value

was calculated using Benjamini Hochberg analysis. A FDR of 15% was then applied to

identify differentially enriched proteins.

3.3.5 RNA-seq Analysis

For RNA-seq analysis, biofilms of WT and lon strains were grown in a separate

DFR experiment. The experiment proceeded as indicated above; however, the entire

biofilm was harvested and resuspended in 2.5mLs of TRIzol reagent (ThermoFisher).

RNA isolation was performed using the TRIzol reagent protocol. RNA quality was as-

sessed by NanoDrop and agarose gel analysis. The samples were flash frozen at stored

at -80◦C and then shipped to the Microbial Genome Sequencing Center (MiGS) for

RNA-seq. The 12M paired end read analysis was performed and rRNA reads were fil-

tered and non rRNA reads were mapped to V. cholerae O1 biovar El Tor str. N16961
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(assembly GCA 000006745.1) reference genome. Significantly regulated genes were de-

termined using EdgeR and a FDR of 0.5% was applied to identify differentially expressed

transcripts.

3.3.6 Protein Abundance and Stability Assays

Overnight cultures of V. cholerae were diluted 1:200 in 10mL of LB medium.

Cells were grown until an OD600 = 0.1 was reached, 0.1mM IPTG was added to induce

overexpression of purH, ndk, and cspD. Induction proceeded overnight; 2mL aliquots

were taken immediately prior, and then at the time points indicated after the addition of

100x the minimum inhibitory concentration of chloramphenicol (100µg/mL). Detection

of epitope tagged proteins was performed using polyclonal αFLAG antibody (Invitro-

gen) at a final concentration of 2µg/mL. RbmA and RbmC detection was performed as

previously described [90,91]. TcpA levels were analyzed using TcpA antiserum diluted

1:1000. RNAP antibody was used at a concentration of 0.625µg/mL.

3.3.7 Interbacterial Killing Assays

V. cholerae WT and mutant strains and the E. coli strain MC4100 were grown

overnight on high salt (340mM NaCl) LB agar plates at 30◦C and 37◦C, respectively.

Single colonies were harvested and resuspended in 1mL of high salt LB broth. Approx-

imately 109 V. cholerae and 108 E. coli cells were mixed and 25µL of this mixture was

spotted in technical duplicate onto nitrocellulose membrane that had been placed on

high salt LB agar plates or on high salt plates containing 0.1mM IPTG. The strains
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were then incubated for 4-hours at 37◦C. The filter membranes were then resuspended in

1mL of 1x PBS. Cells were resuspended, and serial dilutions were generated and spotted

onto LB plates containing 100µg/mL of streptomycin, grown overnight, and the surviv-

ing E. coli was enumerated. Statistical analysis of T6SS killing was performed using an

unpaired Student’s t-test.

3.3.8 Motility Assays

Flagellar motility was determined by inoculating a single overnight colony

into the center of LB soft agar plates (0.3% wt/vol). The plates were moved to 30◦C

and the swimming diameter was recorded at the time indicated in the figure legend.

The motility phenotype of each mutant was assessed using at least three independent

biological replicates. Statistical analysis of motility was performed using an unpaired

Student’s t-test.

3.3.9 Nucleotide Extraction Procedures

For quantification of c-di-GMP from WT and ∆lon biofilms, strains were grown

in drip flow reactors or tube biofilms using the procedures outlined above. For drip flow

reactor biofilms, the entire biofilm was harvested and resuspended thoroughly in 2.5mLs

of 1xPBS buffer. Then, 1mL of resuspended culture was spun down and c-di-GMP

extraction was performed as previously described [88]. For tube biofilms, the entire

biofilm was harvested and resuspended in 1.5mLs of 1xPBS. For both drip flow reactor

and tube biofilms, 250µL of bacterial culture was spun down, resuspended in 2% SDS,
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boiled, and used for BCA. Quantification of c-di-GMP in each sample was determined by

evaluating values to a standard curve generated with pure c-di-GMP (Sigma) that had

been resuspended in 184mM NaCl. At least three biological replicates were analyzed.

Statistical analysis of c-di-GMP was performed using an unpaired Student’s t-test.

3.3.10 Streptonigrin and Mitomycin C Sensitivtiy Assays

Overnight cultures of V. cholerae WT and mutant strains were diluted 1:200

in 200uL of LB containing 1µg/mL of streptonigrin or 0.025µg/mL of mitomycin C

as indicated. The bacterial antibiotic mixture was grown statically, overnight at 30C

in a 96-well plate. The next day the cultures were serial diluted and the CFU/mL of

surviving bacteria were enumerated. A non antibiotic control was included to ensure

equal loading of bacterial culture.
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Chapter 4

Future Perspectives

4.1 Introduction

Lon was first identified in the 1960s as a regulator of capsule biosynthesis (cps)

in E. coli [1]. Due to Lon’s ability to bind DNA and its function as a repressor of cps

operon transcription, it was thought that Lon acted as a DNA binding transcriptional

repressor [2, 3]. It wasn’t until the 1980s when it was finally recognized that Lon was,

in fact, an ATP-dependent protease [2, 4, 5]. Since then, Lon has been identified as a

key regulator of protein quality control and diverse cellular processes in archaea, bac-

teria, as well as in the mitochondria of eukaryotic cells. Lon’s conservation across all

domains of life alludes to its biological importance. Despite nearly 60 years of research,

the substrates of Lon and the mechanisms that dictate Lon proteolysis remain poorly

understood. For example, it is known that Lon proteolysis is highly regulated and is in-

fluenced by accessory factors or small signaling molecules that alter substrate acquisition
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or proteolytic rate, however, only two known Lon adaptors have been identified [6, 7].

Furthermore, while Lon has been shown to respond to diverse signaling molecules in

vitro, little is known regarding their relevance in vivo [8]. Finally, most work performed

on prokaryotic Lon has been confined to E. coli and thus, relatively little is known

regarding the mechanisms and consequences of Lon proteolysis in bacterial pathogens.

The focus of my research was to address key knowledge gaps regarding Lon proteolysis

in the bacterial pathogen Vibrio cholerae.

Previous work performed by the Yildiz lab identified Lon as a regulator of

processes important for V. cholerae’s infectious cycle [9]. This work found that deletion

of lon results in a severe colonization defect in the infant mouse model [10]. In addition,

Lon regulates virulence factor production, biofilm formation, T6SS-dependent killing,

cell division, and c-di-GMP pools [10, 11]. It was later determined that Lon targets

the alternative sigma factor FliA as well as the transcriptonal regulator HapR [12, 13].

Lon proteolysis of FliA regulates flagellar assembly and virulence factor gene expression

[12]. In addition, Lon proteolysis of HapR was found to induce biofilm formation [13].

However, proteolysis of both substrates is highly condition dependent. Lon only prote-

olyzes FliA during flagellar breakage; a condition that permits the secretion of the Lon

anti-adaptor, FlgM, out of the cell [12, 14]. Furthermore, Lon only proteolyzes HapR

during heat shock [15]. Since proteolysis is irreversible, condition dependent proteolysis

of FliA and HapR is consistent with idea that proteolysis must be tightly regulated.

However, since Lon is capable of regulating motility, virulence factor production, and

biofilm formation in the absence of flagellar breakage and heat shock, it suggests that
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Lon regulates other targets as well [9, 12, 15].

To better understand Lon-dependent regulation in V. cholerae, we used whole

proteome analysis to identify potential Lon targets that might explain ∆lon’s associ-

ated phenotypes (Chapter 2). We identified TfoY as a Lon substrate and showed that

Lon-dependent proteolysis of TfoY represses T6SS-dependent killing and motility. In

addition, we used a combination of genetic and biochemical approaches to demonstrate

that Lon binds to c-di-GMP and that c-di-GMP inhibits Lon-dependent proteolysis of

TfoY. This work identified a new substrate of the V. cholerae Lon protease and also

provided the first in vivo evidence that Lon activity is regulated by c-di-GMP [16].

Since most analyses on Lon have focused on Lon-dependent regulation in plank-

tonic grown cells, relatively little is known regarding how Lon regulates processes impor-

tant for biofilm formation. We performed whole proteome and whole transcriptome anal-

yses on WT and ∆lon biofilms to identify potential Lon substrates and Lon-regulated

pathways in biofilms (Chapter 3). Our analyses indicates that Lon is an important

regulator of biofilm matrix production, virulence factor production, nucleotide pool

homeostasis, iron homeostasis, and DNA repair pathways during the biofilm growth

mode. In addition, we provide evidence that PurH and CspD are Lon targets and that

PurH, NDK, and CspD function in mitigating genotoxic stress in Lon-deficient mutants.

The work outlined here provides valuable insights into how regulated proteolysis func-

tions to regulate processes important for V. cholerae environmental and host fitness. It

also identifies proteins that may be targeted by Lon.
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4.1.1 Future Directions

While the work documented here identifies important aspects of Lon-dependent

regulation in V. cholerae there are still many questions that remain unanswered. For

example, we demonstrated that c-di-GMP inhibits Lon-dependent proteolysis of TfoY

in vivo and also limits Lon proteolysis of casein in vitro, however, it remains unclear

exactly how c-di-GMP inhibits Lon activity. Lon is a member of the AAA+ superfam-

ily of ATPases and many of these enzymes have been found to be c-di-GMP receptors.

Existing work suggests that the c-di-GMP binding motifs of these proteins are diverse,

however, a common trend is that c-di-GMP binds to the ATPase domain and influences

protein functionality without directly interfering with ATPase activity. Consistent with

this, c-di-GMP inhibited Lon proteolysis of casein in vitro without altering Lon’s AT-

Pase activity. It is also interesting to mention that Lon’s ATPase domain was found

to be important in its DNA binding ability. DNA binding also influences Lon activity.

Thus, it’s interesting to speculate that c-di-GMP and DNA may compete for the same

motif and that this binding influences substrate selectivity.

In addition, it is unclear if c-di-GMP functions to inhibit proteolysis of other

Lon targets or if c-di-GMP might instead regulate Lon substrate selectivity. We iden-

tified TfoY, PurH, and CspD as Lon targets in V. cholerae, though in vitro studies are

required to determine if this occurs directly or is influenced by adaptors, anti-adaptors,

or signaling molecules. Future studies should use a combination of in vivo and in vitro

approaches to determine whether or not c-di-GMP influences Lon proteolysis of these
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proteins, as well as HapR and FliA. To begin addressing this question, we took an un-

biased approach to identify putative Lon targets that are regulated by c-di-GMP levels.

We used whole proteome analysis to determine how protein steady state levels change in

strains that overproduce c-di-GMP relative to those that don’t in WT and ∆lon strains.

This work, however, was too preliminary to be included in this document. However, it

does lay a foundation for future identification of Lon substrates and those that may be

regulated by c-di-GMP.

Additional analysis is also needed to establish the role of PurH, NDK, and

CspD on Lon biofilm phenotypes. Since a role for these proteins in biofilm formation

has not been explored in V. cholerae, an assessment of their impact at different stages of

biofilm development would be informative. Furthermore, it is unclear if they influence

V. cholerae virulence factor production or what role they may play in V. cholerae host

colonization. PurH, NDK, and CspD appear to protect Lon-deficient mutants from

genotoxic stress caused by streptonigrin. Many enzymes involved in stress response

pathways have been shown to enhance V. cholerae host fitness, thus it is possible that

these proteins may also be important. Finally, future studies can address what types

of stressors these proteins respond to and the mechanisms that govern these protective

phenotypes.
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Appendix A

Chapter 2 Supporting Material

Figure A.1: Levels of TfoY are elevated in the ∆lonA∆2PDE and lonA∆4DGC strains
relative to ∆lonA. Semiquantitative densitometric analysis from western blots shown in
Fig 5B. Levels of TfoY from WT, ∆lonA, ∆lonA∆2PDE, and ∆lonA∆4DGC mutants
were analyzed using Image Lab. Shown are the arbitrary intensity values from two
independent biological replicates.
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Figure A.2: In vivo abundance of TfoY was analyzed in ∆tfoY, ∆tfoY ∆2PDE, and
∆tfoY ∆4DGC mutant strains before mixing V. cholerae with E. coli in the T6SS-
dependent killing experiment described in Fig 5H. (A) Cells were either grown in the
absence of IPTG (-) or (B) in the presence of IPTG (+) to overexpress tfoY from the
Ptac promoter. Levels of TfoY were analyzed by western blot using the TfoY antibody.
RNAP was used as a control for sample loading in all western blots.
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Figure A.3: The impact of TfoY on T6SS gene expression phenotypes was assessed in
∆tfoY, ∆tfoY ∆2PDE, and ∆tfoY ∆4DGC strains harboring T6SS gene transcriptional
reporters for either the (A) regulatory region upstream of vipA or (B) the regulatory
region upstream of hcp2. Cells were either grown in the absence of IPTG (-) or in the
presence of IPTG (+) to overexpress tfoY from the Ptac promoter. Bioluminescence
was assessed at late exponential phase. Statistical analysis was performed using an
unpaired Student’s t-test. Statistical values indicated are (*p<0.05, **p<0.01, and
****p<0.0001).
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Table A.1: Proteins enriched in ∆lonA relative to WT. A Student’s t-test using a
Benjamini-Hochberg FDR cutoff of 5% was used to identify proteins that were differen-
tially expressed.
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Table A.1 Continued: Proteins enriched in ∆lonA relative to WT.
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Table A.2: Proteins enriched in WT relative to ∆lonA. A Student’s t-test using a
Benjamini-Hochberg FDR cutoff of 5% was used to identify proteins that were differen-
tially expressed.
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Table A.2 Continued: Proteins enriched in ∆lonA relative to WT. Continued.
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Table A.3: COMSTAT2 analysis of WT, ∆tfoY, ∆lonA, and ∆lonA∆tfoY biofilms
grown for 24 hrs. Quantitative analysis of biofilm formation by CLSM was performed
using COMSTAT2. Statistcal analysis was performed with a One-way ANOVA with
Tukey’s post-hoc analysis (*p<0.05, **p<0.01, ***P<0.005 ****p<0.0001).
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Table A.4: Strains and plasmids used in this study.
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Table A.4 Continued: Strains and plasmids used in this study.
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Appendix B

Chapter 3 Supporting Material
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Table B.1: Proteins enriched in ∆lon biofilms relative to WT. A ANOVA using a
Benjamini-Hochberg FDR cutoff of 15% was used to identify proteins that were differ-
entially expressed. Select proteins with at least a 1.5-fold change are shown.
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Table B.1 Continued: Proteins enriched in ∆lon biofilms relative to WT.
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Table B.1 Continued: Proteins enriched in ∆lon biofilms relative to WT.
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Table B.1 Continued: Proteins enriched in ∆lon biofilms relative to WT.
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Table B.1 Continued: Proteins enriched in ∆lon biofilms relative to WT.
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Table B.1 Continued: Proteins enriched in ∆lon biofilms relative to WT.
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Table B.1 Continued: Proteins enriched in ∆lon biofilms relative to WT.
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Table B.2: Proteins enriched in ∆lon biofilms relative to WT. An ANOVA using a
Benjamini-Hochberg FDR cutoff of 15% was used to identify proteins that were differ-
entially expressed. Select proteins with at least a 1.5-fold change are shown.
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Table B.2 Continued: Proteins reduced in ∆lon biofilms relative to WT.
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Table B.2 Continued: Proteins reduced in ∆lon biofilms relative to WT.
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