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I. INTRODUCTION 

A. Statement of the problem and Specific Aims 

The gram-negative, enteric pathogen Campylobacter jejuni is recognized 

around the world as a leading cause ·of bacterial gastroenteritis (Alios, 2001; 

Butzler, 2004; Fields & Swerdlow, 1999) and traveler's diarrhea (Sanders et al., 

2002). In the United States the annual incidence of Campy/obacter enteritis has 

surpassed that of Salmonella and Shigella combined with an estimated 2 million 

cases reported (Angulo et al., 1998). Publication of the C. jejuni genome 

sequence (Parkhill et al., 2000) revealed a homolog of the Escherichia coli global 

regulator csrA (cj1103). In E. coli, CsrA (carbon storage regulator A) is a post

transcriptional regulator of translation (Romeo & Gong, 1993; Romeo, 1996) 

responsible for repression or activation of many important processes including 

stationary phase metabolism and cellular morphology (Liu et al., 1995; Romeo et 

al., 1993; Sabnis et al., 1995). Studies conducted in pathogenic bacteria 

extended the regulatory role of CsrA to controlling the expression of virulence 

traits including epithelial cell invasion and host colonization (Altier et al., 2000a; 

Heurlier et al., 2004; Lawhon et al., 2003; Lucchetti-Miganeh et al., 2008; 

Mulcahy et al., 2006). Considering the very limited contingent of regulatory 

15 
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effectors found in the C. jejuni genome, we suspected that CsrA plays a 

significant role in the regulation of stress responses-and virulence determinants 

in this enteric pathogen (Fields & Thompson, 2008). The long-term goal of this 

project is to test the hypothesis that CsrA globally regulates C. jejuni 

pathogenesis via post-transcriptional regulation of virulence gene expression .. 

Specific Aim 1 - Characterize the phenotypes resulting from csrA deletion 

in C. jejuni. There are a number of phenotypes known to be directly relevant to 

C. jejuni pathogenesis. These phenotypes include: resistance to oxidative 

stress, motility, biofilm formation, interactions with host cells, and host 

colonization. Understanding the affects of the absence of CsrA on these 

phenotypes will give us greater insight into the potential pathways and proteins 

that it regulates. 

Specific Aim 2 - Determine CsrA targets by identifying proteins 

misexpressed in the csrA mutant. We will use proteomics technologies to 

establish the CsrA regulon, by examining the altered expression of proteins in a 

csrA mutant. Confirmatory biochemical studies will allow us to identify direct 

targets of CsrA. 
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Specific Aim 3 - Characterize the molecular mechanism of CsrA-mediated 

gene regulation. The molecular mechanism of C. jejuni CsrA-mediated gene 

regulation has yet to be described; therefore, we will express the C. jejuni CsrA in 

ortholog in the E. coli csrA mutant strain and assess its ability to complement the 

loss of the E. coli ortholog. Phenotypes known to be both positively and 

negatively regulated by CsrA in E. coli will be assessed to determine if C. jejuni 

CsrA is capable of complementing both mechanisms of E. coli CsrA regulation. 
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B. Literature Review 

Campy/obacter jejuni 

Campylobacter jejuni is a gram-negative, microaerophilic, spiral rod 

belonging to the epsilon proteobacteria. A commensal of many domestic 

animals, including poultry, swine and bovine species, C. jejuni is adapted for 

growth between 30°C and 42°C, with optimal growth occurring between 37°C 

a~d 42°C. C. jejuni is also capable of surviving in many other niches including 

the human bowel, environmental exposure (such as surface water), and 

commercial food processing environments (i.e., refrigeration and freezing); 

however, this characteristic is remarkable given the fastidious, microaerophilic 

requirements for growth in the laboratory and apparent sensitivity of this 

bacterium to the individual stresses found in the environment. 

The most common antecedent of C. jejuni disease is the consumption of 

undercooked poultry (Figure 1 ); however, large-scale outbreaks have often been 

linked to contaminated water and cow's milk. This has led to the characterization 

of C. jejuni as a category B bioterrorism agent due to concerns that it could be 

used to debilitate large groups of people as a result of intentional dissemination 

in the food chain or water supply (Tribble et al., 2008). C. jejuni disease, 

campylobacteriosis, is a gastroenteritis with symptoms including severe diarrhea, 
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abdominal cramping, fever, and several other, nonspecific complaints (Butzler & 

Skirrow, 1979; Walker et al., 1986). Histopathological analysis of endoscopic 

and surgical biopsies has revealed the inflammatory and invasive characteristics 

of C. jejuni disease, which causes the destruction of the intestinal eRithelium. 

Campylobacteriosis is the most common form of bacterial gastroenteritis, 

although it is generally self-limiting. However, in rare instances, serious 

sequelae such as reactive arthritis and Guillain-Barre syndrome (GBS) (Parkin et 

al., 2000) are reported to follow infection by C. jejuni. GBS is an autoimmune 

disorder of the peripheral nervous system resulting in an ascending, flaccid motor 

paralysis that affects more than 8,000 patients yearly in the United States 

(Nachamkin et a/., 1998). Advances in the fundamental understanding of GBS 

have revealed that C. jejuni is the primary infectious etiological agent associated 

with the syndrome, with at least 30 to 40°/o of GBS cases occurring following a 

Campylobacter infection (Nachamkin eta/., 1998). 
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Figure 1. Human acquisition of C. jejuni. The most common antecedent of C. 

jejuni infection in humans is the consumption of undercooked poultry or contact 

with the juices of raw poultry products; however, infection from bovine, porcine, 

and other livestock is possible. C. jejuni outbreaks have also been linked to the 

consumption of ground water, which has been contaminated with C~ jejuni 

bacteria due to runoff from farms or feral carriers of the organism (wild boar, fowl, 

etc.). Contaminated ground water may also be a source of C. jejuni infection for 

livestock. In humans, C. jejuni disease is self-limiting and patients experience 

cramps, nausea, and profuse diarrhea. 
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Pathogenesis and Virulence Factors 

Although the current understanding of the virulence mechanisms 

employed by C. jejuni is limited, several factors are known to contribute to its 

pathogenesis and have been well characterized (Figure 2). The most well 

characterized aspect of C. jejuni virulence is motility and the presence of highly 

glycosylated (Doig et al., 1996; Szymanski et al., 1999) flagella found at one or 

both poles of the cell (Guerry et al., 1991 ). C. jejuni is highly motile and moltility, 

in conjunction with chemotaxis, is an important factor in host colonization as it 

contributes to both migration through the epithelial mucus layer and adherence to 

the intestinal epithelium. Upon adherence, C. jejuni invades epithelial cells both 

in vitro and in vivo and may contribute to the induction of inflammatory mediators 

such as IL-8. The wild-type strain employed in this study (strain 81-176) is 

among the most highly invasive strains and studies of invasion have identified 

several factors that have significant roles in both the adherence to and invasion 

of the host epithelium. These factors include the 0-linked glycosylated flagella 

(as mentioned above), N-linked protein glycosylation, specific lipooligosaccharide 

(LOS) structures (Larsen et al., 2004), a high molecular weight polysaccharide 

capsule (Bacon et al., 2001 ), several adhesins (including MOMP, CadF, PEB1, 

PEB4, CapA and Cj1496c) (Ashgar et al., 2007; Kakuda & DiRita, 2006; Konkel 

et al., 1997; Pei et al., 1991 ), and a number of effector proteins secreted through 
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the flagellar export apparatus (including CiaA-H, FlaC, and JlpA) (Kalmokoff et 

al., 2006; Konkel et al., 1999a; Konkel et al., 1999b; van Alphen et al., 2008), 

which are required for invasion. 
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Figure 2. C. jejuni pathogenesis. C. jejuni colonizes the jejunum, ileum, and 

colon of human hosts. Following transit through the gastrointestinal tract, C. 

jejuni migrates through the mucus layer, which is dependent upon motility and 

chemotaxis. Upon contact with epithelial cells, C.jejuni adheres specifically to 

host cell receptors via adhesins, many of which are known to bind to fibronectin. 

After adherence, C. jejuni migrates either transcellularly, via clathrin-mediated 

endocytosis, or paracellularly where it enters the cell from the basolateral 

membrane. Once C. jejuni enters epithelial cells, oxidative stress resistance 

mechanisms and unknown intracellular signals permit survival within the cell 

leading to eventual dissemination into the subepithelium and resulting in 

interactions with the host immune system and the induction of NF-KB and the 

release of pro-inflammatory cytokines. 
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Mechanisms ·of gene regulation 

Bacteria are capable of responding to a large number of environmental 

stimuli, such as iron or phosphate deprivation, the presence of preferred 

nutrients, chemotactic compounds, reactive oxygen species, and temperature, as 

well as to growth phase. As in all bacteria, it is critical that C. jejuni regulate gene 

expression in response to its environment, and recent advances have been 

made toward the understanding of C. jejuni gene regulation. C. jejuni regulates 

gene expression in response to many environmental stimuli, including oxidative 

stress, iron limitation, and growth temperature (Bras et al., 1999; Pajaniappan et 

al., 2008; Palyada et al., 2004; Reid et al., 2008a; Reid et al., 2008b; Stintzi et 

al., 2005; van Vliet et al., 2002). However, the genome sequence of both C. 

jejuni NCTC 11168 and 81-176 (Hofreuter et al., 2006; Parkhill et al., 2000) lack 

many global regulatory factors found in E. coli and other bacteria. For instance, 

both gerJomes have only three sigma factors [o70 (RpoD), o54 (RpoN), and o28 

(FiiA)], the latter two of which are important in regulating genes related to the 

expression of flagella (Carrillo et al., 2004; Hendrixson et al., 2001; Hendrixson & 

DiRita, 2003; Wosten et al., 2004). Both genomes also lack orthologs of other 

types of regulators, such as SoxRS, OxyR, SlyA, Hfq and the histone-like protein 

H-NS; furthermore, C. jejuni has only single members of the LysR and AraC 

families of regulators. The C. jejuni genome sequence does predict a small 
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number of two-component regulatory systems including seven putative histidine 

kinase (sensor) proteins and ten response regulators (Parkhill et al., 2000; 

Raphael et al., 2005) which is much lower than found in Wolinel/a succinogenes 

(Baar et al., 2003) but more than in Helicobacter pylori (Tomb et al., 1997), both 

of which are closely related to C. jejuni. Five of these two component response 

regulator pairs are co-transcribed, implying that they are cognate pairs of sensors 

and regulators; the unpaired regulators may be· orphans that respond to signals 

other than phosphorylation. The small number of sigma factors and other global 

regulators in C. jejuni suggests that there may be other, uncharacterized, 

mechanisms of global gene regulation. 

CsrA/RsmA 

CsrA was identified as a post-transcriptional regulator of translation 

responsible for repression or activation of many important processes in E. coli. 

CsrA was first described to play an important role in stationary phase 

metabolism; specifically, this RNA-binding protein was reported to repress the 

metabolic processes of glycogen biosynthesis and gluconeogenesis, as well as 

peptide transport and biofilm formation (Baker et al., 2002; Dubey et al., 2003; 

Jackson et al., 2002; Romeo & Gong, 1993; Romeo et al., 1993; Romeo, 1996; 

Sabnis et al., 1995; Wang et al., 2005). Further analysis of the function of CsrA 
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in E. coli revealed a role as an activator in the processes of glycolysis, acetate 

metabolism, and motility. Analysis of bacterial genomes has revealed 

widespread distribution of csrA and its functional homolog, rsmA, throughout the 

proteobacteria (White et al., 1996). Subsequently, the role of CsrA in the 

lifecycles of several pathogenic bacteria has been studied revealing that CsrA 

not only regulates stationary phase metabolism, but it is also an important 

regulator of virulence determinants in several pathogenic bacteria. 

Pseudomonas aeruginosa 

In the opportunistic pathogen, Pseudomonas auruginosa, RsmA 

regulates several important virulence factors such as iron acquisition, motility, 

exoprotein production, and the expression of multidrug efflux pumps. 

Furthermore, RsmA affects interactions with host cells through its effects on the 

expression of a type-three secretion system (Burrowes et al., 2005; Burrowes et 

al., 2006; Heurlier et al., 2004; Pessi et al., 2001 ). 

Salmonella enterica 

Altier et al. (2006) reported that the Salmonella enterica serovar 

Typhimurium homologue of CsrA is required for invasion of HEp-2 cells in vitro. 

Not only does CsrA regulate genes of the Salmonella pathogenicity island (SPI-
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1) necessary for invasion, but it also regulates sopA, sopB, and SopE2, which 

are translocated into the host cell and in.volved in the induction of enteritis 

(Raffatellu et al., 2005; Wood et al., 2000). Mutants of csrA in Salmonella are 

also aflagellate and non-motile (Lawhon et al., 2003). Finally, CsrA regulates the 

expression of genes in the pdu and eut operons, which are thought to play a role 

in the survival of Salmonella in the intestinal environment via the metabolism of 

propanediol and ethanolamine, respectively (Lawhon et al., 2003). 

Vibrio cholerae 

Studies of cell-to-cell communication in Vibrio cholerae revealed that CsrA 

activity is regulated by three small RNAs (sRNAs), and acts in tandem with the 

VarSNarA two-component system at low densities to regulate expression of the 

quorum regulatory RNAs (Qrr), which directly regulate quorum sensing (Lenz et 

al., 2005). Quorum sensing regulates virulence factors such as the toxin co-

regulated pilus and biofilm formation (Higgins et al., 2007; Krukonis & DiRita, 

2003). CsrA has also been shown to indirectly activate expression of LuxO, a 

transcriptional regulator involved in the expression of proteases and biofilm 

regulation (Lenz & Bassler, 2007). 
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Helicobacter pylori 

In the gastric pathogen H. pylori, which is closely related to C. jejuni 

(Goodwin & Armstrong, 1990), CsrA plays a role in the regulation of several 

virulence phenotypes (Barnard et al., 2004 ). A single study of the role of CsrA in 

H. pylori physiology showed that CsrA post-transcriptionally regulates expression 

of flaA and flaB, resulting in a significant loss of motility in the csrA mutant 

(Barnard et al., 2004 ). This study also reported that the csrA mutant is defective 
I 

for growth under conditions of oxidative stress induced by hydrogen peroxide and 

methyl viologen. Finally, this study also revealed that in H. pylori, functional 

expression of CsrA is required for colonization in a mouse model of virulence. 

CsrA-mediated post-transcriptional regulation. 

CsrA is a homodimeric RNA-binding protein that typically binds the 5' 

untranslated regions (UTR} of target mRNAs (Figure 3) at one or more sites 

containing the sequence 5'ANGGA-3' (Babitzke & Romeo, 2007) that are often 

adjacent to or overlap the ribosome binding site (RBS). CsrA binding thus inhibits 

ribosome access to the RBS which in turn inhibits translation initiation, which can 

either increase or decrease mRNA half-life (Baker et al., 2002; Dubey et al., 

2003; Liu et al., 1995; Romeo, 1996; Wei et al., 2001 ). In E. coli, and many other 

bacteria, CsrA activity is regulated by the sRNAs csrB and csrC which contain 
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numerous CsrA-binding sites found on the ends of hairpins formed in the RNA 

(Liu et al., 1997; Romeo, 1998). For example, csrB has eighteen potential 
( 

binding sites, while csrC has nine. csrB/C sRNAs have not been identified in 

Campylobacter. Furthermore, regulation of E. coli csrBIC is directed by the 

BarA!UvrY two-component regulatory system (Suzuki et al., 2002), which does 

not appear to have an ortholog in C. jejuni. Finally, CsrD promotes the 

degradation of csrB/C by RNaseE. Interestingly, CsrD contains a GGDEF-EAL 

motif, although it does not appear to contain either dyguanylate cyclase 

(GGDEF) or phosphodiesterase (EAF) activity. Both CsrD and RNaseE also 

appear to be absent from the C. jejuni NCTC 11168 and 81-176 genomes. 
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Figure 3. The CsrA pathway of E. coli. The post-transcriptional regulator CsrA 

both activates ahd represses several functions within the cell. This action is 

mediated by the binding of CsrA to mRNA transcripts resulting in the prevention 

of ribosome binding or changes in the half lives of those transcripts thus altering 

translation. CsrA. is regulated by the action of two small, non-coding RNA 

speci.es, csrB and csrC, that contain multiple (eighteen and nine, respectively) 

CsrA binding sites (5' -ANGGA-3') and act by sequestering CsrA. csrB and csrC 

are regulated by the BarA/UvrY two component system. BarA is a histidine 

kinase, which responds to acetate (and other short chain fatty acid) 

concentrations. UvrY is a response regulator that is also activated during 

quorum sensing and is known to activate transcription of BarA, csrB, and csrC. 

CsrA also regulates its own translation and plays a role in the activation of both 

BarA and UvrY. Finally, csrB and csrC turnover within the cell is mediated by 

CsrD, which has been shown to be repressed by the action of CsrA. 
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Significance in advancing the field. 

C. jejuni infections are a significant burden to public health in' both the 

industrialized and developing world. To address this, a more complete 

understanding of C. jejuni physiology and pathogenesis is required; furthermore, 

a thorough comprehension of C. jejuni gene regulation is necessary to define 

how the organism responds to signals from its environment and within its host, to 

ensure transmission and induce disease. To this end, we studied the global 

regulator of translation, CsrA. Post-transcriptional regulation via CsrA has been 

linked to virulence in several pathogenic bacteria; however, its role in C. jejuni 

has yet to be described. A thorough understanding of the function of CsrA as it 

relates to C. jejuni physiology and pathogenesis will provide insight into 

mechanisms by which the organism survives harsh conditions both within its host 

and in the environment despite a limited repertoire of regulatory elements, and 

how it regulates virulence factors necessary for the induction of disease. It will, 

therefore, be necessary to identify the pathways and phenotypes in which CsrA 

plays a role by mutating csrA and characterizing the effects this mutation has in 

comparison to the wild type. Further insight will be gained through the study of 

the effects of csrA mutation on the C. jejuni proteome, allowing us to link 

changes in the expression of individual proteins to the phenotypes observed in 

the mutant strain. Finally, it will be necessary to elucidate the mechanisms of 
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CsrA-mediated regulation to fully understand its role in C. jejuni gene regulation, 

physiology, and pathogenesis. 
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Abstract 

The putative global post-transcriptional regulator csrA was mutated in C. 

jejuni 81-176.. The csrA mutant was attenuated in surviving oxidative stress. 

CsrA also contributed to biofilm formation, and adherence to and invasion of 

INT407 intestinal epithelial cells, suggesting a regulatory role for CsrA in C. jejuni 

pathogenesis. 

Text 

Diarrheal diseases represent an immense burden to both the developing 

and industrial world, and the gram-negative pathogen Campylobacter jejuni is 

recognized around the world as a leading bacterial cause of gastroenteritis 

(Alios, 2001; Butzler, 2004; Fields & Swerdlow, 1999). Although C. jejuni 

requires very specific growth conditions in the laboratory, it persists in the 

environment. As it passes from host, commonly avian species, to human C. 

jejuni must survive a great range of hostile environmental stresses including 

limited carbon sources, sub-optimal growth temperatures, and exposure to 

atmospheric oxygen. During infection, C. jejuni must withstand changes in pH 

and the host inflammatory response. In order to survive these stresses, C. jejuni 

must be able to sense these changes and respond accordingly. However, 

relatively little is known about the molecular mechanisms of Campylobacter 
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pathogenesis and even less is known about how its virulence properties are 

regulated. While C. jejuni possesses several predicted global regulatory 

systems, including regulators of flagellar function assembly and function 

(Jagannathan et a/., 2001; Wosten et a/., 2004), iron homeostasis (van Vliet et 

a/., 1998), heat shock (Konkel et a/., 1994), cold shock (Agee & Thompson, 

2008; Parkhill eta/., 2000), and the stringent response (Gaynor eta/., 2005), its 

complement of regulators is dramatically less than that of enteric pathogens such 

as Salmonella. Furthermore, C. jejuni has only three sigma factors [o70 (rpoD), 

o54 (rpoN), and o28 (f/iA)], seven histidine kinases and ten response regulators 

(Park, 2000; Parkhill et a/.; 2000). The small number of sigma factors and other 

global regulators in C. jejuni suggests that there may be other uncharacterized 

mechanisms of gene regulation. 

C. jejuni genome sequences (Fouts et a/., 2005; Parkhill et a/., 2000) 

revealed orthologs of the Escherichia coli global post-transcriptional regulator 

csrA (_garbon ~torage regulator). In E. coli, CsrA was identified as a post

transcriptional regulator of translation (Romeo & Gong, 1993b; Romeo, 1996) 

responsible for repression or activation of many important processes. CsrA is a 

homodimeric RNA-binding protein that typically binds the 5' untranslated regions 

(UTR) of target mRNAs at one or more sites that are often adjacent to or 

overlapping the ribosome binding site (RBS) thus inhibiting ribosome access to 
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the RBS and inhibiting translation initiation which can either increase or decrease 

mRNA half-life (Babitzke & Romeo, 2007; Baker et a/., 2002b; Dubey et a/., 

2003; Liu et a/., 1995b; Majdalani et a/., 2005; Romeo, 1998b; Wang et a/., 

2005). 

In E. coli, CsrA is involved in regulating stationary phase metabolism, 

represses glycogen biosynthesis, gluconeogenesis, peptide transport and biofilm 

formation(Agladze et a/., 2005; Dubey et a/., 2003; Jackson et a/., 2002a; 

Lawhon et a/., 2003; Romeo et a/., 1993b; Sabnis et a/., 1995; Wang et a/., 

2005), and activates glycolysis, acetate metabolism, and motility (Sabnis et a/., 

1995; Wei et a/., 2000; Wei et a/., 2001 ). Analysis of bacterial genomes has 

revealed widespread distribution of csrA throughout the eubacteria (White et a/., 

1996). Subsequently, the role of CsrA in the lifecycles of several pathogenic 

bacteria has been studied revealing that CsrA not only regulates stationary 

phase metabolism, but it is also an important regulator of virulence determinants, 

including host cell invasion, quorum sensing, biofilm formation, iron acquisition, 

type Ill secretion systems, and outer membrane protein expression (Goodwin & 

Armstrong, 1990). In the gastric pathogen Helicobacter pylori, a close relative of 

C. jejuni (Barnard et a/., 2004 ), CsrA is reported to play a role in the regulation of 

several virulence phenotypes, including motility, oxidative stress resistance, and 

mouse colonization (Wren eta/., 1994 ). 
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Considering the limited contingent of regulatory effectors found in C. 

jejuni genomes, we suspected that CsrA might play a vital role in the regulation 

of stress responses and virulence determinants in this enteric pathogen.. In this 

study, we sought to examine the role of CsrA in C. jejuni pathogenesis. We 

therefore constructed csrA mutant and complemented mutant strains in C. jejuni 

81-176 (Table 1) for use in studies of survival and virulence related phenotypes. 

We report that mutation of csrA reveals a potential role for CsrA in the regulation 

of C. jejuni genes required for survival of oxidative stress. Furthermore, CsrA 

plays a role in the activation of biofilm formation, motility and adherence to host 

cells in vitro; however, it contributes to the repression of invasion of human cells. 

Mutation of csrA in C.jejuni 81-176. 

A non-polar mutation in csrA was constructed by inverse PCR 

mutagenesis (Yao eta/., 1993). Briefly, using primers JAF44 and JAF45 (Table 

2), cj1103 (csrA) including 500 bp upstream and downstream was amplified 

using PCR and cloned into pCRII-TOPO (Invitrogen). The new construct, pJF06 

(Table 1 ), was then subjected to inverse PCR using primers JAF50A and JAF51, 

digested with Nhel and self-ligated to yield pJF07. pJF07 was digested with Nhel 

and Xmal and ligated with the chloramphenicol acetyltransferase (cat) cassette 
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amplified from pRY111 (Wassenaar eta/., 1991) using primers JAF52 and JAF53 

and digested with the same enzymes to generate the plasmid pJF09. 

This plasmid contained a deletion of 75o/o of the csrA gene (replaced with 

cat), while maintaining the translation initiation signals of the downstream cj 11 04 

gene to avoid polarity. This construct.was then introduced into C. jejuni 81-176 

by electroporation (Yao eta/., 1993), and a chloramphenicol resistant (20 IJg/ml) 

csrA mutant was verified by PCR and DNA sequencing to be csrA mutants (data 

not shown). 
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Table 1. Bacterial strains and plasmids 

Strain or Plasmid Description Resistance Source or Reference 
Strain 

E. coli JM109 Cloning host Pro mega 
C. jejun/81-116 Wild type Black et al., 1988 

Plasmid 
pCRII-TOPO Cloning vector Amp, Kan rnvltrogen 
pRY107 C.Jejunl shuttle vector Kan Yao et at. 1993 
pRY111 C.jejunl shuttle vector em Yao et al., 1993 
pJF06 1.2 kb csrA locus In pCRII-TOPO Amp,Kan This study 
pJF07 Self-ligated Inverse PCR of pJF06 Amp, Kan This study 
pJF09 pJF07:csrAAcat Amp,Kan,Cm This study 
pJF10A csrA In pCRll-Topo Kan This study 
pJF10B pJF10A + pcsrA Kan This study 
pJF11 csrA and promoter In pRY107 Kan This study 



Table 2. Oligonucleotides, part A. 

Primer 
JAF43 
JAF44 
JAF45 
JAF50A 
JAF51 
JAF52 
JAF53 
JAF60 
JAF61 
JAF62 

TCA TTT GAT TAG TTT TTT GC 
ATG CAA GGAATT ATC TCC TA 
GGT ATG TCA TCT TCAAAT TC 
CTC T~CG GGT GTT GTT CAGAAT GAT ATT AAAC 
AGA GGC TAG~TI AAC ATT TTT CAA CCI TAT T 
CTC Tt?C TAG QGG AGG ATAAAT GAT GCAATT 
AGA GCC CG~ GTT ATT TAT TCA GCAAGT CTT 
CTA~ATT CATAIG TTAATA TTA TCA 
GAT ~.rui TAA TCA GCT TTA CTAAGT TTG TGA TTT GAC 
GCT CAT ATG AAAAAC CTT ATT AAATAT TIT TTA TAT CAAAAG 

• Underlined nucleotldes Indicate restriction sites introduced for clonrng purposes 

40 
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Complementation of the csrA mutant in trans. 

Complementation of the csrA mutant was accomplished by introducing the 

csrA gene under the control of its native promoter on the Campy/obacter shuttle 

vector pRY107 (Labigne-Roussel et a/.,.1987). Briefly, csrA was amplified with 

primers JAF60 and JAF43 and cloned into pCRII-TOPO, producing pJF1 OA. 

Next, the csrA promoter (upstream of cj1097) was amplified with primers JAF61 

and JAF62, digested with Xmal and Ndel, and cloned upstream of csrA in 

pJAF10 to create pJF10B. The csrA +promoter cassette was then digested with 

EcoRI and subcloned into pRY1 07 giving the csrA complementation vector, 

pJF11. pJF11 was then introduced into the csrA mutant by tri-parental mating 

(Goossens et a/., 1989). Trans-conjugants were recovered on chloramphenicol 

(15 IJg/ml) and kanamycin (50 IJg/ml), and the presence of pJF11 was confirmed 

by plasmid midi-prep (Qiagen) (data not shown). 

Mutation of csrA decreases swarming ability. 

The swarming ability of the csrA mutant was determined on Mueller

Hinton (MH) media containing 0.4o/o agar (B~rnard eta/., 2004; Wei eta/., 2001) 

and confirmed via light microscopy of wet mounts (data not shown). After 

inoculation, the strains were incubated at 37°C for 24 hours (Figure 4A) and 48 

hours (Figure 48). The swarming ability of the mutant was more than 30% less 
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than the parent strain after 24 (p=0.009) and 48 hours (p=0.0007) despite highly 

similar growth characteristics in MH broth (Fig 4C). This was consistent with 

reported observations for E. coli and H. pylori (Gaynor et a/., 2005) and suggests 

that C. jejuni CsrA contributes to the regulation of motility or chemotaxis as either 

can affect swarming ability swarming ability. 
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Figure 4. CsrA is required for full motility. Swarming ability was assessed on 

MH agar containing .04% agar. Strains were inoculated into MH motility agar 

and incubated for 24 hours (A) and 48 hours (B) at 37°C under microearobic 

conditions. (C) Growth of 81-176 and 81-176csrA strains was observed I MH 

broth and measured by determining OD6oo. The assay was carried out in 

triplicate and one representative of three experiments is shown (**, PSO.OOS) 

with error bars. 
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CsrA is required for resistance to oxidative stress 

The resistance of 81-176, 81-176csrA, and 81-176csrA/pJF11 to oxidative 

stress was determined by assessing killing by at~ospheric oxygen (Wai et a/., 

1996) and hydrogen peroxide (Candon et a/., 2007a). Aerotolerance was 

determined by transferring bacteria grown in MH broth to early log (OD60o-0.1) 

from a microaerobic environment to atmospheric and microaerobic growth 

conditions and incubated for 9 hours at 37°C.. At 0, 3, 6 and 9 hours viable 

counts were measured by serial dilution and plating on MH plates. This 

experiment (Figure 5) showed that the csrA mutant was highly sensitive to 

atmospheric oxygen, resulting in greater than 99°/o loss of viability by nine hours 

(p=0.0005). The strains grown under microaerobic conditions remained viable 

and grew to stationary phase (data not shown) indicating that the loss of viability 

under atmospheric conditions was specific to atmospheric oxygen exposure. For 

hydrogen peroxide resistance, cells were grown on blood agar overnight at 37°C, 

harvested in PBS and diluted to an ODsoo-1.0. 100 !JL of each strain was spread 

on MH agar onto which filter discs (6 mm) inoculated with 10 !JI of 1 mM, 10 mM, 

100 mM or 1 M hydrogen peroxide were placed and then incubated ·at 37°C 

under microaerobic conditions for 48 hours. These studies (Figure 4) revealed 

greater sensitivity of the csrA mutant to all doses tested (pS0.01 ). Taken 
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together these data suggest that, as in H. pylori, CsrA contributes to the 

regulation of oxidative stress responses in C. jejuni. 
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Figure 5. Deletion of CsrA results in reduced resistance to atmospheric 

oxygen concentrations. The 81-176 (•), 81-176csrA (•), and 81-

176srA/pJF11 (+) were subjected to oxidative stress by exposure to 

atmospheric oxygen, whereby the strains were inoculated in flasks at an ODsoo of 

- 0.1 and a 6:1 surface-to-volume ratio and then incubated at 37C and 100 rpm 

in an air incubator. One representative, in triplicate, of three experiments is 

shown (*, p<0.05; **, p<0.005) with error bars. 
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Figure 6. CsrA is required for resistance to oxidative stress from hydrogen 

peroxide. The 81-176 (•), 81-176csrA (•), and 81-176srA/pJF11 (+)were 

subjected to oxidative stress by exposure to various concentrations of hydrogen 

peroxide in filter discs on MH agar plates. One representative, in triplicate, of 

three experiments is shown(*, p<O.OS; **, p<0.005) with error bars. 
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CsrA is an activator of biofilm formation 

Using previously described methods (Hecker eta/., 1996; Kalmokoff eta/., 

2006; Kirov et a/., 2004; van Vliet et a/., 2002; Vatanyoopaisarn et a/., 2000) , 

biofilms were quantitated via crystal violet (CV) staining of static biofilm formation 

in 24-well, flat bottomed polystyrene tissue culture· dishes at 48 hours. Briefly, 

strains were inoculated in MH broth at OD6o0=0.05 and incubated statically at 

37°C for 48 hours. Biofilms were visualized by staining with CV, washed with 

· diH20, photographed, and CV binding quantitated by absorbance at OD21o after 

solubilization in 80°/o DMSO for 24 hours (Figure 7). The csrA mutant formed a 

very sparse biofilm on the bottoms and sides of the wells (Figure 7 A). 

Conversely, both the wild type and complement formed dense biofilms; however, 

a great deal of the matrix formed by the complemented mutant was present on 

the sides of the wells and is not represented in the aspect shown. Quantification 

of crystal violet staining (Figure 78) revealed that the csrA mutant formed nearly 

50 o/o less biofilm compared to 81-176 (p=0.0001); however, the complemented 

mutant formed twice as much biofilm as the wild type. It has been demonstrated 

that flagellar function and responses to both general and oxidative stress are 

critical to biofilm formation (Agladze eta/., 2003; Agladze eta/., 2005; Jackson et 

a/., 2002a; Teplitski eta/., 2006a; Wang et a/., 2005). These results suggest that 

CsrA is an activator of biofilm formation, possibly via regulation of motility and 
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oxidative stress responses in C. jejuni. This conclusion is noteworthy 

considering CsrA represses biofilm formation in several gamma proteobacteria 

(Kalmokoff et a/., 2006). Biofilm formation in C. jejuni is poorly understood but is 

certainly complex and requires flagellar function (Barnes et a/., 2007; Monteville 

eta/., 2003; Wassenaar eta/., 1991). Therefore, reduced biofilm formation by 

the C. jejuni CsrA mutant is consistent with the observation of reduced motility 

(Figure 4) and also suggests that CsrA mediated control of biofilm formation may 

be inherently different in C. jejuni and E. coli. 
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Figure 7. Crystal violet staining of C. jejuni biofilms. Crystal violet-stained 

biofilms were solubilized in 80o/o dimethyl sulfoxide (A) and quantitated by 

determining the OD51o (B). One representative, in triplicate, of three experiments 

<**' p<0.005). 
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Adherence and invasion of intestinal epithelial cells 

The role of CsrA in adherence and invasion of host cells in vitro was 

determined as previously described (Golden & Acheson, 2002; Grant et a/., 

1993; Kakuda & DiRita, 2006; Yao et a/., 1994 ). The csrA mutant exhibited a 

5.4-fold decrease in the ability to adhere to INT407 cells (Figure 8, p=0.002). 

This attenuation of adherence was contrasted by a 20-fold increase in invasion 

by adherent C. jejuni csrA mutant cells (Figure 9, p=0.01) despite reduced 

motility, a factor known to influence invasion (Altier eta/., 2000a; Fortune eta/., 

2006; Lawhon et a/., 2003). There was no difference in susceptibility to 

gentamicin among the strains (data not shown). This is the first report to 

implicate CsrA in the regulation of host cell adherence. Previous studies have 

reported that CsrA functions in both the activation and repression of invasion 

(Golden & Acheson, 2002; Grant et a/., 1993; Kakuda & DiRita, 2006; 

Wassenaar eta/., 1991; Yao eta/., 1994). Our data suggests that in C. jejuni the 

role of CsrA in epithelial cell invasion is primarily via repression of invasion 

specific genes. This conclusion introduces a paradox because both motility and 

adherence are important for host cell invasion in C. jejuni (Bacon et a/., 2001; 

Barnes et a/., 2007; Konkel et a/., 1999); however, the csrA mutant displays 

defects in both. However, while both motility and adherence are certainly 

prerequisites for invasion, the adherence and invasion processes involve 



different proteins. For example, molecules that are uniquely involved in the 

invasion step but not adherence including the Campylobacter invasion antigens 

(Cia), gamma-glutamyl transpeptidase, and the polysaccharide capsule (Babitzke 

& Romeo, 2007). CsrA may therefore directly or indirectly regulate these or other 

invasion specific Campylobacter proteins, and changes in the expression of 

these proteins may override any effect of the decrease in motility and result in the 

observed increase in invasion. 
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Figure 8. C. jejuni adherence to INT407 cells. The capacities of 81-176, 81-

176csrA, and 81-176csrA/pJF11 to adhere to INT407 cells at a multiplicity of 

infection of 15 were examined in vitro. Adherence is expressed as a percentage 

of bacteria had either adhered to or invaded cultured intestinal epithelial cells 

after a 3-hour incubation, compared to the inoculum. One representative, in 

triplicate, of three experiments is shown(*, p<O.OS) with error bars. 
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Figure 9. Invasion of adhered C. jejuni to INT407 cells. The capacities of 

adhered 81-176, 81-176csrA, and 81-176csrA/pJF11 to invade INT407 cells at a 

multiplicity of infection of 15 were examined in vitro. Invasiveness is expressed 

as the percentage of intracellular bacteria surviving gentamicin treatment of 

INT407 cells during a 2-hour incubation following the 3 hour adherence 

incubation, compared to the number of adherent bacteria (to account for 

differences among the strains). One representative, in triplicate, of three 

experiments is shown (*, p<0.05) with error bars. 
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Conclusion 

Post-transcriptional regulation in C. jejuni has not been studied previously 

and many questions remain to be considered in future studies to address how 

CsrA works in Campylobacter and other epsilon proteobacteria. Presently, it is 

not known how CsrA is regulated in C. jejuni. In E. coli and many other bacteria, 

CsrA has been shown to be regulated by the small non-coding RNAs (sRNAs) 

csrB and csrC (Kulkarni et a/., 2006) which have not been identified in 

Campylobacter (Fortune et a/., 2006; Suzuki et a/., 2002; Teplitski et a/., 2003; 

Teplitski et a/., 2006a; Teplitski et a/., 2006b). Furthermore, regulation of E. coli 

csrBIC is directed by the BarA/UvrY two-component regulatory system· (Parkhill 

et a/., 2000), which does not appear to have an ortholog in C. jejuni (Butzler, 

2004; Sanders et a/., 2002). These data, therefore, represent an important first 

step in elucidating the role of CsrA in C. jejuni physiology and pathogenesis. In 

summary, we have constructed a C. jejuni mutant lacking the predicted post

transcriptional regulator CsrA. The csrA mutant exhibits changes in several 

virulence-related properties, including oxidative stress resistance, motility, 

adherence, and invasion. These pleiotropic effects suggest that CsrA is an 

important regulator involved in C. jejuni pathogenesis. 
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Ill. UNPUBLISHED RESEARCH 

Campylobacter jejuni CsrA regulates metabolic and virulence associated 
proteins and is necessary for mouse colonization). 

Specific Aim 2 - Determine CsrA targets by identi~ing proteins 

misexpressed in the csrA mutant. We will.use proteomics technologies to 

establish the CsrA regulon,. by examining the altered expression of proteins in a 

csrA mutant. Confirmatory biochemical studies will allow us to identify direct 

targets of CsrA. 
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Abstract 

Campy/obacter jejuni infection has long been recognized as one of the 

leading bacterial causes of gastroenteritis in the world and one of the most 

frequent antecedent events leading to the acute paralytic neuropathy, Gullian

Barre' syndrome. Presently, regulation of the pathogenic processes of C. jejuni 

is not well understood; however, recent data suggest that CsrA may play an 

important role in regulating several important phenotypes such as oxidative 

stress respo~ses, biofilm formation, motility, and host cell adherence and 

invasion. In this study we compared the proteomes of wild type and csrA mutant 

C. jejuni in an effort to elucidate the mechanisms by which CsrA affects the 

, previously reported phenotypes. Our results suggest that CsrA is most important 

during stationary phase and is required for the expression of several proteins that 

may be involved in the known phenotypes of the csrA mutant. Proteins 

responsible for metabolic functions such as amino acid assimilation, 

gluconeogenesis, the citric acid cycle, and the electron transport chain displayed 

altered expression in a csrA mutant, as well as proteins involved in fibronectin 

binding, motility, chemotaxis, and oxidative stress resistance. The csrA mutant 

strain showed decreased binding to fibronectin in vitro and also displayed altered 

autoagglutination kinetics when compared to the wild type. Finally, the csrA 
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mutant was reduced in its ability to colonize in a mouse model when in 

competition with the wild type. 

INTRODUCTION 

Campylobacter jejuni infection is a leading cause of bacterial 

gastroenteritis and diarrhea throughout the world. As a pathogen of significant 

public health importance, C. jejuni has been well studied; however, our 

understanding of the exact mechanisms by which the bacterium causes disease 

is limited. Although most frequently associated with poultry due to a commensal 

relationship with avian species and the frequent occurrence of disease following 

the ingestion of undercooked chicken, C. jejuni inhabits a broad range of 

habitats, both enteric and environmental, requiring it to regulate gene expression r 

accordingly. Analysis of the C. jejuni genome indicates that gene regulation is 

limited to a fraction of the regulatory elements found in other bacteria (Parkhill et 

a/., 2000). C. jejuni has a homolog of the E. coli post-transcriptional regulator, 

CsrA. In E. coli, CsrA regulates the translation of target proteins by binding to 

sequences containing the motif, ANGGA, which is often found overlapping or 

adjacent to the ribosome binding site (RBS) (Liu & Romeo, 1997). This action of 

CsrA upon its target is capable represses translation by blocking the availability 

of the RBS for the ribosome and destabilizing the mRNA transcript (Baker et a/., 
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2002a). Positive regulation of protein translation by CsrA is not as clearly 

defined; although, binding of CsrA to its target sequence can in some cases 

either increase the half life of or stabilize a transcript, increasing the amount of 

protein that can be translated from it (Wei et a/., 2001 ). We previously reported 

that deletion of csrA from the C. jejuni genome disrupts a number of important 

phenotypes (Fields & Thompson, 2008). In the absence of CsrA, C. jejuni cells 

display reduced motility, an inability to accumulate biofilms when grown in static 

culture, an increased sensitivity to oxidative stresses, and defective adherence to 

human intestinal epithelial cells in vitro. The csrA mutant was also hyperinvasive 

in the same intestinal epithelial cell model. 
l 

In this study, we used proteomics to identify both direct and indirect 

targets of CsrA, in an effort to define the regulon and elucidate molecular 

mechanisms for the phenotypes observed in the mutant. We found that the 

effect of CsrA on the expression of whole cell proteins was more evident in 

stationary phase, as very few changes were observed in cells grown to mid-log 

phase. However, when grown to stationary phase, 97 proteins were differentially 

expressed in the absence of CsrA. Further analysis of several proteins identified 

from the proteomics screen revealed that purified, recombinant CsrA bound 

directly to the corresponding transcripts, indicating a direct relationship between 

the differential expression of these proteins and the absence of CsrA in the 
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mutant strain. We also describe a decreased ability of the csrA mutant to bind to 

purified fibronectin and altered autoagglutination kinetics in comparison to the 

wild type strain, as well as a decrease in the ability to experimentally colonize 

mice. 

Materials and Methods 

Bacterial strains and routine growth conditions 

All bacterial strains used in this study are listed in Table 3. C. jejuni strain 

81-176 (Black eta/., 1988) was stored at -80°C in Mueller Hinton (MH) broth 

(0.2o/o beef extract, 1.75°/o acid digest of casein, 0.15%) starch) containing 20o/o 

(v:v) glycerol and grown on MH agar at 42°C in 1 Oo/o C02 or in microaerophilic 

atmospheres generated within Mitsubishi AnaeroPack jars using AnaeroPouch 

microaerophilic gas generator sachets (Remel, Lenexa, KS). Where appropriate, 

C. jejuni strains were selected on MH agar containing 5o/o sheep blood, 

cephaperazone (20 J,Jg/ml), vancomycin ( 10 J,Jg/ml) and amphotericin B (2 J,Jg/ml) 

with or without chloramphenicol (15 J,Jg/ml). E. coli strains were stored at -80°C 

in Luria-Bertani (LB) broth (1 °/o tryptone, 0.5o/o yeast extract, 1 °/o NaCI) containing 

20o/o (v:v) glycerol, and routine growth was carried out at 37°C on LB agar or in 

LB broth with. shaking. When appropriate, E. coli strains were selected in LB 

medium using ampicillin (1 00 J,Jg/ml) or kanamycin (50 J,Jg/ml). 
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Table 3. Bacterial Strains and Plasmids, Part B. 

Strain or Plasmid Description Resistance Source or Refemce 
Strain 
campylobacter Jejun/ 

81-176 Wild Type Black et al, 1988. 
81-176~csrA C. jejunt csrA deletion em Fields & Thompson. 2008. 
81-176 AcsrA pJF11 csrA Complement strain cm.Kan Fields & Thompson, 2008. 

Escherichia coli 
JM109 Cloning Host . Promega 
BL21(DE3) Protein expression strain 

Plasmlds 
pCRU-TOPO Cloning Vector Amp, Kan Invitrogen 
pET-20b(+) · Protein expressron Vector Amp Novagen 
pJF50 csrA do ned rnto pCRll-TOPO Amp, Kan This Study 
pJF51 osrA subdoned int pET-20b(+) Amp This Study 
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Two dimensional protein gels 

Proteomics experiments were performed as previously described 

(Pajaniappan et a/., 2008) employing differential in-gel electrophoresis (OIGE) 

methodology and a GE Biosystems semi-automated workstation (Piscataway, 

NJ). Briefly, wild type, csrA mutant, and complemented C. jejuni cells were 

grown to mid-log (006oo = 0.5) or stationary phase (006oo = 1.0) in shaking 

cultures at 42°C. The cultures where then harvested on ice and RNA synthesis 

was halted by the addition of 1 /20th volume of 5o/o phenol in ethanol to the culture 

media and spectinomycin (1 00 j..Jg/ml) was added to the cultures to inhibit 

translation. Aliquots where then frozen at -80°C for later RNA isolation. Cells for 

use in proteomic experiments were collected by centrifugation at 10,000 rpm (in 

a Beckman Microfuge 18) for 20 minutes at 4 oc. The pellets were then 

resuspended and washed three times in 10 mM Tris (pH 8.0), 5 mM magnesium 

acetate by centrifugation at 12,000 rpm for 4 minutes at 4 °C. The cells were then 

resuspended in 1 ml of lysis buffer [8 M urea, 30 mM Tris (pH 8.5), 4% (w:v) 

CHAPS) and incubated on ice for 30 minutes~ Following incubation, the lysates 

were sonicated (Model 100 Sonic Oismembrator, Fisher Scientific) six times at 10 

second intervals. The lysates were then centrifuged at 10,000 rpm for 10 

minutes at 4 oc to pellet debris and the soluble component was retained for 
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further study. The protein concentrations of the lysates were determined using 

the BCA assay kit (Pierce, Rockford, IL). Next, 25 J,.lg of protein each from wild 

type, csrA mutant, and complemented strains were labeled in the dark with 1 1-11 

Cy2, Cy3, or Cy5 dye conjugates respectively according to the manufacturer's 

instructions (GE Biosystems). The labeling reactions were halted after ten 

minutes by the addition of 1 mM lysine. The labeled proteins were mixed with 

the corresponding unlabeled proteins in equal amounts (to total 50 J,.lg of each 

protein sample) and then applied to IPGPhor isoelectric focusing (IEF) strips 

(range 3-10, non-linear). Following IEF, the strips were washed in equilibration 

buffer [6 M urea, 10 mM Tris (pH 8.0), 30o/o glycerol, 1 o/o SDS) and positioned at 

the top of a 12%> SDS polyacrylamide gel for size separation. 

Following SDS-PAGE, the gel was scanned on a Typhoon fluorescent 

flatbed scanner (GE Biosystems) at the appropriate wavelengths for Cy2 (489 

nm excitation/506 nm emission), Cy3 (540 nm excitation/590 nm emission), and 

Cy5 (625 nm excitation/680 nm emission). These images were then overlaid and 

analyzed for identification of proteins exhibiting altered protein expression in the 

csrA mutant compared to either the wild type or complemented strains using 

Decyder Differential In-Gel Analysis (DIA) software (version 4.0, GE Biosystems). 

Proteins of interest were then robotically excised and digested with trypsin 

(Invitrogen). Tryptic peptides were then identified by matrix-assisted laser 
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desorption ionization time-of-flight/time-of-flight (MALDI-ToF/ToF) 

spectrometry (Applied Biosystems, Foster City, CA). Protein identifications were 

a result of parsing protein databases with both tryptic fingerprint data and primary 

amino acid sequences of peptides following fragmentation and MS/MS. 

Proteomics experiments were performed on three biological replicates. 

Purification of recombinant C-terminally His-tagged CsrA 

Recombinant CsrA from C. jejuni strain 81-176 was purified as previously 

described (Hobb eta/., 2009). Primers JAFcsrANdel and JAFcsrAXhol (Table 4) 

were used to PCR amplify the csrA coding sequence (lacking the stop codon) 

from 81-176 genomic DNA. The resulting amplicon was then cloned into theTA

cloning vector pCRII-TOPO (Invitrogen) to generate the plasmid JAF50. The 

insert was excised by restriction endonuclease digestion with the enzymes Xhol 

and Ndel, gel purified and subcloned into the E. coli expression vector pET20b+ 

(Novagen) to yield plasl)lid JAF51. Plasmid JAF51 was then transformed into E. 

coli expression strain BL21 for use in overexpression and purification. This strain 

was grown as a two liter culture in LB broth supplemented with ampicillin (50 

tJg/ml) to mid-log (00600=0.05) whereby it was induced to express recombinant 

His-tagged CsrA by the addition of 1 mM IPTG for three hours. After the 

induction period, the culture was pelleted and washed with STE buffer (0.1 M 
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NaCI, 10 mM Tris-HCL, pH 8, 1 mM EDTA, pH 8) and resuspended in lysis buffer 

(50 mM Tris, pH 7.8, 2 mM ~-mercaptoethanol, 5o/o glycerol, 2 mM EDTA, pH 8) 

and homogenized. The lysate was then further incubated with an additional 4 ml 

of lysis buffer for thirty minutes followed by sonication on ice ten times at ten 

second intervals punctuated by ten second pauses to prevent overheating of the 

lysate. The sonicated lysate was · pelleted at 12,000 rpm (in a Beckman 

Microfuge 18) retaining the supernatant for further purification steps. The 

supernatant was fractionated by incubation for 1 hour in the presence of 

ammonium sulfate (0.56 g/ml) and pelleted again. The pellet was resuspended 

in buffer CJA (125 mM Tris, pH 7.5, 5 mM ~-mercaptoethanol, 2.5°/o glycerol, 2 

mM EDTA, pH 8) and dialyzed ·overnight at 4 ac against buffer CJA. The dialyzed 

lysate was then passed over a 0.5 M Nickei-Sepharose column, eluted by the 

addition of buffer CJA containing 300 mM imidazole, and fractions were collected 

for further analysis. Fractions containing purified His-tagged CsrA were then 

pooled and dialyzed against a storage buffer (50 mM Tris, pH 8, 50% glycerol, 2 

mM EDTA, 100 mM NaCI) to concentrate the sample. Purified and concentrated 

His-tagged CsrA aliquots were then stored at -20°C for future experiments. 



Table 4. Oligonucleotides, Part B. 

Primer 
Cloning 

JAFcsrANde1 
JAFcsrAXho1 

qRT·PCR 
Ferritin (eft) 
JAF534 
JAF535 
EF·TU (tul) 
JAF540 
JAF541 
MOMP(porA) 
JAF528 
JAF529 
Succinate Dehydrogenase (sdhA) 
JAF538 
JAF539 
PEB4 (cj0596) 
JAF532 
JAF533 
16SrRNA 
JAF524 
JAF525 

EMSA 
Ferritin {eft) 
JAF100sp6 
JAF101 
EF·TU (tul) 
JAF106sp6 
JAF107 
MOMP(porA) 
JAF108sp6 
JAF109 
Succinate Dehydrogenase (sdhA) 
JAF110sp6 
JAF111 
PEB4 (cj0596J 
JAF112sp6 
JAF113 

Sequence (5'-3") 

GGCATATGTTAATATTATCAAGAAAAGAAAATG 
GGCTCGAGTTTGATTAGTTTTTTGCTTAAGTC 

GCGAACAACACGAAGAAGAAGCAC 
AAGTCCATTTCCGTGTTCTCCGA 

ATGGATCAAGGCGAAGCAGGAGAT 
TCAGCTTCGAAGTCAGTGTGTGGA 

AGCTTTATGGCGGAAGAGCAAGGT 
AACCTACAGCAGCAGCACCGTAAA 

ACGGCGCATTATTCTATGGGTGGA 
TGTCGCACCAATGCCTGCTAAATG 

ACCTGCAAGAGTGCAAGCAA 
CAAACCAACCAAGCTCACCACCTT 

GGGTGCTAGTCATCTCAGTAATGC 
GGTAAGGTTCTTCGCGTATCTTCG 

ATTTAGGTGACACTATAGATGAGAATCTGTTTCATTAAGATAAG 
AAAGATAGAAII l IIIICI\IIIIIIIC 

ATTTAGGTGACACTATAGGTATATATCCCATTTAAGAGTTTTTGT 
TGAGAAGTAGCAATAGTAATACCACG 

ATTTAGGTGACACTATAGAAACGAACCGAAAAACATTCAT 
CTATATTTGTGATCTTGTTTGCTGTTG 

ATTTAGGTGACACTATAGCATCTATCTTCTTTGATTACTTATCTT 
TTTTCTTTTCTCACTGCGG 

ATTTAGGTGACACTATAGGCATTGGGCTGAAAGCAT 
ATAATATATTGCTGAATAAGAGCTTTT 

67 
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C. jejuni outer membrane purification 

To compare the outer membrane protein profiles the outer membranes of 

wild type, csrA mutant, and complemented C. jejuni were purified according to 

previously described methods (Pajaniappan et a/., 2008). Essentially, strains 

were grown to stationary phase at 42°C, harvested by centrifugation at 3000x g 

and resuspended in 10 mM HE PES (pH 7.4 ). Resuspended cultures were then 

lysed via French press at 1000 p.s.i. (Thermo Scientific, Waltham, MA). Intact 

bacteria remaining after lysis were removed via centrifugation at 1 O,OOOx g and 

the recovered supernatants were centrifuged at 1 OO,OOOx g for one hour at 4 oc 

for one hour to recover the total membrane fraction. The total membrane pellet 

was then washed twice in 10 mM HEPES (pH 7.4) followed by incubation in 10 

mM HE PES (pH 7.4) containing 5% Sarkosyl to solubilize the cytoplasmic 

membrane. The outer membrane fraction was then recovered via 

ultracentrifugation at 1 OO,OOOx g as described above and then washed twice in 

5°/o Sarkosyl and resuspended in sample buffer for further SDS-PAGE analysis. 
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CsrA interactions with purified total RNA 

To gauge the ability of recombinant, his-tagged CsrA to interact with 

nucleic acids, we incubated purified CsrA with DNA extracted from C. jejuni and 

with total RNA purified from both C. jejuni and E. coli for 30 minutes at room 

temperature. Next, the reactions were precipitated by the addition of nickel 

coated MicroBeads (Miltenyi Biotec, Auburn, CA) which were concentrated using 

a Dynal MPC-5 magnetic particle concentrator (Dynal Biotech, Oslow, Norway). 

The nucleic acid/protein complexes were then washed three times with TE (10 

mM Tris-HCI, pH 8.0, 1 mM EDTA) and concentrated magnetically. After 

washing, the reactions were then resuspended in TE and the absorbances at 260 

nm and 280 nm were recorded. 

EMSA 

DNA templates to be used for in vitro RNA transcription were generated 

by PCR using primers designed to the promoter regions of the targets to be 

studied listed in Table 4. RNA was then synthesized from these purifed PCR 

products using the MEGAscript kit (Ambion). The transcripts were purified via 

phenol:chloroform extraction followed by ethanol precipitation. Purified RNA was 

resuspended in TE, heated to 85°C, and allowed to cool to room temperature on 

the bench. The transcripts were then incubated with increasing concentrations of 
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purified, recombinant His-tagged CsrA in the presence of yeast RNA in 10 !JI 

reactions (10 mM Tris-HCI, pH 7.5, 10 mM MgCb, 100 mM KCI, 3.25 ng total 

yeast RNA, 20 mM OTT, 7.5°/o glycerol) for 30 minutes at 37 9C. The reactions 

were resolved on 15°/o native polyacrylamide gels and stained with Sybr Green. 

Quantitative real-time reverse transcription PCR {qRT -PCR) 

To examine the transcriptional expression of CsrA associated targets, 

RNA was extracted from wild type and csrA mutant strains grown to stationary 

phase at 42°C in MH broth and used to prepare eDNA using the GeneAMP RNA 

PCR Kit (Applied Biosystems). qRT-PCR was run using a !Cycler IQ real-time 

PCR detection system with IQ Sybr Green Super Mix (Bio-Rad Laboratories, 

Hercules, CA) and the appropriate primer pairs for each transcript (Table 2). 

Primers designed to the C. jejuni 168 rRNA gene were used in control reactions 

as previously described (Palyada eta/., 2004). Data were analyzed using the 

I Cycler data analysis software package (Bio-Rad Laboratories). Amp Iicon 

expression differences were then calculated using the comparative threshold 

cycle (~~CT) method (Fields & Thompson, 2008) thus determining fold 

differences in transcription levels. 
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Autoagglutination assay 

Autoagglutination of C. jejuni csrA mutant and wild type strains was 

performed as previously described (Rathbun & Thompson, 2009). Overnight, 

liquid cultures of C. jejuni were diluted to an ODsoo of 1.0 in phosphate buffered 

saline (PBS), distributed into 2 ml aliquots and incubated. at room temperature for 

24 hours at which time the ODsoo of the top 1 ml of the culture was measured. To 

determine the kinetics of autoagglutination, the assay was performed as 

described above; however, measurements were taken every hour for eight hours. 

These assays were performed in triplicate with three separate biological 

replicates. 

Fibronectin binding assay 

The ability of C. jejuni wild-type and csrA mutant strains to bind fibronectin 

was assessed as described by Konkel (Konkel eta/., 201 0). Essentially, C. jejuni 

strains were grown on plates to confluency at 37°C and resuspended at a density 

of 108 CFU per ml in PBS. 1 00 1-11 aliquots of each strain were distributed into 96-

well flat-bottomed plates that had been coated with 1 mg/ml fibronectin in 0.05M · 

Tris-buffered saline, pH 7 .5, or 1% BSA in PBS overnight at 4°C overnight and 

washed with PBS. The assay was then incubated for 1 hour at 37°C in a tri-gas 

incubator. Following incubation, the wells were washed three times with PBS to 
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remove unbound bacteria. Fibronectin-bound bacteria were quantitated by the 

addition of 0.25o/o trypsin, followed by serial dilution and plating on MH agar. 

Mouse colonization 

Competitive mouse colonization studies were carried out as previously 

described (Pajaniappan eta/., 2008). Wild-type and csrA mutant were mixed in 

equal proportions (approximately 2.5 x 109 CFU each) prior to inoculation and 

administered to BALB/cBY J mice (The Jackson Laboratory, Bar Harbor, ME) by 

oral gavage. Fecal pellets where collected from each infected mouse at 0, 7, 14, 

and 21 days after inuculation and suspended in PBS. Shed bacteria were then 

enumerated via serial dilution of fecal suspensions on MH agar containing 5% 

sheep blood, cephaperazone (20 J,Jg/ml), vancomycin (1 0 J,Jg/ml) and 

amphotericin B (2 J,Jg/ml) without or with chloramphenicol (15 J,Jg/ml) to 

differentiate between wild-type and mutant bacteria recovered. 

Statistical Analysis 

Results are presented as means ± standard error of means. Statistical 

analysis was determined using one-way analysis of variance (ANOVA) or 

student's t-test. P values of less than 0.05 were considered significant. 
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Results 

Mutation of CsrA alters protein expression in stationary phase. 

Considering the pleiotropic nature of the C. jejuni csrA mutant (Guerry et 

a/., 2006), proteomics experiments were performed to examine the protein 

expression profiles of the wild type, mutant, and complemented strains. C. jejuni 

cells were grown overnight at 42°C and then diluted into fresh MH media and 

then allowed to grow in parallel to either mid-log phase (00600=0.5 or 12 hours) 

or to stationary phase (OD6oo=1.0 or 24 hours) at 42°C. These cultures were 

then harvested and subjected to 20-DIGE analysis (Figure 1 0) followed by 

MALO I ToF-ToF mass spectrometry to enumerate and identify proteins 

differentially expressed more than ±1.5 fold in the csrA mutant bacteria, as 

compared to the wild type, at both growth phases. We observed that when 

grown to mid-log phase, 15 proteins appeared to be misexpressed in the csrA 

mutant as compared to the wild type (data not shown). In contrast, when grown 

to stationary phase expression of 97 proteins was altered (71 proteins were more 

abundant in the csrA mutant as compared to the wild type, while 26 proteins 

were less abundant). All 97 differentially expressed proteins were excised and 

subjected to MALDI ToF-ToF mass spectrometry for identification. Among the 

proteins that were up-regulated (Table 5), we identified . proteins with fold 
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changes ranging from 1.52 to 2.5. Among these were several proteins predicted 

to affect metabolism and/or virulence including acetate kinase (AckA), Trigger 

Factor, PEB4, y-glutamyl transpeptidase (GGT}, RacR, FliD, and Fur. Proteins 

up-regulated in the csrA mutant included members of several classes including: 

amino acid assimilation (y-glutamyl transpeptidase, His-tRNA synthase); 

oxidative stress responses (thiol peroxidase and thioredoxin peroxidase); gene 

regulation (RacR and Fur); chaperones (PEB4 and Trigger Factor); motility 

(FiiD); transmembrane transporters (Molybdenum transport ATP-binding protein 

and Oligopeptide ABC transporter); and the citric acid cycle and acetate 

biosynthesis (AcnB and AckA). Proteins down-regulated {Table 6) included a 

number of virulence associated proteins including MOMP, CadF, CheV, SdhA, 

Ferritin (Cft), LpxB, and WaaF, with fold changes ranging from -1.5 to -3.21 fold. 

Protein classes observed to be down-regulated included: metabolic pathways 

including gluconeogenesis, the citric acid cycle, amino acid assimilation, and the 

_electron transport chain (enolase, GDP-mannose 4,6-dehydratase, citrate 

synthase, ketal acid reductoisomerase, succinyi-CoA synthase, Serine protease 

DO, llvC, Adenylosuccinate synthase, and dihydroorotate dehydratase, fumarate 

reductase, and TorA); chaperones (HSP90 and GroEL); iron and nitrogen 

assimilation (ferritin and NifS); outer membrane biogenesis (LpxB and WaaF); 

fibronectin binding (CadF, FlpA, MOMP); and chemotaxis (CheV). To ensure 
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that expression changes in these proteins were specific to csrA mutation, the 

csrA complementation strain (81-176~csrApJF11, Table 5) was also examined 

along with the mutant and wild type strains. We chose to examine Ferritin (-

2.38), Ef-Tu (+1.75), MOMP (-2.06), SdhA (-2.05), and PEB4 (+1.59) further to 

assess a direct role of CsrA in their expression. 
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Figure 10. Proteomic analysis reveals changes in the stationary phase 

expression of proteins in the absence of CsrA. Shown is a Two-dimensional 

SDS-PAGE analysis of the proteomes of wild type, csrA mutant, and 

complemented strains. Arrowheads point to spots with altered expression in the 

csrA mutant strain that were subjected to further analysis. Filled arrowheads 

indicate proteins that have been up-regulated in the csrA mutant. Open 

arrowheads indicate proteins that have been down-regulated in the csrA mutant. 
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Table 5. Proteins with Increased Expression in the csrA Mutant. 

Trigger Factor (Tig) 
HP1286 Homolog 
Thlol Peroxidase (Tpx) 
Fur 

Protein 

Thloredoxfn Peroxidase 
PE84 
Aconltate Hydratase (AcnB) 
EF-Tu 
RacR 
Molybdenum TransportATP-Binding Protein 
DUF162 Superfamily Hyp.otheUcal Protein 
Acetate Kinase (AckA) 
FliD 
Hls-tRNA Synthase 
Gamma Gtutamyt Transpeptldase (GGT) 
Ollgopeptlde ABC Transporter 
RuvA 

Fold Change Fold: Change 
~csrA csrApJF11 

(vs. WT) (vs. 4csrA) 
2.14 

2.5 
2 .. 19 
2.03 
2.19 
1.59 
1.85 
1.75 
1.69 
1.78 
1.75 
1.74 
1.58 
1.67 
1.52 
1.82 
1.71 

-1.43 
-1.21 
1.13 

-1.06 
1.1 

1.09 
-1.21 
-1.33 
1~12 

-1.17 
1.11 

-1.25 
1.01 

-1.05 
1.18 

-1.42 
-1.38 
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Table 6. Proteins with Decreased Expression in the csrA Mutant 

Proteins 

Fumarate Reductase (FrdA) 
Citrate Synthase (GitAl 
Ketal Acid Reductolsomerase (UvC) 
GDP-Mannose 4-6-Dehydratase 
Sucdnyi-CoA Synthase 
Senne Protease DO 
·Branched Chain Amino Acld Transferase 
Adenylosucclnate Synthase 
Dih.ldroorotate Dehydratase 
Enot:ase (Eno) 
Heat Shock Protein 90 
GroEL 
~~ajor Outer Membran~ Protein (.MOMP) 
CadF 
Ohe'l 
FlpA 
Cj0437 
Tor A 
FtsH 
Ferritin (Cft) 
LpxB 
waaF 
NitS 
Ribosomal Protein 51 
Molybdopterln-containlng Protein 
GTP~Bindlng Protein 

Fold Change Fold Change 
AcsrA csrApJF11 

(vs. WT)' (vs. AcsrA) 
.. 2.05 
-1~61 
-1~79' 
-1~.74 

-2 .. 55 
.. 1 .. 73 
-1.48 
-1 .. 74 
-3.21 
-2.79 
-1~79 
-1.4 

-1.61 
-1.5 

-1.,48 
~1.5 

-2.3 
-2.9 

-1.59 
-2.38 
-1 .. 79 
-1.58 
-1.75 
-2~44 
-2.9 

-1·.67 

1.12 
1.23 

-1.19 
1.09 
1~32 
1.27 
1.14 
1.25 
1.,76 
1oc21 
1.32 
1.18 
1.11 
1.37 
1 .. 55 

-1.12 
-1.22 
1.49 

-1.13 
1.75 
1.14 
1 .. 42 
1.29 
·1,~23 

1.82 
1.19 
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Deletion of csrA alters the protein composition of the Outer Membrane. 

Proteomic analysis of whole cell lysates indicated a number of proteins 

differentially expressed in the csrA mutant strain compared to the wild type. To 

examine which putative CsrA-regulated proteins were in the outer membrane, we 

purified C. jejuni outer membrane proteins (Figure 11) using methods previously 

described in our laboratory (Pajaniappan et a/, 2008). Qualitative analysis of 

purified outer membrane proteins confirmed the differential expression (indicated 

by arrowheads) of both MOMP and FlaA and revealed a third, unidentified, outer 

membrane protein with altered expression in the csrA mutant. To rule out phase 

variation as an explanation for the decreased expression of FlaA, the cultures 

used in outer membrane purification were tested for motility immediately after 

harvest and before the outer membrane purification process and all three strains 

were deemed to be motile as previously described (Fields & Thompson, 2008) 

(data not shown). Expression of FlaA appears to be down regulated to a greater 

extent than observed in whole cells, which may be due to an enrichment of the 

sample during outer membrane purification that does not occur in the preparation 

of whole cell lysates used in proteomics. 



Figure 11. MOMP and FlaA expression is decreased in purified outer 

membranes in the absence of CsrA. SDS-PAGE analysis of purified outer 

membrane proteins from wild type (lane 1 ), csrA mutant (lane 2), and 

complemented (lane 3) strains. Arrowheads point to proteins with altered 

expression in the csrA mutant strain. 
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Differential expression of CsrA targets is post-transcriptional 

To assess whether changes in protein expression observed in the csrA 

mutant were due to altered transcription, we performed quantitative real-time 

reverse transcription PCR (qRT-PCR) on eDNA samples synthesized from wild 

type and csrA mutant RNA (Figure 12) using primers specific to the coding 

sequences of the proteins chosen for further study (Table 4 ): eft (JAF534/535), 

tuf (JAF540/541 ), parA (JAF528/529), sdhA (JAF538/539), cj0596 (JAF532/533) 

and primers specific for 168 rRNA (JAF524/525) as a non-regulated negative 

control. We found that the qRT -PCR primers amplified each of the putative 

targets from eDNA synthesized from wild type RNA at equal rates from eDNA 

synthesized from RNA extracted from the csrA mutant strain, indicating that 

transcriptional expression for each target is equal in both the wild type and 

mutant. 
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Figure 12. Differential expression of proteins in the csrA mutant is post

transcriptional. qRT-PCR of the relative expression of ferritin (eft), EF-Tu (tuf), 

MOMP (parA), Succinate dehydrogenase (sdhA), and PEB4 (cj0596) as relative 

to the non-regulated control 168 rRNA in the wild type (black bars) and the csrA 

mutant strain (white bars). One representative, in triplicate, of three experiments 

with error bars is shown. 
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CsrA binds total C. jejuni RNA 

To further characterize the molecular role of CsrA in the expression of the 

target proteins, we purified recombinant, C-terminally his-tagged CsrA from C. 

jejuni expressed in E. coli as described in the materials and methods. After 

purification, recombinant CsrA was assessed for its ability to bind to total RNA 

purified from C. jejuni (Figure 13) and from E. coli (data not shown). We found 

that in the presence of C. jejuni RNA, there was a significant increase in the 

absorbance ratio (A26o/A2ao) of purified CsrA as compared to the no RNA 

negative control indicating an interaction between C. jejuni CsrA and purified C. 

jejuni RNA. No difference in absorbance was observed when C. jejuni CsrA was 

incubated with purified E. coli RNA (data not shown). Similar experiments were 

carried out to determine whether CsrA binds to purified DNA and we found that 

there was no significant difference in the absorbance of CsrA incubated in the 

presence or absence of DNA. These results support the idea that C. jejuni CsrA 

is an RNA binding protein specific for RNA from C. jejuni. 
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Figure 13. Binding of total C. jejuni RNA by purified C. jejuni CsrA. Purified 

his-tagged CsrA was combined with total RNA from C. jejuni and from E. coli 

(data not shown). Following incubation, CsrA was concentrated by the addition 

of nickel-coated magnetic beads, which were precipitated using a magnetic 

particle concentrator. Nucleic acid/protein complexes were resuspended in TE 

and bound RNA was measured by recording the A2so12so ratio. One 

representative, in triplicate, of three experiments with error bars is represented. 

(*, p<0.01) 
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CsrA binds directly to target RNAs 

Electrophoretic mobility shift assays (EMSA) were performed to determine 

the ability of purified CsrA to interact with RNA transcribed from the promoter 

regions of the targets chosen from proteomics experiments (Figure 14). Primers 

were designed to amplify 400 bp fragments containing the entire promoter region 

and a portion of the 5' coding sequence of each target along with the Sp6 

promoter sequence for in vitro RNA transcription. Increasing amounts of CsrA 

(14- 114 pmol) were then incubated with 100 ng of purified RNA from each of 

the targets. All reactions were incubated in the presence of total yeast RNA 

(3.25 ng) to prevent nonspecific binding and the protein/RNA complexes were 

resolved on native polyacrylamide gels and stained with Sybr Green. Shifts were 

observed in all target RNAs tested, with the degree of the shift increasing 

proportionally to the concentration of CsrA incubated in the reaction. 
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Figure 14. Binding of C. jejuni CsrA to target RNAs. EMSA analysis of the 

interactions between purified C. jejuni CsrA and putative target RNAs. 

Increasing concentrations of purified CsrA were incubated with 100 ng of purified 

RNA from targets identified in proteomics experiments. The positions of free and 

bound RNA are shown. 
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Autoagglutination is altered in the absence of CsrA 

Proteomic analysis of the csrA mutant compared to the wild type strain 

revealed altered expression of PEB4 as well as a number of outer membrane 

proteins. Previous studies in our laboratory revealed that alteration of PEB4 

changed the ability of C. jejuni cells to autoagglutinate, a phenotype dependent 

on full length, glycosylated flagella (Rathbun & Thompson, 2009) and that 

alteration of PEB4 has been linked to altered outer membrane protein expression 

·(Fields & Thompson, 2008). In the current studies, we found that after a 24 hour 

static incubation at room temperature, wild type and csrA mutant strains 

autoagglutinated similarly (Figure 15). Next, we examined the kinetics of 

autoagglutination when followed over a 24 hour period and found that the rate of 

autoagglutination was different between the two strains (Figure 16). Although 

both strains autoagglutinated to similar level after 24 hours, the csrA mutant 

strain reached that point at a slower rate. At 2, 4 and 6 hours the csrA .mutant 

had a significantly higher OD6oo (p<0.05) compared to the wild type indicating 

that fewer bacteria had autoagglutinated. 
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Figure 15. Autoagglutination of C. jejuni strains after 24-hour incubation. 

Suspensions (OD6oo=1.0) of C. jejuni wild type, csrA mutant, and complemented 

strains were incubated at room temperature under microaerophilic conditions in 

anaeropack jars after which time the OD6oo of the top 1 ml of the culture was 

measured. The assay was performed in triplicate on three separate occasions. 
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Figure 16. The kinetics of autoagglutination are altered in the csrA mutant 

strain. Suspensions of C. jejuni wild type, csrA mutant, and complemented 

strains were incubated as before; however, OD6oo measurements were taken at 

2, 4, 6, and 24 hours. The assay was performed in triplicate on three separate 

occasions. Statistical significance (p<0.05) is represented by a star. Error bars 

are present; however, they are too small to be seen. 
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Deletion of csrA reduces fibronectin binding in C. jejuni 

Previous reports from our laboratory demonstrated that the csrA mutant 

strain is defective in its ability to bind to intestinal epithelial cells in vitro (Fields & 

Thompson, 2008). Several proteins observed to be differentially expressed in 

the csrA mutant in proteomics experiments presented earlier have been 

implicated in the fibronectin binding abilities of wild type C. jejuni including FlpA, 

CadF and MOMP which are both down regulated more than 1.5x in the mutant. 

To test the ability of csrA mutant C. jejuni to bind to fibronectin in vitro we 

incubated the mutant and wild type strains in the presence of purified fibronectin 

or BSA (negative control) bound to 96 well, flat bottomed tissue culture dishes 

(Figure 17). We found that the fibronectin binding ability of the csrA mutant was 

reduced compared to the wild type (p<0.01 ). Neither strain bound efficiently to 

the negative control, BSA, indicating that the defect in the csrA mutant was 

specific to fibronectin. 
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Figure 17. Mutation of csrA alters the ability of C. jejuni to bind fibronectin. 

Wild type (black bars) and csrA mutant (white bars) strains were incubated in 

fibronectin or BSA-coated 96-well tissue culture dishes for 1 hour at 37°C. 

Fibronectin-bound bacteria were released by the addition of trypsin and then 

quantitated by serial dilution. Binding results are normalized to the 0/o fibronectin 

binding relative to the wild type strain. One representative, in triplicate, of three 

separate experiments is shown with error bars (*, p<0.01 ). 
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Mutation of csrA renders C. jejuni defective in its ability to colonize mice. 

Despite numerous lines of evidence to suggest defective virulence in the 

csrA mutant, it had yet to be determined if the absence of CsrA affects the ability 

of C. jejuni to colonize a mammalian host. To answer this question, we tested 

the ability of the csrA mutant to colonize mice using a competitive infection model 

previously described in our laboratory (Pajaniappan et a/., 2008). Wild type and 

csrA mutant bacteria were mixed at a 1:1 ratio and orogastrically administered to 

BALB/c-ByJ mice. Fecal pellets were collected at 7, 14, and 21 days post 

infection, the pellets were homogenized in PBS and bacteria shed were serially 

diluted and enumerated on selective and non selective MH agar (Figure 18). The 

mean colonization densities of both strains were compared and a significant 

decrease in the ability of the mutant strain to compete against the wild type was 

observed. This deficiency was observed at 7 (p<0.01 ), 14 (p<0.01 ), and 21 

(p<0.01) days post infection and became more striking as the experiment 

progressed. The parent cultures from both strains used for mouse infection were 

tested for motility on the day of infection to rule out phase variation in flagellar 

gene regulation as a factor in mouse colonization (data not shown) and both 

strains have been shown to grow at similar rates (Fields & Thompson, 2008), 

indicating that the colonization defect of the csrA mutant is not due to changes in 

the ability of the mutant to replicate. 
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Figure 18. CsrA is involved in mouse colonization. BALB/c-ByJ mice were 

orally inoculated with a 1:1 mixture of wild type (closed circles) and csrA mutant 

(open circles) C. jejuni and fecal pellets were collected at 7, 14, and 21 days 

post-infection for enumeration of wild type and mutant bacteria. The geometric 

means of colonization of each group are represented by a horizontal line. The 

limit of detection (represented by a dashed line) was 102 CFU/g. 
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Discussion 

An interesting paradox exists in the fact that C. jejuni survives in a number 

of diverse environments despite its relative lack of regulatory proteins. To date, 

several transcriptional regulatory elements have been characterized; however, 

our understanding of how gene regulation affects C. jejuni disease is still very 

limited, prompting our laboratory to investigate the post-transcriptional regulator 

CsrA and its role in pathogenesis. Previously, we reported that deletion of csrA 

from the 81-176 genome altered motility, biofilm formation, oxidative stress 

responses and in vitro adherence and invasion of intestinal epithelial cells (Fields 

and Thompson, 2008). In the current study, we examined the proteome of a 

csrA mutant in the highly virulent 81-176 strain of the human pathogen C. jejuni 

and identified a role for CsrA in the expression of a number of proteins important 

to both C. jejuni physiology and pathogenesis. Analysis of the proteome of the 

csrA mutant as compared to the wild type revealed altered expression of proteins 

involved in carbon metabolism, the citric acid cycle, gluconeogenesis, amino acid 

assimilation, adherence to host cells (adhesins), motility and chemotaxis. We 

also identified defects in whole cell autoagglutination and fibronectin binding in 

the absence of CsrA which are directly related to previously reported motility and 

adherence phenotypes and are supported by data acquired from proteomics 

experiments. 
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In the present study, we used proteomics to identify direct and indirect 

interactions of CsrA with its targets by ex~mining the expression of proteins in 
'i 

the wild type and csrA mutant strains. Parhllel studies on RNA transcripts were 

I 

conducted in E. coli (Edwards et a/., 2011. ~; however, these studies are as yet 
I 

impossible in C. jejuni due to the lack of :an inducible promoter system. Our 

approach revealed that the expression of ~·!number of proteins had. been altered 

in the csrA mutant. Several classes of :protein were differentially expressed 

:ill 
including outer membrane (WaaF, LpxB, M<OMP, CadF), carbon metabolism and 

amino acid assimilation and electron tranJ~ort (FrdA, AckA, Eno, GltA, OorA, 
' ~ 
I! 

llvC, AcnB, GGT), motility and chemotaxis! (CheV, FlaA, FliD), iron homeostasis 
:1'1' 
Ill 

(Fur and Cft), and protein folding (PEB4, Tig, GroEL). Several mRNA transcripts 

of the proteins identified by proteomics to ID!i.;~ differentially expressed were further .. I 
shown to directly interact with purified CsrA ;strengthening the argument that they 

! ;i 
il 

are post-transcriptionally regulated by CsrA. This argument is further supported 
;I:! 
" 

by data indicating that the changes in prot~:'i,n expression observed in proteomics 
tl:l!i 

are not due to transcriptional differences in'[i,hese genes when comparing the wild 
!· 
' 

type and csrA mutant strains. 
I 

li 
Among those identifications were nur;nerous proteins that may be involved 

in the phenotypes observed in the csrA mJ~ant. One such phenotype in the csrA 
,:1! 

mutant is a defect in biofilm accumulation; (Fields & Thompson, 2008). In the 
', 
I 

' ~I 
11 

i, ,, 
I' 
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: i 
I j 

absence of CsrA, C. jejuni cultures fail to ac~ii.Jmulate biofilms at levels equivalent 

to the wild type. When CsrA was reintrodu~ed in trans on a multicopy plasmid, 

: Jl 
biofilm accumulation was restored in wh~,~ appeard to be a dose-dependent 

manner, as in this strain biofilms over accunlulate in comparison to the wild type. 

The effects of CsrA on biofilm accumulation in E. coli and other bacteria have 
Jl1

1: 

been well documented (Agladze eta/., 201~; Cerca & Jefferson, 2008; Jackson 

eta/., 2002b; Jones eta/., 2008; Wang et aL 2005). The study of biofilms in C. 
: .11: 

jejuni is still emerging. Currently, a numb~n:of factors and proteins are known to 
I 

contribute to C. jejuni biofilm formation;, ~owever, the exact mechanisms of 
'1:,!·, 

biofilm formation in C. jejuni remain unclear:~nd the precise role of CsrA remains 

unknown. In E. coli, biofilms are depen~<it[! ent upon an extracellular adhesin 
'l!l 

composed of the polysaccharide poly-N-acetylglucosamine (PGA), which is 

· .·!.II 
encoded by the pgaABCD operon and is dit~ctly regulated by CsrA (Wang eta/., 

2005). The identity of a putative C. jejuni b;ID

1

! film adhesin remains a mystery. No 
I I I 

homologs of the pgaABCD operon have beWn identified in C. jejuni and there are 

no empirical data to suggest that biofilm f~!rnation in C. jejuni is dependent on a 

polysaccharide. Known polysaccharides .~re not required for· C. jejuni biofilm 
:ill 

accumulation, specifically those involv'~d in capsule formation, protein 

glycosylation, and lipooligosaccharide con~~ruction (Guerry, 2007; Joshua eta/., 

2006). However, a number of studies hav~ l,dentified proteins that are involved in 
I~ 
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i 
I 

~ ' 

·i·' 
C. jejuni biofilm accumulation. One study[rsed proteomics to characterize the 

proteins differentially expressed in biofilm a~!tociated and planktonic C. jejuni and 
•!!' 
•• : l 

identified a major role for proteins involveq, in motility (Kalmokoff et a/., 2006). 
:I 

·!i. 
Another pathway identified to be important!! for C. jejuni biofilm formation is the 

I' 1:. 

stringent response (Candon eta/., 2007b; ~aynor eta/., 2005; Mclennan eta/., 

2008). Mutants incapable of the stringent r~sponse over accumulate biofilm in a 

manner similar to the csrA mutant of E. c~~i, although the exact mechanism of 
l'l 

this phenomenon has yet to be elucidate~il Recent evidence suggests a link 

between the Csr pathway and the stringJJ; response in E. coli (Edwards eta/, 
ljl: 
'lj 

2011) whereby CsrA regulates the string en~ 
1
fesponse through repression of ReiA 

and to a lesser effect SpoT and DksA ~~~~: ich is relieved during the stringent 
Ill 

response. In C. jejuni the stringent respon~f is mediated by the actions of SpoT, 
:ljl 

and to date, no link has been establish~~ between CsrA and the stringent 

response of C. jejunl. However, further stJ~11! y of a putative relationship between 
I l . 
I' 

these pathways could help make great hea~~ay in developing our understanding 
i ·li !. I 

of C. jejuni biofilm formation. ::·1: 

·11 

The C. jejuni csrA mutant is also less!! motile than its parent strain (Fields & 
. I 

Thompson, 2008). Motility, its regulation and involvement in virulence, is a well 
:I· 
:I' 

characterized phenotype in the study of C. j~juni pathogenesis (Aim eta/., 1993a; 

:':l 
Aim eta/., 1993b; Fernando eta/., 2007; G;rant eta/., 1993; Guerry eta/., 1991; 

I\; 
,, 

. I· 
,'•, 
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Guerry, 2007; Hendrixson, 2006; Hendrixson, 2008; Joslin & Hendrixson, 2009; 
I 

il 

Kalmokoff eta/., 2006; Sommerlad & Hendri~son, 2007; Wosten eta/., 2004; Yao 
':1 
:It:. 

et a/., 1994 ). C. jejuni motility is mediated bY bipolar flagella composed mainly of 
:II' 
.I, 

FlaA and FlaB (Guerry et a/., 1991 ). The e~:~ire flagellar biosynthesis pathway is 

regulated in a hierarchy mediated by two si1ma factors, ~4 and cl-8 (Hendrixson 

& DiRita, 2003; Jagannathan et a/., 200:1:), and the FlgRS two component 

regulatory system (Wosten et a/., 2004 ), which is phase variable (Hendrixson, 

2006). In E. coli, CsrA positively regulat~i the flagellar biosynthesis pathway 
.'I: 

ll 
\ 

I 

through its action on the FlhDC master ~egulator (Wei et a/., 2001 ). In the 

absence of CsrA, E. coli cells fail to produc~ flagella and expression of the flhDC 

mRNA is dramatically reduced. In C. jejuh:i, flhDC is absent from the genome 
I 

(Parkhill et a/., 2000) instead relying on the; mechanisms described above. We 
li·, 

previously described (Fields & Thompson, ;!?oo8), that when csrA is deleted, C . 
. I 

jejuni cells display a modest but significan~/ltrduction in motility; however, we did 

not distinguish between motility and cffi~motaxis as the methodology we 

'Iii! 
employed could detect defects in both. ln.fJris study, we found that flagellar and 

I I 

chemotaxis proteins have altered their e~~ression compared to the wild type. 
·jrl: 

For instance, the reduction in expression 1/ ;bf FlaA may explain the decreased 
·i'·" 'lj: 

motility phenotype entirely; however, we ~~ 1so observed down regulation of the 
11:1 

chemotaxis protein, CheV. Our prelimina~~ studies have yet to identify a defect 
l!;: 
I
'" I" 
i•' 

,I, 
I', 
:! 
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'I' 
in the chemotaxis of the csrA mutant towa~~ or away from· a chemical stimulus 

1·1 

(data not shown). Studies are ongoing to t~st whether CsrA directly regulates 

one or more flagellar or chemotaxis proteinsJ;~nd these studies are ongoing. 
1 il 
''I 

The csrA mutant of C. jejuni was al$o particularly sensitive to oxidative 
t·:,J 
!:•,1 

stresses in comparison to the wild type (F.i~.lds & Thompson, 2008). Oxidative 
I ' 
I , 

stress in C. jejuni has been linked to a nu~?er of factors (Atack & Kelly, 2009). 

Superoxide dismutase and catalase are targely responsible for the C. jejuni 
, I 

. I, 
.:1 

response to oxidative stress (Purdy eta/., tQ99; Stead & Park, 2000) although a 
' '! 
': 

number of other antioxidant pathways are:: known to be important for oxidative 
If! I' 

. :I: 

stress responses, particularly to aerotolerance (Baillon et a/., 1999; ·Elvers et a/., 
I' I 
I' I 

2004; van Vliet eta/., 1999; van Vliet eta/., :roo1; van Vliet eta/., 2002). Here we 

show that some of these pathways have tieen altered in the absence of CsrA. 
11. 

r. 
For example, both catalase and Fur have been down regulated in the csrA 

I. 
mutant, which may correspond to the inpreased sensitivity of the mutant to 

oxidative stresses. I·· 

i 

Another defect in the csrA mutant is an inability to bind to intestinal 
1, 

epithelial cells in vitro. Campylobacter/.: adherence has been extensively 
1·: 

characterized, and a number of adhesins including CadF, JlpA, FlaA, FlpA and 
I 

I 

MOMP have been identified (Flanagan eta/., 2009; Grant eta/., 1993; Jin eta/., 
I 

2001; Monteville eta/., 2003; Moser et a/.,11997). In the absence of CsrA, all of 
! 

I 
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these adhesins have reduced expression/. when compared to the wild type, 
I ~ 

suggesting a causal role for the decreased ~dherence phenotype observed in the 

mutant. Interestingly, in a recent study (Ed~~rds eta/., 2011) the porin OmpA, a 

homolog of MOMP, was also identified as !target of E. coli CsrA. Both OmpA 

(and several other porins) from E. coli a~d MOMP from C. jejuni have been 
I 

~haracterized in depth; however, while the 1~egulation of the E. coli porins is well 
i' 

studied (Be her & Schnaitman, 1981; Gib~,li & Barbe, 1990; Lan & lgo, 1998; 
il.: 

Russo eta/., 1993), the regulatory requirem:~nts of MOMP expression in C. jejuni 

are poorly understood. One study utili!ed transcriptional and translational 
II 
fi' 

reporters to characterize the regulation of /C. jejuni MOMP expressed in E. coli 
1: 
I· 

(Dedieu eta/., 2002) and found that regulati.on of MOMP in E. coli was influenced 
I' 

by temperature, pH, and DNA supercoilinJ but was independent of many other 
II 

environmental signals known to affect E. cdli porin expression such as osmolarity 

suggesting that there must be a regulatoJ pathway conserved between E. coli 
I. 

and C. jejuni that is independent of the m~jor E. coli regulatory elements. It is 
i 

entirely possible based on the data observ~d in this study and the Edwards study ,, 
, .. 

(Edwards eta/., 2011) that this conserved 1pathway is dependent on and specific 
1 ~ 

I·! to CsrA. 1, 

1.: 
I> 

Considering the number of metabolic and virulence-associated 
!·I 

phenotypes affected by mutation of csrA ap;d the proteins differentially expressed 

, I 
:.! 
i I 

J I 
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·I, 

'I 

in the mutant, we were able to show that c~t~ is required for full colonization of a 
lit 

mammalian host. When we administered ~: 1:1 mixture of csrA mutant and wild 

type bacteria to mice, the mutant competeq. poorly with the wild type and did not 
1: 

colonize the mice to the same extent as wi19. type. Given the pleiotropic nature of 

the csrA mutant strain, it is difficult to assi$n this colonization deficiency to one 
,, 

specific pathway or phenotype. However~/i :considering the fact that the csrA 

mutant exhibits altered expression of ~· number of proteins involved in 

pathogenesis (FiaA, MOMP, PEB4, CadJ, etc.) and is unable to effectively 

adhere to enterocytes in vitro, it is perhaps .mot surprising that CsrA is required for 
·J. 

mouse colonization. This observation is ~upported by a study, which revealed 

that csrA is upregulated in a rabbit ile~'l loop model, suggesting that the 

expression of CsrA is a factor in C. jejuni cdlonization of the mammalian intestine 

(Stintzi eta/., 2005). :j 

i 
In E. coli, CsrA was first described ~·as a regulator of carbon metabolism 

I 

and a similar role is observed in C. jejuni. f.. large percentage of the differentially 
I 

expressed proteins identified by proteomic$ have a role in metabolism. C. jejuni 

is unable to metabolize glucose as a carb~n source and therefore relies heavily 
!. 

upon amino acid assimilation into the citd~ acid cycle to generate ATP. In the 
I, 
!' 

csrA mutant strain, we saw changes ·i·n the expression of a number of 
I'· 
I .. 

metabolically active proteins including a down-regulation of those involved in 
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l 
synthesis of citrate (GitA), isocitrate (Acn~), and succinate (FrdA). We also 

observed an up-regulation of proteins involv~d in the synthesis of acetate (AckA). 

I· 
Amino acid assimilation was also altered W

1
ith expression differences in proteins 

including the up-regulation of GGT and HiJtidine tRNA synthase and the down-
r 

regulation of a branched-chain amino acid t~ansferase, llvC. These observations 
I· 

indicate that C. jejuni CsrA functions, at lea~t in part, in a similar manner to many 
. I . 

I· 

/. 

other orthologs of CsrA and RsmA, whi~h are known to regulate metabolic 

functions and have also been shown to be J,ost active in stationary phase. 
I: 
!i 

It should also be noted that these crl~nges may play a significant role in a 
·/:· 
.I'; 

number of phenotypes observed in the ~~rA mutant due to the influence of 
I'' 

~ i I I 

metabolism on such functions. Certainly, altering the ATP available to the cell by 

·I·: : ,1 

modulating the metabolism of carbon sources or disrupting the electron transport 
I· 

!j;' 

chain and oxidative stress responses cd~ld affect motility, chemotaxis, and 
/: i 

biofilm formation. Motility and chemotaxi~·_. 1are directly linked to metabolism, as 
I'' 

I 

they are the primary mechanisms for sensi;rig carbon sources and for locomotion 

toward those carbon sources. Biofilm ~cicumulation is less clearly linked to 

metabolism in C. jejuni because the mechanisms by which C. jejuni forms a 
i 

biofilm remain unclear. It can be hypothe~ized if the biofilm adhesin of C. jejuni 

! 

is a polysaccharide, that modulating carbop metabolism ~hrough the regulation of 
I 

the acetate biosynthetic or assimilatory pathway or through gluconeogenesis 
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could affect the availability of carbon sourc~s available for the synthesis of that 

polysaccharide adhesin. 

Our data suggest that C. jejuni CsrA plays a role in stationary phase 

physiology, potentially by fine tuning the·: metabolic changes involved in the 
,I 

transition to stationary phase. A recent'~ study revealed a large number of 

transcriptional changes that occur as C. jejuni transitions into stationary phase, 

including the switch from the active produ~tion of acetate to using acetate as a 
.I 

carbon source (Wright eta/., 2009). Although csrA was not among the genes 

observed to be upregulated in the transit!:on to stationary phase, it is entirely 

I 

possible that csrA is not transcriptionally r~gulated in C. jejuni and its activity is, 
:· :: 

therefore, stimulated in stationary phase:· by some other means such as by 
I' 

I· 

interaction with sRNAs or other regulato~; molecules. To date, csrB and csrC 
. I' 

have not been identified in C. jejuni su@gesting the possibility that CsrA is 

sequestered by an alternative mechanism ~uring logarithmic growth. It was also 
::, 
l: 

observed that as C. jejuni transitions into:! stationary phase, there is a burst of 
I' 
1.. 

motility. Our previous study indicated that CsrA is an activator of motility in C. 
:,· 

jejuni and may explain the increase in motility (Fields and Thompson, 2008). As 
•: 

cells enter into stationary phase ext~acellular signals such as acetate 

concentration trigger the release of C~rA from sequestration, which then 

activates motility in order for C. jejuni to :search for new carbon sources. The 
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potential role of CsrA as a regulator of stationary phase transition is supported by 

the fact that C. jejuni lacks rpoS, the statiolary phase sigma factor, and by data. 

suggesting that similar classes of genes ·differentially expressed in the csrA 

mutant are also altered in the switch from logarithmic growth to stationary phase. 

Further investigation into the role of CsrA f the biosynthesis and metabolism of 

acetate is underway in our laboratory to ml ore clearly define its involvement in 

stationary phase physiology. 1· 

I. 
I. 

1:: 
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UNPUBLISHED RESEARCH 

Campylobacter jejuni CsrA complements ~n Escherichia coli csrA mutation 

for the regulation of biofilm formation, motility and cellular morphology but 

not glycogen accumulation. 1. 

Specific Aim 3 - Characterize the molecular mechanism of CsrA-mediated 

gene regulation. The molecular mechani~m of C. jejuni CsrA-mediated gene 

i-egulation has yet to be described; thereforel we will express the C. jejuni CsrA in 
II 

ortholog in the E. coli csrA mutant strain and assess its ability to complement the 

loss of the E. coli ortholog. PhenotypeJ known to be both positively and 
I 

negatively regulated by CsrA in E. coli will ~e assessed to determine if C. jejuni 

l.: 
CsrA is capable of complementing both mec~anisms of E. coli CsrA regulation. 

!' 
I 

: i 

, I 

I 
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Abstract 

Although Campylobacter jejuni is consi~tently ranked as one of the leading 
I 1: 
:I 

causes of bacterial diarrhea worldwide, th$:;· mechanisms by which C. jejuni 
! ~ ' 

. 11:'! 

causes disease and how they are regulated ~~ve yet to be defined. The global 
·I.! 

regulator, CsrA, has been well characterizeq~ in several bacterial genera and is 
' i 

known to regulate a number of independent i~athways via a post transcriptional 

mechanism, but remains relatively uncharacterized in the genus Campylobacter. 

' 
Previously, we reported the requirement for! CsrA in several virulence related 

1: 

phenotypes of C. jejuni strain 81-176, indicati~~ that the Csr pathway is important 

for Campy/obacter pathogenesis. In the p~bsent studies, we compared the 

Escherichia coli and C. jejuni homologs of C~~A and characterized the ability of 
;:I 

the C. jejuni CsrA homolog to functionally complement an E. coli csrA mutant. 
\ i 

lj i 

Phylogenetic comparison of E. coli CsrA to Homologs from several pathogenic 
' 'ol ~ 

1,1 

bacteria demonstrateq variability in C. jejuni ¢~rA within the known RNA binding 
:. 

domains of E. coli CsrA and in several amind ~cids reported to be involved in E. 
i' 
~ 1 

coli CsrA-mediated gene regulation. When ~xpressed in an E. coli csrA mutant 

from a plasmid containing an inducible promqter, C. jejuni CsrA restored motility, 

biofilm formation, and cellular morphology; ~9wever, it failed to return excess 

glycogen accumulation to wild type levels. ~hese findings suggest that the C. 
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:, : 

jejuni homolog is capable of efficiently bindin:g some E. coli CsrA binding sites, 

but not others, and provide insight into the biothemistry of C. jejuni CsrA. 

Introduction i. 

Since its emergence as a pathogen, C~tnpy/obacter jejuni has consistently 
i I 

i: 
been listed as one of the leaf interestdi~g causes of infectious diarrhea 

i' I, 

throughout the developed world (Parkin et al.~ 2000), and is the most common 
I' . 

i: 

antecedent infection associated with onset ofi the neurological disorder, Guill ian-
:I 
I: 

Barre Syndrome (Butzler & Skirrow, 1979; ~alker et a/., 1986). C. jejuni is a 

microaerophilic, gram-negative bacterium wi~~ optimal growth at temperatures 
i I 

ranging between 37 and 42°C and which r~~uires specific environmental and 

nutritional factors. Disease caused by the or~~nism is generally self-limiting and 

patients with C. jejuni infections report syJ~toms such as nausea, vomiting, 

fever and profuse diarrhea lasting for seJJal days to more than one week 
I i. 

(Tribble eta/., 2008). The most common rout~ of infection is the consumption of 
1:: 
I: . 

undercooked poultry or cross contamination from raw poultry products due to a 

commensal relationship between the badtbrium and most avian species 

(Hofreuter eta/., 2006; Parkhill eta/., 2000). Despite more than thirty years of 

rigorous investigation, the exact mechanismJ 
1

by which C. jejuni caus~s disease 
I. 

in humans have eluded researchers. R4fent publications of the genome 

I I 

: j 

. I 

'! 
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sequences of various strains of C. jejuni fail1ed to identify the presence of any 
I, 

virulence factors often associated with o~her enteric pathogens such as 
I, 

exotoxins, type Ill secretion systems, or pat~~genicity island associated factors 

I! 
(Bras et a/., 1999; Pajaniappan et a/., 2008; Palyada et a/., 2004; Parkhill et a/., 

2000; Raphael eta/., 2005; Reid eta/., 2008;1 Stintzi eta/., 2005; van Vliet eta/., 
II 

2002). Studies of the C. jejuni genome als0: revealed a surprising absence of 
I 

many genes encoding proteins required ~~r signal transduction and gene 

regulation. Although C. jejuni regulates gene !expression in response to oxidative 
• I 

stress, iron availability, pH, and growth temJ~rature, it does so with only three 
1-; 

sigma factors, six sensor histidine kinases~: and eleven response regulators 
! ; 

(Baker eta/., 2002a; Fields & Thompson, 2oo:a; Liu & Romeo, 1997; Wang eta/., 
I 

2005). This limited repertoire of regulatorY elements and its overall lack of 
i 

virulence factors has placed considerable; importance on identifying novel 
I . 

mechanisms of pathogenesis and gene r~~ulation to gain insight into the 
i' 

disease-causing mechanisms and capabiliti$s of the organism in an effort to 
! ' 

:.I 
prevent and treat C. jejuni infections. · i 

: 1 

:I 
Recent observations reported by ol!Jr laboratory have suggested an 

i! 
important role for the post-transcriptional I regulator, CsrA (~arbon ~torage 

' 

regulator), in the expression of several virulence-associated phenotypes in C. 
f 

I' 

jejuni (Fields and Thompson, 2008). In ot~er bacteria, CsrA (or its ortholog 
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RsmA) is a small, regulatory protein capabl~ of both activating and repressing 
(! 

the translation of mRNA into protein (Baker ~t a/., 2002a; Dubey et a/., 2003; Liu 
I 
.I 

& Romeo, 1997; Wang eta/., 2005). CsrA. regulation is mediated by binding 
I' 

if 

mRNA, often at or near the ribosome binding site (RBS), resulting in altered 
II 

i:' 
translation and stability of the message. ~egative regulation by CsrA occurs 

it 

when binding to the target message results i~ the inability of the ribosome to bind ,, 

the RBS, thus reducing translation and dec~easing the half-life of the message 

(Wei eta/., 2001 ). Positive regulation by C$rA occurs via a yet to be described 
I 

mechanism resulting in enhanced message J stability when CsrA is bound to the 

target mRNA (Fortune eta/., 2006; Liu et at.J 1997; Romeo, 1998a; Suzuki eta/., 

I 
2002; Weilbacher et a/., 2003). CsrA, in !turn, is regulated by the action of 

\ 

competitively binding two small, non-codi1g RNA molecules, csrB and csrC 

(Chavez eta/., ; Suzuki eta/., 2002), which /jre activated by the BarA/UvrY two

component system (Baker eta/., 2002a; Ja,ikson eta/., 2002b; Liu eta/., 1995a; 

Romeo et al., 1993a; Wang eta/., 2005). lr the absence of CsrA, E. coli cells 

overproduce glycogen in the presence of·~ carbon source, display elongated 
I 

morphology, are amotile, and overproduce biofilms when grown statically in a 

liquid culture (Altier et a/., 2000b; Barnar1l et a/., 2004; Dongre et a/., 2008; 

Fettes eta/., 2001; Forsbach-Birk eta/., 2004 ). 
I 
I 
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i 
The CsrA pathway and the mechanism of regulation have been studied 

li 
extensively in the y-proteobacteria and furjther studies of the role of CsrA in 

various pathogens have extended its impo~ance to the expression of virulence 

factors and the regulation of pathogenesis (!Gundogdu eta/., 2007; Hofreuter et 

a/., 2006; Parkhill eta/., 2000; Poly eta/., 2~07). Despite these advances, very 

little is known about the mechanism of ac~ion of CsrA in the E-proteobacteria. 

Examination of the C. jejuni genome (KuiJ~rni et a/., 2006) suggests that this 

bacterium lacks several genes in the fsrA pathway, including apparent 

homologs of the small RNA molecules csrB and csrC (Suzuki et a/., 2006), the 

barA/uvrY two-component signal transd+tion system, and csrD which is 

responsible for csrB and csrC turnover (rarnard et a/., 2004). One report 

describing the role of CsrA in the gastric plthogen Helicobacter pylori indicated 

that CsrA is required for motility, survivil under oxidative stress and host 

colonization and that it plays a role in the I expression of several virulence and 
I 

oxidative stress related proteins (Chenna et a/., 2003). It was also suggested 

that the H. pylori homolog was unable to fJnction when exogenously expressed 

1: 

in E. coli because it failed to complement the glycogen accumulation phenotype 

II 
of an E. coli csrA mutant (Barnard eta/., 20~4 ). 
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Considering these observations in r pylori, our recent studies of the 

phenotypes affected by CsrA in C. jejuni, at the lack of knowledge concerning 

the functions of CsrA within the E-proteobacteria, we examined the ability of the 

C. jejuni CsrA homolog to complement the Jhenotypes of an E. coli csrA mutant. 

When compared phylogenetically, C. jejuni ;CsrA demonstrated variability in not 

only amino acids found within the publisheC:i RNA binding domains, but also in 

other residues important for CsrA-mediate(jjj, regulation in E. coli. Surprisingly, 

although the C. jejuni homolog was unable to complement the glycogen 

accumulation phenotype, successful rescle of several other E. coli mutant 

phenotypes was achieved, demonstrating bbth similarities and differences in the 

C. jejuni and E. coli Csr systems. 

Materials and Methods 

Bacterial Strains and routine growth conttitions. 

All bacterial strains used in this stud~ are listed in Table 7. E. coli strains 

were stored at -sooc in Luria-Bertani (LB) b~oth (1% tryptone, 0.5% yeast extract, 

1% NaCI) containing 20% (v:v) glyCerol, ah.d routine growth was carried out at 

37°C on LB agar or in LB broth with shafi,ng. One Shot® TOP10 chemically 

competent E. coli (Invitrogen, Carlsbad, CA) was used as a cloning host for TA-
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cloning procedures. E. coli MG1655 alnd TRMG1655 (csrA::Kan) where 
I 

generous gifts of T. Romeo (University of :Florida). When appropriate, E. coli 
I 
I 

strains were selected in LB medium using 1mpicillin (100 mg/liter) or kanamycin 

(50 mg/liter). Cloned genes were induced by ,the addition 0.002°/o L-arabinose to 
:1' 

'I 

the growth media. Campy/obacter jejuni s~rain 81-176 was stored at -80°C in 
I 

Mueller Hinton (MH) broth (0.2o/o beef ex~ttact, 1.75o/o acid digest of casein, 
I . . 

0.15o/o starch) containing 20°/o (v:v) glycera,l and grown on MH agar at 42°C in 
I. 

10o/oC02. I 
I 

i' 



I 

I 
I 

Table 7. Bacterial strains and plasmids, Pa~ C. 

Strain or Plasmid 
Strains 
C.Jejun/ 

81-176 
E. coli 

MG1655 
TRMG1655 
TOP10 

Plasmlds 

Wild type 

Wild type 
csrA::kan 
Clolnlng host 

Description 

I 
I 

pBAD-TOPO Cloning vector containing the araBAD promoter 
pBADcsrAEC E. coli csrA cloned Into pBAD-TOPO 1· 

pBAOcsrACJ C. jejunl csrA cloned into pBAD-TOPO 
Amp, Ampicillin; Kan, Kanamycin; Tet, Tetracycline 

113 

Resistance Source or Reference 

Tet Black et at.. 1988 

T.Romeo 
Kan T. Romeo 

Strap Invitrogen 

Amp Invitrogen 
Amp This study 
Amp This study 



Table 8. Oligonucleotides, Part C. 

Primer 
JAF 401 
JAF 402 
JAF403 
JAF404 

Sequence (5~•3') 
#GAG GMIMIMATG CTG ATT CTG ACT CGT CGA GTT GGT GAG 
TIAAIG ATG ATG ATG ATG ATG GTAAQT GGA CTG CTG GGA TIT 
#GAG GMIMTM TTAATA ITA TCAAG~AAA GAAA 
TIAAIG &G AIG ATG ATG ATG ITT GAT TAG TIT TIT GCT TA 

#Underlined nucleotides indicate a manufabturer recommended addlUon to 
remove vector encoded N-termlnat leader sequence for expression of the 
native protain. . ~I 
·underlined nudeotldes Indicate a manufacturer recommended addition to 
remove vector encoded C-termlnal V5 epltope and add a polyhlstldlne tag 
for expression of the native protein. I 

114 
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Phylogenetic Analyses 

Phylogenetic comparison of CsrA ort~ologs was performed by neighbor 
I 

joining using CLUSTALW (Romeo et a/., 11993a) within the VectorNTI 7.1 

program suite (Invitrogen, Carlsbad, CA). Accession numbers for each protein 

are: Yersinia enterocolitica, YP _001 005173; Vibrio cholera, NP _230199; 

Escherichia coli, NP 417176; Salmonella enterica, NP 461747; Shigella f/exneri, 
- I -

NP 708504; Proteus mirabilis, YP 002150149; Pseudomonas aeruginosa, 
- . - I 

NP _ 249596; Stenotrophomonas maltoprlia, YP _ 001971571 ; Legionella 

pneumophila, YP _12317 4; Haemophilus irifluenzae, NP _ 438973; Treponema 

Pallidum, NP 219094; Borrelia bungdorflri, NP 212318; Bacillus subtilis, 
- I -

NP _391417; Clostridium diffici/e, YP _001 086702; Clostridium botulinum, 

YP _001782343; Nautilia profundicola; YP _002606912; Su/furimonas 

denitrificans, YP _392955; Campylobacter jejuni, YP _001000781; He/icobacter 

pylori, NP _224053; Wo/inel/a succinogeneJ, NP _907087.. Bootstrapping (500 

replicates) was performed to determine the btatistical robustness of the clusters, 
I 

and the percent of bootstraps that support~d the clusters are indicated at each 

tree node. 
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DNA techniques 
i 

Genomic DNA from E. coli and C. jej~ni strains for PCR amplification was 
I 

purified using the Generation Capture Col~mn Kit (Qiagen, Chatsworth, CA). 
I' 

The plasmids used in this study were extrapted and purified using the QIAprep 
I 

Spin Miniprep Kit (Qiagen). PCR reactions! were carried out using the Expand 
I. 
I 

I 
High Fidelity PCR System (Roche, Mannheim, Germany). Primers for PCR 

I· ,.1 ,. 
(Table 8) were synthesized by Integrated DNA Technologies (Coralville, lA). All 

I 

I! 
DNA sequencing was performed by the M~G Genomics Core Facility using an 

:/. . 

ABI Prism 337 XL DNA sequencer (Applied Bjosystems, Foster City, CA). All kits 

used in this study were used accordi~g to the manufacturer's provided 

instructions. 

Plasmid Construction 

II 
I! 
I' I. 
I 

1.! 

I 
I 

I 

Plasmids used in this study are descr'ibed in Table 7 and the primers used 

in plasmid construction are listed in Table sl. All plasmids were constructed using· 

the pBAD TOPO® TA Expression Kit (ln
1

litrogen, Carlsbad, CA) and initially 

i 
cloned into One Shot® TOP1 0 E. coli. The E. coli CsrA complementation plasmid, 

pBADcsrAEc, was constructed by amplifyi~~ the endogenous E. coli csrA allele 

from MG1655 genomic DNA using primeJ JAF401 and JAF402. The resulting 

I 

I 
I 

I 
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amplicon was then TA cloned into the p~AD-TOPO vector such that CsrA 
I 

expression was inducible by arabinose and /detectable for western blot analysis 

by the addition of a C-terminal hexahistidinel tag. The C. jejuni complementation 
I 

vector, pBADcsrAcJ, was constructed by a1plifying the C. jejuni csrA allele from 

81-176 genomic DNA using primers JAF403 and JAF404 and TA cloning the 

resuting amplicon into the pBAD-TOPO ve~tor. Both complementation vectors 
I 

and empty pBAD-TOPO plasmid were th1n transformed into the E. coli csrA 
I 

mutant strain, TRMG1655, and recovered on LB agar containing ampicillin and 
I . 

kanamycin. 

j 
I 
I 

i 
Western Blot Analysis I 

I 
Western blot analysis of His-tagged CsrA expression was performed to 

r 

validate the expression of CsrAEc and CsrtcJ when induced by the presence of 

L-arabinose under experimental conditionJ: Briefly, experimental cultures were 
I 

collected and resuspended in lysis buffer 1(60 mM Tris-HCI, 2o/o SDS, 100 mM 

BME, pH 6.8) and heated for 5 minutes ati100°C. Following removal of cellular 
I 

.I 

debris by centrifugation, total protein con?entrations were assessed using the 
I' 

BCA Protein Assay Kit (Pierce, Rockforb, IL). Using standard SDS-PAGE 
I 
I 

methodologies, 5 ~g of total protein from e;ach sample was resolved on a 4-20°/o 
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Tris-HEPES-SDS precast polyacrylamide Jini gel (Pierce) and then transferred 
I 

I 
to a Nitrobind nitrocellulose membrane (GE! Osmonics, Minnetonka; MN) at 15 V 

!' 
I 

,J 

for 15 minutes using a Trans-Blot SD semi~dry transfer cell (Bio-Rad, Hercules, 
1: 

CA) according to the manufacturer's inst~uctions. The membrane was then 
i 

blocked with 3% bovine serum albumin i1· tris-buffered saline, pH 7.4, at 4°C 

overnight. Following the blocking step, the!. membrane was probed with an anti

r 
his primary antibody (Penta-His Mouse Mo~oclonal, Qiagen) at a 1:1000 dilution 

in blocking buffer for 1 hour and then was~ed three times in tris-buffered saline, 
l· 
! 

pH 7 .4. The membrane was then · pr4bed with a goat, anti-mouse lgG-

horseradish peroxidase secondary anti bod~ (Pierce) diluted 1:10,000 in blocking 
I ,, 
i 

buffer and washed three times. The membrane was then developed using the 
. I, 

DAB substrate kit (Thermo Scientific, j. Waltham, MA) according to the 
i 

manufacturer's instructions. 

Glycogen Accumulation 

I 

i': 
i· 
,i' 

I 
I 

Glycogen accumulation was as~:essed using previously described 

methodologies (Wei et a/., 2001 ). Strains \(vere grown at 37°C on Kornberg agar 
i 

(1.1 Oo/o K2HP04, 0.85°/o KH2P04, 0.6°/o ye~st extract, 1.5% agar) with or without 
I 

2o/o (v:v) glycerol; however, excess glycero1,:(2°/o) or pyruvate (2o/o) was used as a 
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i 
f 

carbon source as opposed to glucose due ito the inhibitory effect of glucose on 
I. 

the araBAD promoter. Briefly, cultures we~e spotted on agar in the presence or 
1: 

absence of a carbon source and grown ov~rnight at 37°C. Following incubation, 
I, 

''· 
the cultures where stained by exposure toii. iodine vapor by inverting the plates 

I. 

over iodine crystals. !. 

Motility 
•, 
., 
i: 

Motility was quantitated as previousl·y described (Jackson et a/., 2002b), 
I. 
I ,, 

semi-solid LB agar (0.35o/o agar) was inoc~lated by stabbing with an inoculating 
.I' 

i· 
needle dipped into overnight cultures and i:incubating for 14 hours at 30°C in a 

I 

humidified incubator. After incubation, th4: diameter of the zone of motility was 

measured. Experiments were performed aj:minimum of three times with no fewer 

than three replicates per experiment. 

Biofilm Formation 

I: 

j, 

J 
·ll 

Quantitative biofilm formation wa~; assessed as previously described 
,. 
! 

(Mercante eta/., 2006). Briefly, overnight cultures were inoculated 1:100 into LB 
·I: 
.11 

broth.1 00~1 aliquots were inoculated into a 96-well, round bottomed polystyrene 
. I 

microtiter plate and incubated statically i at 26°C for 48 hours. Following 
. I 



j 

I 

120 

incubation, biofilm accumulation was asses1~ed by the addition of 25 ~I of 1 °/o 
lj 

crystal violet (in 95%, ethanol) and incul:l/\ation at room temperature for 15 
/. 

minutes, followed by rinsing the wells three times with distilled H20. Stained 

biofilms were quantitated by measuring thll 0Ds7o after solubilization in 80% 

DMSO for 24 hours at room temperaturJl Biofilm formation was assessed 

qualitatively by aliquoting 1 ml of diluted Julture into 5 ml polystyrene culture 
II 

tubes and incubating statically at 26°C for ~4 hours. Biofilms were then stained 
:11 

by the addition of 250 ~I of crystal violet a~d incubated for 15 minutes, washed 

three times with distilled HzO, and photogra~hed. 
J: 
,I 

r 
Electron microscopy . ii 

Cellular morphology was assessef by scanning electron microscopy 

·!I 
(SEM). Briefly, cultures were grown at 37

1

1

1 

oc for 18 hours in the presence or 

I 
absence of arabinose. The cultures were I then pelleted and washed twice and 

II 

resuspended in PBS (pH 7 .2) and submitt~1d to the GHSU Electron Microsocopy .,, 
'il 

Core Facility for SEM. Twelve fields of yiew for each sample were randomly 
I 
I 

chosen for analysis and imaged at 1 ~OOOx magnification. The resulting 
I: 

micrographs where then analyzed to dete1~mine the average length of the cells 
jl 

jl 

from each culture (n ~ 150). Cells that werie obviously undergoing cell division or 
II 

i: 
1: 
I· 
r~ 
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'I il 
II 
I• 
i! 
II 
!I 

I! 
!I 

II 
!l 

fi 

those which were positioned on an inappr~priate axis for assessing length were 
I II 

ll 
excluded. from analysis. The resulting da~a were then analyzed by ANOVA to 

assess statistical significance among the Jtrains and to rule out variation within 

the twelve fields of view for each strain as J1source of error. 
:J, 

li 
I! 
·I 

Statistical analysis li 

Results are presented as means ±ljstandard error of means. Statistical 

significance was determined using one-w~y analysis of variance (ANOVA). P 

values of less than 0.05 were considered sJbtistically significant. 
I! 
'I t 
II 
fl. 
•I 
I 
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Results 

C. jejuni CsrA is evolutionarily divergen~ from E. coli and exhibits diversity 
·I. 

in amino acid residues important for proper function in E. coli. 

Alignment of CsrA orthologs from :a number of pathogenic and non-
I,. 

pathogenic bacteria (Figure 19) show~d that CsrA proteins of the e-

proteobacteria C. jejuni and H. pylori clust~red distantly from most of the more 

thoroughly characterized enterobacterill orthologs. Furthermore, e-
1 I, 
I 

proteobacterial CsrA proteins were larger (7:5-76 amino acids) compared to those 
I 

'i 

most closely related to E. coli (61-67 amino acids). The size difference was 

i 
largely attributable to an N-terminal extensi,on in the larger CsrA proteins (Figure 

I 
20). In contrast to the high degree of aminb acid conservation of CsrA orthologs 

I 
of E. coli, S. typhimurium, P. aeruginosa, · lv. cholerae, and L. pneumophila, the 

I 
CsrA proteins of C. jejuni and H. pylori exhibited substantial divergence from E. 

I 

!· 
coli CsrA throughout (Figure 20). ThisJ diversity was also apparent in two 

I 
domains that were shown to be critical fori RNA binding in E. coli CsrA (Baker et 

a/., 2002a). In the most N-terminal RN~ binding region (amino acids 2-7), C. 
I 

jejuni CsrA shared four of six identical (twq of six similar) amino acids with E. coli 

CsrA (Figure 20). The C-terminal RN~ binding region (amino acids 40-47) 

showed greater diversity, with only two jf eight identical (four of eight similar) 
I 

amino acids. Two additional amino acid~ that were shown to be important for 
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I 

I 

regulation by E. coli CsrA (positions 19 aid 35, marked by asterisks in Figure 20) 

were not conserved in c. jejuni CsrA. Trgether, these differences suggest the 

possibility that C. jejuni CsrA may regulate protein expression by binding di.fferent 

I~ . 
RNA sequences than those bound by E. qoli CsrA. 

I 

I 

I 

I 
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Figure 19. Phylogenetic comparison of CsrA homologs. CsrA orthologs 

from 20 diverse pathogenic and non-pathogenic bacterial species were aligned 

using CLUSTALW (neighbor joining). Numbers at tree nodes indicate the 

percent of bootstrap replicates that support th~ adjacent branches. Protein 

lengths are indicated to the right of each ortholog. Accession numbers for each 

protein are: Yersinia enteroco/itica, YP _001 005173; Vibrio cholera, NP _230199; 

Escherichia coli, NP _ 417176; Salmonella enterica, NP _ 461747; Shigella flexneri, 

NP _708504; Proteus mirabilis, YP _002150149; Pseudomonas aeruginosa, 

NP _249596; Stenotrophomonas maltophilia, YP _001971571; Legionella 

pneumophila, YP _123174; Haemophilus influenzae, NP _ 438973; Treponema 

pallidum, NP _219094; Borrelia burgdorferi, NP _212318; Bacillus subtilis, 

NP _391417; Clostridium diffici/e, YP _001086702; Clostridium botulinum, 

YP _001782343; Nautilia profundico/a; YP _002606912; Sulfurimonas 

denitrificans, YP _ 392955; Campy/obacter iejuni, YP _ 001 000781 ; Helicobacter 

pylori, NP _224053; Wolinella succinogenes, 
1

NP _907087. 

I. 
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I 
I 

Figure 20. Alignment of conserved amino acid residues in CsrA homologs. 

Alignment of the amino acid sequences of CsrA orthologs. Regions 1 and 2 of E. 

coli CsrA important for RNA binding (Me;rcante et a/., 2006) are indicated by 

numbered boxes and other residues impo~ant for CsrA regulation are indicated 

by a star (*). I 
I 
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C. jejuni CsrA is unable to repress E. coif gylcogen biosynthesis. 

CsrA regulates E. coli glycogen biosynthesis via the genes in the glgCAP 

operon (Barnard et a/., 2004), and ani E. coli csrA mutant accumulates 

significantly more glycogen than wild-type~ cells (Figure 21 ). A previous report 
I 

indicated that the Helicobacter pylori [homolog of CsrA was unable to· 
! 

complement the glycogen biosynthesis phe!notype of the E. coli csrA mutant (Wei 
I 

i 
et a/., 2001 ). Consideri.ng the close phylo~enetic relationship between C. jejuni 

and H. pylori we sought to determine t~e complementation potential of the 
! 

Campy/obacter homolog for this phenoty8e. We expressed CsrA from E. coli 

and C. jejuni in the E. coli (csrA::Kan) mutant under the control of the arabinose-

inducible araBAD promoter and examined glycogen accumulation on Kornberg 

agar in the presence of both glycerol (Figu:re 21) and pyruvate (data not shown). 

Glycerol and pyruvate were used as ; carbon sources to drive glycogen 

biosynthesis rather than glucose due to the inhibitory affect of glucose on the 
I 

araBAD promoter. In the presence of arabinose, we found that expression of C. 

jejuni CsrA in the E. coli mutant strain failed to repress gluconeogenesis resulting 

in glycogen staining similar to that of the mutant strain harboring the empty 

vector. Expression of E. coli CsrA restored wild-type levels of glycogen staining, 

as expected, and the presence of the empty vector had no effect on glycogen 
I 
I 
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accumulation in the wild-type strain. Expression of both homologs of CsrA was 

confirmed by western blot analysis (Figure 21 ). 



128 

Figure 21. Glycogen accumulation in wild type, csrA mutant, and 

complemented mutant strains .of· E. coli. Top panel) MG1655pBAD, 

TRMG1655pBAD, TRMG1655pBADcsrAEc,· and TRMG1655pBADcsrAcJ were 

spotted onto Kornberg agar supplemented with 2o/o glycerol and 0.002o/o L

arabinose and incubated at 37°C overnight. : The following day, the strains were 

stained for glycogen accumulation by inverti~g over iodine crystals. Accumulated 

glycogen is indicated by red staining. Bottom panel) Expression of his-tagged 

CsrAEc and CsrAcJ in TRMG1655 was confir.med by western blot using anti-his 

primary antibodies. The presence (+) or absence (-) of inducible CsrAEc or 

CsrA cJ in the TRMG1655 strain is shown ben$ath the panels. 
i 
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Expression of C. jejuni CsrA rescues the motility defect of the E. coli 
' : 

mutant. 

In E. coli, CsrA regulates motility by actiyating the regulatory operon flhDC 

(Wang eta/., 2005). Activation of FlhDC is known to occur via stabilization of the 

flhDC transript when post-transcriptionally bound by CsrA in vivo. In the absence 

of CsrA, E. coli cells exhibit a four fold decrease in FlhDC expression resulting in 

a loss of motility. We compared the motility of wild-type and csrA mutant E. coli 

containing the empty vector to that of the csrA mutant strain expressing CsrA 
I 
! 

from E. coli or C. jejuni (Figure 22). We found that the C. jejuni homolog 
I 

. I 

significantly (p<0.0001) rescued the motility d~fect in a manner similar to that of 
I ! 

the native E. coli CsrA homolog (p<0.0001 ). Neither homolog of CsrA 
i 

successfully complemented motility in the • absence of arabinose (data not 

shown), and the empty vector had no effect bh motility in either the wild-type or 
I 

mutant compared to the parent strains (data nqt shown). 
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Figure 22. CsrA cJ complements the motility defect of the E. coli csrA 

mutant. The motility of MG1655pBAD, TRM:G1655pBAD, TRMGpBADcsrAEc, 

and TRMGpBADcsrAcJ was assessed on se~isolid (0.35o/o) LB agar after 14 

hours of growth at 30°C. Top Panel). Repres~ntative motility zones are shown, 

along with a graph of the measured zones of motility in three separate repetitions 

(n = 20/ repetition); ANOVA was performed t~ determine statistical significance 

(*, p<0.001 ). Bottom Panel) Expression of his-tagged CsrAEc and CsrAcJ in 

· TRMG1655 was confirmed by western blot using anti-his primary antibodies. 

Presence(+) or absence(-) of inducible CsrAE9 or CsrAcJ in each strain is shown 

beneath the panels. 



Motility 
... 
~ 
E 
ftl 

0 

a- HisAbs 

WT ~csrA 

+ - + 
-

-
+ 

CsrAEc 

CsrAcJ 



131 

C. jejuni CsrA complements the biofilm formation phenotype of the E. coli 

mutant. 

Biofilm formation is repressed by CsrA i~ E. coli resulting in the formation 

of excess biofilm by the csrA mutant in the static biofilm assay. This phenotype 
! ' 

has been shown to be mediated by the 'effect of CsrA on the biofilm 

polysaccharide adhesin poly-N-acetylglucosamine (Romeo et a/., 1993a), or 

PGA. To determine the ability of C.jejuni CsrA:to regulate biofilm formation in E. 

coli we grew wild-type, mutant, and complemented strains statically in 96-well 

polystyrene microtiter plates and polystyrene culture tubes for 24 hours at 26°C 

and performed the crystal violet biofilm assay as previously described (Figure 

23). As expected, the csrA mutant produced excess biofilm when compared to 

the wild-type; biofilm formation of neither the wild-type nor the mutant strains was 

affected by the presence of the empty vector (data not shown). As expected, E. 

coli CsrA complemented the mutant biofilm phenotype. Similarly, C. jejuni CsrA 

expression significantly reduced biofilm formation in the mutant to levels similar 

to that of wild-type CsrA expression (p<0.001 ). 
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Figure 23. CsrA cJ restores wild type E. coli biofilm formation. Biofilm formation in 

MG1655pBAD, TRMG1655pBAD, TRMG1655pBADcsrAEc, and 

TRMG 1655pBADcsrA CJ were assessed in either polystyrene culture tubes (top panel; 

both side and bottom view of polystyrene culture tubes are shown.) or 96-well 

polystyrene microtiter dishes (quantitated in graph) using crystal violet staining after 

static growth for 48 hours at 26°C. ANOV A was performed to determine statistical 

significance between wil-type, mutant, and complemented strains(* p<O.OOl). Bottom 

Panel) Expression of his-tagged CsrAEc and CsrA cJ in TRMG1655 was confirmed by 

western blot using anti-his primary antibodies. Presence ( +) or absence (-) of inducible 

CsrA EC or CsrA CJ in each strain is shown beneath panels. 
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C. jejuni CsrA expression restores the E. coli mutant to wild type 

morphology. 

We sought to examine reported morphological differences between the 

wild-type E. coli and csrA mutant strains and to determine the capability of C. 

jejuni CsrA to complement the observed: ~ifference in cell size. We grew wild

type and mutant strains containing the empty vector and mutant strains 

containing the pBADcsrA Ec and pBADcsrA cJ complementation vectors in the 

presence or absence of arabinose and measured the length of the cells (Figure 

24 ). In the absence of arabinose, we observed the reported elongated 

phenotype of the csrA mutant (Barnard et a/., 2004; Fields & Thompson, 2008) 

which was unaffected by the empty vector. Interestingly, in the presence of 

arabinose, we observed a dramatic increase in the length of wild type cells, 

which was not evident in the mutant (p<0.001) demonstrating a new phenotype 

for the csrA mutant in the presence of an excess carbon source, such as 

arabinose. Expression of CsrA from both E. coli and C. jejuni returned the 

mutant to the wild type dimensions (p<0.001 ). Western blot analysis confirmed 

expression of CsrA in the complemented mutant strains (data not shown). 
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Figure 24. CsrA CJ rescues the morphologi~al phenotypes of the E. coli csrA 

mutant. (A) MG1655pBAD, (B) TRMG1655pBAD, (C) TRMG1655pBADcsrAEc, and 

(D) TRMG 1655pBADcsrA CJ were grown overnight at 37°C in LB media supplemented 

with 0.002% L-arabinose and imaged by scanning electron microscopy. (E) Lengths of 

cells from SEM micrographs graphed for comparison. ANOV A was performed to 

determine statistical significance(* p<O.OOl). Presence(+) or absence(-) of CsrAEc or 

CsrA CJ in each strain is shown beneath the panels. 
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Discussion 

The RNA-binding regulatory protein, CsrA, and the various members of 
I 

the Csr pathway have been well characte~ized in several bacterial genera; 

however, in depth analysis of this pathway in ~he enteric pathogen C. jejuni is yet 

to be reported. Studies of C. jejuni and the ~losely related gastric pathogen, H. 

pylori, report mostly the phenotypic effects· of csrA deletion (Gundogdu et a/., 

2007; Hofreuter eta/., 2006; Kulkarni eta/., 2006; Parkhill eta/., 2000; Poly eta/., 

2007; Tomb eta/., 1997). Furthermore, in C. jejuni as well as H. pylori the small 

RNA molecules and the other proteins known to be involved in the Csr pathway 

are either absent or unidentified (Mercante et a/., 2006), leading to speculation 

that molecular mechanisms different than ·those reported in E. coli may be 

involved. In this study, we sought examined the capability of the C. jejuni CsrA 

homolog to co~plement the phenotypes of an E. coli mutant to gain insight into 

the mechanisms of C. jejuni CsrA function. 

The E. coli csrA mutation has several phenotypes that can be used as 

tools for determining the capability of CsrA :homo logs from other bacteria to 

complement the well characterized E. coli strain. For instance, deletion of csrA in 

E. coli alters glycogen biosynthesis, biofilm accumulation, motility, and cellular 

morphology as well as several other cellular processes. Mercante and 

colleagues (Mercante et a/., 2006) used the glycogen, biofilm, and motility 
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phenotypes to analyze the effects of ·comprehensive alanine-scanning 

mutagenesis of E. coli CsrA. In this study, they were able to identify which amino 

acids were most important for regulating glycogen biosynthesis, biofilm 

accumulation, and motility, while also defining two regions of CsrA that are 

responsible for RNA binding. 

When a selection of CsrA orthologs from other bacteria was compared, we 

found that C. jejuni CsrA is considerably divergent as it clustered distantly from 

the E. coli ortholog and was, along with H. pylori and W. succinogenes, most 

closely associated with Shewanella denitrificans, Nautilia profundicola, and the 

Gram positive Firmicutes, Bacillus subtilis, C(ostridium difficile, and Clostridium 
I 

botulinum. This relationship is most likely due to the significant increase in size 

of the C. jejuni cluster as compared to the E. coli cluster (p<0.001, data not 

shown), which is a result of the presence of a C-terminal extension present on all 

of the bacteria in the C. jejuni cluster but which is present in only four of the 

twelve bacteria that associate with E. coli. Presently, the function of this extended 

C-terminal domain has not been characterized. In C.jejuni, the 3' region of the 

csrA coding sequence encodes translation initiation signals for the downstream 

gene ispE, which is essential, making in vivo study of this region of CsrA difficult. 

Considering the phylogenetic divergence of the C. jejuni CsrA ortholog, we also 

examined the amino acid sequences of several of the pathogenic bacteria 
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represented in Figure 19 to investigate the conservation of individual residues 

known to be important for the function of CsrA. Referring to the alanine-scanning 

mutagenesis study, we found that Campy/pbacter is considerably divergent 

within several key amino acid residues. Within the two RNA binding domains, 

region 1 and region 2, the majority of the variation was found within region 2. 

The first region, residues 2-8, contains only two conservative substitutions {T5S 

and R?K) while the other four residues are identical. In E. coli, non-conservative 

substitution of alanine for Thr5 is known to influence biofilm formation while the 

same substitution for Arg7 is reported to affect glycogen accumulation, biofilm 
I 

formation, and motility (Mercante et a/., 2006). It is unlikely that conservative 
I 

. I 

substitutions, as seen in C. jejuni, would be de!eterious to these phenotypes. 
·.I 

The second binding region· is highly variable consisting of two residues that 

are identical to E. coli (Arg44 and Glu46
), thr~~ conservative substitutions (V40L, 

V421, and 147L), and three non-conservativ~ substitutions (841 M, H43L, and 
l 

E45K). Conservative substitution to alanin~ in Val40
, Val42

, or lle47 are all 

reported to affect glycogen accumulation, biofilm formation, and molitity in E. coli 
'i 

(Mercante et a/., 2006). Non-conservative supstitutions to alanine in Ser41 and 

Glu45 are not known to affect the described phenotypes; however, substituting 

alanine for His43 is known to affect biofilm formation and motility (Mercante eta/., 

2006). Between the defined binding regions,: there were two non-conservative 
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substitutions (T19E and N35E) we found to be particulary interesting because of 

their reported ability to improve the regulatory functions of CsrA in E. coli. 

Presently, we are not able to draw any conclusions about the significance of the 

individual amino acid substitutions in C. jejuni[as compared to E. coli; however, it 

is likely that this divergence from E. coli plays, a role in the ability of the C. jejuni 

ortholog to bind to E. coli targets appropriately~ 

CsrA was originally discovered during ;a transposon mutagenesis screen 

designed to identify trans-acting regulators of glycogen biosynthesis (Baker eta/., 

2002a). Essentially, in the absence of CsrA,:. E. coli accumulates an excess of 

glycogen when grown on a carbon source Sl)fficient for glycogen biosynthesis. 

Characterization of this phenotype revealed that CsrA post-transcriptionally 

represses glycogen biosynthesis by suppressing translation from the g/gCAP 

message when CsrA binds to two sites on the g/gC mRNA leader sequence 

(Barnard eta/., 2004). One binding site is located near the ribosome binding site, 

while the other is located within an RNA hairpin upstream of the ribosome 

binding site. In several studies, researchers characterizing the CsrA homologues 

of different bacteria have used the glycogen bibsynthesis phenotype of the E. coli 

csrA mutant to determine the functional similarities. One such study, of particular 

interest to our laboratory, reported that the H.· pylori homolog of CsrA would not 

functionally complement the E. coli mutant . as it failed to repress glycogen 
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biosynthesis (Wang et a/., 2005). It is likely that the H. pylori CsrA 

complementation failure was due to differences in the functional mechanism of E-

proteobacterial CsrA, however, this may have been specific to glgCAP but not to 

other CsrA targets. 

To test this for C. jejuni CsrA, we' examined the ability of CsrA cJ to 

complement multiple E. coli csrA mutant phenotypes. We first expressed the C. 

jejuni homolog within the E. coli mutant and assessed its ability to repress 

glycogen biosynthesis under gluconeoge~ic conditions. When induced on 

Kornberg agar containing an excess carbon source, the mutant strain expressing 
' ' 

C. jejuni CsrA produced glycogen in an amount similar to the mutant containing 

only the empty vector. In contrast, both the wild type strain and a csrA mutant 
! ' 

strain complemented with E. coli CsrA did not overproduce glycogen. 

Thus, similar to H. pylori CsrA, the C~ jejuni homolog was incapable of 

repressing glycogen accumulation in the E. coli csrA mutant. We next examined 

the ability of the C. jejuni protein to complement the motility,· biofilm 

accumulation, and cellular morphology phenotypes of the E. coli mutant as well. 

As with glycogen biosynthesis, CsrA mediated regulation of biofilm formation in 

E. coli is based on repression of a synthetic pathway. Just as CsrA represses 

translation of the proteins involved in glycogen biosynthesis, it is also capable of 

repressing translation of the pgaABCD operon responsible for production of the 
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biofilm polysaccharide adhesin poly-N-ace1tylglucosamine, PGA (Liu & 

Matsumura, 1996; Pruss & Matsumura, 1996). However, CsrA mediated 

expression of PGA appears to be more complicated than that of glycogen 

biosynthesis, as it was reported that the mRNA l.eader sequence of the pgaABCD 

operon contains as many as six CsrA binding. s'ites compared to the two binding 

sites observed on the gig leader sequence. R~gardless of the complexity of the 
i 
I 

molecular mechanism of CsrA regulation of PGl:\ we found that, when expressed 
I 

in the E. coli csrA mutant, the C. jejuni homolog successfully complemented the 

phenotype (p<0.001) despite its inability to re~cue the glycogen accumulation 

phenotype. 

Considering that the regulation of the :gfg and pga operons are both 

examples of CsrA mediated repression of a biosynthetic pathway, we wanted to 

determine the ability of C. jejuni CsrA to substitute for its E. coli homolog when 

gene expression is required. In E. coli, motility is regulated by the coordinate 
' ' 

expression of an intricate network of genes organized into three classes that 

ultimately culminate in the assembly and function of the flagellum (Wei et a/., 

2001 ). Synthesis of the, flagellum is dependent on the expression of a master 

regulon, flhDC, which encodes the protein responsible for the expression of the 

second class of flagellar genes. Wei and colleagues (2001) demonstrated that, 

among the many reported regulators of flhDC expression, CsrA is a potent 
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activator and is therefore required for synthesis. of the E. coli flagellum (Wei and 

Romeo, 2001 ). When we expressed the C. jejuni homolog of CsrA within the 

non-motile E. coli mutant the motility phenotype was completely rescued 

(p<0.001) suggesting that the C. jejuni h~molog is capable of promoting FlhDC 

expression. 

Finally, we assessed the ability of the C. jejuni CsrA homolog to rescue an 

uncharacterized phenotype such as the altered !cellular morphology of the E. coli 

mutant. When CsrA was discovered, the csrA rt:1Utant displayed a greater cellular 

size which was most obvious in early stationary phase as compared to the wild 

type (Romeo et a/., 1993). This phenotype was explained as a possible indirect 

effect of endogenous glycogen accumulation, as the mutation did not seem to 

have any effect on the bolA gene, which influences cell size upon entry into 

stationary phase (Black eta/., 1988). When we grew the wild type, mutant, and 

complemented E. coli strains in LB media and observed their morphology via 

scanning electron microscopy, we observed the reported phenotype described by 

Romeo (1993) in the absence of arabinose; however, in the presence of 

arabinose (to induce expression of CsrA in the complemented strains) we 

observed a marked decrease in the size of the mutant as compared to the wild 

type (p<0.001 ). This decrease in size in . the presence of arabinose was 

complemented by both homologs of CsrA (p<0.001 ). Romeo suggested that the 
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size differences between the mutant and wild type may be due to the role of 

endogenous glycogen cellular morphology, it is possible that the presence of 

arabinose used for protein expression may play a separate metabolic role within 

the cell leading to the observed phenotype (Romeo et a/., 19930. However, the 

morphology that we observed is unlikely to be the result of endogenous 

glycogen, considering the inability of the C. jejani CsrA homolog to complement 

the glycogen accumulation phenotype of the, E. coli mutant. Therefore, we 

consider these findings to represent a new phenotype attributed to the E. coli 

mutant. 

In summary, this study has shown that CsrA from the E-proteobacteria C. 

jejuni exhibits substantial sequence divergence compared to previously studied 

CsrA regulators from other bacteria, including in the RNA-binding domains. The 

ability of C. jejuni CsrA to complement some, but not all, phenotypes of an E. coli 

csrA mutant demonstrates both conservation and divergence of function, and 

suggests that the C. jejuni ortholog may have differences in binding specificity 

relative to its E. coli counterpart. Studies to define the C. jejuni CsrA RNA binding 

site are ongoing. 
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m. Discussil" 

Previous studies of gene regulation hle been very helpful in dissecting 

the physiology and pathogenesis of C. jejuni; ~owever, our understanding of how 

C. jejuni senses and responds to its environmlnt remains unclear. Further study 
I. 

has been necessary to characterize regulatbry elements that act on a more 
I. 

global scale in order to more clearly define th~: ~ole of gene regulation in C. jejuni 
i 
I 

virulence. Here we show that post transcriptiqnal regulation via the RNA binding 

protein CsrA influences the expression of a la~g!er number of proteins, specifically 
: i 
! 

in the later stages of growth and is necessary for the proper functioning of a 

number of C. jejuni physiological processes. Several of these proteins 

differentially expressed in the absence of CsrA are known virulence factors and 

many more are responsible for a host of actions within the cell for C. jejuni 

homeostasis and proper function within its environment. 

This study tested the hypothesis that CsrA gl'obally regulates C. jejuni 

pathogenesis via post-transcriptional repressio~ or activation of virulence 

associated proteins. Three specific aims were proposed to address this 

hypothesis. First, we sought to identify the ph.enotypes affected by the deletion 

of csrA from the C. jejuni genome. Second, we. wished to characterize the CsrA 

regulon by identifying proteins differentially ex'pressed in a csrA deletion mutant. 

144 
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I ' 

Finally, we proposed to establish a molecular r;n~chanism of CsrA-mediated gene 

regulation. 

We constructed an insertional deletion of :csrA whereby the csrA allele was 
I 
I 

replaced in the C. jejuni 81-176 genome :by a chloramphenicol resistance 

cassette. This strain was complemented in t~ahs using a plasmid containing the 
i 

csrA allele under the control of its native promoter. By complementing the 
: ' 

mutation in trans, we were able to test whether any observed phenotypes were 
I 

specific to the loss of csrA. The csrA mutant strain was then subjected to a 

number of assays to determine its responses: 'in comparison to the wild type 81-

176 strain. In the absence of CsrA, C. jejuni was found to be highly sensitive to 

oxidative stress from atmospheric oxygen, hydrogen peroxide, and methyl 

viologen. We also found that the csrA :mutant strain was modestly, yet 

significantly, less motile than its wild type parent strain and was less able to 

develope a biofilm under the same conditions as the wild type. Finally, we 

observed a defect iri the ability of the csrA mutant strain to adhere to cultured 

human intestinal epithelial cells; however, tih~se bacteria that were adherent 

were significantly more likely to invade those intestinal epithelial cells. 

We then wished to identify the proteins :differentially expressed in the csrA 

deletion strain in an effort to define the CsrA regulon and assign potential targets 

of CsrA for further analysis. Using proteomics, we found that the effect of CsrA 
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in C. jejuni is predominantly on the later stages of growth as ninety seven 

proteins were either up-regulated or down-regulated in cells grown to stationary 

phase as compared to only fifteen observed in cells grown to mid-log. Among 

those proteins found to be differentially expressed in stationary phase, a number 

are known virulence factors that may be directly related to the phenotypes we 

observed earlier in the study. We then chose five potential targets for further 

analysis using the electrophoretic mobility shift assay to determine if CsrA was 

capable of binding to the promoter regions of the five targets. We found that 

RNA transcripts from the promoters of all five targets were bound by recombinant 

CsrA, suggesting that these targets may be directly regulated by CsrA in vivo; 

however, further analysis of the specificity of this binding will be required before 

any conclusions can be drawn about the regulation of these targets by CsrA. 

We then sought to identify the molecular mechanism of CsrA by 

heterologously expressing it in an E. coli csrA mutant. By expressing the C. 

jejuni homolog in the E. coli mutant we could then test the ability of C. jejuni CsrA 

to complement the E. coli mutant phenotypes. Positive complementation of the 

E. coli phenotypes would indicate that the C. jejujni homolog functions in a 

manner similar to E. coli CsrA, which has been thoroughly characterized. We 

found that C. jejuni CsrA was capable of .complementing the motility, biofillm 

formation, and morphological phenotypes of the E. coli mutant; however, it was 
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incapable of complementing the glycogen accumulation phenotype. Taken 

together these findings suggest that the C. jejuni CsrA homolog is capable of 

both positive (motility) and negative (biofilm formation) regulation of E. coli 

phenotypes and support the idea that the molecular mechanism of C. jejuni CsrA 

must be inherently similar to that of the E. coli homolog. Complementation would 

also suggest that the mechanism of action of endogenous C. jejuni CsrA is also 

similar to that of E. coli. However, the inability of C. jejuni CsrA to complement 

the E. coli csrA mutant glycogen phenotype suggests that there are also 

differences in the binding specificity of C. jejuni CsrA. The possibility of 

differences in binding specificity is supported by the observation that C. jejuni 

CsrA readily binds C. jejuni total RNA but RNA from E. coli (Figure 13), implying 

differences in target recognition between the two orthologs. 

Taken together, the studies presented here provide insight into C. jejuni 

pathogenesis and allow us to propose an interesting model for the global 

regulation of proteins involved in virulence. As C. jejuni cells enter the intestine, 

initial growth is logarithmic and the effects of CsrA appear to be less pronounced. 

As available carbon sources are exhausted and C. jejuni cells sense the 

accumulation of both intracellular acetate and acetate in the lumen of the 

intestine, CsrA target binding activity is stimulated, thus turning on the proteins 

required for motility, fibronectin binding, adherence, and biofilm formation as well 
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as those proteins necessary for the switch to stationary phase. CsrA is also free 

to activate oxidative stress responses to counter the effects of close proximity to 

the inflamed intestinal epithelium. Finally, as the infection progresses and C. 

jejuni is disseminated back into the environment, increased availability of carbon 

sources signals a transition back into exponential growth and CsrA is 

sequestered again. 

Although this study has answered a number of questions about the 

biochemistry of CsrA and its physiological role in C. jejuni, there are still a 

number of questions to be answered about the regulation of CsrA itself in C. 

jejuni. In E. coli, CsrA is regulated a number of ways. First, CsrA is sequestered 

by two sRNA species, csrB and csrC, which have not been found in the C. jejuni 

genome (Kulkarni et a/., 2006; Parkhill et a/., 2000). Other studies from our 

laboratory have likewise failed to provide evidence for the existence of functional 

orthologs of csrB and csrC (data not shown). Also absent from the C. jejuni 

genome are the other members of the Csr pathway including CsrD, BarA, and 

UvrY (Parkhill et a/., 2000). Understanding the intricacies of the C. jejuni Csr 
I 

pathway, should they be significantly different from the E. coli pathway, might be 

paradigm shifting. One hypothesis to explain CsrA regulation in C. jejuni is that it 

is regulated by the interaction with another protein. When one examines the 

potential protein-protein interactions of CsrA with a STRING analysis 
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(http://string-db.org/) there is strong support to suggest that C. jejuni CsrA 

interacts directly with FliW (Figure 25), an interaction very recently confirmed in 

Bacillus subtilis (Mukherjee eta/., 2011 ). FliW is a poorly understood component 

of the flagellar apparatus present in C. jejuni but not in E. coli. In B. subtilis, FliW 

binds to flagellin until completion of hood assembly whereby flagellin (Hag) is 

secreted and FliW is released. Upon release from flagellin, FliW is free to bind to 

CsrA thus relieving CsrA-mediated repression of Hag. FliW has also been 

reported to bind directly to flagellin subunits Jn Treponema pallid urn. Mutation of 

fliW in C. jejuni has been described revealing a role in motility; however, its exact 

role in flagellar assembly is unknown. Examination of the putative fliW promoter 

suggests that it is not regulated by either of the flagellar sigma factors and it is 

unknown whether or not it is a member of the FlgR regulon. Although the 

predicted interaction between FliW and CsrA has not been confirmed in C. jejuni, 

such an interaction presents an interesting potential model that may be 

applicable to other bacteria for which csrB and csrC have not or cannot be 

identified. 
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Figure 25. Hypothetical interactions of CsrA with other proteins. A STRING 

analysis predicting potential interactions between CsrA and other proteins. 

Putative interaction of Csra with FliW is supported by several STRING 

algorithms. 
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If FliW is the functional CsrA agonist: in C. jejuni and the organism does 

indeed lack sRNA species to regulate CsrA; then there is no need for CsrD. This 

model, however, does not provide an expla~ation for the apparent absence of the 

BarA/UvrY two component system. It is possible that csrA is regulated 

transcriptionally in C. jejuni; however, this has not been confirmed empirically 

thus far in the studies of the known C. jejuni two component regulators. 

Furthermore, regulation of csrA may be mediated by a novel two component 

system that has yet to be described. In E. coli, the physiological stimulus of the 
I 

BarA/UvrY pathway appears to be acetate and other short chain fatty acids 

{Chavez eta/., 201 0) and in B. subtilis it is suggested that csrA may be an 

ancestral member of the motility complex (Mukherjee eta/, 2011 ). It is entirely 

possible that one or both are involved in csrA regulation in C. jejuni. A recent 
i 

study of the C. jejuni lifecycle suggested th~t acetate metabolism is increasingly 

important and serves as a switch to transitiqn C. jejuni into stationary phase with 

a concomitant burst of motility as this transition occurs (Wright eta/., 2009). Our 

studies suggest that C. jejuni CsrA is involved in the regulation of acetate 
I 
I 

. metabolism as several of the proteins involved in the synthesis and utilization .of 

acetate were differentially expressed in the csrA mutant grown to stationary 

phase. 
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Our results linking C . .jejuni CsrA to acetate metabolism, stationary phase 

and motility suggest that CsrA may have considerable influence on the switch to 

stationary phase in response to acetate accumulation. Therefore, we propose a 

model whereby CsrA is antagonized throug~ direct interaction with FliW until 

i 
accumulation of acetate triggers the shift from logarithmic growth to stationary 

phase at which point FliW mediated sequestration of CsrA is relieved, allowing it 

to repress acetate biosynthesis and activate! acetate utilization, as well as 
i 

regulate the numerous other proteins obse~ed in our proteomics studies. As 
I 

mentioned earlier, FliW regulation has not been described. However, because it 
I 

does not appear to belong to either the cr54 or if8 regulons, FliW may be 

regulated by the action of an as yet-to-be characterized two-component system 

which may potentially respond to acetate levels. It is also possible that FliW is 

not regulated and remains constitutively actiye making its activity dependent on 

the ratio of free Fliw to FlaA bound-FiiW. Further analysis of this model is 

presently being done in our laboratory. 
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Figure 26. The C. jejuni CsrA pathway. A.hypothetical model describing 

sequestration of CsrA by the flagellar protein FliW and activation of CsrA in 

response to acetate accumulation. During logarithmic growth, CsrA is 

sequestered by FliW as acetate accumulates in and around the cell. When 

acetate concentrations increase and other carbon sources become scarce, CsrA 

is released and C. jejuni cells begin to utilize acetate as a carbon source and 

other changes in metabolism facilitate the transition into stationary phase. 

Unsequestered CsrA is then free to activate functions such as host cell 

adherence, flbronectin binding, motility, oxid~tive stress responses, and biofilm 

formation and repress functions such as ~ost cell invasion. 
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V. Summary 

Campylobacter jejuni is a leading bapterial cause of gastroenteritis and 

diarrhea throughout the world. C. jejuni disease can be extremely painful and 

potentially leads to the debilitating paralytic neuropathy, Guillan-Barre syndrome. 

An important goal of the research community has been to understand the 

molecular mechanisms responsible for C. jejuni disease, to this end, we have 

made it a priority to elucidate the role of gene regulation as it relates to both the 

pathogenesis of the organism and how it senses its environment. 

The RNA binding protein CsrA, one of the relatively few regulatory 

elements in the C. jejuni genome, has been shown to regulate a number of 

processes in several other bacterial species :including metabolism and virulence 
I 

characteristics. CsrA acts by binding to mRNA to either increase or decrease 

translation of target transcripts thereby activating or repressing expression of the 

proteins encoded by those messages. We qhose to study the role of CsrA in C. 
i 

jejuni gene regulation because its genome lacks many of the global regulatory 

proteins found in the genomes of other bacteria. 

We created a csrA mutant in the C. jejuni strain 81-176 to investigate the 

role of CsrA in the virulence and physiology of the organism. In the absence of 
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CsrA, we found that C. jejuni was no longer able to resist oxidative stresses, form 
i 

biofilms, or adhere to intestinal epithelial cel!s in vitro in comparison to the wild 

type. We also found that C. jejuni was also :less motile than its parent strain and 
' ; 

was defective in both autoagglutination and :fibronectin binding in vitro. When we 

compared the proteome of the mutant strain, to that of the wild type, We found 
I 

that CsrA acts mostly upon the expression qf proteins in stationary phase. In the 

absence of CsrA proteins responsible for vairious steps in C. jejuni metabolism, 

motility, oxidative stress responses, and epi~helial cell adherence were altered. A 

study of the molecular interactions between :csrA and the mRNA transcripts of 
i 
! 

several of the proteins differentially express~d in the csrA mutant showed that 

there is a direct interaction between the two! in vitro. Finally, to further 

understand the molecular mechanisms of C~ jejuni CsrA, we expressed it in a 
! 

csrA mutant strain of E. coli. By heterologously expressing the C. jejuni protein 
I 

in strain in which CsrA had been thoroughly[ characterized, we were able to show 
i 

by complementation that C. jejuni CsrA is c~pable of both activating and 

repressing known targets of E. coli CsrA indicating that the molecular 
I 
I 

I 

mechanisms of the two proteins are inherently the same. 
i 
I 

I 

The studies presented show that C~rA is an important global regulator of 

protein expression responsible for stationarY phase metabolism and a number of 
I • 

I 

virulence associated pathways. A number Qf questions about the CsrA pathway 
i . 
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in C. jejuni remain. For example, what is th~ mechanism by which CsrA is 

regulated in C. jejuni? C. jejuni appears to l~ck the known pathways responsible 

for the regulation of CsrA in other bacteria; therefore, novel mechanism of CsrA 

regulation may exist. Further investigation qf the role of CsrA is warranted in 
! 

order to fully understand its role in C. jejuni gene regulation and the mechanisms 

by which C. jejuni causes diseas 
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