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Abstract 

Function of PilJ in the Clostridium difficile type IV pilus 

Grace Anne Maldarelli, Doctor of Philosophy, 2015 

Dissertation Directed by Michael S. Donnenberg, M.D., Professor of Medicine  

Clostridium difficile, a Gram-positive obligate anaerobe, is the leading cause of 

nosocomial infections in the United States. C. difficile express type IV pili, extracellular 

appendages that, in Gram-negatives, are involved in adhesion, colonization, and 

twitching motility, as well as in phage attachment and DNA uptake. T4P structural 

subunits are called pilins; other proteins with similar structures to those of pilins, termed 

pilin-like proteins or minor pilins, are involved in pilus biogenesis and dynamics. Here, 

we demonstrate that the C. difficile genome contains all genes necessary for T4P 

biogenesis, including nine separate genes for pilins or pilin-like proteins. We hypothesize 

that the pilin gene pilJ encodes a minor pilin that functions as an adhesin, and that pilA1 

encodes the major pilin for the pili expressed under our standard growth conditions. 

Analysis of pilin gene sequences from different C. difficile strains demonstrated that 

pilA1 sequences are the most diverse of all pilin genes. PilA1 is far more highly 

expressed than PilJ under our growth conditions, with an average molar ratio of PilA1 to 

PilJ over 900. These results lead us to conclude that PilJ is a minor pilin in a pilus 

composed primarily of PilA1. The unique two-domain structure of PilJ led us to 

hypothesize that the protein is an adhesin. Binding experiments in colonic epithelial cells 

demonstrate that PilJ binds specifically and saturably to a cell-surface receptor. Scatchard 

analysis of those binding data suggests that PilJ binds to a high-affinity and a low-affinity 



receptor, with estimated dissociation constants of 1.35 x 10
-11

 ± 4.81 x 10
-11

 and 3.44 x 

10
-9

 ± 2.16 x 10
-8

, respectively. Preliminary pulldown experiments demonstrate the 

presence of three possible receptors or receptor subunits, with estimated masses of 45 

kDa, 55 kDa, and 75 kDa. Mass spectrometry allowed identification of possible receptor 

candidates. The work presented here delineates the genes for the C. difficile T4P and 

identifies the major pilin of at least one pilus. We also define a role for the minor pilin 

PilJ, the first Gram-positive minor pilin for which this has been done.  
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Chapter 1: Introduction 

Clostridium difficile is a Gram-positive, spore-forming, rod-shaped obligate anaerobe. 

Currently, it is the leading cause of nosocomial infections in the United States. Outcomes 

of colonization with C. difficile can range from completely asymptomatic colonization to 

profuse watery diarrhea, pseudomembranous colitis, toxic megacolon, and death. C. 

difficile infection (CDI) is a toxin-mediated disease: the bacteria may secrete two large 

clostridial toxins that target Rho GTPases and induce the massive fluid leakage that leads 

to diarrhea. Treatment options for C. difficile infection include antibiotic therapy with 

metronidazole, vancomycin, or fidaxomycin. These therapies can fail, however, and 

relapses occur in upwards of 20% of cases. Those who relapse are at high risk of further 

relapse, with fecal transplant the ultimate therapeutic option. Newer therapies are in 

clinical trials, including anti-toxin antibodies and antitoxin vaccines. While its virulence 

factors, particularly the toxins, are fairly well understood, the process by which C. 

difficile colonizes the colon is still under investigation. One possible colonization factor 

is the C. difficile type IV pilus (T4P). In other systems, T4Ps are critical for colonization; 

they have been only recently recognized in C. difficile, and may prove likewise critical in 

this species. To understand the role of the T4P in C. difficile colonization and 

pathogenesis, its basic components must be identified and understood. The central 

hypothesis of this body of work is that the various structural subunits of the pilus, termed 

pilins, have distinct roles in pilus function.  

This introduction will discuss the history and pathogenesis of C. difficile and C. difficile 

infection, current studies of C. difficile colonization factors, and the need for more 

investigation in that area. T4Ps will then be introduced and discussed in depth. The 
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following chapters will present my background research on T4Ps in C. difficile, followed 

by my work on the roles of two particular pilin proteins. The document will finish with 

conclusions and future directions; other related projects are included as appendices. 

 

Clostridium difficile: an historical perspective 

C. difficile was initially described in 1935, in a paper by Hall and O’Toole from the 

University of Colorado (Hall and O’Toole, 1935). The bacterium, initially named 

Bacillus difficilis for the difficulties the authors experienced in growing the organism, 

was isolated from the stool of newborn infants, where it was apparently a benign 

component of what we now refer to as the microbiota. Upon further experimentation, 

Hall and O’Toole demonstrated that injections of the bacterium were rapidly lethal for 

hamsters, and postulated that their newly identified bacillus secreted some kind of toxin. 

Bacillus difficilis was eventually renamed Clostridium difficile, but remained virtually 

unstudied for the next four decades. During the 1970s, however, C. difficile returned to 

the medical literature. By the early part of that decade, colitis linked to antibiotic use had 

become a major public health issue; in 1973, pseudomembranous colitis was definitively 

linked to clindamycin administration (Cohen et al., 1973). Investigators hypothesized that 

the colitis was viral, bacterial, or a side effect of the drug itself. In 1977, Bartlett et al. 

demonstrated that an unspecified, toxin-producing Clostridium species could cause 

antibiotic-associated colitis in hamsters. In another paper, Bartlett et al. demonstrated that 

a clostridial species isolated from diarrhea from pseudomembranous colitis patients 

caused colitis in hamsters, the diarrhea from the human patients had cytopathic effects 
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that were neutralized by C. sordellii antitoxin (Bartlett et al., 1978). The isolated strains 

were phenotypically classified as C. difficile.   

A striking increase in CDI mortality has occurred over the past fifteen years; from 1999 

to 2004, CDI mortality rates in the United States rose from 5.7 deaths per million 

population to 23.7 deaths per million population (Redelings et al., 2007). The United 

States is not alone in this rise; a study of risk factors for CDI using a Quebec database 

demonstrates a more than ten-fold rise in rates of community acquired CDI (CA-CDI) 

(Dial et al., 2008). Much of this rise has been attributed to an increase in prevalence of 

the restriction endonuclease analysis group BI, pulse-field gel electrophoresis type NAP1, 

polymerase chain reaction ribotype 027, known as the BI/NAP1/027 strain (McDonald et 

al., 2005).  This strain has been demonstrated to make more toxin in vitro than a 

toxinotype 0 strain (Warny et al., 2005), and to have increased sporulation rates relative 

to other strains (Åkerlund et al., 2008). BI/NAP1/027 strains are among the group of C. 

difficile strains that encode the C. difficile binary toxin (CDT). This toxin is an actin-

specific ADP-ribosylase (Perelle et al.,1997), which induces microtubule-containing 

protrusions and aids in bacterial adherence (Schwan et al., 2014). However, opinions 

differ regarding whether BI/NAP1/027 strains are more virulent than other strains (Burns 

et al., 2011; Smits, 2013).  

 

Clostridium difficile today 

C. difficile is presently recognized as the leading cause of nocosomial infections in the 

United States. A recent study of nationwide CDI morbidity and mortality determined that 
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C. difficile was responsible for 453,000 infections and 29,000 deaths in 2011 (Lessa et 

al., 2015), and recent estimates place excess healthcare costs resulting from CDI in the 

billions of dollars (Dubberke and Olsen, 2012). In 2009, nearly 1% of all hospital stays in 

the United States were complicated by C. difficile infection (Lucado et al., 2012). The 

main risk factors for CDI include antibiotic administration and contact with the 

healthcare system, particularly longer stays in hospitals or nursing homes. However, a 

significant minority of community-associated CDI can occur in the absence of antibiotic 

exposure (Chitnis et al., 2013). Clearance of C. difficile poses serious challenges in 

healthcare settings because of its ability to form spores. These spores are resistant to 

temperature change, UV exposure, alcohol wipes and cleaners, quaternary amines, and 

other standard disinfectants; the only recourse for spore elimination is bleach.  

 

Risk factors for CDI 

CDI was first identified as antibiotic-associated colitis, and antibiotic use has continued 

to be the single most common risk factor for development of CDI. Antibiotics derange 

the normal intestinal microbiota and allow C. difficile to proliferate. Many different 

studies have found strong associations between antibiotic use and CDI, and different 

classes of antibiotics have different risks for developing CDI, both hospital-acquired CDI 

(HA-CDI) and CA-CDI. A meta-analysis of fourteen studies of adult hospital inpatients 

found a 60% overall increased risk of CDI given antibiotic administration (Slimings and 

Riley, 2014). Separating antibiotics by class demonstrated that higher risk antibiotic 

classes include clindamycin, cephalosporins, carbepenems, quinolones, and 
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trimethoprim/sulfonamides. Studies focusing on risk factors for CA-CDI find that 

antimicrobial use is universally a risk factor for development of disease. As in HA-CDI, 

different antibiotic classes carry different risks for development of CDI. One meta-

analysis specifically focusing on antimicrobial exposure in adults found increased risk of 

CA-CDI associated with six of the seven antibiotic classes studied: clindamycin, 

fluoroquinolones, and the pooled category of cephalosporins, monobactams, and 

carbapenems were associated with higher risk, while macrolides, 

trimethoprim/sulfonamides, and penicillins were associated with lower but still 

significant risk for CDI (Brown et al., 2013). The one antibiotic class not associated with 

increased risk of CDI was tetracyclines. In hospitalized patients, increasing the number of 

antibiotics prescribed is associated with increased risk of CDI, even after adjusting for 

confounding variables (Stevens et al., 2011)  

Along with antibiotic use, older age has been associated with increased risk of CDI, as 

have long-term care facility stays or extended hospitalization. One study in Scotland, 

analyzing one population with both cohort and case-control methods, found an incidence 

of 20.3 infections per 10,000 population, slightly higher than the rate of the CDI in the 

general population. The cohort portion of the study identified associations with older age, 

more comorbidity as measured by total prescription count, hospital admission, and 

residence in a long-term care facility (LTCF). Antibiotic exposure was an independent 

risk factor for development of CA-CDI. When using the same population for a CA-CDI 

case-control study, antibiotic use and LTCF residence were found to be risk factors for 

CA-CDI (Marwick et al., 2013). A retrospective study measuring rates of CDI via short-

stay hospital discharge information found rates of CDI in individuals older than 65 years 
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were  seven-fold greater than rates of CDI in individuals 45-64 years (McDonald et al., 

2006). CDI risk in elderly patients may be associated with higher proportion of people 

living in LCTFs, increased hospital visits, more comorbid conditions, or age-related 

deficits in immune function.  

Exceptions to these risk factors exist, and indeed the observation of CDI in individuals 

previously believed to be at low risk is concerning for the spread of CDI through the 

general population (centers for Disease Control and Prevention, 2005). A recent study 

found similar rates of CA-CDI and HA-CDI in the United States, at 11.16 and 12.41 

cases per 100,000 person-years, respectively (Kuntz et al., 2011). Patients with 

community-associated CDI are less likely to have traditional risk factors, such as 

advanced age or even antibiotic use (Chitnis et al., 2013). In a study of community-

associated CDI in eight US states, 35.9% of CA-CDI cases had no recent history of 

antibiotic use, and 18% had no recent exposure to healthcare settings (Chitnis et al., 

2013). A retrospective study of Medicare patient admissions for CA-CDI found that 43% 

of patients admitted for CA-CDI did not have recent antibiotic exposure prior to 

admission (Collins et al., 2014).  

The issue of whether gastric acid suppression, either proton-pump inhibitors (PPI) or 

histamine type 2 receptor antagonists, is a risk factor for CDI is controversial. Multiple 

studies have associated use of proton pump inhibitors and H2 receptor antagonists with 

increased incidence of CDI. One meta-analysis of non-randomized studies of CDI risk 

factors determined that PPI use increases risk of CDI, even when accounting for 

differences in the designs of the included studies (Kwok et al., 2012). Another meta-

analysis demonstrated a significant increase in CDI among individuals taking PPIs as 
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compared to those not taking PPIs. This association persisted even when analyzing case-

control and cohort studies separately (Janarthanan et al., 2012).  

The association between gastric acid suppression and has been observed in CA-CDI as 

well as HA-CDI; one study found that 18% of CA-CDI patients had been exposed to 

gastric acid suppression medication, as compared with 5% of controls (Kuntz et al., 

2011). Another case-control study of CA-CDI found elevated CDI risk in individuals 

taking either PPI or H2 receptor antagonists (Dial et al., 2005). However, in a cohort 

study controlled for age and comorbidity, acid suppression medication at the time of CDI 

diagnosis was not associated with severe CDI (Khanna et al., 2012). A meta-analysis of 

CA-CDI studies of comorbidities in addition to medication exposure as CDI risk factors 

found that gastric acid suppression therapy was not associated with increased risk of CDI 

(Furuya-Kanamori et al., 2015). Gastric acid suppression therapy is associated with other 

conditions that may also influence CDI risk; thus, disentangling the influence of gastric 

acid suppression on CDI risk from the influence of those confounding variables will 

require further, carefully designed studies.   

One of the contributing factors to the spread of C. difficile, particularly in healthcare 

settings, is the bacterium’s ability to form spores. C. difficile spores are resistant to many 

common cleaning products, including alcohol-based cleaners and quaternary amines. 

Spores can contaminate rooms with active CDI patients (Dubberke et al., 2007). 

Contamination can occur on multiple surfaces, including floors, beds, and light switches 

(Verity et al., 2001). C. difficile contamination can occur quite rapidly; Fawley and 

Wilcox found that environmental surfaces in new hospital wards, with no contamination 

prior to opening, became contaminated within six months (Fawley and Wilcox, 2001). In 
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one study, 58% of rooms housing CDI patients were found to be culture-positive for C. 

difficile, and the hands of 14% of healthcare workers in contact with those patients were 

culture positive for C. difficile (Samore et al., 1996); increased rates of hand carriage 

followed increased rates of room-surface contamination. Hand carriage and other spore 

carriage can lead to these spores traveling to areas unoccupied by CDI patients. A point-

prevalence study of eight wards at the Cleveland Veterans Administration hospital 

demonstrated that 16% of sampled non-CDI patient rooms were culture-positive for C. 

difficile, as were 31% of sampled physician work areas and 10% of nurse work areas 

(Dumford et al., 2009). 

 

Control measures 

Multiple types of control measures are available to decrease C. difficile transmission. 

Contact precautions should be implemented only for symptomatic CDI patients, and 

involve private rooms for patients, gloves and gowns for healthcare providers, and 

disinfection of any instruments or equipment used. Hand hygiene is also critical, for 

healthcare workers, patients, and visitors alike. Alcohol-based hand rubs do not eliminate 

spores; washing with soap and water is significantly more effective in removing C. 

difficile spores from hands (Jabbar et al., 2010). Environmental cleaning is also critical in 

stopping the spread of C. difficile. APIC (Association for Professionals in Infection 

Control) guidelines recommend using bleach-based cleaning products only during 

outbreaks; routine cleaning is acceptable outside of those circumstances. Surface 

disinfection using a specific checklist and restricting cleaning implements to single CDI 



9 

 

patients can reduce incidence of hospital-acquired CDI (Struelens et al., 1991). Finally, 

proper antimicrobial stewardship is critical for controlling the major risk factor for 

development of CDI (Owens et al., 2008). For example, a study in one Austrian tertiary 

care hospital found that a reduction in moxifloxacin use, combined with a bundle of 

information on CDI distributed to physicians and other health care professionals, led to a 

significant decrease in CDI (Wenisch et al., 2014). These different approaches to 

preventing the spread of C. difficile can decrease rates of CDI; even so, C. difficile 

remains a serious health threat.  

 

C. difficile pathogenesis 

Initial stages of colonization and infection 

C. difficile spores are very hardy, as described above, and can be introduced to the human 

GI tract by fecal-oral transmission. The hardiness of the spore form allows the bacteria to 

survive the acidic pH of the stomach. Once the spores have passed through the stomach, 

they germinate in the small intestine. Taurocholate, a primary bile salt produced by the 

liver, induces germination (Sorg and Sonenshein, 2008). The spore-surface receptor for 

taurocholate has been identified as CspC (Francis et al., 2013); interestingly, another bile 

salt, chenodeoxycholic acid, is an inhibitor of germination. In addition to taurocholate, 

glycine and histidine act as co-germinants (Sorg and Sonenshein, 2008; Wheeldon et al., 

2011). Spore germination has been shown to be critical for the development of CDI: 

treatment of mice with a competitive inhibitor of taurocholate led to a significant 

decrease in CDI signs and mortality as compared to an untreated control group 

(Howerton et al., 2013).  
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After the C. difficile spores have germinated, they next colonize the colon, a process 

facilitated by antibiotic-mediated disruption of the colonic microbiota. Many studies have 

demonstrated the importance of the colonic microbiota in resistance to C. difficile 

colonization; recent data from Theriot et al. suggests that the components of the microbial 

community may be less important than the metabolic pathways present within the 

community (Theriot et al., 2014). Specifically, mice susceptible to C. difficile infection 

have higher cecal levels of primary bile acids and glycine, among other components, than 

mice resistant to C. difficile infection. A close association between overall metabolite 

profile and microbial community structure was also observed. The actual process of 

colonization is not well understood, though it appears to involve a multitude of adhesins, 

including CbpA, Fbp68, and CD0873.   

CbpA is an 1190-amino acid protein; upon cell fractionation, it is present in the cell-wall 

fraction (Tulli et al., 2013). Recombinant N-terminal CbpA can bind to collagen I and V, 

with nanomolar binding constants for its interactions with those proteins. It can also bind 

to murine intestinal tissue, but not to Caco-2 cells; it interacts specifically with the host 

extracellular matrix. A cbpA mutant of strain 630 does not express the protein, but has 

not been further characterized. C. difficile can bind to both soluble and immobilized 

fibronectin as well as to collagen. Fbp68 was identified as a putative C. difficile 

fibronectin-binding protein by homology to a Bacillus subtilis fibronectin-binding protein 

(Hennequin et al., 2003). The protein binds to fibronectin, as predicted, and can be found 

both in the cytoplasm and on the surface of the cell. The binding constant of Fbp68 to 

fibronectin has not been quantified. A role of either protein in binding to intestinal 

epithelial cells or in colonization has not been demonstrated.  
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Unlike CbpA and Fbp68, the lipoprotein CD0873 interacts directly with host cells 

(Kovacs-Simon et al., 2014). Mutation of the protein leads to complete elimination of 

binding to Caco-2 cells, and antibodies to the protein inhibit binding. The binding partner 

for lipoprotein CD0873 has not been identified. CD0873 has not been demonstrated to 

play a role in colonization.  

While not an adhesin, the cysteine protease Cwp84 is emerging as an important factor for 

C. difficile colonization and adherence. The protease cleaves the C. difficile surface layer 

protein to its high- and low-molecular-weight forms, and can also cleave fibronectin, 

laminin, and vitronectin (Janoir et al., 2007). Cwp84 localizes to the cell wall, and is not 

secreted (Chapetón Montes et al., 2011). It may be able to cause damage to host ECM 

from its location in the cell wall. The ability to cleave these components of the host ECM 

may contribute to CDI pathogenesis.   

Another possible colonization factor, the C. difficile type IV pilus, will be the subject of 

this thesis and will be described later in this section.  

 

 C. difficile toxins and their actions 

CDI is a toxin-mediated disease; C. difficile’s main virulence factors are its toxins, and 

treatment of ileal loops with crude toxin preparation recapitulates the intestinal pathology 

seen in CDI (Lima et al., 1988).  Pathogenic C. difficile can produce two toxins, TcdA 

and TcdB. These glucosyltransferases target and inactivate Rho-GTPases. Inactivation of 

these enzymes leads to cytoskeleton disorganization, changes in cell morphology, and, 

eventually, to cell death. TcdA and TcdB share 66% sequence identity (Voth and Ballard, 
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2005).  Application of each purified toxin to epithelial cell monolayers leads to disruption 

of those monolayers in hours (Hecht et al., 1988; Hecht et al., Gastroenterology 

1992).Toxin exposure also leads to the disruption of tight junctions (Feltis et al., 2000). 

Lyras et al. demonstrated that a tcdB mutant strain expressing TcdA alone was avirulent 

in hamsters, and thus that TcdB is required for virulence (Lyras et al., Nature 2009). 

However, Kuehne et al. demonstrated that strains expressing either one of the toxins can 

cause disease in hamsters (Kuehne et al., 2010); Kuehne and colleagues attribute this 

discrepancy to differences between the forms of strain 630 used in the two experiments. 

In any case, the presence of at least one toxin is critical for CDI pathology; a double toxin 

knockout strain is avirulent in hamsters (Kuehne et al., 2010). Some strains of C. difficile 

also encode a third toxin, called the binary toxin or CDT. In contrast to TcdA and TcdB, 

CDT is an ADP-ribosylase that targets G-actin (Aktories et al., 2011). This, too, leads to 

cytoskeletal disorganization and cell death.   

On an organ-wide scale, these toxins lead to disruption and breakdown of the epithelial 

cell layer and massive fluid leakage, which results in the profuse watery diarrhea 

characteristic of CDI. The effects of the C. difficile toxins on the colonic epithelium lead 

to release of proinflammatory cytokines, including CXCL8/IL-8, IL-1β, and others, 

which in turn leads to inflammation and associated tissue damage (Hansen et al., 2013; 

Hirota et al., 2012). Once the epithelial barrier has been disrupted, the toxins can affect 

cells in the submucosa, including a variety of immune cells, in particular neutrophils.  

Neutrophil recruitment is a hallmark of CDI pathology (Kelly et al., 1994), and pre-

infection neutrophil depletion leads to increased mortality in infected mice (Jarchum et 

al., 2012). 
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Clinically, CDI is classified as asymptomatic, mild, moderate, or severe infection. 

Individuals asymptomatically colonized with C. difficile are capable of shedding spores 

and spreading the disease. Mild infections present with diarrhea and mild abdominal pain. 

Moderate CDI is defined as watery diarrhea, moderate abdominal pain, and leukocytosis. 

Severe CDI involves pseudomembranous colitis (described below) in addition to diarrhea 

and multiple lab abnormalities. Toxic megacolon is classified as complicated CDI 

(Leffler and  Lamont, 2015).   

More severe cases of CDI result in pseudomembranous colitis, raised yellow plaques on 

the colorectal mucosa; these lesions are often described as ‘volcano-like.’ By 

histopathology, pseudomembranous colitis plaques are composed of necrotic intestinal 

and inflammatory cells, as well as fibrin and cell debris. By CT scan, pseudomembranous 

colitis appears as thickened colon walls. Toxic megacolon, or dilation of the colon with 

signs of toxicity (Dallal et al., 2002), is a rare complication of CDI. In toxic megacolon, 

the inflammation associated with the mucosal surface continues into the muscularis 

mucosa and paralyzes the muscle, leading to dilation (Sheth and LaMont, 1998). Patients 

with toxic megacolon are typically febrile, tachycardic, and ‘toxic-appearing’. Serious 

CDI carries a significant mortality risk; in one retrospective study of seventy-three 

patients who underwent colectomy for fulminant pseudomembranous colitis, the in-

hospital mortality rate was 34% (Bryn et al., 2008). 

 

Therapeutic options 

Although one of the main risk factors for CDI is antibiotic use, antibiotics are the current 

mainstay of CDI therapy. Metronidazole, oral vancomycin, and fidaxomycin are the three 
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antibiotic options. Vancomycin has proven superior to metronidazole in treating severe 

CDI, though the two antibiotics were equally efficacious in treating mild CDI (Zar et al., 

2007). Fidaxomycin, a newer antibiotic, is superior to vancomycin in preventing relapses 

in non-epidemic strains (Louie et al., 2011); it has been demonstrated to be noninferior to 

vancomycin for treatment of initial CDI. A review of eleven randomized trials found no 

significant difference in initial cure rates between metronidazole, vancomycin, and 

fidaxomycin, but that fidaxomycin treatment was associated with lower recurrence rates 

than vancomycin (Drekonja et al., 2011).  

Despite appropriate antibiotic treatment, patients can relapse and disease can recur. 

Studies place rates of recurrence between 13-50% of first incidence of CDI, and higher if 

a patient has already had recurrent infection (Louie et al., 2011; Drekojna et al., 2015). 

Treatment of severe CDI is, by necessity, more intensive than treatment of more mild 

illness. Patients with toxic megacolon are treated with both oral vancomycin and IV 

metronidazole. Rectal vancomycin is administered if there is poor intestinal mobility. If 

the patient in question does not improve within 36-48 hours, the next recourse is 

colectomy.  

Given that the disease is toxin-mediated, another option still in clinical trials is anti-toxin 

monoclonal antibody administration. In a phase II clinical trial, anti-toxin antibodies 

reduced the risk of CDI recurrence (Lowy et al., 2010); anti-toxin therapy is currently in 

phase III clinical trials. Fecal microbiota transplantation (FMT) has recently come to 

widespread public attention as a therapeutic option. The principle behind this therapy is 

repopulation of the colon with non-pathogenic bacteria, and out-competition of the 

pathogenic C. difficile. In FMT, a healthy fecal donor is prescreened for a variety of 
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conditions, including but not limited to: C. difficile and other pathogenic gastrointestinal 

bacteria, gastrointestinal parasites; antibodies to HIV and hepatitis viruses A, B, and C 

(Rohlke and Stollman, 2012). Once screening is complete, the donor stool is collected, 

and transferred to the CDI patient via enema, endoscopy or colonoscopy. Success rates 

for fecal transplant are quite high; recent reviews of the literature found rates of symptom 

resolution and lack of recurrence in 75-90% of cases (Drekonja et al., 2015; Kassam et 

al., 2013). Moreover, a randomized clinical trial comparing FMT to vancomycin with or 

without bowel lavage found an overall 94% cure rate in the FMT-treated group, as 

compared to a 31% cure rate in the vancomycin-alone group and a 23% cure rate in the 

group randomized to vancomycin with bowel lavage (van Nood et al., 2013). FMT is 

frequently a second- or third-line treatment, used after patients have failed multiple 

courses of antibiotic therapy.   

Animal studies have demonstrated the efficacy of anti-toxin vaccines in preventing CDI 

(Leuzzi et al., 2013). Administration of non-toxigenic C. difficile spores, in order to 

occupy the colonic C. difficile niche, is another preventative option under investigation 

(Gerding et al., 2015). Finally, chimeric anti-TcdA anti-TcdB antibodies have been 

demonstrated to protect against severe CDI in mice (Yang et al., 2014). 

To summarize, C. difficile is a colonic pathogen that can colonize asymptomatically, or 

cause toxin-mediated disease ranging from watery diarrhea to severe colitis, typically in 

the presence of antibiotic-mediated disruption of the microbiota. Although treatments are 

available, they can fail and patients can relapse. The main C. difficile virulence factors 

are its toxins: TcdA and TcdB are glucosyltransferases targeting Rho GTPases, while 

CDT is an ADP-ribosylase that targets G-actin. The actions of these toxins lead to 
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colonic epithelial barrier breakdown and the characteristic profuse watery diarrhea of 

CDI. Various adhesins and other proteins have been implicated in C. difficile 

colonization, but the process is not well understood, and thus requires more study. 

Further studies of colonization will ideally reveal multiple routes to halt that process, 

thereby decreasing CDI morbidity and mortality.  

 

Type IV Pili 

Type IV pili (T4Ps) are thin, hair-like surface appendages widespread in prokaryotes. 

They have been well characterized in Gram-negative bacteria, including a number of 

human pathogens such as Neisseria meningitidis. N. gonorrhoeae, Vibrio cholerae and 

other Vibrio spp., Pseudomonas aeruginosa, and enteropathogenic Escherichia coli. 

More recently, T4Ps have been described in Gram-positive bacteria as well as in archaeal 

species. The main body of the pilus fiber consists of protein monomers called pilins. The 

predominant pilin component of the fiber is termed the major pilin; other proteins with 

similar structures that are incorporated into the pilus at lower frequencies than the major 

pilin are termed minor pilins. Pilin-like proteins are proteins that have the characteristic 

sequence or structural features of pilins, but have not been demonstrated to be 

incorporated into the pilus. Major and minor pilins in a variety of systems will be 

discussed in greater depth below. A pre-pilin peptidase removes a characteristic signal 

sequence from the N-terminus of the pilins prior to their incorporation into the pilus; the 

pre-pilin peptidase cleavage site is conserved among all pilins. A complex nanomachine 

assembles these pilin monomers into filaments that can extend several micrometers from 

the bacterial cell. In many bacterial species, T4Ps can also retract; the energy for 
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extension and retraction are provided by distinct ATPases. Multiple proteins come 

together to form the platform or base that anchors the pilus in the bacterial cell 

membrane. In Gram-negative organisms, T4Ps require an outer-membrane pore or 

secretin through which the pilus can extend into the extracellular milieu. Historically, 

T4Ps were sorted into two different classes, type IVa pili (T4aPs) and type IVb pili 

(T4bPs). T4aPs are more widespread, and have a smaller major pilin with a shorter signal 

sequence than T4bP major pilins. T4bPs are found exclusively in enteric pathogens; 

along with the larger major pilin, the genes for T4bPs are organized into single operons. 

This classification applies to Gram-negative T4Ps; it has not been applied to Gram-

positive organisms or archaea as of yet, given the paucity of research on T4Ps in those 

organisms. However, similarities between Gram-positive T4Ps and T4bPs have been 

noted (Melville and Craig, 2013).  

The T4P is related to the type 2 secretion systems (T2SSs) expressed by many Gram-

negative bacteria. The T2SS allows for translocation of bacterial proteins via the general 

secretory pathway. The fimbrial structure of the T2SS is known as the pseudopilus; its 

structural subunits are known as pseudopilins. T2SSs have five pseudopilins. The entire 

T2SS consists of a secretion ATPase, an inner membrane assembly, an outer membrane 

assembly, and the pseudopilus itself. Pseudopili have both major and minor pseudopilins, 

which are cleaved to their mature form by a peptidase with a recognition site very similar 

to that of T4Ps. Also as in T4Ps, the minor subunits have different roles in biogenesis. 

For example, three of the minor pseudopili form a complex, which most likely exists as a 

cap structure at the tip of the pseudopilus (Korotkov and Hol, 2008). T2SS systems can 
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use T4P minor pilins in place of minor pseudopilins to assemble fimbrial structures, 

providing a tool for the study of the roles of minor pilins (Cisneros et al., 2012).  

T4Ps can mediate adherence, colonization, biofilm formation, DNA transfer, and 

twitching motility. Twitching motility is a form of motion specific to T4Ps and reliant 

upon the ability of the pilus to retract. In twitching motility, a bacterium will extend a 

pilus, the pilus will bind to a surface and retract, bringing the bacterium close to the 

surface, at which point the bacterium will extend another pilus and repeat the process. 

This process allows the bacteria to move along a surface with a jerking motion.  This 

section of the thesis will introduce the roles of T4Ps in different organisms, and provide 

more in-depth discussion of major and minor pilins in these organisms.   

 

Roles of the T4P in different organisms 

Enteropathogenic Escherichia coli (EPEC) 

Enteropathogenic Escherichia coli (EPEC) is a Gram-negative rod-shaped bacterium, and 

is a major causative agent of watery diarrhea in developing countries. It is particularly 

important in infections in infants under one year old (Kotloff et al., 2013). The EPEC 

T4P is referred to as the bundle-forming pilus, or BFP, and is one of several EPEC 

virulence factors. In volunteer trials, infection with non-piliated mutant EPEC strains 

resulted in a significantly lower incidence of diarrhea than infection with the parent wild-

type EPEC, even at the highest inocula of the mutant strains (Bieber et al., 1998). T4Ps 

are important early in infection in both adherence to host cells and in formation of 

aggregates. EPEC lacking other important early virulence factors (intimin and EspA, a 



19 

 

protein secreted by the type 3 secretion system) are able to rapidly adhere to epithelial 

cells, whereas eliminating BFP expression leads to reduced adherence to those epithelial 

cells (Cleary et al., 2003). Similarly, BFP allow individual EPEC cells to adhere to each 

other in a process known as autoaggregation EPEC can encode one of two categories of 

the major pilin, the alpha and beta forms; the alpha form binds to host cell LacNac 

(Hyland et al., 2006a, 2006b, 2008). 

 

Vibrio cholerae 

Vibrio cholerae is a Gram-negative free-living comma-shaped bacterium; it is the 

causative agent of cholera. Its main virulence factor is the cholera toxin, an AB5 toxin 

that activates adenylate cyclase via a Gα protein. V. cholerae expresses two T4Ps, the 

mannose-sensitive hemagglutinin pilus MshA, which is not as relevant to human 

infection (Tacket et al., 1998), and the toxin coregulated pilus (TCP), so named because 

it is regulated by the same toxR regulon as cholera toxin expression. The TCP major pilin 

is called TcpA. Both classical and El Tor strains of V. cholerae express T4Ps, and use 

them for microcolony formation and adhesion to host cells. The TcpA sequences in each 

biotype are 81% identical (Lim et al., 2010). Despite this sequence similarity, the T4Ps of 

classical and El Tor strains interact in different, specific patterns: while classical T4Ps 

bundle together as in EPEC, El Tor T4Ps interact in a crosshatched pattern. T4Ps are 

critical for pathogenesis in classical V. cholerae: a tcpA mutant did not cause disease in 

volunteers during an infection trial (Tacket et al.,1998), failing even to colonize all but 

one of nine patients;  electron micrographs of colons of infected infant mice clearly show 
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pili adhering to host cells (Krebs and Taylor, 2011). Type IV pili are also involved in 

early biofilm formation in El Tor strains (Watnick and Kolter, 1999). 

 

Other pathogenic Vibrio species  

Both V. parahaemolyticus, which can cause gastroenteritis, and V. vulnificus, which 

causes necrotizing skin infections express T4Ps, although these systems have been less 

thoroughly investigated than the V. cholerae TCP. V. parahaemolyticus, like V. cholerae, 

expresses two different types of T4Ps, a mannose-sensitive hemagglutinin pilus and a 

pilus up-regulated in the presence of chitin (chitin-sensitive pilus or ChiRP) that is 

similar to the TCP. The ChiRP, with its major pilin encoded by pilA, is critical for 

microcolony formation (Shime-Hattori et al., 2006), and is required for binding to chitin 

(Frischkorn et al., 2013). In contrast to V. cholerae and V. parahaemolyticus, V. 

vulnificus encodes only a TCP-type pilus. This pilus has been shown to be involved in 

adherence to epithelial cells and in biofilm formation (Paranjype and Strom, IAI 2005). 

The V. vulnificus T4P has also been associated with virulence in a mouse model; 

abolition of piliation leads to a modest decrease in CFU in iron-overloaded V. vulnificus-

infected mice (Paranjype et al., 1998; Paranjype and Strom, 2005). 

 

Pseudomonas aeruginosa 

Pseudomonas aeruginosa is a Gram-negative rod-shaped bacterium that is ubiquitous in 

the environment. It can cause serious infections in individuals with cystic fibrosis or burn 
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wounds; it can also cause surgical site or implant infections, among other infections. 

Extensive studies in P. aeruginosa have been conducted to demonstrate the myriad roles 

the T4aP plays in that organism, and the roles of each of the different components. 

Twitching motility was first described in P. aeruginosa, and in that organism has been 

directly observed in single cells by fluorescence microscopy (Skerker and Berg, 2001). 

As could be surmised from the process of twitching motility (see description above), 

T4Ps in Pseudomonas are also involved in attachment to biotic and abiotic surfaces. 

Sheth et al. demonstrated that C-terminal residues of the P. aeruginosa T4P major pilin, 

PilA, bind specifically to βGalNAC(1-4)-βGal, while Giltner et al. demonstrated that 

T4Ps are critical for binding to abiotic surfaces, including steel, polyvinylchloride, and 

polystyrene (Sheth et al., 1994; Giltner et al., 2010). This ability to bind to both biotic 

and abiotic surfaces is relevant to clinical P. aeruginosa infection: T4P binding to the 

biotic surfaces allow it to colonize burn wounds and the lungs of cystic fibrosis patients, 

while binding to stainless steel allows it to form biofilms on surgical screws (Stoodley et 

al., 2005) and other implants.  

Clearly, P. aeruginosa can form biofilms on many different structures, allowing 

persistence of infection even in the presence of antimicrobial treatment. T4Ps are 

involved early in P. aeruginosa biofilm formation, in particular in forming the mushroom 

cap structures seen in biofilms grown in glucose-supplemented media. Cell dispersal in 

the biofilm, as well as the migration of bacteria up ‘stalk’ structures to form the 

mushroom ‘caps,’ is dependent upon T4P motility (Klausen et al., 2003a, 2003b).  
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Neisseria meningitidis 

Neisseria meningitidis is a Gram-negative encapsulated diplococcus. It can be a benign 

component of the nasopharyngeal microbiota, but can also pass through the epidermis 

and spread, causing meningitis if it penetrates the blood-brain barrier. T4Ps are required 

for passage through the blood-brain barrier: the pilus binds to CD147 via its major pilin 

PilE (Bernard et al., 2014) and forms microcolonies. T4Ps, in particular the minor pilin 

PilX, are critical for bacterial aggregation in the microcolony (Helaine et al., 2007). After 

T4P-mediated adhesion to cells, N. meningitidis induces formation of a cortical plaque, 

involving interaction with the β-2 adrenergic receptor and downstream signaling; this 

pathway eventually leads to paracellular passage of bacteria across the blood-brain 

barrier (Coureuil et al., 2012). T4Ps in N. meningitidis are also responsible for natural 

competence; non-piliated mutant strains cannot take up DNA. One of the N. meningitidis 

minor pilins, ComP, is responsible for binding specific DNA sequences, which leads to 

DNA uptake (Wolfgang et al., 1999; Cehovin et al., 2013).  

 

Neisseria gonorrhoeae 

Like N. meningitidis, N. gonorrhoeae is a Gram-negative diplococcus; it is the causative 

agent of gonorrhea. T4Ps in N. gonorrhoeae are involved in twitching motility; indeed, 

the organism has been used as the prototype for studying the force of pilus retraction 

(Maier et al., 2002; Biais et al., 2008; Eriksson et al., 2015). Various studies have also 

implicated the gonococcal T4P in adhesion to epithelial cells (Swanson, 1973; Virji and 

Heckels, 1984) by means of its adhesin PilC1 (Cheng Y et al., 2013).  
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Non-typeable Haemophilus influenzae  

Non-typeable Haemophilus influenzae (NTHI) is a relatively common component of the 

oropharynx microbiota; however, it can cause meningitis and otitis media, among other 

infections. The major pilin of the H. influenzae T4P is pilA, the first gene in the T4P gene 

cluster (Bakaletz et al., 2005; Carruthers et al., 2012). While the pilus itself has not been 

well studied, its role in NTHI biofilm has been better defined; indeed, investigation of 

how NTHI forms a biofilm led to the initial recognition of T4P genes in the genome 

(Balaketz et al., 2005). Non-piliated mutants form sparser biofilms than wild-type, and 

immunization with recombinant PilA leads to resolution of otitis media in an animal 

model (Novotny et al., 2015). This role in biofilm formation is clinically relevant, as H. 

influenzae otitis media is a biofilm-mediated infection. 

 

Clostridium perfringens 

One of the first Gram-positive organisms in which T4Ps were identified is C. perfringens, 

an obligate anaerobe that can cause gas gangrene or foodborne gastroenteritis. C. 

perfringens T4Ps have been directly observed by transmission electron microscopy and 

demonstrated to be required for bacterial motility, as the species is not flagellated (Varga 

et al., 2006). T4Ps are also required for optimal biofilm formation; non-piliated mutants 

can still form biofilms, but those biofilms contain fewer cells and less extracellular matrix 

material than do biofilms formed by wild-type strains (Varga et al., 2008).  Multiple 

factors, including Spo0A, AbrX, and CtrAB, affect T4P biogenesis in biofilms. 
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Other systems that express T4Ps are numerous. The causative agent of bovine 

keratoconjunctivitis, Moraxella bovis, requires T4P for infection; a whole-pilus vaccine is 

effective in decreasing infection with the bacterium (Lepper et al., 1995).  

To summarize, a wide variety of bacteria express T4Ps; among them are several 

important human pathogens. T4Ps play critical roles in colonization and adherence to 

surfaces; for those that bind to cells, some receptors or binding partners have been 

identified. They are also involved in bacterium-bacterium adherence, formation of 

aggregates or microcolonies, and in biofilm formation.  

 

Major pilins 

As stated previously, the main structural subunit of the T4P is referred to as the major 

pilin. In many T4bP systems, the gene encoding the major pilin is located at the start of 

the T4P operon. Although the sequences of the major pilin in each system are widely 

divergent, as would be anticipated in bacteria so distantly related, the sequences share 

some major features. One shared feature is a pre-pilin peptidase cleavage site at the N-

terminus. The pre-pilin peptidase enzyme cleaves after a glycine conserved in all known 

pilins. The -1 glycine is frequently but not universally followed by a phenylalanine 

residue. A +5 glutamic acid is likewise conserved in the majority of pilins. Given 

structure and modeling data, the Glu+5 is hypothesized to form a salt bridge with the 

Phe+1 on the next subunit up in the fiber (Craig et al., 2006).. Without this cleavage step, 

the pilins cannot be incorporated into the pilus. Another shared feature of pilins across 

bacteria is that the N-terminus of the protein is composed primarily of hydrophobic 
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residues; in the structures of full-length pilins that have been solved, this section of the 

pilin forms an alpha-helix, the N-terminal portion of which is buried in the core of the 

pilus, the C-terminal half of which interacts with the other sections of the protein. The 

structures of major pilins from several T4P systems in Gram-negative bacteria have been 

solved, and all share similar structural features. The N-terminal alpha-helix leads into an 

alpha-beta loop linking the helix to an anti-parallel β-sheet. Two cysteines form a 

disulfide bond that links the β-sheet to the C-terminal section of the protein; the sequence 

between the two cysteines is referred to as the D-region.  The α-β loop and D-region are 

structurally divergent in different pilins. The structures of full-length major pilins from N. 

gonorrhoeae, P. aeruginosa, and Dichelobacter nodosus have been solved, as have 

soluble portions of the major pilins of EPEC, V. cholerae, and Salmonella typhi lacking 

their hydrophobic N-termini.  

Given that the major pilin is the most abundant of the pilins in a given system, it stands to 

reason that these pilins would be the target of the host immune system. Indeed, antibodies 

to major pilins have been found in individuals infected with EPEC, V. cholerae, N. 

gonorrhoeae, and others (Martinez et al., 1999; Attridge et al., 2004; Boslego et al., 

1991). In the face of this immune pressure, major pilins diversify. The EPEC major pilin, 

bundlin, is the most diverse of the pilins the EPEC genome encodes (Blank et al., 2000). 

Both N. meningitidis and N. gonorrhoeae encode multiple silent pilS cassettes that can be 

recombined with the pilE locus, which provides the bacteria an incredibly variable major 

pilin sequence. Indeed, anti-N. gonorrhoeae vaccines targeting a single allele of PilE 

failed due to this antigenic variation (Boslego et al., 1991). In that study, volunteers 

immunized with a single PilE variant produced a brisk antibody response to the 
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immunizing pilin; however, there was no difference in rates of gonorrhoea in the 

vaccinated and control groups despite this antibody response. Diversity in the major pilin 

is also important for interacting with different host tissues. Miller et al. demonstrated that 

variants of the D-region in the N. meningitidis major pilin differ in their ability to adhere 

to different cell types and in their ability to recruit the β-adrenergic receptor (Miller et al., 

2014).  

 

Minor Pilins  

As discussed earlier, minor pilins and pilin-like proteins contain a pre-pilin peptidase 

cleavage site and N-terminal hydrophobic region, similar to the major pilins. As the name 

would suggest, minor pilins are incorporated into the pilus fiber, but are not the major 

component of it. Minor components of the fiber are also present in type 2 secretion 

systems, where they are known as minor pseudopilins. Pilin-like proteins are proteins 

with the sequence characteristics of pilins, but have not yet been proven to be 

incorporated into the pilus. T4P systems can encode multiple genes for different minor 

pilins and pilin-like proteins; some are necessary for piliation, others dispensable for 

biogenesis but critical for different T4P functions. The role of those pilins critical for 

piliation can be studied in retraction-deficient mutants. Deleting the retraction ATPase in 

the absence of other mutations leads to hyperpiliation (Mattick, 2002). Retraction-

deficient mutants remain piliated even when minor pilins and pilin-like proteins required 

for piliation in wild-type organisms are deleted. Thus, these strains provide an invaluable 

method for examining the roles of otherwise-necessary proteins, and have been used to 

study minor pilins in N. gonorrhoeae and P. aeruginosa (Winther-Larsen et al., 2005; 



27 

 

Giltner et al., 2010). The structures of two N. meningitidis minor pilins have been solved. 

The functions of minor pilins in different systems are outlined below.  

 

Roles of minor pilins in different organisms 

Pseudomonas aeruginosa 

The Pseudomonas genome contains genes for five minor pilins: fimU, pilV, pilW, pilX, 

and pilE (Alm & Mattick, 1995; Alm & Matick, 1996). These genes are required for 

formation of pili; immunogold experiments demonstrated that all are incorporated into 

the pilus (Giltner et al., 2010). In retraction-mutant experiments, Giltner and colleagues 

found that none of the genes are required for pilus assembly; however, surface piliation in 

each of the mutants was decreased relative to wild-type. Also, the absence of one minor 

pilin alters the ratios of the other pilins produced.  

Kuchma and colleagues demonstrated the involvement of PilW and PilX in regulation of 

biofilm formation (Kuchma et al., 2009). In a mutant P. aeruginosa strain with 

suppressed swarming motility and increased tendency toward biofilm formation, deletion 

of either pilW or pilX led to a decrease in biofilm formed (i.e. a return to the wild-type 

level of biofilm formed) and an increase in swarming motility. From these data, the 

authors concluded that the two proteins are involved in repression of swarming motility 

through involvement with c-di-GMP signaling.  
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Neisseria meningitidis  

N. meningitidis encodes three minor pilins: PilV, PilX, and ComP, all of which are highly 

conserved in infectious isolates (Cehovin et al., 2010). N. meningitidis is still capable of 

expressing pili in the absence of ComP expression however, deletion of comP leads to a 

loss of natural competence (Wolfgang et al., 1999). ComP has been definitively 

demonstrated to bind to specific DNA uptake sequences by means of an electropositive 

stripe in the solvent-exposed C-terminal section of the pilin (Cehovin et al., 2013).  

A pilX single mutant remains piliated, and TEM analysis of T4Ps in a pilX mutant 

indicates no changes in pilus morphology in its absence (Helaine et al., 2007). The 

structure of PilX has been solved, and it demonstrates the overall pilin fold seen in other 

solved pilin structures. The incorporation of PilX into pili has been demonstrated by 

immunogold imaging of pili and Western blotting of pilus preparations; however, more 

recent data indicate that the majority of PilX is localized to the periplasm rather than to 

the pilus itself (Imhaus and Dumenil, 2014). Deletion of pilX leads to a loss of cell 

aggregation and microcolony formation (Helaine et al., 2005).  The PilX D-region, the 

structure of which has a small alpha-helix and adjacent hook extending away from the 

pilus body, is critical for its aggregative properties; the deletion of this section of the 

protein severely decreases bacterial aggregation (Helaine et al., 2007). From their data, 

Helaine et al. concluded that PilX monomers incorporated into separate pili can bind to 

each other and allow individual bacteria to form microcolonies. Further studies of PilX 

demonstrate that it is also involved in pilus-mediated signaling to endothelial cells, but 

does not interact directly with the T4P receptor on the host cell (Brissac et al., 2012; 

Bernard et al., 2014).  
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As in PilX, PilV expression is not required for piliation, even in the presence of the 

retraction ATPase. Contradictory data exist on whether PilV has an impact on the level of 

piliation: while Takahashi et al. indicate piliation is not decreased in its absence by TEM, 

more recent data from Imhaus and Dumenil suggests that piliation is mildly decreased in 

a pilV mutant (Takahashi et al., 2012; Imhaus and Dumenil, 2014). Although pilV 

mutants are able to adhere to cells, they demonstrate decreased ezrin accumulation and no 

plasma membrane reshaping upon binding (Mikaty et al., 2009). This membrane 

reshaping is critical for the microcolonies adherent to the cell surface to resist capillary 

shear forces and detachment due to these forces (Mikaty et al., 2009). Taken together, 

these data indicate that the protein plays a role in interacting with the host cell prior to 

paracellular transport across the blood-brain barrier.    

Recent data using FLAG-tagged PilV and PilX have provided insight into how those two 

pilins function in initiation of pilus biogenesis: a report by Imhaus and Dumenil describes 

decreased surface piliation as measured by immunoflurescence (in comparison to TEM in 

previous reports) in both pilV and pilX mutants; the authors also measured pilus lengths, 

which trend toward longer in both mutants (Imhaus and Dumenil, 2014). The authors 

interpreted these data to indicate that the proteins are involved in initiation of biogenesis, 

rather than in regulation of retraction. Especially in terms of PilX, these results do not 

invalidate previous results demonstrating roles for the proteins in adhesion and 

internalization. Clearly, minor pilins play multiple roles in T4P-mediated steps in N. 

meningitidis pathogenesis, and more work is required to clarify the roles of each minor 

pilin in pathogenesis.   
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Neisseria gonorrhoeae 

Two minor pilins have been identified in N. gonorrhoeae: PilV (Winther-Larsen et al., 

2001) and ComP (Wolfgang et al.,1999). As the name would suggest, ComP is required 

for competence and is involved in DNA uptake; by analogy from N. meningitidis, ComP 

may actually bind to DNA.  Work by Winther-Larsen and colleagues demonstrated that 

PilV has the sequence features characteristic of pilins, and was incorporated into pili. A 

pilV-negative strain demonstrated no reduction in surface piliation or autoagglutination, 

but showed decreased binding to host cells. The authors attributed this decrease in 

binding not to any specific characteristic of PilV itself, but rather to the decreased amount 

of the putative adhesin PilC incorporated into pili.  

 

A wide variety of bacterial species express T4Ps, although the roles of these structures 

are fairly consistent: T4Ps are involved in colonization, adhesion, motility, and DNA 

transfer. Pilus fibers contain different subunits with different roles. Outside of the main 

structural subunit or major pilin, pilins can be involved in intracellular adhesion, 

interaction with host cells, pilus dynamics, and DNA binding. However, the vast majority 

of the prior studies of pilins have focused solely on pilins in Gram-negative organisms; 

pilins in Gram-positives have not been studied extensively, and no individual pilins in 

Gram-positives have definitively identified roles. The work described below a description 

of the T4P genes in C. difficile, as well as the first studies of, and definitions of roles for, 

individual pilins in a Gram-positive T4P system.  
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Specific Aims 

 

C. difficile is a major problem in healthcare facilities and the community, yet little is 

known about its colonization factors and mechanisms of colonization. Further research in 

those areas is required to develop new tools to combat CDI. C. difficile express T4Ps, yet 

their function is still unknown.  They may be as yet-undescribed colonization factors, as 

T4Ps act in that capacity in many other systems. We hypothesize that the T4Ps in C. 

difficile are important in interactions with the host, and that basic studies of the pilus will 

lead to a clearer understanding of that interaction. The specific aims of this work are as 

follows:  

Aim 1: To demonstrate that PilJ is a minor pilin in T4Ps that are composed 

primarily of PilA1.Experiments in multiple Gram-negative systems have shown that 

minor pilins are incorporated into T4Ps in lower amounts than the major pilin (Giltner et 

al., 2010). Similarly, we have demonstrated that both PilJ and PilA1 are incorporated into 

pili on the C. difficile surface; measurements of pilus diameter are inconsistent with a 

pilus made primarily of PilJ. Therefore, we hypothesize that PilJ is a minor component of 

the pilus, that is, a minor pilin. We further hypothesize that PilA1 is the major pilin of 

this T4P. We will quantify the PilA1 in the cell by quantitative immunoblotting. RNA-

Seq will be used as a correlate of PilA1 and PilJ expression levels. We anticipate that 

these experiments will verify coexpression of PilA1 and PilJ in the same pilus and show a 

larger amount of PilA1 than PilJ in whole-cell lysates.  
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Aim 2: To demonstrate that PilJ is an adhesin that binds specifically and saturably 

to a receptor on the host cell surface, and identify the receptor. Type IV pili in other 

systems are critical for adhesion and host interaction. Given the unique structure of PilJ, 

described in Chapter 3, we hypothesized that PilJ is a T4P-associated adhesin that 

interacts with a receptor on the host cell surface. We have preliminary evidence that 

purified PilJ binds in a concentration-dependent fashion to the surface of HeLa cells. To 

verify that PilJ is a colonic epithelial cell adhesin, we will repeat the PilJ-binding 

experiments on human colonic Caco-2 cells and calculate the dissociation constant and 

number of receptors using Scatchard analysis. Using multiple approaches, we will 

characterize the nature of the receptor (protein, lipid, or sugar), then identify the receptor 

using pulldown assays.  
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Chapter 2: Identification, immunogenicity, and cross-reactivity of type IV pilin and 

pilin-like proteins from Clostridium difficile 

Initially published in Pathogens and Disease, 71(3), 302–314. 

© Copyright by Oxford University Press, used with permission. 

 

Introduction 

As was discussed in the previous chapter, T4Ps have been long known and well studied 

in Gram-negative organisms; they have been better appreciated in Gram-positive bacteria 

and archaea only relatively recently. The first indication that Gram-positive organisms 

expressed T4Ps came from studies in Ruminococcus albus, a member of the Clostridiales 

found in the rumen of herbivores (Rakotoarivonina et al, 2002). Further analysis of 

Clostridiales genomes demonstrated that many Clostridia species had genes forT4Ps, 

including the pathogens C. perfringens and C. difficile (Varga et al., 2006). However, this 

genetic analysis of C. difficile for T4P genes was incomplete, as six pilins and two 

smaller T4P gene clusters were not described (see below). Fimbrial structures on C. 

difficile were observed by electron microscopy nearly two decades previously (Borriello 

et al., 1988), although the nature of those structures was not further investigated. 

 

Studies in Gram-negative bacteria indicate that pilin subunits are immunogenic. The 

major structural subunits from P. aeruginosa, N. gonorrhoeae, Burkholderia mallei and 

V. cholerae T4Ps have been found to stimulate an immune response in mice and other 

small mammals (Koga et al., 1993;Forest et al., 1996;Fernandes et al., 2007b;Voss et al., 

1996). Antibodies to major pilus subunits were detected in patients with cholera (Attridge 

et al., 2004) and in children infected with EPEC (Martinez et al., 1999), and individuals 

experimentally infected with N. gonorrhoeae generated an antibody response to 
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hypervariable regions of the major pilin (Forest et al., 1996). Volunteers infected with 

EPEC demonstrate specific anamnestic responses against homologous pilin upon 

rechallenge (Fernandes et al., 2007a).  

 

The identification of essential C. difficile T4P components and verification of their 

functions is still underway. We hypothesized that there would be multiple genes for 

pilins, minor pilins, or pilin-like proteins within the C. difficile genome, and furthermore 

that any pilins would be immunogenic as has been demonstrated with pilins of various 

Gram-negative organisms. Here, we demonstrate the presence of numerous T4P pilin 

genes in multiple strains of C. difficile, as well as their immunogenicity in mice and other 

small mammals.  

 

 Materials and Methods 

Pilin gene identification 

Three C. difficile pilin genes (pilA1, pilA2, and pilU) were previously identified in strain 

630 (Varga et al., 2006). The presence of those pilin genes in R20291, a BI/NAP1/027 

strain isolated in 2006 from the Stoke Mandeville hospital outbreak in Buckinghamshire, 

United Kingdom, was confirmed by BLAST search. Additional pilin genes were 

identified by BLAST search of the R20291 genome using amino-terminal sequences 

from the previously identified pilins, and by use of PilFind (Imam et al., 2011). 

 

Analysis of pilin nucleotide sequences 

Nucleotide sequences for each pilin were obtained from GenBank/NCBI or PATRIC. 

Sequences were aligned in Clustal Omega and manually edited. Rates of synonymous 
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and nonsynonymous substitutions were calculated with SNAP 

(http://hcv.lanl.gov/content/sequence/SNAP/SNAP.html). Calculation of ω, tests for 

positive selection, and identification of positively-selected sites was completed using 

CodeML from PAML version 4.7 (http://abacus.gene.ucl.ac.uk/software/paml.html). 

Three models from CodeML were used: M0, which estimates an overall ω for the entire 

sequence; M7, which uses the beta function to model the distribution of ω over 0 ≤ ω ≤ 1 

and accounts for sites with low purifying selection (Yang 2005); and M8, which adds 

another component to M7 to better model ω in situations where some (but not all) codons 

are under positive selection. For each pilin, M7 and M8 were compared using a 

likelihood-ratio test (LRT) tests for the presence of positively selected sites (Yang and 

Bielawski, 2000); a Bayes empirical Bayes analysis identified specific sites under 

selection in pilins for which the LRT was  positive (Yang et al., 2005). Maximum-

likelihood phylogenetic trees for use in CodeML were assembled in MEGA 5.2. 

 

Protein expression and purification 

DNA sequences of seven pilin genes lacking the codons for the signal peptide and the N-

terminal hydrophobic domain were codon-optimized for expression in E. coli, 

commercially synthesized (Genscript), cloned into the pET30b vector downstream of the 

hexa-histidine tag sequence, and transformed into Escherichia coli BL21(DE3) cells 

(Invitrogen). The precise codon-optimized sequences for each pilin are listed in 

Supplemental Table 2.1. After inoculation of 1 L Luria broth + 50 μg/mL kanamycin 

with 20 mL turbid overnight culture, cells were grown to OD600 = 0.5 at 30C and 

induced with 1.0 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). In pilot studies to 

http://hcv.lanl.gov/content/sequence/SNAP/SNAP.html
http://abacus.gene.ucl.ac.uk/software/paml.html
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determine optimal pilin expression conditions, 100 mL flasks of Luria broth with 

kanamycin were inoculated with 2 mL of turbid overnight culture and grown at 30°C or 

37°C to OD600 = 0.5, at which point cultures were induced with 1.0 mM IPTG. One 

milliliter samples were taken from each flask hourly for 5 hours after induction, after 

induction overnight and 24 hours. Samples were centrifuged, resuspended in 100 μL 

Laemmli buffer, boiled for 10 minutes, separated by SDS-PAGE, and Coomassie stained. 

The stained gels were scanned with an Odyssey imaging system, and the intensity of the 

pilin bands and a control band were quantified. The combination of temperature and 

induction time with the highest ratio of pilin band intensity to control band intensity was 

selected as the optimal pilin expression condition. After optimized expression for each 

pilin, cultures were pelleted by centrifugation at 5000  g for 10 minutes at 4C 

(Beckman Coulter); pellets were stored at -20C. Cell pellets were resuspended in 50 mM 

NaH2PO4, 300 mM NaCl,  20 mM imidazole, pH 8.0 with protease inhibitors (Roche) 

and lysed in a French pressure cell at 1200 psi (SLM Aminco); lysates were centrifuged 

at 35000  g for 30 min. Supernatants containing each fusion protein were applied to 

nickel-nitrilotriacetic acid (Ni-NTA) agarose (Qiagen) and incubated, with rotation, at 

4C for 1 hr. After washing, protein was eluted from the resin with increasing 

concentrations of imidazole in 50 mM NaH2PO4, 300 mM NaCl, pH 8.0. Column 

fractions of PilU, PilV, and PilW were further purified by size-exclusion chromatography 

using a Sephacryl S-100 column. For ELISA assays, immunoblotting and 

immunoadsorption, the N-terminal purification tag was cleaved from each purified pilin 

protein with recombinant enterokinase (Novagen) and removed by incubation with Ni-

NTA resin.  
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Antibody generation 

Purified tagged pilin protein samples were sent to Rockland Immunochemicals, where 

they were used to immunize mice. Pre-immunization bleeds were taken 1 day prior to 

intradermal immunization with 50 μg purified pilin plus Freund’s complete adjuvant. 

Mice were boosted with 50 μg antigen and incomplete Freund’s adjuvant intradermally at 

7 days post immunization, and subcutaneously with 50 μg antigen and incomplete 

Freund’s adjuvant at 14 and 33 days post-immunization. Terminal bleeds were taken 59 

days after immunization.  

Polyclonal antibodies to untagged PilA1 were raised in guinea pigs, antibodies to 

untagged PilA2 were raised in rats, and antibodies to untagged PilJ were raised in rabbits 

(Rockland Immunochemicals). For all animals, pre-immunization bleeds were taken prior 

to initial intradermal immunization. Guinea pigs were immunized intradermally with 100 

μg antigen plus complete Freund’s adjuvant, and boosted on day 7 intradermally, and 14 

and 28 subcutaneously, with 50 μg protein and incomplete Freund’s adjuvant. Test bleeds 

were taken on day 38; guinea pigs were boosted again, and terminal bleeds taken on day 

80. Rats were immunized intradermally with 100 μg antigen plus complete Freund’s 

adjuvant, and boosted on day 7 intradermally, and 14 and 28 subcutaneously, with 50 μg 

protein and incomplete Freund’s adjuvant. Test bleeds were taken on day 38. The 

terminal bleed for one rat was taken on day 59; the two remaining rats were boosted 

again and terminal bleeds were taken on day 80. Rabbits were immunized intradermally 

with 400 μg antigen plus complete Freund’s adjuvant, boosted on day 7 intradermally, 
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and 14 and 28 subcutaneously, with 200 μg protein and incomplete Freund’s adjuvant. 

Test bleeds were taken on day 38, and terminal bleeds taken on day 59.  

ELISA 

Unless otherwise noted, all solutions were used at 50 μl/well. Nunc Maxisorp 96-well 

plates were coated overnight with purified cleaved pilins, brought to 10 μg/mL in 

phosphate-buffered saline with 0.05% Tween-20 (PBST) 50 μl/well. Blank wells were 

coated with plain PBST. After coating, plates were blocked with 5% bovine serum 

albumin (Sigma) in PBST for 1 hr at 37C, 100 μL/well. Serum samples diluted 1:500 in 

PBST were added and serially diluted with one volume PBST in plate to a final volume 

of 50 μL/well. All sera were run in triplicate. Normal mouse serum (KPL) was loaded at 

1:500 in PBST. Blank wells were loaded with PBST. Samples were incubated on plate 

for 2 hours at room temperature. Peroxidase-tagged goat anti-mouse-IgG (H + L) (KPL) 

was added at a 1:1,000 dilution and incubated for 30 minutes at 37C. Plates were 

developed with Sureblue Safestain (KPL) for 30 minutes at room temperature. Optical 

density at 655 nm (OD655) was read with a microplate reader (BioRad model 680). 

Blanks were averaged and subtracted from the sample and standard wells. Normal mouse 

serum (KPL) was used to provide a standard against which the experimental serum could 

be judged. The average plus two standard deviations of the OD655 with normal mouse 

serum was taken as the nonspecific normal mouse background OD. For experimental 

samples, triplicate wells were averaged; the highest dilution with an OD655 greater than 

normal mouse background was taken as the antibody titer.  
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Immunoadsorbance and immunoblotting 

Upon terminal bleed, guinea pig antibodies to PilA1were found to cross-react with PilA2. 

This crossreactivity to PilA2 was eliminated by adsorption to PilA2 immobilized on 

Aminolink columns (Thermo Scientific). Columns were prepared according to kit 

protocols. Briefly, tagged PilA2 in 0.1 M NaH2PO4 was incubated with resin and 50 mM 

NaCNBH3 at 4°C overnight with end-over-end rotation. Unbound PilA2 was washed 

from resin with additional 0.1 M NaH2PO4 buffer. For immunoadsorption, guinea pig 

anti-PilA1 was diluted 1:1 in 0.1 M NaH2PO4 and incubated with resin at 4°C for 1 hour 

with rotation. Unbound antibody was washed from column and concentrated back to 

original volume.  

Purified untagged pilins were boiled for 10 minutes in Laemmli buffer and applied to 

precast 4–15% gradient Mini-PROTEAN TGX polyacrylamide gels (Bio-Rad). Proteins 

were transferred to polyvinylidene difluoride (PVDF) membranes, blocked for 1 hour 

with 5% non-fat dry milk, then incubated at 4°C overnight with polyclonal rabbit anti-

PilJ at a 1:10,000 dilution, polyclonal rat anti-PilA2 at 1:1000 dilution, or polyclonal 

guinea pig anti-PilA1 at 1:1,000 dilution. Membranes were washed in PBST, incubated 

with IRDye 800CW donkey anti-rabbit IgG H+L, donkey anti-guinea pig IgG H+L, or 

goat anti-rat IgG H+L (Li-Cor Biosciences) as appropriate for 1 hour, and infrared signals 

were detected and quantified using the Odyssey imaging system (Li-Cor Biosciences). 
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Results 

T4P pilin gene sequences, analysis, and nomenclature 

We identified nine putative pilin or pilin-like protein genes in the C. difficile R20291 

genome (Table 2.1). Pilins were identified by BLAST searches based on the pilin genes 

previously identified in strain 630 (Varga et al., 2006) and by using PilFind (Imam et al., 

2011). Four of these genes are located in the main T4P gene cluster, one is located in a 

smaller T4P cluster, two are located near one another, and the remaining three are 

scattered throughout the genome (Figure 2.1). We have named each pilin in accordance 

with prior T4P nomenclature as well as its predicted function.  

Table 2.1 Nomenclature and size of nine pilin genes in C. difficile R20291 

NCBI gene identifier NCBI protein accession 

number 

Mature Protein 

Designation 

Mature pilin predicted 

length (aa) 

Mature pilin 

predicted size 
(kDa) 

CDR20291_3350 YP_003219825 PilA1 164 17.5 

CDR20291_3155 YP_003219630 PilA2 108 11.7 

CDR20291_1084 YP_003217582 PilA3 168 19.4 

CDR20291_0683 YP_003217184 PilJ 262 29.2 

CDR20291_3343 YP_003219818     PilK 500 57.7 

CDR20291_3344 YP_003219819 PilU 166 18.8 

CDR20291_3345 YP_003219820 PilV 178 20.6 

CDR20291_2191 YP_003218677 PilW 158 17.3 

CDR20291_1081 YP_003217579 PilX 113 13.7 

 

Although each predicted pilin protein is relatively well conserved across strains, the nine 

pilins diverge from each other.  All the predicted prepilin proteins share the N-terminal 

prepilin peptidase cleavage site and a hydrophobic N-terminal domain, but their amino 

acid sequences differ significantly after this region (Tables 2.1 and 2.2, Figure 2.2). 

Mature pilins are predicted to range from 108 to 500 amino acids in length, and 11.2 to 

57.7 kDa in mass. Of the nine pilins, eight are present in all 18 C. difficile genomes 

annotated with protein sequences available in the NCBI genome database; the only one 
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not present in all genomes is found in thirteen of the eighteen genomes. All strains 

analyzed are capable of producing both toxin A and toxin B. Amino acid sequences of 

each of the nine pilins are well conserved across strains; minimum and average percent 

identity for each pilin range from 76% to 96% and 95% to 99% (relative to the gene in 

R20291) respectively, across the eighteen strains (Supplemental Table 2.2). 

 

Figure 2.1: Clusters of C. difficile R20291 T4P genes. Predicted functions of proteins are as follows: 

PilB1, PilB2 (green): assembly ATPase; PilC1, PilC2 (yellow): polytopic membrane protein; PilMN 

(orange-red): bitopic membrane protein homologous to both PilM and PilN; PilO (red): bitopic 

membrane protein; PilT (blue-green): retraction ATPase; PilD1, PilD2 (purple): prepilin peptidase; 

PilM (orange), cytoplasmic protein. Genes encoding predicted pilin proteins are shaded in dark blue 

and pilin-like proteins are shaded in pale blue. Genes encoding predicted proteins containing a single 

transmembrane domain that have negligible sequence similarity with, but may represent distant 

paralogues of PilM, PilN or PilO are outlined with dotted lines. Scale bar indicates kilobasepairs.   
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The gene CDR20291_3350 is the first open reading frame in the main T4P gene cluster, 

and shows the greatest polymorphism across all C. difficile strains. For these and other 

reasons (see Discussion), it is our hypothesis that this protein is the major pilin of the C. 

difficile T4P, and thus propose pilA1 as the gene designation and PilA1 the name of the 

mature protein. In several other T4P systems, the ‘A’ designation indicates the major 

pilin, as in TcpA of V. cholerae and PilA of P. aeruginosa. This designation is not 

universal, however; the major pilins in Neisseria species are designated PilE. 

The gene CDR20291_3155 is predicted to encode a small pilin located in the small T4P 

gene cluster. We speculate that the presence of two or more accessory genes in that 

Figure 2.2: NCBI COBALT multiple alignment of the full amino acid sequences for the nine pilin and 

pilin-like proteins from C. difficile strain R20291. The proteins share considerable amino acid similarity 

in the N-terminal hydrophobic regions (grey highlight), while they diverge in the C-terminal region. The 

prepilin peptidase cleaves after the conserved glycine (black highlight). 
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cluster hints at the possibility of distinct pili, with this particular pilin as the major 

structural subunit. Therefore, we propose pilA2 as the gene designation and PilA2 as the 

name for the mature protein encoded by CDR20291_3155. 

Gene CDR20291_1084 is the fourth gene in a possible cluster of T4P-associated genes, 

and is predicted to encode a protein of almost the same size as PilA1. Given that it is one 

of two pilins with codons subject to positive selection (see below), we believe that it may 

also make distinct pili, and thus propose pilA3 and PilA3 as the gene designation and 

mature protein name, respectively.  Gene CDR20291_1081 is located upstream of PilA3; 

it has less DNA variability than PilA3, and lacks sites under positive selection. Although 

it is the first of that particular gene set, we consider it to be a minor pilin. Following the 

Pseudomonas nomenclature (Alm et al., 1996),we have adopted pilX and PilX as its gene 

and protein designations. Separating PilA3 and PilX are two genes with single 

transmembrane domains; though they have low amino acid percent identity with PilMN 

and PilO in the largest C. difficile T4P gene cluster, it is tempting to speculate that these 

two genes encode proteins involved in T4P biogenesis.  

Gene CDR20291_0683 is predicted to encode a large pilin. It is present in every strain 

examined, although it is not part of either the large or small T4P gene clusters. It also is 

one of the less diverse pilins across the 18 genomes (Supplemental Table 2.2). Structural 

analysis (Piepenbrink et al., 2014) indicates the protein encoded by CDR20291_0683 

contains two globular C-terminal pilin domains, rather than the single domain typical of 

pilins in Gram-negative bacteria (Craig et al., 2004).  Molecular modeling indicates that 

pili composed primarily of the product of this gene would be wider than any observed, 

indicating that pili composed entirely of this protein are unlikely. Given its size, low 
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sequence diversity, and location outside of the gene cluster, it likely encodes a minor 

pilin. We propose pilJ as the gene designation and PilJ as the mature protein identifiers 

for gene CDR20291_0683, with ‘J’ indicating ‘Janus’ for the two C-terminal pilin 

domains. Precedent for this designation exists in the EPEC bundle-forming pilus, where 

one of the minor pilins is termed BfpJ, and in the T2S minor pseudopilin GspJ (Stone et 

al., 1996). 

Genes CDR20291_3344 and CDR20291_3345 are located adjacent to one another in the 

large T4P gene cluster, and their predicted products share a relatively high degree of 

amino acid sequence similarity with each other (Figure 2.1, Table 2.2). Their amino acid 

sequences have low variability across strains (Supplemental Table 2.2), leading us to 

believe they are minor pilins. Following the model of minor pilins in Pseudomonas 

(FimU) and Neisseria (PilV), (Alm and Mattick, 1996;Alm and Mattick, 1995), we 

propose pilU and pilV, and PilU and PilV as the gene and mature protein identifiers for 

CDR20291_3344 and CDR20291_3345, respectively.   

Immediately downstream of pilV in the main T4P cluster lies the CDR20291_3343 open 

reading frame, predicted to encode a protein of 57.7 kDa with similarities to pilin-like 

proteins including a possible prepilin peptidase cleavage site followed by a stretch of 

hydrophobic residues. However, this unusually large potential prepilin-like protein lacks 

the conserved glutamic acid at position +5.  We propose pilK for this gene and PilK for 

the mature protein as the GspK proteins of T2S systems are also large and lack the 

conserved glutamic acid (Korotkov and Hol, 2008).  
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Gene CDR20291_2191 is not located near any other T4P genes, and is present in only 

thirteen of eighteen strains studied; it is the only pilin not present in all eighteen strains. 

We consider it to be a minor pilin. Following the Pseudomonas nomenclature (Alm et al., 

1996), we have termed the gene and mature protein pilW and PilW, respectively.  

A recent review (Melville and Craig, 2013) identified these same nine pilins in C. difficile 

strain 630 that we list in R20291, through a combination of BLAST searches and PilFind 

results. Of these nine, the authors list PilA3 and PilX as “putative PilD dependent 

proteins,” identified by PilFind rather than by BLAST, because they are either not near 

other pilus-associated genes, or they bear little resemblance to other pilins. The authors 

do not discuss these two pilins further. Analysis of the proteins separating PilA3 and PilX 

indicates that they are possible T4P biogenesis proteins (Figure 2.1). Furthermore, the 

lack of amino acid similarity between the pilins is not necessarily a valid reason for 

discounting PilA3 and PilX as true pilins, given the large differences in amino acid 

sequences even among the pilins in the largest gene cluster. 

Given our observations regarding the pilin amino acid sequence diversity across strains, 

we decided to investigate how the diversity in pilin amino acid sequences across different 

strains was reflected in their nucleotide sequences, and thus undertook an analysis of 

rates of synonymous and nonsynonymous mutations in the coding sequences for each 

pilin.  For the majority of the pilins, rates of both synonymous (dS) and nonsynonymous 

(dN) substitutions were low, (Figure 2.3, dotted and dashed lines, and data not shown). 

Those nonsynonymous substitutions that did occur tended to cluster neat the C-termini of 

the proteins (Figure 2.3 and data not shown). As the N-termini are buried inside the pilus 

and play a critical role in pilin-pilin interactions (Craig et al., 2004), the relative paucity 
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of substitutions there is consistent with the results of similar analyses conducted in other 

T4P pilin genes (Parge et al., 1995;Blank et al., 2000). PilA1 and, surprisingly, PilW 

have the greatest number of sites with synonymous or nonsynonymous substitutions, 

while other pilins, particularly PilU, PilV, and PilX, have relatively few (Figure 2.3, data 

not shown).  

Figure 2.3: Codons at the C-termini of PilA1 (graph A) and PilA3 (graph B) are under positive 

selection. Synonymous substitutions per site (dS, dotted line), nonsynonymous substitutions per site 

(dN, dashed line), and dN/dS (solid line) were calculated for each codon and averaged for a 20-codon 

window.  The X-axis indicates the C-terminal codon of the 20-codon window. Arrows indicate the 

individual codons in each gene subject to positive selection 
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The ratio of nonsynonymous substitutions per site to synonymous substitutions per site, 

called dN/dS or ω, is a standard measure of selective pressure. Values of ω for the full-

length nucleotide sequences were generally close to 0 (Table 2.3), congruent with the 

theory that most sites in a protein are subject to purifying selection (with a resulting low 

ω) due to functional constraints (Yang and Bielawski, 2000).  

Table 2.3 Codons under positive selection in pilin genes 

Pilin ω Positive Likelihood 

Ratio Test at p < 

0.05 

Residues under positive 

selection (R20291 

sequence) 

PilA1 0.328 Yes 146 N, 147P, 150 S 

PilA2 0.060 No -- 

PilA3 0.235 Yes  96 S  

PilJ 0.120 No -- 

PilK 0.171 No -- 

PilU 0.179 No -- 

PilV 0.137 No -- 

PilW 0.148 No -- 

PilX 0.564 No -- 
a
 Bold text indicates p > 99%, plain text indicates p > 95% 

It is unlikely that entire genes will be subject to positive selection; rather, individual 

codons undergo selection (Yang et al., 2005).  These sites of positive selection can be 

identified by statistical methods; the likelihood-ratio test (LRT) tests for the presence of 

positively selected codons in a protein. If the LRT is positive, a Bayes empirical Bayes 

(BEB) approach can determine which sites are under positive selection (Yang et al., 

2005). Of the nine pilins, only pilA1 and pilA3 have a positive LRT, indicating each had 

codons under positive selection. The BEB analysis identified three pilA1 codons under 

positive selection, all of which were clustered in the C-terminal region of the pilin (listed 
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in Table 2.3 and indicated by arrows in Figure 2.3A); this region is likely to be exposed 

to the environment rather than buried in the body of the pilus (Craig et al., 2004). pilA3 

has one codon predicted to be under positive selection, also in the C-terminal region of 

the protein (listed in Table 2.3 and indicated by an arrow in Figure 2.3B). 

Pilin purification, immunogenicity and cross-reactivity in animals. 

Artificial genes with codons optimized for E. coli expression and lacking the signal 

sequence and conserved N-terminal hydrophobic domain were synthesized for seven pilin 

and pilin-like proteins. Six of seven proteins were soluble and successfully purified 

(Figure 2.4); only PilX proved insoluble and difficult to purify.  

 

Figure 2.4: Coomassie stained gel of purified pilin and pilin-like proteins after removal of hexa-histidine 

tags. Lane 1, PilA1 (molecular masse 15.1 kDa); lane 2, PilA2 (9.0 kDa); lane 3, PilW (15.0 kDa); lane 

4, PilJ (26.6 kDa); lane 5, PilU (16.4 kDa); lane six, PilV (17.1 kDa). The sizes of molecular mass 

markers are indicated to the left. The faint smaller molecular weight bands in lanes 5 and 6 are 

breakdown products. 
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To test the immunogenicity of the six purified pilin and pilin-like proteins, mice were 

immunized intradermally with purified protein and adjuvant and boosted subcutaneously 

at 1 and 2 weeks after the initial injection. Terminal bleeds were collected 59 days after 

the initial injection. Preimmune and terminal sera from each mouse were tested by 

ELISA for antibody response against the homologous protein. Although all pilin and 

pilin-like proteins induced a detectable antibody response, those responses varied by 

pilin. Immunization with PilW, PilU, or PilV led to a higher titer homologous antibody 

response than immunization with any of the other three proteins, while PilA1 generated 

the weakest responses of any pilin, and was the only pilin to which an immunized mouse 

produced no detectable antibody (Figure 2.5).  
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Figure 2.5: Pilin immunogenicity and anti-pilin antibody crossreactivity determined by ELISA. The 

designations on the X-axis indicate the number of each mouse immunized with the pilin specified in 

each graph title. The different bar colors represent the titers from terminal bleeds against each pilin 

antigen. Red indicates antibody titers against PilA1, orange indicates titers against PilA2, yellow 

indicates titers against PilJ, green indicates titers against PilU, blue indicates titers against PilV, and 

violet indicates titers against PilW.  Preimmunization titers were <1:250 for all animals against all 

proteins tested, with the following exceptions: M6369, 1:500 against PilU; M6439, 1:500 against PilU 

and PilV; M6641, 1:500 against PilV; M6444, 1:500 against PilA1 and PilV;M6445, 1:500 against 

PilV; M6432, 1:500 against PilV. 
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After determining the titer of antibodies against the immunizing pilin or pilin-like 

protein, we next measured the antibody titer against the five heterologous proteins 

(Figure 2.5). Notably, the highly conserved N-terminus of each protein was excluded 

from the purified soluble protein antigens, and thus all cross-reactive responses are due to 

epitopes present in less conserved regions of the proteins. Antibodies raised against PilJ 

were almost completely specific to their immunizing antigen. In contrast, antibodies 

raised against PilW reacted to all six purified pilins; antibody titers against each 

individual pilin varied among the five mice. Antibodies raised against PilU reacted 

strongly to both PilU and PilV, and vice versa, suggesting strong epitope conservation 

between these proteins. Interestingly, antibodies raised against PilA2 proved more 

reactive to PilJ than to PilA2.  
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To produce greater volumes of sera for future experiments, we immunized additional 

species of small mammals with selected pilins. Our results with these species mirror our 

experiences in mice. As in mice, immunization with PilJ produced a specific and robust 

response in rabbits (Figure 2.6A). In contrast, guinea pigs immunized with PilA1 

required several boosts to generate significant responses; these antibodies also cross-

Figure 2.6: Antibodies raised in small mammals 

recognize untagged pilin proteins. All lane 

assignments as follows: Lane 1: PilA1, 50 pmol; 

lane 2: PilA2, 50 pmol; lane 3: PilW, 50 pmol; lane 

4: PilJ, 50 pmol; lane 5: PilU, 50 pmol; lane 6: 

PilV, 50 pmol. The sizes of molecular mass markers 

are indicated to the left. (A) Antibody raised in 

rabbit against PilJ demonstrated strong and specific 

response to PilJ. The 27 kDa band corresponds to 

PilJ; the identity of the higher molecular weight 

band is unknown. (B) Antibody raised in guinea pig 

against PilA1, before (left) and after (right) 

immunoabsorption on PilA2 Aminolink column. 

(C) Antibody raised in two different rats agains 

PilA2, demonstrating that one reacted only to PilA2 

(left), and one only to PilJ (right).  
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reacted with PilA2, and immunoadsorption was necessary to select for antibodies specific 

for PilA1 (Figure 2.6B). This experience is reminiscent of the poor immunogenicity of 

PilA1 in mice. Of three rats immunized with PilA2, two responded only to PilJ on 

Western blot; the third responded specifically to PilA2 (Figure 2.6C). The ability to 

generate antibodies crossreactive with PilJ was also a feature of PilA2 immunization in 

mice.  

 

Discussion 

Insights into C. difficile T4P composition 

Our findings confirm that the C. difficile genome encodes pilins and pilin-like proteins 

and that these proteins are immunogenic in mice. Previous research had identified three 

genes encoding putative pilin or pilin-like proteins in the C. difficile 630 genome (Varga 

et al., 2006). This list was expanded to seven pilins and two putative pilins in a recently 

published review (Melville and Craig, 2013). We confirmed the presence of all nine 

genes in the R20291 genome, and present evidence that the two putative pilins are T4P 

pilin genes. Of these nine, eight are present in all 18 publically-available C. difficile 

genomes; pilW is found in the genomes of all available ribotype 027 and PFGE NAP1 

strains, but in only three of six strains that do not belong to these groups (Supplemental 

Table 2.2, p=.044, Fisher’s exact test). Although we have identified nine pilins in the 

R20291 genome, we remain open to the identification of more pilins and pilin-like 

proteins. 
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Recent immunogold experiments done by our collaborators, using the guinea pig anti-

PilA1 antibody and the rabbit anti-PilJ antibody described herein, demonstrated PilA1 

and PilJ incorporated into pili on the bacterial surface; furthermore, immunoblotting of C. 

difficile whole-cell lysates performed in this lab demonstrated PilJ expression in cells 

(Piepenbrink et al 2014). Preliminary results of flow cytometry and fluorescent 

microscopy from our lab also suggest the presence of PilJ on the cell surface. The 

structure of PilJ reveals an unprecedented dual pilin fold, with the C-terminal pilin 

domain projecting at a 70 angle from the pilus backbone. As we demonstrate here, the 

mouse antibodies raised against PilU, PilV, and PilW cross-react with other pilins (Figure 

2.5); that crossreactivity precludes their use in immunogold, immunoblotting, and similar 

applications to determine the expression of individual proteins. Likewise, the low titer of 

the rat anti-PilA2 antibodies limits their use in similar experiments; thus, we have not yet 

verified expression or surface presence of PilA2, PilU, PilV, or PilW. 

Previous structural studies of pili indicate that the C-terminal globular domains of the 

major pilin are exposed in the pilus structure, while the N-terminal hydrophobic alpha-

helices are buried in the main body of the pilus (Craig et al., 2003). For ease of 

purification, we removed the sequences encoding N-terminal hydrophobic regions from 

the synthetic genes, and expressed the proteins without those regions. We believe that we 

are justified in examining immunogenicity of such truncated pilins and pilin-like proteins, 

as the excluded regions are not accessible to the host immune system in intact pili and 

would not be expected to contribute to protective immunity. Thus, any observed 

crossreactivity between pilins is due to conserved epitopes in the divergent C-terminal 

regions, rather than to the more highly conserved N-terminus.  
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Pilus-expressing Gram-negative bacteria contain multiple genes for minor pilins and 

pilin-like proteins that play different roles in biogenesis, in addition to one or more genes 

for the pilus major structural subunit. Given the example of the Gram-negative T4Ps, it is 

likely th      at several of the C. difficile pilin genes encode pilin-like proteins or minor 

pilins.  

Based on our results, we speculate that pilA1 encodes the major pilin of a T4P. Not only 

is it located at the beginning of the main T4P gene cluster (the only cluster encoding 

prepilin peptidases) and present in all analyzed genomes, it is the most genetically diverse 

of the pilin genes across the 18 genomes analyzed, and one of only two pilin genes with 

codons subject to positive selection. The diversity of the genes and the evidence for 

selective pressure exerted on codons suggest diversification of exposed epitopes in 

response to host immune pressure or other factors. The most likely target of the host 

immune response is the major pilin, as it is the most common pilin present and therefore 

subject to a selective pressure not experienced by any other pilin. Chapter 3 of this work 

will demonstrate that PilA1 is indeed the major pilin of the pili formed under our growth 

conditions. That PilA1 is a relatively weak immunogen, may present a selective 

advantage for the bacteria during infection. Our results do not exclude the possibility of 

multiple major pilins, either producing unique pili or together forming heterogeneous pili.  

Given its location in an apparent operon with several additional T4P biogenesis genes, 

pilA2 may also encode a major pilin protein, albeit one that is unusually small. Its high 

degree of sequence conservation suggests that PilA2 may not be expressed to the same 

degree as or may play a different role than PilA1. Likewise, pilA3 may encode a major 

pilin protein, given its location downstream of three putative T4P genes and the presence 
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of an amino acid under positive selection in its C-terminal region. Of note, since the 

predicted size of PilA1 is consistent with other major pilins, and given its amino acid 

sequence diversity, evidence for diversifying selection, and localization in a complete 

operon, we have elected to switch the nomenclature for pilA1 and pilA2 relative to the 

original designations of homologous genes in C. perfringens (Varga et al., 2006).  

PilK was named for its similarities to GspK proteins, namely its size and, more 

importantly, a hydrophobic residue in place of a Glu+5. Craig et al. hypothesize that, in 

an assembled pilus, the Glu+5 of one pilin forms a salt bridge with positively charged N-

terminal Phe1 of the pilin previously extracted from the membrane (Craig et al., 2006). If 

this salt bridge is essential, the lack of Glu+5 on a minor pilin would preclude the 

addition of that pilin into the main body of a pilus. It could, however, be the first pilin 

added to a nascent pilus and thus form the pilus tip. Indeed, GspK of the ETEC T2SS is 

predicted to form the tip of its pseudopilus (Korotkov and Hol, 2008). 

The strong cross-reactivity between antibodies raised against PilU and PilV, combined 

with the (relative) sequence conservation and location of pilU and pilV next to each other 

in the gene cluster suggest that they are the result of a gene duplication and thus may 

encode proteins with similar structures and roles in pilus biogenesis. Their localization 

downstream of pilA1 further suggests that they encode minor pilin or pilin-like proteins. 

The PilU protein was previously assumed to encode the major pilin subunit and 

antibodies raised against this protein (referred to only as PilA) were found to decorate pili 

connecting bacteria to cells in hamsters infected with C. difficile (Goulding et al., 2009). 

Details regarding the sequence of the antigen used to raise the serum were not provided. 

Given our results demonstrating extensive cross-reactivity among pilins and pilin-like 
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proteins lacking their conserved N-terminal domains, it is not clear which protein(s) are 

recognized by these antibodies. Considering its relative conservation and position far 

from the start of the gene cluster, we suggest that pilU more likely encodes a minor pilin 

protein rather than the major pilin.    

Of the seven pilins expressed in E. coli, the only one that we could not easily purify for 

study was PilX. Although we could express the protein in E. coli, it proved insoluble 

even when lacking the N-terminal hydrophobic region. That PilX was the only insoluble 

protein of the seven leads us to believe that it may have a fundamentally different role 

than the other six soluble pilins.  

 

Vaccine potential of C. difficile pilins 

Determining which pilin and pilin-like proteins are immunogenic, and to what degree, is 

a critical step in identifying optimal components of an experimental vaccine directed 

against C. difficile T4Ps. T4Ps are composed of thousands of repeating monomers, are 

extracellular and easily accessible to the host immune system; moreover, they are often 

important for initial colonization and biofilm formation (Tacket et al., 1998;O'Toole and 

Kolter, 1998) Thus, they present excellent targets for vaccines to prevent pathogen 

colonization. Neutralizing antibodies directed against pili could lead to immune clearance 

of C. difficile before they establish themselves in the colon. Prior pilin-based vaccines 

have met with some success: a multivalent M. bovis whole-pilin vaccine was protective 

against heterologous strain challenge (Lepper et al., 1995) and is now commercially 

available (Piliguard
®
 Pinkeye TriView, Merck Animal Health), while immunization with 
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V. cholerae TcpA generates some protective immunity in a V. cholerae mouse model 

(Sun et al., 1989;Voss et al., 1996) . Antibodies to Haemophilus influenzae PilA1 are 

able to disperse H. influenzae biofilms in vitro and in vivo; a vaccine formulated from 

PilA1, another important biofilm protein, and the adjuvant dmLT was able to 

significantly increase clearance of otitis media in a chinchilla model (Novotny et al, 

2015). A vaccine directed against a single N. gonorrhoeae pilus subtype and tested in 

humans was successful in generating antibodies against that specific subtype; however, 

the vaccine granted no protection against N. gonorrhoeae infection (Boslego et al., 1991). 

The sequence diversity of the gonococcal pilin, granted by its ability to recombine pilE 

with pilS cassettes, seems to preclude the generation of pan-reactive anti-pilus antibodies 

and the development of an effective anti-gonococcal T4P vaccine. 

The most obvious component of a C. difficile pilus vaccine would be the major pilin, 

PilA1 (see Chapter 3). The direct anti-PilA1 antibody response is weak, which may 

invalidate it as the sole component of a vaccine. Instead, PilW could be one possible 

component of a multivalent T4P vaccine, as immunization with that protein generates 

strong responses to many of the other pilin and pilin-like proteins. This cross-reactivity 

suggests that it could confer protection against pilins from non-R20291 C. difficile 

strains. Furthermore, immunization with PilW generated stronger antibody responses to 

PilA1 than immunization with PilA1 itself; if PilA1 is indeed the main structural subunit, 

such crossreacting antibodies could circumvent the poor PilA1 immunogenicity. PilJ, 

which is expressed extracellularly (Piepenbrink et al., 2014), present in every strain of C. 

difficile examined, and induces a strong antibody response after immunization, is another 

strong candidate for inclusion in a vaccine.  
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Given that C. difficile is a colonic pathogen, mucosal immunity may provide optimal 

protection. Both the Sabin polio and rotavirus vaccines take advantage of oral 

administration, and while C. difficile is a bacterium rather than a virus, the same principle 

applies. Ideally, a C. difficile vaccine would combine a toxoid, to prevent toxin-induced 

pathology (Kotloff et al., 2001;Wang et al., 2012), with pilin or pilin-like proteins to 

prevent colonization, pathology, and transmission.  

In the chapters that follow, I describe experiments showing PilA1 to be the major pilin 

and PilJ to be a minor pilin, and demonstrate that PilJ is an adhesin. In the appendices of 

this document, I will describe the contribution of C. difficile T4Ps to biofilm formation, 

and discuss pilot pilin-based anti-C. difficile vaccines.  Those pilot experiments are 

summarized below.  

 

Pilot vaccination experiments 

In order to test the hypothesis that immunization with pilins will be protective against 

infection with C. difficile, we conducted a set of pilot immunization experiments. These 

experiments are detailed in Appendix 2, and will be summarized here. In the first pilot 

experiment, mice were immunized with a mixture of PilA1, PilJ, and PilW through either 

an oral or subcutaneous route, with an appropriate adjuvant. Control mice were 

immunized with adjuvant only. After three immunizations, mice had low to non-existent 

anti-pilin IgA (oral immunization) or IgG (subcutaneous immunization) titers.  All of the 

mice were challenged with C. difficile, and all mice developed signs of infection. Three 

of the five mice in the group immunized subcutaneously with the pilin mixture died 
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during the challenge period, prior to the planned challenge endpoint. No other mice died 

during challenge. There was no difference in weight loss between the four different 

groups. We then conducted a set of follow-up experiments to test the efficacy of 

individual pilins as compared to a mixture as a vaccine in this model; a second follow-up 

experiment used passive transfer of the anti-PilW antibodies described above, as well as a 

lower infectious dose of C. difficile, to test if anti-pilin antibodies will protect against 

infection. Once again, there was no difference between treated mice and controls in terms 

of weight loss or signs of infection. From these experiments, we concluded that, in this 

model, immunization with pilins is not protective against infection with C. difficile; 

passive transfer of anti-pilin antibodies also is not protective against C. difficile infection. 

Immunization experiments in a different model of CDI, for example a long-term 

colonization model or a transmission model, may instead demonstrate protection from 

CDI. These studies will also need to test for anti-pilin antibodies in fecal pellets or cecal 

contents; if antibodies are not present at the site of infection, they will not be effective in 

protecting against disease.   
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Chapter 3: PilJ is a minor pilin in a pilus composed mainly of PilA1  

Introduction 

As discussed in Chapter 1, the major pilin of each T4P system is the main component of 

the T4P fiber, and is the most abundant of the pilins. In many systems, the gene for the 

major pilin is the first gene in the T4P gene cluster or operon. The major pilin is also the 

most variable of the different pilins (see Chapter 2). As the T4Ps in C. difficile have been 

only recently recognized, its major pilin or pilins have not yet been identified.  

Four of the nine pilin genes in the C. difficile genome are present in the largest gene 

cluster, three are present in the two different smaller clusters, and two are outside any 

T4P gene clusters (see Figure 2.2).  Of these, we hypothesize that pilA1 encodes the 

major pilin of the pilus encoded on the large operon, and pilJ and others encode minor 

pilins. The location of pilA1 at the start of the largest gene cluster suggested to us that it 

was the best major pilin candidate. In addition to pilA1, we focused on pilJ because it was 

outside the gene clusters, and larger than other pilin genes. Moreover, PilJ has a two-

domain structure, described below, that informed our hypothesis as to its function. Thus, 

the remainder of this work focuses on pilA1, pilJ, and the proteins those genes encode. 

This work also focuses on C. difficile grown under the specific conditions described 

below. As noted in Chapter 2, C. difficile encodes three possible major pilins (pilA1, 

pilA2, and pilA3) one in each of the three gene clusters. The experiments discussed below 

will determine the major pilin in pili expressed under these conditions. Pili that have 

pilA2 or pilA3 as the major pilin may be expressed under other conditions.  

We chose to use a variety of approaches to test the hypothesis that pilA1 encodes the 

major pilin. First, I conducted a more in-depth analysis of variation in pilA1 and pilJ 
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sequences, expanding the analysis presented in the previous chapter from 18 to 238 

genomes, which had become available after the completion of the preliminary analysis. 

As discussed previously, major pilin sequences in other systems are the least conserved 

of all encoded pilins, most likely due to diversifying selection induced by host immune 

pressure. Second, we conducted RNA-Seq analysis of C. difficile grown in different 

conditions, to quantify pilin transcript expression in each mode of growth. As the major 

pilin is the most abundant of the pilins, mRNA of this pilin should be the most abundant 

of all pilin mRNA, thus, by RNA-Seq the most abundant pilin transcript will be that of 

the major pilin. Finally, I measured the concentration of PilA1 and PilJ in whole-cell 

lysates; again, the major pilin is most abundant, and therefore should be present at a 

higher concentration than a minor pilin.  

Description of the structure of PilA1 and PilJ  

Our collaborators solved the structure of PilA1 and PilJ (Piepenbrink et al., 2015; 

Piepenbrink et al., 2014), and found that the structure of PilA1 closely resembled that of 

Gram-negative pilin proteins. As discussed in Chapter 2, the recombinant purified 

proteins lack the N-terminal hydrophobic residues; eliminating these hydrophobic 

residues greatly aids purification. In other systems for which the structure of the entire 

pilin has been solved, that section forms an alpha-helix. In the truncated proteins, the 

initial section forms an extension of that alpha helix; given these data, we believe that the 

PilA1 and PilJ N-termini also form alpha helices. Following the initial PilA1 alpha helix, 

the protein forms a loop with alpha-helical character that then leads into a four-stranded 

antiparallel beta sheet.  A third alpha helix and a two-strand beta sheet are present before 

the final strand of the main beta sheet. Portions of the C-terminus of the protein are 
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predicted to project into the solvent, away from the main body of the pilus. This structure 

is quite similar to the known structures of other type IV pilins (Piepenbrink et al., 2015). 

Given that C. difficile is an obligate anaerobe and not exposed to oxidizing conditions 

required for disulfide bond formation, it is not surprising that it lacks the disulfide bond 

that defines the D-region in Gram-negative pilins. In PilA1, a set of interactions between 

the beta sheets, mediated by water molecules, replace the disulfide bond found in Gram-

negative pilins. PilJ is unique in that it has two domains, both of which demonstrate the 

archetypal type IV pilin fold: N-terminal alpha helix, alpha-beta loop, central beta sheet 

interrupted by alpha helix. PilJ also binds a zinc atom, which is bound by three cysteines 

and one histidine. This zinc atom links the two domains and is required for stability; 

circular dichroism demonstrates that chelating the zinc with EDTA leads to protein 

unfolding, indicating that the zinc is necessary for PilJ to retain its structure.  

PilA1 and PilJ are incorporated into pili 

Immunogold imaging allows identification of specific components of the pilus. The anti-

PilJ specificity for PilJ allowed its ready use in immunogold; the monospecific anti-PilA1 

antibody described in Chapter 2 was used to identify PilA1. Imaging using these two 

antibodies and conducted by the Armstrong lab at the University of Calgary indicated 

that both PilA1 and PilJ are incorporated into pili. Occasional individual fibers could be 

distinguished that were decorated with both10 nm (PilA1) and 15 nm (PilJ) gold 

particles, indicating that not only are PilA1 and PilJ incorporated into pili, the pilins are 

incorporated into the same pilus (Figure 3.1). Measurements of pilus diameter using the 

transmission electron microscopy images show an average diameter of 77 ± 6 Å. This 

value, calculated by the Armstrong lab, is similar to that of Gram-negative T4bP; the V. 
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cholerae TcpCP has a measured diameter of approximately 80 Å (Craig et al., 2003). The 

estimated diameter of a hypothetical pilus made only of PilJ is 120 Å, significantly larger 

than C. difficile pili measured by transmission electron microscopy. Given that both pilins 

are incorporated into pili, we embarked upon a series of experiments designed to identify 

whether one of those two proteins is the main component of the pilus.  

 

pilA1 transcripts are more abundant than those of other pilin 

As part of a related project, our collaborators conducted RNA-Seq analysis of C. difficile 

grown in liquid media, on blood agar plates, and as a biofilm. They kindly extracted data 

on expression levels of the nine pilin genes from the different samples, which are 

reproduced here as Figure 3.2. In each of the three modes of growth, pilA1 proved to be 

the most abundant pilin transcript (Figure 3.3). The remainder of our analysis of their 

data focuses on the plate-grown C. difficile, because the protocol used for these plate-

Figure 3.1 Incorporation of PilA1 and PilJ into pili. Immunogold imaging demonstrates that PilA1 

(small beads) and PilJ (large beads) are incorporated into pili expressed under the conditions described. 

Moreover, the two pilins are incorporated into the same pilus (inset box). Image courtesy Claudia 

Martinez de la Peña. 
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grown C. difficile demonstrated optimal surface pilus expression. In plate-grown C. 

difficile, pilA1 expression was approximately four-fold higher than expression of the next 

most-highly expressed pilin gene, pilJ, and four-fold higher than expression of the 

housekeeping gene sigB. These data support our hypothesis, explored in more detail 

below, that pilA1 encodes the major pilin. 

 

Materials and Methods 

Genomic Analysis  

Analysis of C. difficile pilA1 and pilJ sequences was conducted as described in Chapter 2. 

Additional sequences, added after the conclusion of the work described in Chapter 2 were 

acquired from the NCBI Genome database. 

PilA1 and PilJ quantitative immunoblotting 

Quantitative Western blotting was conducted as reported in Piepenbrink et al (2014). 

Briefly, bacteria were grown as above, scraped off plates and resuspended in PBS, frozen 

at -20°C, and lysed by thawing cells at 37° C. Lysates were separated by SDS-PAGE, 

with standard curves of purified PilA1 and PilJ included on each gel; gels were 

Figure 3.2 Expression of pilin 

genes  mRNA transcript levels 

of all pilin genes and 

housekeeping gene sigB in C. 

difficile grown on plates as 

measured by RNA-Seq. FPKM, 

fragments per kilobase of exon 

per million fragments mapped.   
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transferred to PVDF and blocked with 5% nonfat dry milk. Membranes were incubated 

with both guinea pig anti-PilA1 at a 1:250 dilution and rabbit anti-PilJ at 1:10,000, 

washed in PBST, and developed with IRDye 800CW donkey anti-rabbit IgG H+L and 

IRDye 680RD donkey anti-guinea pig IgG H+L. Infrared signals were detected and 

quantified using the Odyssey imaging system (Li-Cor Biosciences). Concurrently with 

SDS-PAGE analysis, lysate total protein was quantified using a commercial 

bicinchoninic acid assay (Thermo Scientific) according to manufacturer protocol.  

Results 

 pilA1 is subject to diversifying selectionAnalysis of pilA1 and pilJ sequences from 238 

sequenced C. difficile genomes reinforced and expanded our earlier analysis (Chapter 2). 

As in the preliminary analysis from Chapter 2, pilA1 proved more variable than pilJ. 

Figure 3.3 graphs the average number of synonymous (dS) and non-synonymous 

substitutions (dN) per twenty-codon window, as well as the ratio of non-synonymous to 

synonymous substitutions (ω) over that window.  As in the preliminary analysis, the 

PilA1 N-terminus was expected, and proved to be, quite conserved; the variation in pilA1 

was concentrated in the C-terminus of the protein, the section predicted to be exposed to 

solvent (Figure 3.3A). In contrast to pilA1, the predicted minor pilin pilJ is quite 

conserved over its entire length, as was observed in the preliminary analysis. The 

expanded analysis demonstrated three such codons in pilA1, all in the C-terminal portion 

of the protein (Figure 3.2A, arrows); the predicted positive selection at these codons 

supports the conclusion that pilA1 is subject to diversifying selection, and by extension is 

the major pilin. pilJ also contains a single codon predicted to be under positive selection. 

This variation may be stochastic, or may help compensate for variation in pilA1.  
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Figure 3.3 Sequence variation in PilA1 and PilJ. For PilA1 (A) and PilJ (B), synonymous substitutions 

per site (dS, dotted line), nonsynonymous substitutions per site (dN, dashed line), and dN/dS (solid line) 

were calculated for each codon and averaged for a 20-codon window.  The X-axis indicates the C-

terminal codon of the 20-codon window. Arrows indicate the individual codons in each gene subject to 

positive selection. (C) Overlay of sequence conservation onto structures of PilA1 and PilJ. Conserved 

amino acids are displayed in blue, variable amino acids are shown in maroon. Image courtesy of Kurt 

Piepenbrink. 

 

C 
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The number of strains with non-synonymous substitutions at each amino acid position 

can be mapped onto the solved structures of PilA1 and PilJ (Figure 3.3C).  As is evident 

from the PilA1 image, the variable residues are clustered on the surface of the pilin 

predicted to be solvent-exposed; the interior residues and initial alpha helix are much 

more conserved. PilJ, by contrast, demonstrates striking sequence conservation, with only 

a few variable residues over the length of the entire protein.  

PilA1 is more abundant than PilJ in whole-cell lysates 

Although pilA1 transcripts are more abundant than those of other pilin genes, mRNA 

expression levels may not necessarily correlate with protein expression. The major pilin 

is by definition the most abundant, thus, the concentration of each protein in cell lysates 

will be definitive in identifying the major pilin. Thus, the concentrations of PilA1 and 

PilJ were measured in whole-cell C. difficile lysates by quantitative immunoblotting.  

PilA1 is more abundant in whole-cell lysates than PilJ, with average concentrations of 

3.53 ± 1.83 nanograms of PilA1 per microgram of total protein, and 2.69 ± 0.498 

picograms of PilJ per microgram of total protein. The molar ratio of PilA1 to PilJ is 918, 

with a range in different preparations of 522-5866 (Figure 3.4). Given a preponderance of 

supporting evidence, we conclude that PilA1 is a C. difficile major pilin, and PilJ is a 

minor pilin.   
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Discussion  

We have compiled a body of evidence that clearly demonstrates that pilA1 encodes the C. 

difficile major pilin, and that pilJ encodes a minor pilin. pilA1 proved to have the most 

sequence diversity of the nine pilins (Chapter 2), an observation reinforced by an 

expanded analysis of pilA1 and pilJ sequences from a large set of C. difficile genomes. 

pilA1 RNA is the most abundant of all the pilins, as demonstrated by RNA-seq. Finally, 

quantitative immunoblotting demonstrated that PilA1 is far more abundant than PilJ. 

Given these data and the observation that both PilA1 and PilJ are incorporated into pili 

too narrow to be made up only of PilJ, we conclude that PilA1 is a major pilin. 

From our immunogold data, we demonstrate that both PilA1 and PilJ are incorporated 

into pili. Other systems, notably P. aeruginosa and N. meningitides, have shown multiple 

minor pilins incorporated into pili; this work demonstrates that parallel between C. 

difficile pili and other T4P systems.  

Figure 3.4 Abundance of PilA1 

and PilJ in whole-cell lysates as 

measured by quantitative 

immunoblotting. Error bars indicate 

standard error. PilA1 average: 3.53 

± 1.83 nanograms per microgram 

of total protein PilJ: 2.69 ± 0.498 

picograms of PilJ (triangles) per 

microgram of total protein. Molar 

ratio of PilA1 to PilJ of 918 (range 

522-5866). 
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In this work, we demonstrated that PilA1 is far more abundant than PilJ in whole-cell 

lysates, and calculated a molar ratio of PilA1 to PilJ of nearly 1000:1. While this ratio 

helps demonstrate that PilA1 is the major pilin, it may not be representative of the ratio of 

PilA1 to PilJ in the pili themselves. Attempts were made to shear off and isolate pili to 

analyze the ratio of PilA1 to PilJ ratio in pili, but these preparations did not achieve 

purity sufficient for analysis (data not shown). The problem of pure sheared pilus 

preparations is not unique to C. difficile, attempts at sheared pilus preps have been 

unsuccessful in EPEC and V. cholerae as well (Shahista Nisa, Courtney Sturey, Yang 

Gao, personal communications). Further experimentation with pilus-shearing methods 

would ideally lead to a protocol for pure pilus preparations, which could then be used in 

quantitative immunoblotting experiments to find the quantity of PilA1 and PilJ in pilus 

preparations. 

As pilA1 encodes a major pilin, the sequence diversity described here is not unexpected; 

in other T4P systems, the major pilin has the most diverse sequence repertoire of all 

encoded pilins. Other T4P-expressing organisms have developed ways to vary the 

sequence of the major pilin during infection itself; the prototypical example is the pilE-

pilS recombination seen in N. meningitidis and N. gonorrhoeae. Since the major pilin is 

the most abundant and most exposed to host immune pressure, sequence variation and the 

ability to vary sequence provides a selective advantage to the bacteria during colonization 

and especially upon colonization of a previously-colonized host.  

As PilA1 is the major pilin, it would be a natural component of an anti-pilin vaccine 

designed to prevent C. difficile colonization. However, the diversity in pilin sequences in 

different strains could decrease the range of strains against which a vaccine is effective. 
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Vaccine escape, the process by which a pathogen evolves away from a single vaccine 

target, is also a concern; such a phenomenon has been observed in the Streptococcus 

pneumoniae capsule vaccine (Chiba et al., 2014; Brueggemann et al., 2007), where the 

presence of a vaccinated population selects for S. pneumoniae strains not present in the 

vaccine. Another pertinent example exists for N. gonorrhoeae, where an anti-PilE 

vaccine had no efficacy despite generating anti-pilin antibodies; the infecting N. 

gonorrhoeae incorporated different PilE variants into their pili, thus avoiding the 

vaccine-generated anti-pilin antibodies and allowing infection to continue.  Additionally, 

PilA1 is a poor immunogen, as was demonstrated in Chapter 2 and Appendix 2. This 

poor immunogenicity could prove a selective advantage in avoiding the host response to 

the bacterium, much as the pilE-pilS recombination provides N. gonorrhoeae a selective 

advantage in colonization by allowing it to avoid detection by anti-pilin antibodies.   

C. difficile encodes two other pilins that could serve as major pilins, pilA2 and pilA3 (see 

Chapter 2). These proteins were identified as pilins by Varga et al. and Pilfind, 

respectively (Varga et al., 2006; Iman et al., 2011; see chapter 2); we postulate that they 

could be alternate major pilins because of their location in the smaller gene clusters. 

RNA-Seq data shows that neither of them are expressed above housekeeping gene levels 

under conditions that allow expression of pili composed of PilA1 and PilJ; similarly, I 

was unable to detect PilA2 in plate-grown lysates by immunoblotting (data not shown). 

These smaller gene clusters may only be expressed under specific circumstances. Further 

experimentation with growth conditions, or in the presence of particular germinants may 

grant insight into when these pilins are expressed. Alternately, these smaller gene clusters 

may be vestigial remnants of other complete T4P gene clusters, and not expressed at all. 
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If so, this would be a novel finding, as work in other systems has demonstrated that 

encoded pilins are expressed pilins. However, given new tools for pilin identification, for 

example PilFind, the C. difficile pilA2 and pilA3 may be the vanguard of newly-identified 

vestigial pilins in a variety of T4P systems.  

Further immunogold experiments will address whether other pilin-like proteins (PilU, 

PilV, PilW) are incorporated into the PilA1 pilus or instead have a different function and 

location, for example forming part of a platform at the base of the pilus. Mutation of the 

different pilin-like proteins will illuminate the roles of these other pilins in pilus 

biogenesis. Data from our collaborators indicate that a pilU mutant is non-piliated, 

indicating this pilin may have roles in pilus extension or retraction; mutating both pilU 

and the retraction ATPase pilT may help identify its role. PilU may not need to be 

incorporated into the pilus for it to execute its effects; recently published experiments 

demonstrate that N. meningitidis pilins locked in the outer membrane still carry out their 

roles in pilus biogenesis (Imhaus and Duménil, 2014); thus, PilU may perform its 

function from the membrane, without incorporation into the pilus proper. Further 

experiments with monospecific antibodies to PilU (see Chapter 2) will be required to 

determine whether the protein functions from the pilus, the membrane, or both.  
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Chapter 4: PilJ is a T4P-associated adhesin 

Introduction 

As described in the previous chapter, PilJ has two domains, each of which forms the 

archetypal pilin fold (Chapter 3). When this structure is inserted into an electron-density 

model of the V. cholerae T4P, the second domain protrudes from the main body of the 

pilus and farther into the solvent than the single-domain PilA1 (Figure 4.1). The 

protruding PilJ domain may be part of its function; e.g. the protrusion from the fiber may 

facilitate adhesion to a receptor on the surface of host cells. Thus, we hypothesize that 

PilJ is an adhesin, binding specifically and saturably to a receptor on the host cell surface. 

Figure 4.1: The minor pilin PilJ has two domains. (A) Solution of the crystal structure of PilJ has 

already been reported (Piepenbrink et al, 2014); the protein contains two domains, both of which 

resemble the typical pilin fold. (B) Modeling a pilus consisting of the PilA1 and PilJ structures, using 

the electron density model of the V. cholerae toxin co-regulated pilus, illustrates that the second 

domain of PilJ extends outside the main body of the pilus.  

Images courtesy Kurt Piepenbrink.  
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In multiple organisms, the major pilin has been demonstrated to have adhesive properties. 

In one notable case, that of N. meningitidis, the binding partner for its major pilin PilE 

has been identified as CD147 9Bernard et al., 2014). Upon application of the 

transcriptional regulator phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA), to a 

human cell line to which N. meningitidis bound poorly, increased binding of N. 

meningitis to the cells was observed. Identification of genes upregulated in the presence 

of TPA allowed discovery of candidate receptor genes. Of those candidate receptors 

identified, only CD147 colocalized with infecting bacteria. Binding of PilE to CD147 is 

critical for infection, as decreasing CD147 expression by siRNA led to a significant 

decrease in bacteria bound to cells, and overexpression from a plasmid significantly 

increased the number of bacteria binding. This binding step is critical for N. meningitidis 

pathogenesis; in the absence of the CD147-PilE interaction, the bacteria do not interact 

with the β-adrenergic receptor or induce rearrangement of the host cell cytoskeleton.  

Interactions between the EPEC major pilin and possible cell-surface binding partners 

have also been observed. Hyland et al et al demonstrated that α-bundlin, one form of the 

major pilin of the EPEC T4P, interacts with N-acetyllactosamine (LacNAc) or a LacNAc-

associated receptor on intestinal cells. Pili on wild-type EPEC expressing α-bundlin bind 

to LacNAc-conjugated gold beads (LacNAc-Au), an interaction that can be visualized by 

electron microscopy (Hyland et al,. 2006a); pre-incubation with LacNAc-Au decreases 

adherence of EPEC to intestinal biopsy samples as compared to pre-incubation with a 

control gold-conjugated protein (Hyland et al., 2006a). β-bundlin, however, does not 

interact with LacNAc (Humphries et al., 2009).  
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The C-terminus of the P. aeruginosa major pilin is critical for adhesion to both biotic and 

abiotic surfaces. Sheth et al demonstrated that whole P. aeruginosa pili bind to the 

disaccharide βGalNAc(1-4)βGal, and found that this binding is mediated by PilA 

residues 128-144 (Sheth et al., 1994). Not only is this region important for binding to 

disaccharides, it is also important for interaction with man-made surfaces: Giltner et al 

demonstrated that this region of PilA is critical for binding to stainless steel, polyvinyl 

chloride, and polystyrene. This initial T4P-mediated interaction between P. aeruginosa 

and these surfaces is critical for initiation of biofilm formation on these surfaces.  

Precedence exists for a link between structural protrusions and adhesive properties in N. 

meningitidis T4Ps. The minor pilin PilX contains a D-region hook structure that extends 

away from the pilin. The PilV hook can interact with other PilX monomers in pili on 

other cells, allowing individual bacteria to adhere to each other and form microcolonies; 

this hook is critical for microcolony formation (Helaine et al., 2007). By analogy, the 

protruding domain of PilJ may well be involved in adhesion or in the formation of 

bacterial aggregates.  

We first determined whether PilJ would bind to intestinal epithelial cells, then used those 

data to determine a binding constant for that interaction. We then sought the nature and 

identity of the cell-surface binding partner for PilJ, using a variety of approaches detailed 

below.  
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Materials and Methods 

Protein Purification 

Purification of R20291 PilJ and cleavage of the histidine tag were conducted as in 

Chapter 2. For pulldown assays, 1-2 mg of PilJ-His was applied to Ni-NTA resin, 

incubated overnight at 4°C for 2 hours, and washed extensively prior to use in the assay. 

Assessment of PilJ cleavage 

pilD1 and pilD2 strains of C. difficile R20291 were made by Claudia Martinez de la Peña 

from the University of Calgary, using ClosTron mutagenesis (Heap et al, J Microbiol 

Methods 2010). The pilD1 strain was complemented with ppilD1, a derivative of 

pMTL84151 containing the pilD1 sequence from R20291. All wild-type and mutant 

strains were grown on Columbia blood agar plates and lysed as previously described. 

Pairs of lysates (WT + WT, WT + pilD1, WT + pilD2) were separated by SDS-PAGE on 

18% Tris-Glycine gels (Life Technologies). Gels were transferred to PVDF and blotted 

with anti-PilJ as previously described (Chapter 2).  

Cell Culture 

Caco-2 cells were routinely grown in DMEM/F12 (Gibco) supplemented with 20% fetal 

bovine serum and Penicillin-Streptomycin (Life Technologies). For PilJ-binding assays, 

cells were seeded in 96-well plates (Costar) at a density of 5 x 10^4 cells/well and used 

48 hours after seeding. HeLa cells and HAP1 cells (T. R. Brummelkamp) were 

maintained in DMEM/F12 supplemented with 10% fetal bovine serum and seeded in the 
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same manner as Caco-2 cells. For crosslinking assays, Caco-2 cells were seeded in 6-well 

plates (Costar) and grown to confluence. For pulldown assays, T-175 flasks were seeded 

and grown to confluence.  

Protein-binding assay 

Binding experiments were conducted as in Sinclair & O’Brien (2002). In preparation for 

binding experiments, Caco-2 cells were washed twice with Hank’s balanced salt solution 

(HBSS, Gibco). Purified PilJ diluted in DMEM/F12 was incubated with the washed 

Caco-2 cells for 1 h at 37°C. After incubation, cells were washed twice with HBSS and 

once with filter-sterilized PBS. Cells and bound protein were extracted from wells by 

addition of 1X Laemmli buffer containing β-mercaptoethanol. Quantitative Western 

blotting was used to determine the amount of PilJ bound per well using a standard curve 

of purified PilJ. GraphPad Prism non-linear curve fitting was used to estimate binding 

constants. Specificity was assessed by incubating increasing concentrations of untagged 

PilJ with an excess (5 nmol) of tagged PilJ-His.  

Far-Eastern blot 

A Far-Eastern blot was carried out as in Taki et al (2009), with some modifications. 

Confluent Caco-2 cells were harvested from two T-175 flasks and washed twice with 

PBS. The cell pellet was resuspended in 2 mL of a 2:1 chloroform:methanol mixture and 

agitated at room temperature for two hours. The mixture was allowed to settle and the 

aqueous layer was isolated. Specified volumes of the layer were dried under nitrogen gas 

flow and resuspended in 10 μL of the chloroform:methanol mixture. These samples were 

spotted onto pre-run silica gel matrix thin-layer chromatography plates and allowed to 
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dry completely. Plates were run in pre-saturated chambers in a three-step process. At the 

conclusion of the run, the plates were allowed to dry completely. Bands were visualized 

by primulin stain and UV transillumination, then marked with a soft pencil. The plates 

were immersed in blotting solvent (isopropanol:0.2% CaCl2:MeOH 40:20:7 by volume), 

and a PVDF membrane pre-treated in the same solvent was applied. Pre-soaked blotting 

paper was applied on top of the PVDF-TLC plate, and wrapped in aluminum foil. The 

entire assembly was inverted and applied to a 180°C hot plate with pressure for 30 

seconds. The PVDF membranes was washed with distilled water, and blocked for two 

hours with 5% non-fat dry milk in PBS-Tween-20 at room temperature. The blots were 

washed and incubated with 10 nmol of purified PilJ or wash buffer for two hours at room 

temperature. The blots were washed, and blotting was continued as described in 

Piepenbrink et al. (2015). 

Crosslinking assay 

For crosslinking assays, confluent Caco-2 cells were washed twice with HBSS and 

incubated with excess PilJ in DMEM/F12 for 1 h at 37°C. Cells were washed twice in 

HBSS and once in filter-sterilized PBS, then incubated with 4 mM DTSSP in PBS for 30 

minutes; the reaction was stopped by incubation with 20 mM glycine for 15 minutes. 

Cells and bound protein were eluted from plates with 1X Laemmli buffer, with or without 

β-mercaptoethanol as needed. Samples lacking β-mercaptoethanol were not boiled prior 

to SDS-PAGE separation. Western blotting, using 1:10,000 rabbit anti-PilJ as in 

Piepenbrink et al (2015) was used to detect any changes in PilJ migration distance. 
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Pulldown assay 

Pulldown assays were conducted as in Nougayrède et al (Cell Microbiol 2007). Caco-2 

cells were grown to confluence and washed twice in HBSS. Cells were scraped and 

resuspended in HBSS, then pelleted by centrifugation. Cells were resuspended in 5 mL of 

1% Triton X-100 in PBS and lysed for 1 h at 4°C. Imidazole was added to a final 

concentration of 10 mM; the lysate was cleared by centrifugation and His-binding 

proteins removed by multiple incubations with Ni-NTA. After clearance, lysate was 

diluted to 20 mL in PBS, and applied to pre-prepared His-PilJ columns. Columns without 

PilJ bound, and columns incubated with PBS in lieu of lysate were used as controls. 

Lysate was incubated with the PilJ-His NiNTA columns overnight. After incubation, 

column flow-through was collected and columns were extensively washed. Any 

remaining proteins bound were eluted with imidazole. Flow-through and elutions were 

concentrated by trichloroacetic acid precipitation, and pellets were washed twice with 

acetone. The pellets were resuspended in PBS and separated by SDS-PAGE. Gels were 

Coomassie–stained and imaged.  

Mass Spectrometry 

Mass spectrometry was conducted by the Center for Mass Spectrometry at the University 

of Maryland School of Pharmacy. Bands identified were excised from a Coomassie-

stained gel and washed with water. Each band was individually trypsin-digested and the 

proteins extracted. Each extracted protein sample was subject to LC-MS/MS analysis. 

Peptides from each sample were searched against the Uniprot human protein database 

using the Comet search engine. Resulting protein hits were then manually curated, to 
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remove non-plasma membrane proteins and create a narrowed list of hits. Protein 

locations were identified using information in Uniprot and NCBI databases. The 

narrowed list was ranked by number of unique peptides identified for each hit.  

Results  

Pre-PilJ is cleaved to mature PilJ by PilD1, but not PilD2. As described in Chapter 2, 

C. difficile has two prepilin peptidase genes, pilD1 and pilD2. The specific pilin or pilins 

each enzyme cleaves have not yet been defined. Given the small size difference (~1 kDa) 

between pre-PilJ and mature PilJ, lysates were run in pairs of wild-type (where cleavage 

is assured) and one of the pilD mutants: lysate mixtures with a single band indicated the 

presence of only cleaved PilJ, whereas lysate mixtures showing a close doublet indicated 

the presence of both pre-PilJ and mature PilJ. By Western blotting, the only lanes with 

doublets contained pilD1 lysate; PilJ in the pilD2-containing lanes was completely 

cleaved (Figure 4.2). Thus, we conclude that PilJ is cleaved only by PilD1. There may 

also be a doublet in the pilD1 :: ppilD1 lane, indicating incomplete complementation of 

the mutant strain.   

 

PilJ binds saturably to a receptor or receptors on the host cell. To test the hypothesis 

that PilJ is an adhesin that binds to a cell-surface receptor, purified PilJ was incubated 

with Caco-2 cells, a colonic epithelial cell line, and the amount of bound PilJ was 

WT pilD1 pilD2 pilD1 :: 
ppilD1 
 

WT + 
WT 
 

WT + pilD1 
:: ppilD1 
 

WT + 
pilD2 
 

WT + 
pilD1 
 

Purified PilJ 
 

Figure 4.2: Cleavage of pre-PilJ by prepilin peptidases.  Immunoblotting of wild-type, pilD1 , pilD2, 

and pilD1 :: ppilD1 lysates demonstrates doublets of pre-PilJ and mature PilJ in a combined WT + 

pilD1 sample and  a combined WT + pilD1 :: ppilD1 sample.  

 

25 kDa 
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measured by quantitative immunoblotting. A colonic epithelial cell line was chosen for 

these experiments because C. difficile is a colonic pathogen. Incubation of increasing 

concentrations of PilJ with Caco-2 cells demonstrates a saturable binding curve (Figure 

4.3A). Experiments with other cell lines (HeLa and HAP1) demonstrated similar binding 

curves, indicating that the receptor or receptors are not specific to colonic epithelial cells, 

and may be widespread in different cell types. Incubation of PilJ lacking the His-tag in 

the presence of an excess of PilJ-His demonstrated an approximately 70% decrease in 

binding of untagged PilJ as compared to binding in the absence of the PilJ-His (Figure 

4.3B); this competition assay demonstrates specificity of binding. 

Scatchard analysis of the PilJ binding data indicates that PilJ may be binding to two 

different receptors, a low-affinity receptor and a high-affinity receptor (Figure 4.4). Non-

linear curve fitting allowed estimation of binding constants and number of receptors per 

cell for low- and high- affinity receptors. The estimated dissociation constant for the 

hypothesized high affinity receptor is 1.35 x 10
-11

 ± 4.81 x 10
-11

. From that estimated 

binding constant, the calculated number of high-affinity PilJ receptors per cell is 4,053. 

Figure 4.3: PilJ binds specifically and saturably to a receptor or receptors on the host cell. (A) 

Incubation of increasing concentrations of PilJ with Caco-2 cells demonstrates a saturable binding 

curve. Error bars indicate SEM. (B) Incubation of untagged PilJ alone (black bars) or with an excess of 

tagged PilJ(grey bars) demonstrates a decrease in binding of untagged PilJ to cells in the presence of 

tagged PilJ. Error bars indicate standard deviation.  
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The estimation of the binding affinity for the lower-affinity receptor is not as accurate 

due to high standard deviations when measuring high concentrations of PilJ by our 

method; the estimated binding constant for the lower affinity receptor is 3.44 x 10
-9

 ± 

2.16 x 10
-8

, with a derivative estimation of 63,386 receptors per cell. In sum, these 

experiments demonstrate that PilJ binds to a receptor or receptors on the host cell surface. 

 

PilJ is unlikely to bind to a lipid. To determine the identity of the PilJ receptors, a 

number of experiments were undertaken to investigate to which type of cell-surface 

macromolecule the protein binds. To determine whether PilJ binds to a cell-surface lipid, 

a Far-Eastern blot was performed. In principle, the protein incubated with the blotted 

lipids will bind to its binding partner, and that complex will be detected by 

immunoblotting using an antibody to the protein of interest. A Far-Eastern blot was 

performed using PilJ and the rabbit anti-PilJ antibody, but no binding of PilJ to lipid 

bands was observed, even at the highest lipid concentrations (Figure 4.5). Although this 

assay is not definitive, the lack of bands suggests that the PilJ binding partner is not 

present in the extracted cell lipids, and therefore is probably not a lipid.  

Figure 4.4: Scatchard analysis of PilJ binding. A 

Scatchard analysis of the binding data from 

Figure 4.3A indicates that PilJ may be binding to 

two different receptors, a low-affinity receptor 

and a high-affinity receptor. This analysis 

allowed estimation of binding constants for both 

receptors 
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PilJ may bind to a protein on the cell surface. Multiple avenues of investigation were 

used to attempt to identify the protein receptors on the cell surface. Far-Western blots 

proved unsuccessful, as did cross-linking experiments using DTSSP or glutaraldehyde 

(data not shown). Initial pulldown experiments also failed to identify any candidates; 

however, the very low estimates of receptors per cell informed our methodology, and 

lysate production was scaled up to increase the total amount of available protein. In later 

pulldown experiments, using high volumes of cells and with dilution of the detergent 

used to lyse the cells, we identified several candidate bands that were retained on PilJ Ni-

NTA columns and were absent from the PilJ-alone and lysate-alone controls (Figure 4.6). 

These bands appear on SDS-PAGE at 45 kDa, 55 kDa, and 75 kDa (Figure 4.6, arrows).  

 

 

 

Figure 4.5: Far-Eastern blots of cell lipids did 

not reveal any candidate binding partners for 

PilJ. Blots containing Caco-2 cell lipid extract 

separated by thin-layer chromatography were 

incubated with PilJ or control as indicated and 

developed. The numbers along the bottom edge 

indicate the pre-concentration volume of lipid 

extract in microliters that was spotted at that 

point.  
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Mass spectrometry identifies candidates for PilJ receptors. Mass spectrometry 

analysis of the content of each band generated a list of peptides present; manual curation 

narrowed the list to plasma-membrane proteins. The top three hits identified for each 

band, as determined by total number of unique peptides, are listed in Table 4.1. The 

narrowed list of hits for the different bands are presented in Supplemental Table 4.1 for 

the 45-kDa band, Supplemental Table 4.2 for the 55-kDa band, and Supplemental Table 

4.3 for the 75-kDa band.  

For the 45 kDa band, the top hit identified was HLA-A, the other two top hits from that 

band were a protein of unknown function, Basic leucine zipper and W2 domain-

containing protein 2, and annexin A2. The top three hits for the 55-kDa band are basigin, 

Figure 4.6 Pulldown assays reveal possible components of a PilJ receptor.  Incubation of Caco-2 

lysate with PilJ-His on Ni-NTA and elution of bound protein revealed three bands, of estimated 

masses 45 kDa, 55 kDa, and 75 kDa, that could represent possible receptors. These bands are 

indicated by arrows. Lane assignments are as follows: lane 1, ladder; lane 2, Caco-2 lysate; lane 3, 

Purified PilJ; lane 4, PilJ alone column flowthrough; lane 5, PilJ alone column elution; lane 6, Caco-

2 lysate alone flowthrough; lane 7, Caco-2 lysate alone column elution; lane 8, PilJ + Caco-2 lysate 

column flowthrough; lane 9, PilJ + Caco-2 lysate column elution. Lanes 4-9 were TCA precipitated. 

The identity of the 70 kDa band in lanes 5 and 5 is unknown, but is predicted to represent a PilJ 

dimer 
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the Coxsackievirus and adenovirus receptor, and the β subunit of a plasma membrane 

sodium-potassium transporting ATPase. Basigin is also called CD147, the protein 

recently identified as the receptor for the major pilin of the N. meningitidis T4P (Bernard 

et al., 2104). Finally, the top three hits for the 75-kDa band include the α-subunit of the 

aforementioned Na+/K+ ATPase, 4F2 cell-surface antigen heavy chain, and basal cell 

adhesion molecule.  

Table 4.1: Results of mass spectrometry analysis 

45 kDa band 

Protein name 
Unique 

peptides  

Percent 

coverage 

Estimated 

mass (kDa) 

HLA class I histocompatibility 

antigen, A-2 alpha chain  35 56.7 40.9 

Basic leucine zipper and W2 domain-

containing protein 2  18 26 48.1 

Annexin A2, Isoform 2 13 61.2 40.4 

55 kDa band 

Protein name 
Unique 

peptides  

Percent 

coverage 

Estimated 

mass (kDa) 

Basigin, Isoform 2 (CD147) 14 33.1 29.2 

Coxsackievirus and adenovirus 

receptor  13 41.1 40 

Sodium/potassium-transporting 

ATPase subunit beta-1, Isoform 2 12 40.5 34.9 

75 kDa band 

Protein name 
Unique 

peptides  

Percent 

coverage 

Estimated 

mass (kDa) 

Sodium/potassium-transporting 

ATPase subunit alpha-1 , Isoform 3 69 47 109.6 

4F2 cell-surface antigen heavy chain 

(CD98) 42 52.1 64.9 

Basal cell adhesion molecule 33 44.6 67.4 
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Discussion 

With these experiments, we provide evidence for a role for one of the minor pilins of C. 

difficile as an adhesin. PilJ is the first C. difficile minor pilin to have a defined function. 

PilJ is also the first Gram-positive T4P adhesin described; all other T4P adhesins, for 

example N. meningitidis PilV and the C-terminus of P. aeruginosa PilA are in Gram-

negative organisms. Scatchard analysis of our binding data indicates PilJ binds to two 

separate receptors on the cell surface, a high-affinity receptor with an estimated Kd of 

1.35 x 10
-11

 ± 4.81 x 10
-11

 and an estimated 4,053 receptors per cells, and a low-affinity 

receptor with an estimated Kd of 3.44 x 10
-9

 ± 2.16 x 10
-8

 and an estimated 63,386 

receptors per cell. The binding constant for the high-affinity receptor is low, but not 

unprecedented: the binding constant for IL-2 to its trimeric high-affinity receptor is 

within a similar range (Kim et al., 2006). Comparatively, there are approximately 3500 

IL-2 high-affinity IL-2 binding sites on T-cells stimulated for 3 days, and 25,500 low 

affinity sites (Uchiyama et al.,1985). For context for the low-affinity receptor, the affinity 

of EPEC Tir for EPEC intimin is in the low nanomolar range, similar to this interaction 

(DeVinney et al., 1999); the Kd for the Yersinia pseudotuberculosis cell-surface protein 

invasion for its receptor, α5β1 integrin, is 5 ± 0.2 x 10
-9

 M (van Nhieu and Isberg, 1991).
 

The high binding constant for the high-affinity receptor indicates tight binding of PilJ to 

its receptor; given the 918 molar ratio of PilA1 to PilJ, the high affinity may compensate 

for the low abundance of PilJ.  

The two classes of PilJ receptors are most likely proteins, given the results of the 

pulldown assays. The Far-Eastern blots indicate that the receptor is unlikely to be a lipid. 

Oligosaccharide binding data from our collaborators at the University of Calgary 

indicates that PilJ will bind to the disaccharide GlcNAc(β1-3)Gal(β1-4)Glc, which may 
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be part of one of the receptors. However, the affinity of this interaction was much lower 

than that of PilJ and host cells, suggesting that they may not be describing the same 

receptor(s). Experiments assessing binding of PilJ to cells after depleting O-linked 

saccharides from the cell surface would be required to demonstrate that involvement. 

Alternately, the pilins could interact with this oligosaccharide in the mucus layer, and 

bind to these cell-surface receptors only when it reaches the cell surface. 

Experiments with pilJ mutants in vitro and in vivo should be conducted to verify that PilJ 

is an adhesin. In vitro experiments would include assessing the binding of live bacteria to 

cells, as in Kasendra et al. (2014). A pilJ mutant would be expected to be less efficient in 

binding to cells than wild-type, if PilJ is actually an adhesin. Our collaborators report that 

a pilJ mutant is still piliated, so any decrease in binding would be the result of the 

absence of PilJ rather than the absence of T4Ps. Similarly, a pilJ mutant would 

demonstrate decreased colonization of an animal host if PilJ and T4Ps are important in 

colonization and there is a close homolog of the PilJ receptor in that animal. As noted in 

Chapter 1, however, C. difficile expresses multiple other potential adhesins; the 

combination thereof may be able to compensate for the absence of PilJ.  

The pulldown assays suggest the presence of three distinct protein bands that bind to 

purified PilJ. Many explanations exist for having three bands rather than the two that 

would be predicted from the Scatchard analysis, and include multi-subunit receptors; 

splice variants of a single receptor; and high and low affinity receptor that share a 

subunit, as in IL-2 receptor and the other cytokine receptors that share the common 

gamma chain.  
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The results of our mass spectrometry analysis are preliminary and require follow-up, but 

we believe they present some exciting possible avenues of investigation. HLA-A is an 

intriguing possible receptor; its near-ubiquitous expression is congruent with the 

observation that PilJ binds saturably to multiple cell types, not only colonic epithelial 

cells. Also, the relatively high percent coverage suggests that HLA-A is a strong receptor 

candidate. 

One exciting result is the top hit for the 55-kDa CD147, given its previously-defined 

interaction with N. meningitidis PilE. CD147 was the top hit for the 55-kDa band results, 

and also appeared (with a much smaller number of unique peptides) in the results for the 

other two bands. Despite the low percent coverage in the 55-kDa band, we believe that 

CD147 is a strong candidate for a possible PilJ receptor. If CD147 does indeed prove to 

be a PilJ receptor, the binding sites on CD147 for both PilJ and PilE should be identified; 

if the sites overlap, the ability of pilins from other organisms to bind to CD147 should be 

assessed.   

The plasma membrane ATPase is also a strong receptor candidate, given that two 

subunits of the protein are among the top hits for two of the three bands. Two 

independent peptides for the beta subunit were found in the results from the 75-kDa band; 

small numbers of peptides from both alpha and beta subunits were found in the 45-kDa 

band. The presence of peptides from the two subunits in all three bands identified 

indicates this particular protein is an important target for further investigation.  

Initial follow-up experiments should include pulldown experiment using membrane-

enriched fractions; in making the top hits list in table 4.1, any intracellular proteins 
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identified in the bands were eliminated. Given that the pulldown experiments were done 

using whole-cell lysates, it is possible that PilJ was interacting with one of the eliminated 

intracellular proteins rather than a membrane protein. Ideally, these experiments would 

confirm that one or several of the candidates listed in table 4.1 interacted with PilJ in the 

context of a pulldown assay. 

One method to validate these candidates as actual receptors would be to knockdown 

expression with siRNA; elimination of one of the cell-surface receptors would be 

anticipated to decrease PilJ binding. Alternately, a stable mutant cell line could be made 

and used, if the protein(s) involved are not essential for viability. Increasing surface 

expression of the proteins, to look for a concomitant increase in PilJ binding, would also 

help validate any possible receptor candidates. If the receptor has a mouse homolog, a 

Cre-lox colon- and cecum-specific knockout mouse could be made and infected with 

wild-type C. difficile, and any changes in pathology and mortality as compared to wild-

type infection could be assessed.  
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Chapter 5: Discussion 

 

As the leading cause of nosocomial infections in the United States, C. difficile poses a 

major threat to human health, yet we know little about its colonization factors. One 

possible colonization factor is the T4P. T4Ps are critical for colonization in many 

organisms, for example the pathogens P. aeruginosa and N. meningitidis; thus, studies of 

C. difficile T4Ps may lend critical insight into the organism’s colonization methods. C. 

difficile T4Ps were first observed by TEM, and the genes began to be identified nearly 

two decades later (Varga et al., 2006). This work represents the first in-depth study of 

type IV pilins in C. difficile. 

We have identified what we suspect is the complete set of C. difficile T4P genes (Figure 

2.1). The genes are organized into three gene clusters, one large gene cluster and two 

smaller clusters. Two pilin genes are present in the genome independent of any other T4P 

genes. The largest gene cluster encodes four pilins. Another three are located in the small 

gene clusters. The two independent pilins bring the total number of encoded pilins to 

nine. We describe the roles of two of the pilins, PilA1 and PilJ; the latter is first Gram-

positive minor pilin to be assigned a specific role in a T4P system, in this case that of an 

adhesin.  

 

Pilin Immunogenicity 

In Chapter 2, we demonstrate that the six pilins we expressed and purified are 

immunogenic to varying degrees. In BALB/c mice, PilA1 is poorly immunogenic, 

whereas PilA2 immunization leads to antibodies that recognize PilJ rather than PilA2. 
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PilJ is very immunogenic and yields antibodies that are not cross-reactive. Immunization 

with PilU or PilV immunization leads to high-titer antibodies that recognize both PilU 

and PilV. Finally, PilW immunization leads to generation of high-titer homologous and 

heterologous responses; these antibodies could prove to be useful general C. difficile T4P 

marker. Purified PilA1 proved to be poorly immunogenic in guinea pigs as well, and 

peptide monoclonal antibodies produced in mice were of similarly low titers (data not 

shown). These results naturally lead us to ask why PilA1 is such a poor immunogen. 

PilA1 may mimic a host protein, causing the pilin to be identified as ‘self.’ Alternately, 

PilA1 may actively suppress immune responses, as was hinted at in our initial mouse 

studies (Appendix 2). We could investigate this possibility by exposing T cells to PilA1, 

and assaying for a regulatory or exhausted phenotype.  Alternately, we could immunize 

BALB/c mice with a mixture of PilJ, one of the very immunogenic pilins, and PilA1; if 

PilA1 is truly immunosuppressive, antibodies to PilJ would be of a lower titer than they 

would be in a mouse immunized with PilJ alone. BALB/c mice are the preferred strain 

for this experiment, because we have already demonstrated the immunogenicity of the 

two proteins individually in this strain. Overall, the immunogenicity studies provided the 

foundation for the immunization and challenge studies described in Appendix 2.  

The next step in immunogenicity studies would be to look for anti-pilin antibodies in CDI 

patients and compare those titers to titers in uninfected controls. However, this project 

has some significant hurdles to overcome: poor PilA1 immunogenicity, meaning infected 

individuals are unlikely to produce high-titer antibodies to PilA1; poor response to pilin 

immunization in C57Bl/6 mice, again decreasing the likelihood of a detectable antibody 

response; identifying good positive and negative controls; accounting for individuals 
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asymptomatically colonized. While this experiment would elucidate whether an anti-pilin 

immune response occurs in human CDI, such an experiment would require significant 

planning.  

 

Pilin sequence diversity 

Analyses of pilin sequences from different strains of C. difficile demonstrated that pilA1 

sequences were the most diverse of the nine pilins; that gene also contained three codons 

predicted to be under positive selection. All of these codons were in the C-terminal 

portion of the protein; despite the wide sequence diversity in the C-terminus, the N-

terminus is quite conserved. Indeed, in all pilins, the N-terminal portion of the sequence, 

that which is predicted to form an α-helix buried in the pilus core, is conserved across 

different strains. Indeed, the structures of pilins are conserved through Gram-positives 

and Gram-negatives, despite the lack of sequence similarity between them. These 

structural similarities lend credence to the idea that these are evolutionarily ancient 

structures. 

As discussed earlier in this work, the major pilins of different T4P systems tend to be the 

most diverse of the pilins in each system; one explanation for this diversity is that an 

immune response to the major pilin, and particularly the solvent-exposed sections of the 

C-terminus, is most likely to have adverse effects on the bacterium, and diversification of 

the pilin allows the bacterium to escape that response.  Using TEM to look for pili in the 

strains with the most divergent pilA1 sequences would verify that the T4P biogenesis 

machinery can interact with pilins in spite of C-terminal sequence diversity.   
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Roles of pilins 

In Chapter 3, I describe how our collaborators demonstrated that at least two pilins are 

incorporated into pili. Through quantitative immunoblotting, I then found that PilA1 is 

the major pilin for C. difficile grown under specific conditions, and that PilJ is a minor 

pilin. We have not yet begun to investigate conditions in which other pilins may act as 

major pilins. Varying nutrient or germinant levels, incubation times, and modes of 

growth will allow us to determine which conditions, if any, induce expression of non-

PilA1 pili. Also, complementing a pilA1 mutant with pilA2 or pilA3 may allow us to 

demonstrate whether the T4P machinery can incorporate these pilins into pili. Chapter 4 

provides evidence that PilJ is an adhesin with two possible cell-surface protein receptors. 

The presence of one pilin adhesin does not preclude the ability of other pilins with 

adhesive properties; in N. meningitidis, PilE binds to a cell-surface receptor, and PilV 

interacts with other PilV monomers in pili on other cells. Further investigation of the rest 

of the C. difficile pilins will find whether other pilins can act as adhesins.  

As noted in Chapter 3, I calculated the molar ratio of PilA1 to PilJ in whole-cell lysates 

of C. difficile; we have not yet calculated the ratio of PilA1 to PilJ in pili themselves due 

to a singular lack of success in generating pure pilus preparations. This problem is not 

unique to C. difficile or even to Gram-positives; except in certain fortunate 

circumstances, pure pilus preparations have proven quite difficult to make in Gram-

negatives as well. These preparations would be a boon to further studies of the C. difficile 

T4P: in addition to using them to quantify the different pilins incorporated into pili, pure 
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pilus preparations can be used in cryo-electron microscopy to make a three-dimensional 

reconstruction of the pilus fiber. This method has been used to model the Ignicoccus 

hospitalis pilus, a similar structure in archaea, and provided valuable insight into 

monomer packing in that appendage (Yu et al., 2012). The model would allow us to see 

exactly how PilA1 and PilJ fit into the pilus fiber far more precisely than with the current 

approximation using the Tcp model.  

While we have demonstrated that PilJ interacts with a receptor on host cells, there are 

other roles for minor pilin adhesins, namely facilitating bacterial aggregation in the 

manner of N. meningitidis PilV (Helaine et al., 2007). PilJ may be involved in 

aggregation, or this function could fall to another of the pilins. This possibility should be 

addressed using assays for aggregate formation. One method for studying T4P-related 

aggregate formation that has been optimized in C. difficile involves measuring the OD600 

of a static culture before and after vortexing (Bordeleau et al., 2014). Microscopic 

inspection of liquid cultures for aggregates in wild-type C. difficile and in a pilJ mutant 

and complemented mutant would augment these experiments. Our collaborators report 

that a pilJ mutant remains piliated; thus, a pilJ pilT mutant is not required for these 

experiments. If PilJ does not prove to be involved in C. difficile aggregation, these 

experiments could be repeated with other pilin mutants, in wild-type or retraction-mutant 

backgrounds as needed.   

 

 

 



96 

 

Expansion of PilJ-receptor studies 

In Chapter 4, I demonstrate that PilJ is an adhesin that can bind to a high or a low affinity 

receptor on the surface of colonic epithelial cells. These experiments have been 

conducted with an N-terminal truncation of PilJ; conducting similar binding experiments 

with the two separate soluble pilin domains will demonstrate which domain mediates 

binding; given how PilJ monomers are predicted to be oriented in pili (i.e. with the 

second domain protruding from the pilus fiber), the C-terminal domain is most likely 

involved in binding.  

Our current data suggest that these receptors are proteins. Far-Eastern blots failed to 

identify any possible lipid receptors (Figure 4.2); however, these results do not preclude 

the possibility that PilJ binds to a lipid. Affixing different purified lipids to a surface, 

incubating with PilJ, and assessing binding would provide a more definitive answer to 

whether PilJ binds to a lipid.   

PilJ may also bind to a sugar moiety on the cell surface. Inhibiting N-linked 

oligosaccharide modification of cell-surface proteins using tunicamycin is one method by 

which that hypothesis can be tested. Results from preliminary tunicamycin experiments 

suggest that an N-linked sugar or sugars are not a component of the PilJ receptor (data 

not shown). The receptors for other pilins can involve sugars or glycosylated proteins 

(Chapter 4). Given that context, we were curious to see if sugars played any role in the 

interaction of PilJ with its receptor, and conducted preliminary experiments using 

tunicamycin to eliminate cell-surface N-linked saccharides. If an N-linked saccharide is a 

part of the PilJ receptor, PilJ binding to cells would decrease after tunicamycin treatment 
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relative to a control band. Upon tunicamycin treatment, however, no decrease in PilJ 

binding was seen relative to the decrease in β-actin seen as a consequence of the 

tunicamycin treatment. Further control experiments to verify that tunicamycin inhibited 

its target enzyme, as well as repetitions of the binding assay itself, would have to be 

conducted before an N-linked oligosaccharide receptor is eliminated as a possible 

receptor. 

Our collaborators at the University of Calgary assessed the binding of purified PilJ to 

oligosaccharides; this method has been used previously to determine binding partners for 

other proteins. They determined that both PilJ and PilA1 bind preferentially to the 

disaccharide GlcNAc(β1-3)Gal(β1-4)Glc, although the affinity is much less than for PilJ 

with its receptors. Further experiments, both those outlined above to address N-linked 

saccharides and parallel experiments with a cocktail of inhibitors to eliminate surface O-

linked saccharides, would have to be conducted to determine if this sugar is a part of the 

PilJ receptor.  

Preliminary pulldown experiments identified three possible protein receptors or receptor 

subunits, and mass spectrometry allowed identification of receptor candidates.  Further 

investigation of these proteins is necessary to verify that they do indeed interact with PilJ. 

Individual knockdown of expression of these proteins using siRNA, or blocking of 

binding sites using an antibody, would lead to decreased binding if each of the proteins is 

involved in PilJ binding to cells; similarly, overexpression of the protein from a plasmid 

would lead to increased PilJ binding. Once verification of interaction was complete, the 

PilJ binding partner(s) would be expressed and purified for use in isothermal calorimetry 

(ITC) with PilJ. ITC experiments will allow precise calculation of the PilJ-receptor 
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binding constant. Purification of the receptor could also lead to crystallization and 

solving of the receptor structure and the adhesin-receptor complex. Demonstrating the 

precise points of interaction between PilJ and its receptor would provide the basis for 

designing small-molecule inhibitors of this interaction; blocking the interaction between 

the adhesion and its receptor is likely to prevent C. difficile from adhering to and 

persisting in the colon. Provided this inhibitor had no adverse effects on normal colon 

cells or microbiota, it could prove efficacious when given prophylactically to patients 

receiving antibiotics who carry a high risk of CDI development to help prevent 

colonization with C. difficile. 

Measuring binding of wild-type and pilJ mutant C. difficile to Caco-2 cells will provide 

evidence as to whether this interaction is important in vivo; we hypothesize that the pilJ 

mutant will demonstrate decreased binding to Caco-2 cells as compared to the wild-type. 

As noted in Chapter 1, though, C. difficile expresses a multitude of adhesins, which may 

be able to compensate for the loss of PilJ. Similarly, the role of PilJ in colonization 

should be examined, to determine if PilJ-mediated adhesion is critical for colonization or 

persistence. These experiments should be conducted in both an acute-infection model and 

a long-term colonization model, to determine if PilJ is important in one or both of those 

circumstances. These experiments could be included in a larger body of work examining 

the role of T4Ps in general.  
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T4Ps in C. difficile colonization 

This work focuses mainly on the pilins and their functions, rather than on the function of 

the pilus as a whole. Our collaborators have preliminary evidence that infection with a 

pilD1 mutant in a transmission model results in lowered histopathology and decreased 

fecal CFU as compared to the parent wild-type strain. Further experiments will explore 

whether C. difficile T4Ps are important in colonization, as they are in P. aeruginosa and 

other organisms. One method for exploring interactions with the microbiota, which may 

be essential for colonization, is a fecal bioreactor system that mimics the human colon. C. 

difficile cannot establish an infection when this system is left untreated, but can 

proliferate when antibiotics are added to the bioreactor (Robinson et al., 2014). In this 

model, ribotype 027 strains (for example R20291) can out-compete non-027 strains in the 

perturbed system. Competing wild-type and non-piliated strains will allow us to 

determine if a non-piliated strain is defective in competing with this perturbed 

microbiota. If these experiments do indeed demonstrate such a defect, similar 

experiments with single-pilin-knockout strains could be conducted, to study the impact of 

the different pilins on colonization in a model closer to human infection.  

 

Other C. difficile T4P proteins 

While these initial studies focused on just two of the pilin proteins, any further studies of 

the C. difficile T4P should include investigations of the putative biogenesis proteins. We 

can speculate on to the roles of proteins like PilMN and PilO, only future studies in the 

organism can conclusively define their function. Moreover, studies of these proteins in C. 
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difficile would illustrate key similarities and differences between Gram-positive and 

Gram-negative organisms.   

 

Role of cyclic-di-GMP signaling 

One intriguing result to come from our RNA-Seq data is indirect evidence for cyclic 

dimeric GMP (c-di-GMP) involvement in pilus regulation. A sequence predicted to be a 

c-di-GMP riboswitch was found to be expressed at a higher level than background. 

Bordeleau et al. demonstrated the presence of four c-di-GMP riboswitches in the C. 

difficile genome, one of which is located directly upstream of pilA1 (Bordeleau et al., 

2015). In strain 630, increasing c-di-GMP formation promotes piliation and increases 

both pilA1 expression and autoaggregation; this effect is not seen with PilJ, which 

appears to lack any c-di-GMP-related regulation. Analysis of the RNA-seq data for that 

section of the R20291 genome demonstrates that the section is expressed higher than 

other sequences in that area; expression trends higher in planktonic and biofilm samples 

than in the plate growth. The impact of c-di-GMP on C. difficile strain 630 may also be 

true for strain R20291. Studies in other organisms have demonstrated the link between c-

di-GMP and T4P; T4P in P. aeruginosa respond to c-di-GMP via FimX, with similar 

results to C. difficile 630 (Kazmierczak et al., 2006; Jain et al., 2012). However, the P. 

aeruginosa mechanism involves regulation of intracellular c-di-GMP by 

phosphodiesterase and diguanylate cyclase activity, rather than direct transcriptional 

regulation by a riboswitch. Further experiments in this line of investigation could include 
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mutating the riboswitch and observing the impact of that mutation on piliation, 

aggregation, and biofilm formation.  

 

C. difficile T4Ps in biofilm formation 

In Appendix 1, we demonstrate that C. difficile is among the organisms that use T4Ps in 

biofilm formation; some of these other organisms include P. aeruginosa and NTHI. 

Previous work indicated that C. difficile forms aggregates or microcolonies linked by 

thin-hairlike structures (Buckley et al., 2009), our results demonstrate that T4Ps are 

important for biofilm formation, but not absolutely vital for it. From these results, we can 

infer that C. difficile has redundant mechanisms for biofilm formation. Given its role as 

an adhesin, the role of PilJ in biofilm formation should be addressed. This line of 

investigation is doubly imperative if PilJ is also involved in cell-cell adhesion; a non-

piliated mutant is less likely to form aggregates than wild-type in day 1 biofilms. If PilJ is 

involved in cell-cell adhesion, it may be critical for aggregate formation in biofilms, and 

a pilJ mutant would form biofilms similar to those formed by the non-piliated mutant. 

Alternately, another pilin or pilins may be responsible for bacterial aggregation. Studies 

of aggregation in pilin mutants as described above would inform the strains to be 

included in these assays.   
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Immunization and challenge studies 

The immunogenicity studies described in Chapter 2 were designed as a prelude to 

immunization and challenge studies, using pilins as components of an anti-C. difficile 

vaccine. The results of those experiments are described in Appendix 2. None of these 

experiments demonstrated that immunization, whether active or passive, with pilins was 

protective against infection with C. difficile. Active immunization was unsuccessful in 

generating high-titer antibodies in the C57BL/6 mice used in a model for acute C. 

difficile in any of the experiments conducted. Even a bolus of high-titer anti-PilW 

(generated for the immunogenicity and crossreactivity experiments outlined in Chapter 2) 

was not protective, despite clearly giving a high serum anti-pilin titer. The low antibody 

titers may point to a problem with our vaccine formulation or with the adjuvants chosen; 

they may also be an unavoidable result of the mouse strain used for the murine C. difficile 

model. C57Bl/6 mice are used in infection models; as BALB/c will not develop signs of 

C. difficile infection, even when treated with antibiotics (Hanping Feng, personal 

communication). Thus, we used C57Bl/6 mice in our immunization and challenge 

studies, even though our experiments in Chapter 2 demonstrated that BALB/c mice 

readily make antibodies to most of the pilins tested (Figure 2.5). The low antibody titers 

generated in the C57Bl/6 mice as compared to high titers generated by BALB/c mice may 

simply be a result of the immunological differences between strains. Further analysis of 

samples from these studies should be conducted prior to planning more 

immunization/challenge studies. Notably, the anti-pilin antibody titers in the fecal matter 

of mice given the anti-PilW bolus should be measured. The antibody was clearly present 
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in the mouse serum, but would not provide the mice protection from CDI if it did not 

reach the cecum and colon.  

 

In sum, this work provides a critical study of the pilins of the C. difficile T4P. I have 

determined that one of the nine pilin genes, pilA1, definitely encodes a major pilin, while 

pilJ encodes a minor pilin. I have also demonstrated that PilJ binds to host cells, and 

estimated dissociation constants for the two putative host-cell receptors. I have 

preliminary evidence that the receptors are proteins; preliminary mass spectrometry 

identified exciting receptor candidates. The identification of PilJ as a pilus-associated 

adhesin is the first identification of such an adhesin in a Gram-positive organism Future 

experiments will verify the PilJ receptors, address the roles of other pilins, and attempt to 

determine the role of the T4P in CDI. Eventually, these studies could lead to clinical 

interventions to alleviate the burden of morbidity and mortality imposed by C. difficile 

infection.  
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Appendix 1: T4Ps are involved in early C. difficile biofilm formation 

Introduction 

 

Bacteria commonly grow as biofilms, surface-associated communities embedded in a 

polysaccharide-rich substance; this mode of growth is critical to chronic and recurrent 

infections. Similarities between biofilm infections and CDI, including growth on surfaces 

and frequency of relapses, suggest that CDI is biofilm-mediated. Cells growing in a 

biofilm have a different phenotype compared to their planktonic counterparts. Some cells 

deep within a biofilm are relatively nutrient-deprived and therefore slow- or non-

growing, which reduces susceptibility to antimicrobials (Becker et al., 2001). 

Determination of the phenotype of C. difficile in CDI may allow for better-targeted 

therapies. For example, compounds that disrupt the extracellular matrix of biofilms have 

demonstrated feasibility for reducing bacterial biofilms produced by clinically relevant 

organisms (Lu & Collins, 2007). If C. difficile has growth characteristic of a biofilm in 

human infection, then study of these compounds could lead to enhancements in the 

efficacy of antimicrobials. Vaccines based on biofilm-specific antigens have been 

reported and used successfully in animal models of Staphylococcus aureus osteomyelitis 

and non-typeable H.influenzae (NTHI) otitis media (Brady et al., 2011; Novotny et al., 

2015). 

T4Ps are critical for development of biofilms in multiple organisms.  In P. aeruginosa, 

T4P-mediated motility is critical for early biofilm development, particularly in the 

attachment phase; T4Ps are also important in developing the architecture of the mature 

biofilm (Klausen et al., 2003a, 2003b). In an H. influenzae strain, mutation of the major 

pilin results in thinner and less-stable biofilm as compared to the wild-type strain 
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(Novotny et al., 2015). Recent studies also demonstrate the importance of T4Ps in Gram-

positive biofilms. T4P genes are upregulated in C. perfringens biofilms grown at 37°C, 

and are required for biofilm formation (Obana et al., 2014). Recent work demonstrates 

cyclic-di-GMP regulation of C. difficile T4P gene expression and bacterial aggregation; 

Bordeleau et al. hypothesize that aggregation regulation is important in the development 

of C. difficile biofilms (Bordeleau et al., 2015). Biofilm formation in C. difficile has been 

observed in vitro (Ðapa et al., 2013), and putative bacterial aggregates implying biofilm 

formation have been observed in vivo (Buckley et al., 2011).  

 

As discussed in Chapter 3, our collaborators conducted RNA-Seq analysis of C. difficile 

grown in liquid culture, on blood agar plates, and as a biofilm. The analysis of pilin gene 

expression from the plate growth was presented in Chapter 3; those data demonstrated 

there are far more sequence reads from pilA1 than any other pilin gene (Figure A1.1C, 

D). Analysis of the data from the other modes of growth shows that pilA1 is the most 

highly expressed pilin gene during biofilm and planktonic growth (Figure A1.1A, B, D). 

pilJ is the second most highly expressed pilin gene in all growth conditions, consistent 

with prior work demonstrating PilJ incorporation into pili, When the three growth 

conditions are compared, significant expression differences are seen for multiple pilin 

genes (Figure A1.1E). Expression of pilA1 is significantly greater on plates than under 

planktonic conditions, as was expected from prior experience examining pili by electron 

microscopy (Piepenbrink et al., 2015). Relative expression of pilA1 is also significantly 

greater when grown as a biofilm on glass beads than when grown as planktonic cells. 

Although they reside in the same gene cluster as pilA1, the pilin-like proteins pilK, pilU 
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and pilV are expressed at significantly higher levels in biofilm conditions compared to 

plate or planktonic growth, suggesting differential regulation of these RNAs in 

comparison to that of pilA1. In contrast to the pilins from the largest gene cluster, pilJ, 

which is unlinked to the pilA1 gene cluster, is expressed at equivalent levels under all 

three conditions.  

In this work, we investigate the impact of T4P-deficiency, through knockout and 

complementation of the gene for the major C. difficile pilin, pilA1, on biofilm formation. 

 

D E 

Figure A1.1: Pilin gene expression as 

determined by RNA-sequencing of C. 

difficile samples grown as a biofilm on glass 

beads (A), as planktonic culture (B), and on 

blood agar under conditions that express pili 

(C). Note that the y-axes in A-C differ. Using a 

three-way comparison, pilin gene expression is 

shown as a heatmap (D), and differential 

expression between the three growth conditions 

is shown using pairwise comparisons (E). Error 

bars indicate one standard deviation. 
*
 indicate q 

value < 0.05.   FPKM: Fragments Per Kilobase 

of transcript per Million fragments mapped. 
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Materials and Methods 

 

Bacterial strains and growth conditions. The C. difficile R20291 strain was chosen for 

these experiments as its genetic sequence is known and mutants are available. Production 

of the R20291 pilA1::ermB and R20291 pilA1::ermB ppilA1 C. difficile strains was 

previously described (Piepenbrink et al., 2015). C. difficile was grown at 37°C within an 

anaerobic chamber (Coy Laboratory Products) with 10% H2, 5% CO2, and 85% N2. 

Biofilms for all strains were grown on 18 x 18 mm glass coverslips. Biofilms were grown 

on 18 x 18 mm glass coverslips. Coverslips were placed in 6-well tissue culture plates, 

and were inoculated with turbid overnight culture diluted to OD600 = 0.125 in pre-

reduced BHI broth, supplemented with thiamphenicol as needed for plasmid 

maintenance. Media was changed every other day. At day 1 or day 7, coverslips were 

washed with sterile PBS and stained with Baclight Live/Dead stain (Life Technologies) 

according to manufacturer instructions. Slides were fixed by incubation with 4% 

paraformaldehyde in PBS, mounted on glass slides, and stored in the dark at -20°C until 

imaged. Three slides per strain were grown for each strain per timepoint; two separate 

growths were conducted. 

Confocal Scanning Laser Microscopy (CLSM). Biofilms were grown on 18 x 18 mm 

glass coverslips and prepared as above. Slides were read using a Zeiss 510 Meta confocal 

laser scanning microscope and accompanying software. Ten fields of view were imaged 

per slide. Live cells per field of view were enumerated with CellProfiler (Kamentsky et 

al., 2011). Z-stacks were acquired for a subset of these images; a minimum of six z-

stacks were analyzed per strain per time point. The structural organization of the biofilms 
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was analyzed using the Comstat2 software package (http://www.comstat.dk) (Heydorn et 

al., 2000). 

 

Results 

 

 A non-piliated mutant is deficient in initial biofilm formation. We previously 

demonstrated that PilA1 is the major C. difficile pilin, that the pilA1 mutant produces no 

visible pili in conditions known to induce piliation in the wild-type strain, and that 

piliation is restored with addition of a complementation plasmid (Piepenbrink et al, 

2015). To investigate the role of T4Ps in biofilm formation, we grew wild-type C. 

difficile, the T4P-deficient mutant, and the complemented mutant under biofilm-

producing conditions.  

If T4Ps are important in biofilm formation, we would expect a non-piliated C. difficile 

mutant to be delayed in biofilm formation as indicated by decreased biomass and 

decreased live cell count in early biofilms as compared to wild-type bacteria; indeed, we 

observe this to be the case. Analysis of three-dimensional biofilm structure demonstrates 

that biofilms formed by the pilA1 mutant accumulate significantly less biomass at day 1 

than the wild-type strain or the complemented mutant (Figure A1.2A); correspondingly, 

the wild-type and the complemented pilA1 mutant form significantly thicker biofilms 

than the pilA1 mutant at day 1 (Figure A1.2B).  Quantification of CLSM images 

demonstrates that after one day of growth pilA1 mutant biofilm appears to have fewer 

live cells present per field of view than the parent wild-type strain (Figure A1.2C, 2E-G), 

though this finding is not statistically significant. Complementation of pilA1 restores the 

http://www.comstat.dk/
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count of live cells per field of view to levels slightly higher than seen in the wild-type 

strain. The pilA1 mutant strain’s biofilm formation deficiency is not simply due to 

differences in growth rates between the wild-type and mutant strains. In broth culture, the 

pilA1 mutant demonstrates similar growth as compared to the parent wild-type strain 

(data not shown), indicating that the absence of T4P is the principal reason for the deficit 

in biofilm formation in the pilA1 mutant strain. While the non-piliated pilA1 mutant 

shows fewer live cells per field of view than the parent wild-type strain after 24 hours of 

growth, this difference disappears by day seven (Figure A1.2C, 2H-J). This phenotype is 

consistent with previous observations of T4P-associated biofilms in C. perfringens and 

NTHI.  
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Figure A1.2. Assessment of lack of piliation on C. difficile biofilm formation. Biofilm biomass 

(A), thickness (B), live cell count (C) and surface area to volume ratio (D) were calculated for 

wild-type C. difficile (black bars), the pilA1 mutant strain (white bars), and the complemented 

mutant (grey bars) at one and seven days of growth. After one day of growth, the pilA1 mutant 

forms biofilms of significantly reduced biomass and thickness that contain fewer live cells as 

compared to the parent wild-type strain; the complemented mutant resembles the wild-type strain. 

These differences are still apparent after seven days of growth, though these differences are no 

longer significant. The pilA1 mutant strain also has a significantly elevated surface-to-volume 

ratio as compared to the wild-type at one and seven days of growth. Representative CLSM images 

of biofilms from one day (E-G) and seven days (H-J) of growth for wild-type (E and H), the pilA1 

mutant (F and I) and the complemented mutant (G and J) illustrate the above observations. Live 

cells are stained green, dead cells are stained red. * indicates p < 0.01, ** indicates p < 0.001. 

Groups were compared using a one-way ANOVA with Dunnett’s post-test. Error bars indicate 

SEM. For the CLSM images, the scale bar indicates 10 μm.  

 



111 

 

Along with total biomass and biofilm thickness, the measured surface area to volume 

ratio provides a useful descriptor of a strain’s tendency to form clumps or aggregates of 

bacteria; a lower surface area to volume ratio indicates fewer isolated bacteria and more 

aggregates. Given that T4Ps are required for aggregation or microcolony formation by 

other bacteria, we would anticipate an increased surface area to volume ratio in the pilA1 

mutant relative to the wild-type strain. Indeed, we find that the pilA1 mutant has an 

increased ratio relative to the wild-type strain, and complementation restores this ratio to 

wild-type levels (Figure A1.2D). However, CLSM images show aggregates of bacteria in 

all strains at both time points (Figure A1.2E-J). Given the presence of these aggregates in 

the pilA1 mutant, these aggregates can form in the absence of T4Ps. Thus, other adhesive 

proteins, for example CbpA or lipoprotein CD0873 (Tulli et al., 2013; Kovacs-Simon et 

al., 2014), are involved in cell-cell adhesion alongside T4Ps.  

 

In sum, T4P genes are differentially expressed during biofilm growth and critical for 

early biofilm formation in C. difficile: a non-piliated strain is deficient in initial biofilm 

formation, forms a biofilm of reduced thickness and biomass, and has decreased tendency 

to aggregate in comparison to the parent wild-type strain. Complementation of the mutant 

restores the above measures to wild-type levels.   

 

Discussion 

 

Despite the human and medical costs of C. difficile infection, its mechanisms of colon 

colonization are poorly understood. Previous research demonstrates that C. difficile forms 
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biofilms and expresses T4Ps (Bordeleau et al, 2015; Đapa et al., 2013; Chapter 2). In this 

work, we sought to elucidate the role of T4Ps in C. difficile biofilm formation. We 

demonstrate major differences in pilin gene expression when C. difficile is grown as a 

biofilm as compared to planktonic or plate growth. We also demonstrate the role of T4Ps 

in biofilm generation: a non-piliated mutant is slower to form biofilm and less likely to 

form aggregates than the parent wild-type strain. Together, our results demonstrate that 

biofilm is a distinct mode of C. difficile growth, one in which T4Ps play an important 

role. Furthermore, these data reinforce earlier work (Đapa et al., 2013) that emphasizes 

the importance of studying biofilms in this clinically relevant organism.    

 

Using quantitative biofilm formation assays, we show that a nonpiliated mutant is 

deficient in early biofilm formation, which supports our hypothesis. The trend toward a 

decreased day one live-cell count in the non-piliated strain suggests that T4Ps are 

important in surface attachment, the first step of biofilm formation. Deficiency in biofilm 

formation upon loss of piliation is common to other T4P-expressing, biofilm-forming 

organisms, including NTHI and P. aeruginosa. NTHI strains lacking expression of the 

major pilin PilA form biofilms of reduced thickness and reduced biomass after 24 hours 

of growth (Carruthers et al., 2012), results consistent with our findings in C. difficile. 

Similarly, experiments with co-cultures of wild-type and non-piliated mutant P. 

aeruginosa strains demonstrate that non-piliated bacteria are less able to move between 

microcolonies, and consequently form less regular biofilms (Klause et al, 2003a). The 

two T4P systems of the aquatic pathogen Vibrio parahaemolyticus have discrete roles in 

biofilm formation; the mannose-sensitive hemagglutinin pilus is involved in bacterial 
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adhesion to surfaces, whereas the chitin-regulated pilus plays a role in cell-cell adhesion 

(Shime-Hattori et al., 2006). T4Ps in C. difficile may serve similar purposes, allowing 

bacteria in the nascent biofilm to adhere to each other, as well as to surfaces. Importantly, 

a nonpiliated C. difficile mutant is still able to form biofilm, indicating that other 

mechanisms are also involved in biofilm formation and maintenance.   

 

Our observations regarding increased surface area-to-volume ratio in the pilA1 mutant 

relative to the wild-type strain support the hypothesis that T4Ps aid the bacteria in 

forming aggregates or microcolonies, as a lower relative surface-to-volume ratio is 

indicative of more cell aggregates. Microcolonies are a critical part of P. aeruginosa 

biofilm initiation, and in N. meningitidis, T4P-reliant microcolony formation is critical 

for bacterial passage across the blood-brain barrier. Our results provide a potential 

explanation for C. difficile cell aggregates, that is linkage by hair-like structures, which 

have been seen by SEM in the ceca and colons of C. difficile-infected hamsters 24 and 36 

hours post-infection (Buckley et al., 2011). Taken together, our findings and the images 

acquired by Buckley and colleagues suggest a possible mechanism of colonic C. difficile 

colonization: T4P facilitate initial attachment to the colonic epithelium and microcolony 

formation, which in turn leads to progression of disease.   

 

The ability to form biofilms may provide C. difficile a selective advantage in the presence 

of the typical constituents of the colonic microbiota; by facilitating adherence to each 

other and to the colonic epithelium T4P-mediated adhesion may allow the bacteria to 

persist in the colon even in the presence of the normal microbiota. Although spore 



114 

 

formation may be the predominant mechanism underlying recurrent CDI, the presence of 

sessile communities in the colon may help to explain why C. difficile infection recurs 

with high frequency. Bacteria in the biofilm mode of growth are more resistant to 

antimicrobials than bacteria grown on plates or in broth (Folsom et al., 2010). This 

phenomenon has been demonstrated in vitro in C. difficile; bacteria grown as a biofilm 

were demonstrably more resistant to killing by super-MIC concentrations of vancomycin 

when compared to equivalent planktonic cultures (Đapa et al., 2013). This advantage at 

super-MIC levels of vancomycin may indicate one mechanism by which C. difficile 

evades eradication during oral vancomycin treatment.  

In conclusion, we demonstrate that the RNA expression profile of C. difficile in biofilm is 

distinct from that of C. difficile grown in broth or on agar plates, including significant 

differences in pilin, adhesin, and toxin gene expression. We find that bacteria unable to 

produce T4P form thinner biofilms with decreased biomass and a trend towards fewer 

live cells than biofilms formed by T4P-producing, wild-type bacteria. This work leads us 

to a more general understanding of biofilm development and the role of T4P in that 

development.  
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Appendix 2: Immunization and challenge experiments with C. difficile pilins 

Introduction 

 

Studies of type IV pilins can have clinically relevant applications, one of which is their 

use in vaccines. As vaccine targets, pilins have a number of positive attributes: T4Ps are 

composed of thousands of repeating monomers, are extracellular and easily accessible to 

the host immune system; moreover, they are often important for initial colonization and 

biofilm formation. Vaccines based on T4Ps have proven successful: trials of 

immunization with T4P subunits or whole pili can confer protection against V. cholerae 

(Sun et al., 1990; Voss et al., 1996) and D. nodosus (Stewart et al., 1985), while a 

Moraxella bovis whole-pilin veterinary vaccine is commercially available 

(Piliguard
®
 Pinkeye TriView, Merck Animal Health). However, not all T4P-based 

vaccines have proven efficacious. For example, immunization with N. gonorrhoeae PilE 

was not protective against infection in human trials, despite generating an anti-pilin 

antibody response (Boslego et al., 1991). The immunogenicity and crossreactivity studies 

detailed in Chapter 2 demonstrated that pilins are immunogenic in mice; these results led 

us to hypothesize that immunization with pilins would be protective against infection 

with C. difficile.  Those studies also helped us select the pilins included in the vaccine.  

The experiments described in Chapter 2 demonstrate that immunization with PilA1 led to 

weak and non-specific responses by ELISA, immunization with PilJ resulted in the 

generation of strong and specific anti-pilin antibodies, and immunization with PilW led to 

broadly reactive anti-pilin antibodies.  Indeed, immunization with PilW led to higher anti-

PilA1 titers than immunization with PilA1. PilA1 and PilJ are incorporated into pili and 

present extracellularly, thus they are accessible to the host immune system. Finally, PilJ 
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is an adhesin; antibodies against the protein could disrupt an interaction critical to 

colonization. Therefore, we decided to combine PilA1, PilJ, and PilW into a single pilot 

vaccine.  

Given that C. difficile is a colonic pathogen, one part of the pilot experiment involved 

oral vaccination, to take advantage of mucosal immunity in the same manner as the 

rotavirus and Sabin polio vaccines and other oral vaccines. The oral vaccine formulation 

used double-mutant E. coli heat-labile toxin (dmLT) as an adjuvant kindly provided by 

Dr. John Clements (Tulane University). Another group of mice was vaccinated 

subcutaneously; the vaccine used Y. pestis lipid A as an adjuvant, kindly provided by Dr. 

Bob Ernst (University of Maryland School of Dentistry). We hypothesized that 

immunizations with pilins would be protective upon challenge with C. difficile. The 

mouse model of acute C. difficile infection used here is well established and has been 

used previously to test other C. difficile treatments and vaccines (Chen et al., 2008).  

 

Materials and Methods 

 

Vaccine preparation  

Pilins were purified as described in Chapter 2. For the pilot experiment, the vaccine 

consisted of 100 μg of PilA1, PilJ, and PilW, and either 25 μg of the adjuvant dmLT for 

oral immunization or 25 μg of the adjuvant Y. pestis lipid A (YPE TBE 44) for 

subcutaneous immunization. Control mice received adjuvant in saline. Vaccines were 

assembled immediately prior to administration. Each formulation was administered to 

five mice, for a total of twenty mice used in the entire experiment.  
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For the first follow-up experiment, mice were immunized subcutaneously with adjuvant 

plus 100 μg of PilA1, 100 μg PilW, or 100 μg of both proteins. The control group 

received adjuvant alone. For the second follow-up experiment, mice were immunized 

subcutaneously with 100 μg PilW or adjuvant alone. For both follow-up experiments, 

complete Freund’s adjuvant was used for initial immunizations and incomplete Freund’s 

adjuvant was used for all subsequent immunizations. In both follow-up experiments, each 

vaccine variant was administered to five mice. Mice in the second follow-up experiment 

were administered 100 μL of anti-PilW or normal mouse serum by intraperitoneal 

injection 24 hours prior to challenge.   

Animal handling 

Female C57Bl/6 mice were maintained in a pathogen-free animal biosafety level 2 

facility. All mice used in the experiments were housed in groups of 5 per cage under the 

same conditions. Food, water, bedding, and cages were autoclaved. For the pilot 

experiment, mice were immunized three times at ten-day intervals. For the follow-up 

experiments, mice were immunized four times at ten to fourteen day intervals. Fecal 

pellets and test bleeds were collected at each immunization. 

C. difficile challenge 

C. difficile challenge was conducted as previously described (Chen et al., 2008), with 

minor modifications. Fourteen days after the third immunization, the mice were 

administered an antibiotic cocktail in drinking water, consisting of 0.4 mg/mL 

kanamycin, 0.035 mg/mL gentamicin, 850 U/mL colistin, 0.215 mg/mL metronidazole, 

and 0.045 mg/mL vancomycin, for four days. Two days after the cessation of antibiotics 
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in drinking water, mice were administered an intraperitoneal injection of 10 mg/kg 

clindamycin. One day after clindamycin administration, mice were challenged by oral 

gavage with 10
5
 CFUs of C. difficile spores. The mice from the second follow-up 

experiment were challenged with 10
4
 CFUs. Mice were euthanized six days after 

challenge. Fecal pellets and test bleeds were collected on challenge day zero. After 

euthanasia, necropsy was performed, and terminal bleeds, cecal contents, and colon and 

cecal tissue were collected and stored at -80º C. Colon and cecal tissue samples were 

prepared and stained by the University of Maryland Pathology and Histology core 

facility. Slides were read by a trained pathologist unaffiliated with the lab and scored 

according to published criteria (Kelly et al., 1994). 

Anti-pilin ELISAs  

ELISAs measuring serum anti-pilin IgG were conducted as described in Chapter 2. For 

fecal anti-pilin IgA, frozen fecal pellets were resuspended in 10 μL filter-sterilized PBS 

per 1 mg fecal mass. Resuspended pellets were vortexed and centrifuged at 3000 x g for 

10 minutes to remove debris. These supernatants were then used in ELISAs using the 

same protocol as for serum samples. The secondary antibody for the fecal IgA ELISAs 

was horseradish peroxidase-conjugated goat anti-mouse IgA (α) (KPL).   

All animals were handled according to Institutional Animal Care and Use Committee 

(IACUC) guidelines and in accordance with the recommendations in the Guide for the 

Care and Use of Laboratory Animals of the National Institutes of Health. This study was 

approved by the University of Maryland Baltimore IACUC as protocol number 0113006. 
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Results  

 

Immunization with a mixture of three pilins leads to low antibody titers in C57Bl/6 

mice. After three immunizations, mice immunized with pilins demonstrated anti-pilin 

antibody titers much lower than would be expected given the results from our previous 

immunogenicity studies using BALB/c mice. Only two of five mice in the pilin-

immunized groups demonstrated anti-pilin antibody titers above background (Figure 

A2.1A). In the orally-immunized group, one mouse generated a fecal IgA response to all 

three pilins, whereas one responded only to PilJ (Figure A2.1B). The two mice in the 

subcutaneously immunized group for which anti-pilin IgG was detected had responses to 

all three pilins.   

Immunization with a mixture of three pilins is not protective upon C. difficile challenge. 

Despite the low antibody titers in the pilin-immunized mice, all groups of mice were 

challenged with 10
5
 CFU of C. difficile spores. All mice lost >10% of body weight by 

day 3 of infection (Figure A2.1C). By challenge day 3, three of five mice immunized 

subcutaneously with pilins had died, none of the other mice in the study died (Figure 

A2.1D). No significant difference in weight loss trends was seen between the four 

different groups. Mice were euthanized on day 6 after infection. Histopathological 

analysis of colon and cecal tissue harvested after euthanasia demonstrated no difference 

among the four groups in the three criteria analyzed: neutrophil margination and tissue 

infiltration, hemorrhagic congestion and edema of the mucosa, and epithelial cell damage 

(Figure A2.1E). 
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Figure A2.1: Immunization with three pilins is not protective against C. difficile challenge. 

Immunization of C57Bl/6 mice with a mix of PilA1, PilJ, and PilW subcutaneously (A) or by oral 

gavage (B) leads to low anti-pilin IgG and IgA titers respectively. Pale bars show pre-immunization 

titers, dark bars show pre-challenge test bleed titers. Blue bars represent anti-PilA1 titers, green bars 

represent anti-PilJ titers, and brown bars represent anti-PilW titers. (C) Immunization with pilins 

confers no protection from weight loss upon infection. Error bars show standard deviation. (D) 

Immunization with pilins affords no protection from mortality. Red, subcutaneous adjuvant alone; 

orange, subcutaneous pilins and adjuvant; green, oral gavage adjuvant alone; blue, oral gavage pilins 

and adjuvant. No consistent findings in day 6 cecal pathology are seen in any of the groups, either 

immunized subcutaneously (E) or by oral gavage (F). Blue bars show score for neutrophil margination 

and tissue infiltration. Red bars show score for hemorrhagic congestion and edema of the mucosa. 

Green bars show score for epithelial cell damage. SPA indicates subcutaneous immunization with pilins 

and adjuvant. SP indicates subcutanwous immunization with adjuvant alone. GPA indicates gavage 

immunization with pilins and adjuvant. GA indicates gavage immunization with adjuvant alone. 

Numbers are individual mice, mice that died overnight were not evaluated pathologically.  
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Results of pilot study indicated the necessity of further experiments. Given the results 

of this pilot experiment, we designed two follow-up experiments. Because BALB/c mice 

immunized with PilJ and PilW, but not PilA1, developed high titer antibodies and 

C57Bl/6 mice immunized with all three proteins developed poor antibody responses, we 

wished to test the hypothesis that PilA1 is not only poorly immunogenic, but suppresses 

responses to other antigens. Therefore the first of these experiments was designed to 

investigate the possible influence of PilA1 on anti-pilin antibody production. Mice in this 

experiment were divided into three groups. One group was immunized with PilA1 alone, 

one with PilW alone, and one with both pilins. A control group received adjuvant alone. 

If PilA1 is immunosuppressive, mice immunized with both pilins would have lower anti-

PilW antibody titers than mice immunized with PilW alone. The second experiment was 

an attempt to demonstrate that anti-pilin antibodies would be protective upon C. difficile 

challenge. Mice in this group were immunized with PilW with adjuvant, or with adjuvant 

alone. They were also administered 100 μL of anti-PilW generated during the 

immunogenicity experiments (Chapter 2). Control mice were administered 100 μL of 

commercial normal mouse serum. This combination of active and passive immunization 

was designed to be the optimal scenario for testing the protective efficacy of anti-pilin 

antibodies. We elected to use complete and incomplete Freund’s adjuvant for these rather 

than YP TBE 44 used in the previous experiment, because the former was used in the 

previous immunogenicity studies, where mice produced high-titer anti-pilin antibodies.  

Despite an extra immunization, mice in the follow-up experiments still generated only 

low-titer anti-pilin antibodies (Figure A2.2). However, all five mice in each pilin-

immunized group had low antibody titers, as compared to the previous experiment where 
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only some of the mice showed anti-pilin antibody titers. There appears to be no 

difference between titers in the different groups of mice, despite the different pilins 

administered as vaccines.  

Immunization with individual pilins is not protective upon challenge. The mice in 

follow-up experiment one were challenged with 10
5
 CFUs of C. difficile; all mice 

survived through challenge day 6. The attack rate (i.e. the percentage of mice that showed 

signs of clinical disease, either loss of >5% body weight or diarrhea) in immunized mice 

was higher than in unimmunized mice (Figure A2.2B, C); there was also a trend toward 

less weight loss in the adjuvant-only group as compared to the groups immunized with 

pilins, though this was not statistically significant. The three groups immunized with 

pilins did not appear to differ in terms of weight loss. However, the weight loss in these 

mice was much less dramatic than that seen in the pilot experiment. This observation 

could be due to the lower challenge dose or due to the fact that mice in the follow-up 

experiment groups were slightly older at the time of challenge, due to the extra 

immunization administered to the mice in the follow-up experiments.  

Figure A2.2: Immunization with PilA1, PilW, or a combination are not protective upon C. difficile 

challenge. (A) Subcutaneous immunization of C57BL/6 mice with pilins using complete/incomplete 

Freund’s adjuvant generates poor antibody response. Pale bars represent titers after three 

immunizations; dark bars represent titers after four immunizations. Red bars represent anti-pilA1 titers, 

blue bars represent anti-PilW titers. Top left, mice immunized with only PilA1; top right, mice 

immunized with PilA1 and PilW; bottom, mice immunized with PilW. (B) Immunization with pilins 

conferred no protection from C. difficile infection upon challenge. Blue bars, percent of mice in each 

group with diarrhea, loss of >5% body weight on challenge day 2, or both. Red bars, percent of mice in 

each group with weight loss only. (C) Immunization with pilins does not protect against weight loss 

upon C. difficile challenge. Red, mice immunized with PilA1 orange, mice immunized with PilW; pale 

green, mice immunized with both PilA1 and PilW; dark green, mice immunized with adjuvant only. 

Left graph, first follow-up experiment; right graph, second follow-up experiment. Error bars represent 

standard deviation.   
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Passive transfer of anti-pilin antibodies is not protective against infection. One day after 

passive transfer of anti-PilW antibodies (i.e. on challenge day 0), all five mice given anti-
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PilW antibodies had anti-PilW antibody titers of 1:512,000 or above. Mice in the passive-

transfer group were infected with 10
4
 CFUs; all mice survived to challenge day 6. 

Despite the high serum anti-pilin antibody titers in the immunized/passive transfer group, 

we found the attack rates were equal in the immunized group and the control group 

(Figure A2.2B). One mouse in each group of five lost >5% of body weight (Figure 

A2.2B, C).  

 

Discussion  

 

The ELISA results and survival data indicate that, at minimum, immunization with pilins 

provided no protection from disease, as all mice developed disease after challenge. No 

difference between the groups was observed in terms of weight loss or histopathology 

scoring. Thus, we were unable to reject our null hypothesis that immunization of mice 

with pilins will have no effect in a mouse model of acute CDI. Further analysis of the 

samples obtained during the course of these trials may provide insights into why none of 

the different formulations induced protective immunity.  

Despite previous evidence of the efficacy of dmLT as an adjuvant, administration of the 

oral pilin vaccine induced only low titer anti-pilin IgA in a minority of the mice receiving 

the vaccine. Measuring fecal anti-dmLT titers in the two orally-immunized groups is the 

logical next step in investigating why the vaccine failed. If both groups developed anti-

dmLT antibodies, then the lack of a mucosal antibody response to the pilins is intrinsic to 

the pilins themselves, as we hypothesize is the case in the subcutaneously immunized 

mice. If the control group developed anti-dmLT antibodies, but the pilin-vaccinated 
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group did not, then we can attribute the lack of anti-pilin antibodies to possible 

immunosuppressive effects of the pilins. A lack of anti-dmLT antibodies in both groups 

would be indicative of some problem in formulation or administration of the vaccine. For 

example, low murine stomach pH could lead to breakdown of the vaccine components 

prior to their reaching the cecum and colon, an issue that could easily be rectified with 

administration of bicarbonate prior to immunization.  

Similarly, further analysis of fecal and cecal samples from the passively-immunized mice 

is required to determine whether any of the IgG administered was present in the colon or 

cecum during infection. If no anti-pilin IgG was present in the fecal or cecal contents in 

the presence of high concentrations of circulating, anti-pilin IgG, the antibody is unable 

to reach the GI lumen. If this is the case, subcutaneous immunization may not be a 

feasible vaccination mechanism. If circulating anti-pilin IgG, from passive or active 

immunization, is not present at the site of infection, the antibody can be of little use. The 

results of these experiments can help inform the design of our next vaccine trials. 

The low anti-pilin antibody titers and the mortality rate in the subcutaneous pilins may be 

related, in that pre-challenge exposure to pilins may have precipitated the negative 

outcomes seen in the mice immunized with pilins subcutaneously. If PilA1 is actively 

immunosuppressive, it could have blunted any possible responses to PilJ and PilW during 

immunization, and predisposed the exposed animals to death when challenged with C. 

difficile. Alternately, C57Bl/6 are Th1-biased in their immune responses; their antibody 

responses may be inferior to that of the Th2-biased BALB/c strain. This bias in turn 

means the hypothesis that anti-pilin antibodies are protective against C. difficile challenge 
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may not have been adequately tested in the pilot experiment; the mortality rate in the 

group given pilins subcutaneously may be due to random chance.  

The results of histopathology for both follow-up experiments will provide insight into 

whether the vaccination afforded the mice any protection from tissue damage or led to 

decreased colonization. Cytokine testing of serum samples taken immediately before and 

24 hours after vaccination will elucidate whether vaccination with PilA1 or PilW induces 

the release of cytokines associated with pro- or anti-inflammatory responses. These data, 

in turn, will augment our knowledge of the immune response to pilins.  

The initial pilin immunogenicity studies were conducted with BALB/c mice (chapter 2). 

As this strain of mice has been proven to generate high-titer anti-pilin antibodies after 

immunization with pilins, using this strain in an immunization and challenge experiment 

would be a logical next step. However, BALB/c mice do not develop signs of CDI when 

challenged with C. difficile, which precludes their use in an immunization and challenge 

experiment. One solution to this conundrum would be to move away from the mouse 

model entirely, and conduct an immunization trial in the hamster model of C. difficile. 

PilW would be an ideal choice as immunogen for these experiments for the same reasons 

we selected it as our immunogen for the experiments described above: immunization with 

this pilin can produce high-titer antibodies that are cross-reactive with the other five 

purified pilins, including the two that are a confirmed part of the pilus. As in the pilot 

mouse experiment, we would need to compare oral immunization to subcutaneous 

immunization. High-titer anti-pilin antibodies in serum are useless for combating C. 

difficile infection unless they can be recruited to the site of infection; thus, we would 

choose the method that generated fecal anti-pilin antibodies.  
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An alternate approach would be to use a transmission model or long-term colonization 

model, rather than an acute infection model, to test future anti-pilin vaccines. In 

preliminary experiments using the same murine acute disease model we used here, our 

collaborators observed no attenuation of infection with a non-piliated mutant when 

compared to the parent wild-type strain. These results suggest that T4Ps may not be 

critical in acute CDI but rather may be important for C. difficile to colonize the colon in 

the presence of the normal microbiota; in the setting of antimicrobial exposure, however, 

any advantage in colonization afforded by the T4Ps would be nullified by the 

abnormalities of the antimicrobial-exposed microbiota, and T4Ps would cease to be 

important colonization factors. This hypothesis provides a simple explanation for why 

anti-pilin vaccines and antibodies failed to protect mice from acute C. difficile challenge: 

if T4Ps are not a critical colonization factor in the setting of acute CDI, anti-pilin 

immunity can have no role in preventing disease. Further experiments need to be 

conducted to determine the role of T4Ps in C. difficile colonization and infection; 

defining that role will define the interaction between bacterium and host that an anti-pilin 

vaccine would need to target, which in turn would inform the optimal system to be used 

for anti-pilin vaccine trials.  

Chapter 4 demonstrates that PilJ is an adhesin that interacts specifically and saturably 

with a receptor on the host cell; verification of receptor identity, followed by future 

experiments as discussed in that chapter will allow determination of how this interaction 

contributes to colonization. Mice are not humans, and may not express either one of the 

predicted receptors, or the mouse protein could be divergent enough from the human 

protein that it is no longer recognized by PilJ. If the PilJ-receptor interaction proves 
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crucial to T4P-mediated colonization and mice lack the ability to interact with PilJ, we 

cannot use the mouse model to study an anti-pilin vaccine designed to block colonization. 

A strain of mice expressing the human form of the PilJ receptor could be made and used 

to test future anti-pilin vaccines.  The results of experiments in an optimal system would 

determine whether an anti-pilin vaccine is a viable method for CDI prevention.  
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Supplemental table 4.1: Proteins found in 45-kDa band by mass spectrometry 

Protein 

Percent 

coverage 

Unique 

peptides 

Protein length 

(aa) 

HLA class I histocompatibility antigen, A-2 alpha 

chain  56.7 35 365 

Basic leucine zipper and W2 domain-containing 

protein 2  26 18 419 

Isoform 2 of Annexin A2  61.2 13 357 

Isoform CNPI of 2',3'-cyclic-nucleotide 3'-

phosphodiesterase  19.7 13 401 

MARCKS-related protein  82.1 12 195 

Arfaptin-2  32.8 11 341 

Adipocyte plasma membrane-associated protein  22.4 11 416 

Tyrosine-protein phosphatase non-receptor type 1  24.4 8 435 

Ataxin-10  21.1 8 475 

Isoform 2 of Coxsackievirus and adenovirus 

receptor 23.1 7 344 

Sorting nexin-5  17.1 7 404 

Isoform 2 of Glyceraldehyde-3-phosphate 

dehydrogenase  27.7 6 293 

Ankyrin repeat domain-containing protein 40 20.9 6 368 

Starch-binding domain-containing protein 1  20.1 6 358 

Sodium/potassium-transporting ATPase subunit 

beta-3  21.9 5 279 

Isoform 2 of Basigin  18.2 5 269 

Sorting nexin-2  14.7 5 519 

Isoform 3 of Calumenin  20 4 323 

V-type proton ATPase subunit C 1  15 4 382 

Sialidase-1  14.2 4 415 

Sorting nexin-6  10.6 4 406 

Laminin subunit gamma-1 4 4 1609 

Isoform 2 of Matrix-remodeling-associated protein 

7  100 3 170 

Isoform 2 of Protein NDRG1  29.8 3 328 

Epithelial cell adhesion molecule  18.6 3 314 

UPF0361 protein C3orf37  15.6 3 354 

Isoform 1 of Serum paraoxonase/arylesterase 2  14.3 3 354 

Isoform 5 of Minor histocompatibility antigen H13  14 3 335 

Isoform 2 of Disks large-associated protein 4  12.4 3 989 

Isoform 2 of Vacuolar protein-sorting-associated 

protein 36  11.9 3 328 

Monocarboxylate transporter 1  7.2 3 500 

Isoform 3 of Sodium/potassium-transporting 

ATPase subunit alpha-1  5.6 3 992 

Isoform 3 of Endophilin-A2  17.8 2 304 
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Prostasin  13 2 343 

Junctional adhesion molecule A  12 2 299 

IgG receptor FcRn large subunit p51 11.8 2 365 

Hemoglobin subunit alpha  10.6 2 142 

Endothelial protein C receptor  9.2 2 238 

TBC1 domain family member 13 9 2 400 

Phosphatidylinositol 4-kinase type 2-alpha  6.3 2 479 

Isoform 3 of Lipolysis-stimulated lipoprotein 

receptor  5.9 2 629 

Cadherin-17 3.1 2 832 

Isoform 2 of 4F2 cell-surface antigen heavy chain  2.8 2 529 

Isoform 2 of Myoferlin  1.5 2 2019 
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Supplemental table 4.2: Proteins found in 55-kDa band by mass spectrometry 

Protein 

Percent 

coverage 

Unique 

peptides 

Protein length 

(aa) 

Isoform 2 of Basigin  33.1 14 269 

Coxsackievirus and adenovirus receptor  41.1 13 365 

Isoform 2 of Sodium/potassium-transporting ATPase 

subunit beta-1  40.5 12 301 

Adenylyl cyclase-associated protein 1  24.6 12 475 

Adipocyte plasma membrane-associated protein  33.7 11 416 

Alpha-enolase  18.2 8 434 

Vasodilator-stimulated phosphoprotein  17.9 8 380 

Isoform 3 of Lipolysis-stimulated lipoprotein receptor  20.3 7 629 

Isoform 2 of V-type proton ATPase subunit H  18.3 7 465 

Endonuclease domain-containing 1 protein  22.4 6 500 

V-type proton ATPase catalytic subunit A  13 6 617 

HLA class I histocompatibility antigen, A-2 alpha chain  22.7 5 365 

Protein FAM203B  20 5 390 

Isoform 3 of Membrane-associated tyrosine- and 

threonine-specific cdc2-inhibitory kinase 18.8 5 490 

Isoform 2 of Oxysterol-binding protein-related protein 2 16 5 468 

Isoform 2 of Cytochrome P450 2S1  12.9 5 564 

Isoform 2 of Protein odr-4 homolog  10.2 5 431 

Sorting nexin-2  14.7 4 519 

Phosphatidylinositol 4-kinase type 2-beta  14.6 4 481 

Putative methyltransferase NSUN6  13 4 469 

Probable inactive protein kinase-like protein SgK196  12.6 4 350 

Ataxin-10  12.6 4 475 

Isoform 2 of Glucose-6-phosphate isomerase  11.3 4 569 

Isoform 2 of Killer cell lectin-like receptor subfamily G 

member 2  9.6 4 314 

Isoform 3 of Sodium/potassium-transporting ATPase 

subunit alpha-1  7 4 992 

Isoform 3 of Myoferlin  3 4 2050 

Angio-associated migratory cell protein migratory cell 

protein  22.9 3 434 

Isoform 2 of Myelin protein zero-like protein 1  20.1 3 268 

Isoform Alpha of Paxillin 19.8 3 557 
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Isoform Short of Beta-1,4-galactosyltransferase 1  12.7 3 385 

Tumor susceptibility gene 101 protein  11.8 3 390 

Isoform 2 of Multifunctional protein ADE2  10.7 3 432 

Isoform 2 of Amyloid-like protein 2  7.9 3 707 

Solute carrier family 2, facilitated glucose transporter 

member 3 5.8 3 496 

Band 4.1-like protein 2  4.9 3 1005 

Suppressor of tumorigenicity 14 protein 3.3 3 855 

Isoform 2 of Annexin A2  39.5 2 357 

Flotillin-1  18.8 2 427 

Basic leucine zipper and W2 domain-containing protein 2  13.1 2 419 

Isoform 2 of 45 kDa calcium-binding protein  10.4 2 259 

Endothelial cell-selective adhesion molecule  8.7 2 390 

Frizzled-4  8.2 2 537 

5'-nucleotidase domain-containing protein 1  7.9 2 455 

Isoform Delta 10 of Calcium/calmodulin-dependent 

protein kinase type II subunit delta  7.7 2 492 

Coronin-1B 7.6 2 489 

Ladinin-1  7 2 517 

Isoform 1 of Neuroplastin  6.5 2 282 

Isoform 2 of Immunoglobulin superfamily member 8  5.4 2 372 

Isoform 2 of 4F2 cell-surface antigen heavy chain  5.1 2 529 

78 kDa glucose-regulated protein 4.9 2 654 

Isoform 2 of Abhydrolase domain-containing protein 16A 4.8 2 525 

Copine-1  4.2 2 537 

Matrix metalloproteinase-14  4.1 2 582 
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Supplemental table 4.3: Proteins found in 75-kDa band by mass spectrometry 

Protein 

Percent 

coverage 

Unique 

peptides 

Protein length 

(aa) 

Isoform 3 of Sodium/potassium-transporting 

ATPase subunit alpha-1  47 69 992 

4F2 cell-surface antigen heavy chain  52.1 42 599 

Basal cell adhesion molecule  44.6 33 628 

Laminin subunit beta-1  16.3 25 1786 

Integrin beta-5  26 20 799 

Laminin subunit gamma-1  17.3 20 1609 

Intercellular adhesion molecule 1  29.7 18 532 

Transferrin receptor protein 1  28.6 17 760 

Protein FAM151A  18.6 15 585 

Ezrin  28 13 586 

Isoform 2 of Amyloid-like protein 2  21.3 13 707 

Isoform 4 of Band 4.1-like protein 1 20.8 13 701 

Solute carrier family 2, facilitated glucose 

transporter member 3  14.3 12 496 

Arf-GAP with coiled-coil, ANK repeat and PH 

domain-containing protein 2  16.2 11 778 

Neutral amino acid transporter B(0)  17 10 541 

Isoform 3 of Prolyl 3-hydroxylase 1  11.5 10 804 

Myristoylated alanine-rich C-kinase substrate  32.2 9 332 

Isoform 1 of Complement decay-accelerating factor  27 8 440 

Solute carrier family 2, facilitated glucose 

transporter member 1 11.2 8 492 

Ephrin type-A receptor 2  10.9 8 976 

Protein ITFG3  13.2 7 552 

Insulin-like growth factor 1 receptor 5.7 7 1367 

Alpha-taxilin  17 6 546 

Isoform 1 of Gamma-adducin 13.8 6 674 

Oxysterol-binding protein 1  11.3 6 807 

Isoform 5 of Minor histocompatibility antigen H13 16.1 5 335 

Isoform 10 of Glucocorticoid receptor 11.2 5 751 

Isoform 2 of Melanoma-associated antigen D1  9.3 5 834 

Isoform Beta-1B of Integrin beta-1  9.1 5 789 

Uncharacterized family 31 glucosidase KIAA1161  5.9 5 714 

Nodal modulator 3  4.9 5 1222 

T-cell immunomodulatory protein  32.6 4 612 

Single Ig IL-1-related receptor 12.7 4 410 

Isoform Beta of Poliovirus receptor  11.5 4 372 

Cleft lip and palate transmembrane protein 1  9.9 4 669 
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Band 4.1-like protein 2  8.1 4 1005 

Cadherin-1  5 4 882 

Isoform 2 of Myoferlin  3 4 2019 

Isoform 4 of Tyrosine-protein phosphatase non-

receptor type substrate 1  8.7 3 503 

Isoform 2 of Sortilin  7.6 3 694 

Monocarboxylate transporter 1 7.2 3 500 

Isoform 2 of Drebrin 6.6 3 651 

Isoform 2 of Epsin-1  6 3 662 

Low-density lipoprotein receptor-related protein 2  0.9 3 4655 

HLA class I histocompatibility antigen, A-2 alpha 

chain 10.2 2 365 

Isoform 2 of Sodium/potassium-transporting 

ATPase subunit beta-1  10.1 2 301 

Isoform 1 of Neuroplastin  6.5 2 282 

Tyrosine-protein phosphatase non-receptor type 1  5.5 2 435 

Isoform 2 of Hyaluronan mediated motility receptor  5.4 2 709 

Isoform 2 of Liprin-beta-2  4.5 2 764 

Isoform 2 of Alpha-catulin 3.3 2 718 

Disintegrin and metalloproteinase domain-

containing protein 9  2.3 2 819 
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