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ABSTRACT 

 
 

Disease caused by antibiotic resistant (ABR) bacteria has become a widespread 

global public health issue as humanity’s existing collection of effective antibiotics 

dwindles. ABR bacteria are responsible for approximately 5 million deaths worldwide 

annually, which is predicted to reach 10 million yearly by 2050. Antivirulence 

therapeutics have been explored in recent times as another approach to tackling the global 

ABR pandemic by disrupting the function of virulence factors that promote disease 

development. The bacterial type IV pilus (T4P) is a prevalent virulence factor in many 

ABR pathogens, contributing to bacterial pathogenesis by facilitating cell motility, 

surface adhesion, and biofilm formation. Critically, the T4P facilitates early stages of 

disease, providing a means to invade and colonize a host. T4P assembly is driven by the 

PilB/PilF motor ATPase that localizes to the cytoplasmic face of the inner membrane to 

drive pilus biogenesis by ATP hydrolysis. The thesis work here explores computational 

and experimental methods for the discovery of antivirulence therapeutics targeting the 

T4P assembly ATPase PilB. A computational model of Chloracidobacterium 

thermophilum PilB was generated by homology modeling and molecular docking was 

performed to analyze the binding characteristics of six anti-PilB inhibitory compounds 

identified in previous studies. Computational docking aligns with the existing body of 

work and reveals important protein-ligand interactions and characteristics, particularly 

involving the ATP binding domain of PilB. This work supports the use of PilB in 



 
 

structure-based virtual screening to identify novel compounds targeting PilB. 

Additionally, through heterologous expression and chromatography methods, the ATPase 

core of Neisseria gonorrhoeae PilF was successfully expressed and purified as an active 

ATPase. This work optimized conditions for its ATPase activity in vitro. Additionally, 

this thesis documents the experimental attempt to express and purify Clostridioides 

difficile PilB as an active ATPase. Two of the seven C. difficile PilB variant proteins 

expressed led to soluble protein while one construct remains to be explored. The results 

of these studies provide insight for future methodology design for antivirulence 

therapeutic research targeting the T4P assembly ATPase using both in silico and in vitro 

methods. 
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GENERAL AUDIENCE ABSTRACT 

 
 
 Antibiotic resistant bacterial infections are responsible for nearly 5 million deaths 

worldwide every year. These infections are becoming increasingly more difficult to treat 

as bacterial pathogens acquire greater means to overcome our dwindling antibiotic 

repertoire. This has prompted researchers to explore alternative therapeutic strategies, 

including the antivirulence approach that aims to disable the function or production of 

bacterial virulence factors. Virulence factors serve as arms and armor that help bacteria 

cause disease, but they may be disrupted in such a way that renders potentially 

pathogenic bacteria harmless to humans. One major virulence factor in many antibiotic 

resistant bacteria is the type IV pilus (T4P), which is important in the early stages of host 

invasion by mediating adhesion and biofilm formation. This work explores both 

computational and experimental strategies to antivirulence drug discovery targeting the 

T4P, specifically the primary motor protein PilB/PilF. Newly identified PilB inhibitors 

were evaluated by molecular docking and molecular dynamics simulation to assess the 

use of PilB for drug discovery via virtual screening in silico. This revealed key 

characteristics and protein-ligand interactions that contribute to successful PilB inhibition 

and supports the use of CtPilB for structure-based virtual screening. Additionally, the 

PilF motor protein from Neisseria gonorrhoeae was successfully purified and 

demonstrated to be active for inhibitor discovery in the future. This work also covers 



 
 

efforts to establish Clostridioides difficile PilB as potential model enzyme for inhibitor 

discovery in the future.
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Chapter 1 - Literature Review  
 

Antibiotics and Antibiotic Resistance. 
Antibiotics have been the primary tool against bacterial infections since penicillin 

was first introduced into clinical use in the 1940s [1, 2]. Penicillin ushered in the golden 

age of antibiotic discovery from the 1940s to 1970s, during which most major antibiotic 

classes were identified. Although antibiotics were instrumental to advances in modern 

medicine, excessive use in healthcare and agriculture resulted in decreased effectiveness 

as bacteria quickly acquired mechanisms to overcome the effects of antibiotics [2-4]. 

With the decline in novel discoveries, antibiotic resistance (ABR) continues to threaten 

human health on a global scale. It is estimated that 4.9 million deaths are due to resistant 

pathogens worldwide, with ABR directly responsible for 1.27 million of those deaths [5]. 

Disease by six ABR pathogens account for nearly 75% of those 1.27 million, 

underscoring the severity of the current global antibiotic resistance pandemic. These six 

organisms, Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae, 

Streptococcus pneumoniae, Acinetobacter baumannii, and Pseudomonas aeruginosa, are 

among the priority pathogens identified by the World Health Organization (WHO) due to 

their multidrug resistance [5, 6]. Additionally, 90% of the organisms reported as critically 

antimicrobial resistant by the Centers for Disease Control and Prevention (CDC) are 

bacteria, most of which were also identified by the WHO report [1, 6]. Without 

intervention by effective novel therapeutics, it is estimated that up to 10 million deaths 

yearly will be attributed to ABR-related disease by 2050 [7].  

All major classes of antibiotics target cellular processes that are essential for 

sustaining life, including biosynthesis of nucleic acids, proteins, or the cell envelope and 
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cell wall and membrane maintenance [8, 9]. Disruption of these processes is either 

bacteriostatic, inhibiting bacterial growth, or bactericidal, causing cell death. Antibiotics 

are fundamentally broad-spectrum drugs because these life-sustaining processes are 

universal conserved in bacteria, whether they are pathogenic or not. This is central to the 

ABR problem as antibiotics act as an evolutionary pressure that selects for resistant 

organisms [10]. Resistance may be intrinsic, existing naturally in those producing 

antibiotics, lacking targeted cell structures, or by drug exclusion. Gram-negative bacteria 

have an additional layer of resistance against certain antibiotics, owing to the low 

permeability of their outer membrane [4, 11]. Acquired resistance, in contrast, occurs by 

spontaneous mutation or horizontal gene transfer of resistance genes and is of greater 

clinical concern [4]. For example, Acinetobacter species, including the highly ABR A. 

baumannii, are naturally competent and are able to take up exogenous DNA with great 

efficiency [12]. Transmission of resistance genes can also be enhanced in high density 

communities, such as biofilms where extracellular DNA can be readily found in the 

biofilm matrix [4, 11, 13]. Thus, antibiotic resistance can easily and rapidly spread 

throughout bacterial communities, underscoring the urgent need for alternative 

therapeutics.  

Antibiotic Resistance Mechanisms 

Resistance mechanisms fall into four major categories: decreased influx and cell 

permeability, modification of the target, modification or inactivation of the antibiotic, and 

increased efflux by multidrug efflux pumps [4, 11, 14]. A single antibiotic class may 

encounter any or all of these mechanisms. This is evident for the β-lactam family, for 

example, which includes penicillin and carbapenem. β-lactams are a broad class of 
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antibiotics that target peptidoglycan biosynthesis by irreversible inactivation of 

penicillin-binding proteins (PBPs) responsible for peptidoglycan crosslinking in the cell 

wall [15]. To access their targets, antibiotics must be imported through porins on the 

outer membrane of Gram-negative bacteria. Acinetobacter, Pseudomonas, and Neisseria 

species downregulate porin expression or produce mutant porins to limit permeability 

[16]. The loss of OprD porins is implicated in carbapenem resistance in P. aeruginosa [3, 

11]. β-lactams can be inactivated by β-lactamases that hydrolyze the β-lactam amide 

bond. PBPs may be modified to be less susceptible to β-lactams [15, 17]. Penicillin-

resistant clinical strains of S. pneumoniae express a PBP2b protein containing mutations 

in catalytic domains, rendering it unable to bind β-lactams [17]. Strains of N. 

gonorrhoeae express multiple mutant PBPs that have lower affinity for extended-

spectrum cephalosporins, a class that includes ceftriaxone [18, 19]. All bacteria express 

efflux pumps on their cell membrane that can actively remove or extrude antibiotics from 

the cell. The resistance-nodulation-division (RND) class of efflux pumps are closely 

associated with highly resistant Gram-negative bacteria. The rise of ABR A. baumannii is 

partially attributed to the expression of three RND pump systems, AdeABC, AdeFGH, 

and AdeJHI [20]. The breadth of these mechanisms indicates that no class of antibiotics 

are immune to resistance. 

Since these mechanisms are a result of mutations or require maintenance of 

atypical systems, ABR mechanisms come with a substantial fitness cost when compared 

to bacteria without ABR [21]. Secondary mutations may arise that compensate for the 

fitness disadvantages associated with maintaining mechanisms of resistance, although 

with the trade-off of decreased resistance against some antibiotics [22-24]. Studies of 
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clinical isolates of E. coli reveal a balancing act between fitness costs and resistance, with 

a negative correlation between the prevalence of clinical isolates and the fitness costs of 

their resistance mechanisms [25, 26]. Ultimately, the benefits of resistance are 

environment-dependent and mutations with lower fitness costs in antibiotic-free 

conditions are more likely to persist [24]. 

Antivirulence Therapeutics (AVT) 

Antivirulence is an alternative approach that inhibits bacterial pathogenesis instead of 

essential processes, as in the case of antibiotics. Specifically, antivirulence therapeutics 

(AVTs) target the synthesis or function of components and systems known as virulence 

factors that facilitate the disease or the infection process. A variety of virulence factors 

are expressed during bacterial infection, including adhesins, quorum sensing systems, 

secretion systems, and toxins [27, 28]. These factors facilitate entry into and colonization 

of a host, immune system evasion, and nutrient acquisition [27, 29]. Key to this strategy 

is that virulence factors are necessary for bacterial pathogenesis but benign for survival 

under conditions other than host infections [29]. Unlike antibiotics, which inhibit 

bacterial life processes indiscriminately, AVTs more selectively target pathogens 

expressing specific virulence factors without bactericidal or bacteriostatic effects. Due to 

this, AVTs theoretically exert fewer or minimal selective pressures on organisms, 

decreasing the odds of resistance development by bacterial pathogens.  

A number of AVTs are in the drug development pipeline, with most at the preclinical 

and clinical trial stages. A few of these are already approved by the US Food and Drug 

Administration (FDA). These include monoclonal antibodies that target the botulism and 

anthrax toxins produced by Clostridium botulinum and Bacillus anthracis respectively 
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[29]. Bezlotoxumab, another monoclonal antibody targeting the TcdB toxin, was 

approved for high risk, reoccurring Clostridioides difficile infections [29, 30]. Though all 

three target toxins specifically, AVTs are not limited to toxins. Virstatin, a small organic 

compound in the preclinical stage, was found to attenuate virulence related to the toxin-

coregulated pilus in Vibrio cholerae and decreases piliation and biofilm formation in A. 

baumannii [31, 32]. Further down the pipeline, a bispecific antibody targeting the type III 

secretion system needle tip protein PcrV and exopolysaccharide Psl has recently 

completed phase II clinical trials [33, 34]. Although these compounds represent only a 

handful of AVTs in the drug development pipeline, they exemplify the great potential 

AVTs have in combating drug resistance. 

The Type IV Pilus (T4P) 
The bacterial type IV pilus is a filamentous adhesin that is 6-8 nm wide, extends 

>1 µm from the cell body, and can withstand retraction forces greater than 100 pN [35, 

36]. The T4P machinery shows homology with the bacterial type 2 secretion system 

(T2SS) and archaeal archaellum [37-39]. T4P systems can be divided into type 4a and 

type 4b subtypes. T4aP systems are frequently associated with human pathogens, such as 

Neisseria gonorrhoeae and Pseudomonas aeruginosa, and environmental species, like 

Myxococcus xanthus and Thermus thermophilum. In contrast, T4bP are primarily 

characterized in enterics, such as Salmonella typhi, V. cholerae, and various pathogenic 

strains of Escherichia coli. These have been historically categorized by the differences in 

prepilin and mature pilin structure, where the length of leader peptide sequences of T4a 

prepilin are 6-7 amino acids and T4b prepilin are longer at 15-30 amino acids. The 

difference in mature pilin size typically follows a similar pattern; however, it is now more 
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reliable to identify systems by the presence of characteristic gene clusters such as the 

pilMNOP cluster for T4aP [40-42]. Although both T4P subtypes play roles in bacterial 

pathogenesis, the functions, dynamics, and structure of the T4aP subtype are better 

understood.  

Functions Mediated by the T4P 

T4P are remarkably multifunctional and facilitate cell motility, surface 

attachment, biofilm formation, and DNA transformation by pilus extension and retraction 

[43]. Through these diverse processes, T4P allow bacteria to become successful 

pathogens by promoting colonization and long-term persistence in hosts, which manifests 

as acute and chronic infection respectively.  

Twitching motility, or S motility in M. xanthus, manifests from repeated cycles of 

T4P extension, surface attachment, and retraction [44]. In bacteria that express pili 

peritrichously, like N. gonorrhoeae, multiple T4P can contact a surface at different points 

simultaneously. Movement occurs in the direction of the pili that retract with enough 

force to dislodge other pili, resulting in a random walk with directional persistence that 

allows surface exploration [45]. In contrast, rod-shaped bacteria producing polar pili tend 

to move across a surface in the direction of the leading pole. Directional reversal is 

controlled by chemosensory systems in some species, like the Frz system in M. xanthus 

[44, 46]. To pull the cell body forward, force must somehow be generated. Accordingly, 

twitching motility is associated with the T4aP subtype, which expresses an additional 

cytoplasmic ATPase motor to drive pilus depolymerization [47]. This motor, PilT, can 

generate stall forces of ~100 pN in N. gonorrhoeae and ~150 pN in M. xanthus [36]. 

Organisms lacking PilT do not display twitching motility, supporting that a retraction 
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ATPase is necessary to generate the needed force for motility [48-50]. Despite the 

differences in pili coordination, the molecular mechanism of T4P-mediated motility 

appears to be well conserved across species [44]. 

Almost paradoxical to its role in motility, T4P also helps bacteria to attach to 

surfaces and other bacterial cells. Individual pili are able to withstand shear forces up to 

250 pN, a characteristic that likely aids in the initial colonization stage of infection [51]. 

Stable attachment to surfaces and other bacterial cells can result in microcolony 

formation, biofilm formation, and eventually dispersal to the environment [43, 52]. 

Biofilms are bacterial communities encased in an extracellular matrix composed of 

exopolysaccharides (EPS), extracellular DNA, and protein [53]. Bacteria in biofilms are 

more resistant to environmental stressors, including antibiotics and the host immune 

system [13, 54]. The matrix is not easily permeable to antibiotics, providing a literal layer 

of protection to embedded communities. In addition, bacteria in biofilms can be present 

in a low metabolic state, decreasing target protein expression or existing as persister cells 

[55]. Biofilms bring cells into close contact in an environment abundant in exogeneous 

genetic material, allowing easier gene transfer of resistance genes [13]. The second 

messenger cyclic-di-GMP (cdG) promotes switching between motile and sessile lifestyles 

by modulating the production of EPS [56]. Some assembly ATPases contain an N-

terminal MshEN domain and reportedly regulate EPS synthesis by binding cdG [57-62]. 

Biofilms contribute to nosocomial infections by allowing bacteria to colonize medical 

implements, such as catheters and implants [52]. Acute infections can progress into 

chronic ones by biofilm formation within organs, as is the case of P. aeruginosa lung 

infection of cystic fibrosis patients [55, 63]. As an adhesin, the T4P plays a critical role in 
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the bacterial pathogenesis by mediating the initial attachment and long-term colonization 

stages of infection. 

T4P assists in the process of natural transformation by binding extracellular DNA 

and importing it into the cell by pilus retraction [43]. Organisms such as Acinetobacter, 

Neisseria, and Streptococcus species are capable of natural transformation, taking up and 

integrating extracellular DNA into their genome [64-66]. Overexpression of specific pilin 

subtypes, such as ComP in N. gonorrhoeae, increases DNA binding [67]. Though the 

precise mechanism is not yet clear, the current model for Gram-negative bacteria 

suggests that T4aP-bound DNA is partially pulled into the periplasmic space by T4P 

retraction, where the periplasmic competence protein ComE binds the DNA and 

transports it through the remainder of the periplasm by a ratcheting mechanism [43, 67]. 

Regardless of mechanism, natural transformation appears to require the T4P, as 

transformation efficiency is reduced or completely lost if the assembly or retraction 

ATPases are mutated or absent [49, 65, 68, 69].  

Structure and Assembly of T4P  

Though forms of T4P systems can be found in Gram-negative and Gram-positive 

bacteria alike, its role and structure are best understood in Gram-negative bacteria [70]. 

This section will primarily focus on T4aP (henceforth T4P), using nomenclature from 

Neisseria spp. for simplicity. 

The primary extracellular structure of the T4P is the pilus filament, a helical 

polymer of thousands of pilin subunits. The pilus is largely composed of a single major 

pilin species (PilE), but other minor pilin can be found in lower quantities (PilH, PilI, 

PilJ, PilK, PilV, PilL, ComP) for pilin recruitment or modulation of function [71-74]. 
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Pilins that are not yet integrated into the pilus are maintained in an inner membrane pool 

in a monomeric form. Prepilin peptidase (PilD) must cleave a leader peptide sequence 6-7 

amino acids in length from the prepilin for pilin production and its incorporation [41, 70]. 

Polymerization occurs at the base of the growing filament, extruding the fiber out into 

extracellular space during an extension event. 

The rest of the T4P machine can be viewed as three interconnected complexes: 

the secretin channel, the alignment complex, and the motor complex (FIG 1-1). Broadly, 

the secretin (PilQ + PilW) and core alignment complex (PilM, PilN, PilO, PilP) form a 

pore through which the pilus may travel through the periplasm and outer membrane. This 

is capped at the base in the inner membrane by the motor complex. The PilQ secretin sits 

in the outer membrane and is stabilized by a pilotin (PilW). The lipoprotein PilP and 

heterodimers of the transmembrane proteins PilN and PilO form a ring complex in the 

periplasm, with PilP interfacing with the PilQ secretin through its C-terminus. PilM is 

additionally recruited to the PilNOP complex where it interfaces with PilN/O at the 

cytoplasmic face of the inner membrane. PilM subunits may then bind either the 

extension (PilF) or retraction (PilT) ATPases. The inner membrane platform protein 

(PilG) is localized to the central lumen of the motor protein. The platform protein is 

believed to be involved in pilin polymerization and depolymerization processes, 

potentially responsible for moving pilin in and out of the filament using energy generated 

by motor ATPase activity [43, 75-81]. The general arrangement of Gram-positive T4P 

machinery is similar to Gram-negative systems, with the key difference being the absence 

of a secretin since Gram-positive bacteria lack an outer membrane. Homologs of the 

alignment complex proteins are thought to interact with Gram-positive specific T4P-
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associated proteins to form a channel to extrude the pilus through the thick peptidoglycan 

layer [70]. In all, a functional T4P machine is comprised of at least 10 conserved 

proteins. 

The Assembly ATPase PilF/PilB 

Central to T4P function is the motor protein PilF that drives assembly, or 

extension, of the pilus by coupling ATP hydrolysis to a conformational change that is 

transduced to the platform protein. This protein is known as PilB in many other bacteria, 

including P. aeruginosa  and M. xanthus. In the remainder of the thesis, PilB and PilF 

will be used interchangeably in the discussions. While the retraction ATPase PilT is 

absent in some T4P systems, instead retracting their pili by stochastic disassembly events, 

the extension ATPase is necessary for all functional T4P [43].  

The assembly ATPase PilF is one of the ATPases associated with diverse cellular 

activities (AAA+) family. Proteins in this family are involved in a variety of processes 

related to DNA replication and recombination, protein stability, cell motility, and 

secretion [82, 83]. The PilF ATPase has conserved Walker A and Walker B boxes that 

are involved in ATP hydrolysis and Mg2+ coordination [82-86]. PilF also contains 

arginine finger, tetra-cysteine, Asp-box, and His-box motifs. The arginine fingers are 

believed to have a role in hydrolysis and intersubunit communication, similar to arginine 

fingers in GTPases [82, 87]. The tetra-cysteine motifs bind Zn2+ to stabilize the 

hexameric structure [88, 89]. Mutations at the conserved acidic residues in the Asp-box 

motif and histidines in the His-box motif disrupt ATPase function [90, 91]. The specific 

roles of these Asp- and His-box motifs are still underexplored.  
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AAA+ ATPases are known to form oligomeric, usually hexameric, rings. Crystal 

structures of both the T4P extension and retraction ATPases reveal a hexameric structure. 

Specifically, PilF forms dimers of trimers with C2 symmetry [90, 92]. A PilF monomer 

has an N-terminal domain (NTD) and a C-terminal domain (CTD) connected by a 

flexible linker. ATP binds at the Walker A and B motifs within the CTD ASCE core. 

During pilus assembly, PilF subunits has three distinct conformations that can bind ATP 

(open), release ADP (closed), and hold ADP in a post-hydrolysis state (open’) [89, 90]. 

Conformational changes at one binding interface are propagated across the adjoining 

interfaces, producing open-open’, closed-open, and open’-closed transitions across the 

hexamer. This causes a rotary motion that is transduced to the platform protein PilF. The 

platform protein is proposed to incorporate pilin into the filament by either scooping or 

thrusting motions. Although several studies have endeavored to characterize PilF 

dynamics, the specific direction of rotation may differ across T4P systems, with both 

clockwise and counterclockwise models proposed in the literature [81, 89, 90, 92].  

Targeting the T4P by AVTs 

Multiple studies have investigated the T4P as a target for AVTs. Two types of 

compounds were identified to disrupt T4P-related functions in Neisseria species. The first 

report indicated that a family of phenothiazines, particularly trifluoperazine and 

thioridazine, are able to reduce T4P levels and disperse Neisseria meningitidis 

microcolonies [93]. The target is believed to be the Na+ pumping NADH-ubiquinone 

oxidoreductase complex, which has not been associated with T4P until this study [93]. 

The findings by Denis et al. have recently been supported by a more recent study 

showing phenothiazine-mediated inhibition of T4P-related functions in A. baumannii and 



12 
 

Acinetobacter nosocomialis [94]. A second study identified 1-[(piperidin-4-

yl)methyl]piperidin4-ol (P4MP4) by phenotypic screening for inhibitors against N. 

meningitidis cell adhesion to epithelial cells [95]. P4MP4 is believed to target pilus 

biogenesis by inhibiting PilF. The compounds quercetin, benserazide, and levodopa were 

found in two high-throughput screens for inhibitors against the PilB assembly ATPase in 

Chloracidobacterium thermophilum [96, 97]. All three compounds were able to inhibit 

the T4P-powered S motility in M. xanthus [96, 97]. Benserazide and levodopa were 

additionally able to inhibit T4P-mediated biofilm formation by A. nosocomialis [96]. 

These findings indicate that the T4P is able to be targeted for drug discovery. 

The assembly ATPase is particularly attractive as an AVT target due to its 

necessity in T4P biogenesis and functionality. Absence of PilF results in a loss of 

piliation and an apparent attenuation of pathogenesis [57, 91, 98-100]. Although the pilus 

filament is also a potential target, since it is the extracellular portion of T4P, the 

practicality is somewhat diminished by general variance in the pilin protein. This is 

especially true for organisms that are capable of antigenic variation, such as Neisseria 

species, that enables bacteria to alter their pilins through programmed genetic 

recombination events [101, 102]. Due to its ubiquity in T4P systems, the assembly 

ATPase is an ideal target for AVT development. 

Neisseria gonorrhoeae Overview 
N. gonorrhoeae, known also as gonococcus, is a Gram-negative obligate human 

pathogen that uses T4P in the initial stages of its infection [103]. Gonococci are the 

etiological agent of the sexually transmitted infection (STI) gonorrhea, the second most 

common STI behind chlamydia in the United States [104]. N. gonorrhoeae is classified 
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as an urgent ABR threat by the CDC, responsible for ~550,000 infections in the United 

States annually [1]. On a global scale, the WHO estimates gonococci were responsible 

for 87 million of the 376 million cases of treatable STIs in 2016 [105]. N. gonorrhoeae 

primarily colonizes the urogenital tract but can also infect the nasopharyngeal, ocular, or 

anal mucosa [18, 102]. Urogenital infections can manifest as urethritis, cervicitis, pelvic 

inflammatory disease, and increased HIV susceptibility or cause ectopic pregnancy or 

adverse fetal effects [18, 101]. 

N. gonorrhoeae is a major public health concern because resistance to all major 

classes of antibiotics has been identified in this pathogen [101]. A combinatorial therapy 

of ceftriaxone and azithromycin was previously recommended by the CDC and is 

commonly reported in the literature; however, due to increasing azithromycin resistance, 

the present recommended treatment for uncomplicated gonococcal infection is now a 

single dose of ceftriaxone [106, 107]. There are growing concerns of gonorrhea becoming 

untreatable by current antibiotics as multiple ceftriaxone-resistant strains of N. 

gonorrhoeae have been recently identified [19, 108-113]. Further, asymptomatic 

infections, which tends to be more common in women, may serve as a hidden reservoir 

and allow silent transmission of ABR N. gonorrhoeae strains within communities [101]. 

It is possible that N. gonorrhoeae will become an untreatable superbug without the 

development of new therapeutics. 

The Role of T4P in N. gonorrhoeae Infection 

During the initial stages of infection, the T4P is involved in microcolony 

formation at the surface of epithelial cells. Additionally, direct interaction between T4P 

and CR3 receptors expressed at the surface of cervical epithelial cells may be necessary 
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to initiate gonococcal infection [102, 114, 115]. T4P are additionally known to undergo 

phase and antigenic variation in N. gonorrhoeae. Phase variation is the reversible 

switching on or off of gene expression. T4P levels can be controlled by phase variation of 

the pilC genes, where piliation occurs when pilC is phased on and pili are underexpressed 

when pilC is off [116]. The N. gonorrhoeae genome contains multiple silent copies of 

pilS and one copy of pilE. pilS, which codes polypeptides for pilin, lacks the N-terminal 

coding region, ribosome binding site, and transcriptional promoter, all of which are 

present at the pilE locus. Homologous recombination events between any overlapping 

segment of pilS and pilE cause antigenic variation at the C-terminus of the major pilin 

PilE [117, 118]. Both methods allow N. gonorrhoeae to evade immune detection by the 

host immune system. Together, these indicate that the T4P is critical to N. gonorrhoeae 

pathogenesis. 

Clostridioides difficile Overview 
Clostridioides difficile, previously Clostridium difficile, is a Gram-positive spore-

forming obligate anaerobe believed to use T4P for cell attachment and biofilm formation 

[57, 119]. C. difficile infections (CDI) are the most common healthcare-associated 

infection in the United States, reportedly responsible for ~225,000 nosocomial infections 

and ~13,000 deaths annually [1]. CDI can manifest as mild diarrhea to severe 

pseudomembranous colitis and occurs most often in elderly patients [1, 120]. C. difficile 

spores are resistant to changes in temperature and oxygen as well as exposure to common 

disinfectants including those used in healthcare settings. This allows C. difficile to 

persistent and be transmitted easily in healthcare and community settings through human 

contact, particularly by the fecal-oral route [30, 120, 121]. Clinical strains remain 
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susceptible to the antibiotics vancomycin, fidaxomicin, and metronidazole, the presently 

recommended drugs for CDI treatment [122, 123]. C. difficile is not currently considered 

ABR by the CDC but is particularly noteworthy due to the high incidence of CDI 

associated with antibiotic use. Despite this, ABR and hypervirulent strains have been 

isolated with increasing frequency across the globe [1, 121, 123]. 

There is a strong correlation between antibiotic use and CDI. This is because a 

balanced microbiome confers host resistance to C. difficile infection by competing for 

carbon sources and producing compounds that prevent spore germination [120]. 

Antibiotics weaken the healthy microbiome, exposing niches for C. difficile to colonize. 

Energy sources previously metabolized by others, such as sialic acid and succinate, 

become available to C. difficile in a dysbiotic microbiome. Additionally, species that 

would normally convert primary bile acids into secondary bile acids that normally inhibit 

vegetative C. difficile growth can be eliminated [30, 124]. Accumulation of primary bile 

acids like taurocholate promotes spore germination, particularly at the anoxic lower 

gastrointestinal tract [120]. Thus, susceptibility to CDI is strongly modulated by 

antibiotic use, mostly due to the disruption of a healthy microbiome. 

The Role of T4P in C. difficile Infection 

The C. difficile genome contains T4P genes in a primary T4P operon and three 

secondary gene clusters [70, 125]. Increased levels of cdG promotes host cell attachment, 

likely through the T4P [56, 57]. The primary T4P operon is upregulated in the presence 

of cdG and controls T4P expression by riboswitches [125]. Notably, pilB1 mutants are 

unable to efficiently bind epithelial cells and cannot persist in the host as long as the wild 

type [57]. Minor pilins PilJ and PilW can bind DNA, a major component of C. difficile 
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biofilms [126, 127]. Mutating these proteins results in reduced biofilm biomass, 

suggesting these accessory pilins are needed for robust biofilm formation [127]. C. 

difficile has been shown to produce cellular mats and aggregates in animal models in 

vivo, suggesting biofilm formation may play a role in its pathogenesis [128, 129]. 

Overall, work on the C. difficile T4P supports its roles in epithelial cell attachment, long-

term persistence, and biofilm formation [57, 99, 119], but the scope of its involvement in 

CDI remains unclear. 

Small Compound Drug Discovery - Methods Overview 
The drug discovery and development pipeline can take from 10 to 15 years on 

average, and it is estimated to cost upwards of $2 billion from target identification to 

market release [130-132]. Pre-clinical drug development is an iterative multi-step process 

that involves target identification and validation, assay development, compound 

screening, hit identification and verification, and lead generation and optimization [130, 

132, 133]. Targets must be accessible to drugs and the impact of the drug must be 

measurable both in vitro and in vivo. Assays measuring this effect must also be 

reproducible, robust, and able to be scaled up for screening methods [130]. Screening 

involves challenging targets with small compounds and may involve in vitro high-

throughput screening (HTS) or virtual screening (VS), a form of computer-aided drug 

discovery. From these screens, compounds that fulfill desired criteria (hits) are isolated 

and tested in vitro and in vivo to validate screening results. From these hits, lead 

compounds are generated and optimized for target selectivity and improved absorption, 

distribution, metabolism, excretion, and toxicity (ADMET) characteristics [133].  
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High-Throughput Screening 

HTS allows systematic testing of hundreds of thousands of different compounds 

against the target of interest simultaneously in a large-scale assay, often leveraging 

robotics for automation. Targets in HTS can range from purified enzymes to whole cell 

systems [131]. This method is used to identify compounds with drug potential from pre-

defined compound libraries [134]. Numerous assay types can be adapted to a HTS 

format, including those that measure competitive ligand binding, changes in enzymatic 

activity, and changes in fluorescence [134]. As described previously, potential inhibitors 

for C. thermophilum PilB were identified in two separate HTS. In the first HTS, a 

competitive binding assay based on displacement of the fluorescent ATP analog MANT-

ATP was used [97]. Decreases in fluorescence indicated the compound competes with 

MANT-ATP in occupying the ATP binding site. The second HTS utilized a malachite 

green-based approach that measures ATPase activity of PilB [96]. Compounds that 

inhibit ATPase activity decrease the concentration of liberated phosphates from ATP 

hydrolysis, resulting in decreased quantifiable absorbance [135]. This method 

theoretically expands the screen’s scope to include both orthosteric and allosteric 

inhibitors. 

Structure-Based Virtual Screening 

Structure-based virtual screening (SBVS) is a type of VS that predicts compound 

binding based on the known structure of a target [132]. SBVS can be viewed as an in 

silico HTS, where compound databases are screened against a computational model of 

the target protein through compound docking. Models may be derived from experimental 

data, like X-ray crystallography, or created computationally via homology modeling or 
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de novo computational methods [132, 136]. These structures represent one 

conformational state and can be influenced by ligand presence and crystallization 

conditions. Ensemble docking involves screening a compound database to multiple rigid 

structures of the same protein in different conformations, thus emulating docking to a 

dynamic protein rather than a singular state [137]. In SBVS, hit compounds are 

determined based on their predicted binding affinity. These compounds are evaluated by 

scoring functions that rank them based on the nature and number of protein-ligand 

interactions [132, 136]. Molecular dynamics simulations of protein-ligand interactions 

offer a more robust way to determine binding strength [137, 138]. Such a method was 

used to evaluate VS hits for monomeric N. gonorrhoeae PilF and P. aeruginosa PilB, 

where the three hits remained in stable complex for 100 ns [139]. Simulation of hits 

provides a more stringent metric before lead optimization but is generally more 

computationally demanding. SBVS provides a convenient and accessible method to 

screen for drug-like compounds; however, the hits identified in these screens require in 

vitro or in vivo validation. 

Molecular Dynamics Simulations 

Broadly speaking, molecular dynamics (MD) simulations are computational 

estimations of changes in a system over time. These estimations are determined by 

applying Newton’s law of motion to every atom in the system, ultimately providing a 

view of structural and thermodynamic changes at a scale not normally achievable in a 

typical laboratory setting [140, 141]. Biological systems can be simulated to study 

biochemical processes, such as protein dynamics, ligand binding, and protein complex 

stability. System parameters, such as ion content, protonation state, and ligand presence, 
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can be controlled to simulate dynamics under particular conditions [140]. The energy of 

atoms is calculated by the force field model employed, which determines how energy 

functions are applied based on system-defined parameters [141]. MD simulation can be 

performed using a number of software and accompanying force field models, each best 

suited for different purposes (i.e., protein versus lipid simulation) [140-142].  

The general workflow for MD simulation involves system preparation, energy 

minimization, equilibration, and production [141]. The first two steps initialize the 

system for MD, defining solvent and ion parameters and relaxing the system to a lower 

energy state by resolving conformational clashes [143]. Equilibration brings the system to 

a steady state, so the final trajectory is relevant to the desired conditions. This occurs in 

two phases: equilibration at constant temperature and volume (NVT) and equilibration at 

constant temperature and pressure (NPT) [141, 144]. The final stage, production, is the 

simulation from which the final trajectory data is derived and analyzed. Production must 

run for an adequate length of time to sufficiently sample a protein’s conformational 

space, or to achieve trajectory convergence. Convergence can be determined by a number 

of methods, including measuring root-mean-square deviation (RMSD) over time, block 

averaging RMSD, and cluster analysis [141, 144, 145].  

The use of MD simulation in conjunction with VS methods has increased steadily in 

the past 10 years, with approximately 39% of VS studies using MD simulation between 

2015 and 2020 [146]. MD simulation can be used to analyze protein-ligand interactions, 

as discussed previously, to rationalize docking results and potentially reveal 

conformational changes [139, 146, 147]. Structures can also be extracted from MD 

trajectories and used for ensemble docking via clustering methods. Clustering algorithms 
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identify the most common protein conformations taken during the simulation based on 

structural similarities, or within a defined RMSD cut-off [142, 146, 148]. More recently, 

dynamic docking with MD simulations has been explored, wherein the process of ligand 

binding and unbinding is simulated. Although dynamic docking tends to be 

computationally expensive for routine use in VS when compared to other long-standing 

applications, it can provide greater insights on mechanisms of action and binding 

pathways [149, 150]. MD simulations may begin to play a greater role in the VS process 

as computing resources continue to become more accessible. 
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Tables and Figures for Chapter 1 
 

 
Figure 1-1. Schematic of the T4P machine in N. gonorrhoeae. 
The T4P machine in Gram-negative bacteria is comprised of a pilus filament that travels 

through a pore created by adjoined secretin and alignment complexes that spans from the 

inner membrane to the outer membrane. Pilus assembly and disassembly is driven by two 

antagonistic ATPases that interface with the T4P machine at the cytosolic face of the 

inner membrane. OM = outer membrane, PG = peptidoglycan, IM = inner membrane. 

Image generated using BioRender. 
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Chapter 2 - Evaluating the use of Chloracidobacterium thermophilum 
PilB in virtual screening for inhibitory compounds 

Abstract 

The antivirulence strategy has been explored as an alternative to traditional 

antibiotic development. The bacterial type IV pilus is a virulence factor that aids host 

invasion and colonization in multiple antibiotic resistant bacterial pathogens. The PilB 

ATPase is critical because it hydrolyzes ATP to drive the assembly of the type IV pilus 

filament from pilin subunits. Recent studies have identified small-molecule inhibitors of 

the PilB ATPase. Here, we evaluate Chloracidobacterium thermophilum PilB (CtPilB) as 

a model for structure-based virtual screening by molecular docking and molecular 

dynamics. A hexameric structure of CtPilB was generated through homology modeling 

based on an existing crystal structure of PilB (5TSH). Using the CtPilB homology model, 

molecular docking was performed to assess the binding of six PilB inhibitors described in 

the literature. From molecular dynamics simulations of CtPilB in four different liganded 

states, we obtained four representative structures to examine the conformational plasticity 

of PilB and to improve docking analyses of the inhibitors by ensemble docking. Binding 

analyses revealed key residues for each of the six inhibitors investigated. Three known 

competitive inhibitors are found to consistently interact with conserved residues in the 

ATP binding pocket. One inhibitor from another study exhibits the greatest binding 

affinity but occupies the ATP binding pocket primarily through interactions with 

unconserved residues. The work in this chapter also gauges the use of a PilB monomeric 

model in virtual screening by evaluating the two top hits from a previously published 

virtual screen by molecular docking. The use of multiple conformations in molecular 
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screening can provide greater insight into compound flexibility within receptor sites and 

better inform future drug development.  

Introduction 

The bacterial type IV pilus (T4P) is a filamentous surface adhesin involved in an 

array of bacterial functions including surface attachment, biofilm formation, cell motility, 

and DNA transformation [43]. Reminiscent of a grappling hook, the pilus can extend 

several μm from the cell body, adhere to a surface, and retract, pulling the cell body 

towards the point of attachment [44]. T4P is one of the strongest known molecular 

motors, generating upwards of 150 pN during retraction [36]. Of the two T4P subtypes, 

the T4aP is most commonly associated with bacterial pathogens [41]. As a virulence 

factor, T4P contributes to the initial stages of infection by mediating surface attachment 

to clinical implements or host epithelial cells [52, 99]. Cells attached by T4P may stably 

aggregate into a biofilm, progressing infections into chronic disease [55, 63]. In some 

cases, infection is initiated through interactions between pili and host cell surface 

receptors [114, 151]. It is clear the T4P is a critical virulence factor in a number of 

pathogenic bacteria, including Acinetobacter baumannii, Clostridioides difficile, 

Neisseria gonorrhoeae, and Pseudomonas aeruginosa. The virulence of these organisms 

is notably attenuated when T4P is absent or abrogated [57, 64, 100, 151]. Due to its roles 

in pathogenesis, especially in priority bacteria pathogens, there is great interest in 

developing antivirulence therapeutics that target the T4P [1, 6, 29]. 

Pilus biogenesis requires the T4P supramolecular machinery composed of at least 

10 conserved proteins [81]. Cytoplasmic ATPases at the base of the supramolecular 

machine provide the necessary energy for pilus extension and retraction through ATP 
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hydrolysis. Pilin polymerization, or extension, is driven by PilB, the assembly ATPase 

that allows pilin to be incorporated into the filament from pools of monomeric pilins in 

cell membrane. Depolymerization is conversely driven by a PilT retraction ATPase in 

T4aP systems [43, 81]. Repeated extension and retraction events by these ATPases are 

responsible for processes like twitching motility and natural transformation [44, 45, 50, 

64]. Importantly, mutant bacteria without PilB have no pili and are diminished in 

pathogenesis, identifying PilB as a promising target for antivirulence drug development 

[57, 91, 98-100].  

The PilB is a member of the ATPases associated with diverse cellular activities 

(AAA+) family, which belongs to the superfamily of additional strand catalytic E 

(ASCE) ATPases [82, 83]. PilB was previously characterized as a hexamer with C2 

symmetry where conformational states are reflected across the protein in paired 

protomers [89, 90, 92, 152]. Of the two primary annotation styles used to refer to PilB 

and PilT functional units [89, 90, 92, 152, 153], the packing unit annotation style 

presented by [90, 92, 153] best demonstrates how conformational changes may be 

propagated across the protein. Thus, the functional catalytic structure of PilB may be 

viewed as units comprised of the CTD of one chain and the N2D of the adjacent chain, or 

CTDn:N2Dn+1 (FIG 2-1A, 2-1B) [90, 153]. The ATP binding interface can be found 

within the catalytic cavity of CTDn formed at the surface between two packing units. 

These interfaces take on one of three conformational states: open (unliganded), closed 

(releases ADP), and open’ (post-hydrolysis resting) (FIG 2-1C) [89, 90]. The ATP 

binding cavity is occluded in both the closed and open’ interfaces by the adjacent packing 

unit (FIG 2-1C). In contrast, open interfaces are created by two parallel packing units, 
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creating an open channel for ATP binding (FIG 2-1C). Simultaneous ATP binding and 

hydrolysis followed by ADP release is thought to produce conformational changes within 

packing units that is propagated across the hexamer. This results in a simultaneous open-

open’, closed-open, and open’-closed transition that manifests as a rotary motion and is 

further propagated to the platform protein that builds pilin into the filament [81, 89, 90, 

92]. 

At the monomeric level, PilB is comprised of two N-terminal domains (N1D and 

N2D) connected by a flexible linker to a C-terminal domain (CTD) containing the 

catalytic ASCE core [90, 92]. Within the ASCE core are conserved Walker A and Walker 

B structural motifs that are essential for ATP hydrolysis. The Walker A motif, also 

known as the P-loop, has the consensus GXXGXGK(S/T) that binds the phosphate 

groups and coordinates Mg2+ within the binding pocket. The conserved lysine is critical 

for interaction with the γ-phosphate, and mutation of this residue results in a significant 

decrease in ATP binding [82-86]. The PilB Walker B motif is atypical for AAA+ 

ATPases, with the sequence hhhhGE (where h is a hydrophobic residue). The catalytic 

glutamate promotes hydrolysis of the γ-phosphate by activating a water molecule for 

nucleophilic attack [83, 84, 86]. PilB also displays the Arg finger, Asp box, His box, and 

tetra-cysteine motifs defined for AAA+ extension ATPases [89, 90]. The arginine fingers 

lay N-terminal to the Walker A P-loop and orient toward the γ-phosphate of a bound 

ATP, believed to function as a phosphate sensor and mediator of intersubunit 

cooperativity [82, 85]. A glutamate within the Asp-box is thought to coordinate Mg2+ 

while the His-box histidine coordinates the γ-phosphate and may additionally contribute 

to intersubunit communication. Piliation levels are decreased by mutations of the 
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conserved residues in both the Asp-box and His-box motifs [90, 91]. Zn2+ binding at the 

tetra-cysteine motifs primarily functions to maintain structural stability of the hexameric 

ring [88, 89]. 

Virtual screening can serve as a complementary method to in vitro high-

throughput screening. In particular, structure-based virtual screening (SBVS) is a target-

based in silico screening method where library compounds are systematically docked into 

a three-dimensional model of the target protein [132, 136]. Structures are determined by 

experimental methods such as NMR spectroscopy or X-ray crystallography, or 

computationally generated such as homology modeling [132]. Docking, in essence, 

imitates the protein-ligand binding process and produces multiple poses of the ligand 

within a given cavity. These poses are then ranked based on predicted binding affinity 

[146]. By nature, experimentally derived structures represent a static conformation of a 

protein at a given condition, and they do not represent the dynamic nature of a protein 

under native conditions. Ensembles of different structures can be used in SBVS to 

compensate for the lack of protein flexibility in these structural models [137]. These 

structures may be determined experimentally or through molecular dynamics (MD) 

simulations. Ensemble docking has previously been successful in validating the binding 

of compounds not able to be understood by a single structural model, proving to be a 

useful approach for virtual screening [137, 154]. 

There are two studies that have used computational methods to identify or 

evaluate inhibitors for the T4P assembly ATPase [95, 139]. Phenotypic screening for 

compounds that decrease cell adhesion and aggregation in Neisseria meningitidis 

identified “Compound B”, often referred to as P4MP4, as a potential inhibitor of the PilF 
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assembly ATPase [95]. Potential binding sites were investigated via molecular docking, 

revealing that P4MP4 may bind to the ATP binding pocket PilF. A second study 

performed virtual screening of a library of natural compounds containing piperidine 

moieties to identify inhibitors for N. meningitidis PilF and P. aeruginosa PilB [139]. This 

VS was performed against monomeric models of the respective proteins, and the binding 

stability of the three best hits were evaluated by MD simulation. After 100 ns of 

simulation, all three compounds remained within 2 Å of ATP binding pocket, with two 

compounds (CN0051517 and CN0030078) exhibiting binding free energies of > -10 

kcal/mol as evaluated by AutoDock Vina. 

Previous work using Chloracidobacterium thermophilum PilB has shown that the 

assembly ATPase can be used in high-throughput screening for PilB inhibitor with broad 

inhibitory activities in different bacteria [96, 97]. The hits from these studies include 

quercetin, benserazide, and levodopa. These compounds were found to inhibit C. 

thermophilum PilB in vitro and T4P-associated functions in Myxococcus xanthus in vivo 

[96, 97] Benserazide and levodopa were both additionally found to inhibit T4P-associated 

motility and biofilm formation in Acinetobacter nosocomialis, an opportunistic pathogen 

that is part of the Acinetobacter calcoaceticus-Acinetobacter baumannii complex [96, 

155]. Further, the work in chapter 3 shows that quercetin is able to inhibit Neisseria 

gonorrhoeae PilF in a dose-dependent manner. These data validate C. thermophilum PilB 

as an experimental model for antivirulence research, supporting its application as a 

computational model for virtual screening. 

This chapter seeks to validate C. thermophilum PilB (CtPilB) as a model for anti-

PilB virtual screening by molecular docking of the inhibitory compounds previously 
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reported as discussed above. By extension, this chapter investigates if virtual screening 

with a single monomeric unit, rather than a hexameric complex, is sufficient for 

structure-based virtual screening by comparison to published computational data [139]. 

Toward this end, we generated a structure of the CtPilB ATPase through homology 

modeling based on the resolved structure of Geobacter metallireducens PilB (GmPilB). 

This CtPilB structure was used for molecular docking of ATP and ADP as well as the 

inhibitory compounds noted above. Four models of CtPilB in varying liganded states 

were additionally generated and MD simulations were conducted to investigate 

morphological changes due to nucleotide binding. Representative structures were 

extracted, and molecular docking was repeated to assess changes in inhibitor binding 

caused by conformational plasticity after MD simulation. The results herein provide 

insight into the structural aspects of successful PilB inhibitors and can inform the design 

of future anti-PilB compounds. 

Methods 

Generation of the CtPilB Homology Model 

 The sequence for C. thermophilum PilB was obtained from UniProt (Accession 

ID: G2LDI3) [156]. A homology model of hexameric C. thermophilum PilB was 

generated through the Advanced Homology Modeling module of the Biologics software 

in Schrodinger Maestro 12.5 using the crystal structure of G. metallireducens PilB 

(RCSB PDB ID: 5TSH) as a template [90]. Due to the limitations of available crystal 

structures, the N1D region of CtPilB was unable to be modeled, resulting in a structure 

that begins at residue 218. Zn2+ and Mg2+ ions were modeled at the corresponding 

positions as the model template. The homology model was energy minimized in 
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Schrödinger’s Prime software and validated with Ramachandran plots and QMEANDisco 

through the SwissModel tool suite and the ProSA web server [157-159]. 

Ligand and Structure Preparation for Molecular Docking 

Structure preparation, molecular docking, and energy calculations were performed 

using the SiteMap, Prime, and Glide programs of the Schrödinger Maestro 12.5 software 

suite. Non-nucleotide inhibitory ligands were selected based on reports in literature [95-

97, 139]. Ligand structure data files were downloaded from PubChem, the COlleCtion of 

Open Natural prodUcTs (COCONUT) online database [160], or recreated with the 

Schrödinger Maestro 2D Sketcher. All ligands were minimized using the Schrödinger 

LigPrep under the OPLS4 force field. The CtPilB homology model was used for docking 

prior to MD simulation. After MD simulation, the structures that occupied the greatest 

percentage of the sampling period after structural clustering (see Trajectory Analysis) 

across all three replicates for a given condition were selected for docking. All protein 

structures were prepared using the Schrödinger protein preparation wizard to assign 

hydrogens and bond orders then energy minimized using Prime with the OPLS4 force 

field and VSGB solvation model. Binding sites were validated using the SiteMap 

software. Because all top predicted binding pockets overlapped with the ATP binding 

domain, the docking grid was defined by centering on the Walker A box residues in each 

protein chain and restricting box size to 20 Å which was sufficient to also capture the 

Walker B and other AAA+ ATPase-associated motifs. The Glide [161] program was used 

to generate a maximum of nine poses using SP mode and default parameters. The free 

energy of binding (ΔGBind) of each pose was calculated by the Molecular Mechanics 

Generalized Born Surface Area (MM-GBSA) [162] module of Prime using the OPLS4 
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force field and VSGB solvation model. Ligand-protein fingerprint analysis was 

performed on the lowest energy poses of each ligand tested using the Schrödinger 

Interaction Fingerprints module [163, 164]. Cut-off distances for heavy atom and 

hydrogen atom interactions were set to 4.0 Å and 2.5 Å, respectively.  

System Construction and Molecular Dynamics Simulations 

All molecular dynamics simulations of the PilB hexamer were performed using 

the 2020.4 build of the GROMACS software suite and built with the July 2021 release of 

the CHARMM36m forcefield [165, 166]. Four systems were simulated with three 

replicates each for a total of 12 simulations. A TIP3P water model [167] in a cubic box 

was used with heavy atoms restrained and a minimum solute-box distance of 1.0 nm. 

Systems contained 150 mM NaCl and were neutralized with Na+ and Cl- counter ions. For 

systems containing nucleotides, ATP or ADP were pre-docked into the appropriate 

subunit interfaces using the Glide software in the Schrӧdinger software suite (see above). 

Energy minimization was performed with the steepest descent algorithm, with a 

maximum force constraint of 1000 kJ/mol/nm. Systems were equilibrated with a constant 

volume and temperature ensemble (NVT) at 298 K for 100 ps using the Berendsen weak-

coupling algorithm [168]. Random starting velocities were assigned to each replicate 

from a Maxwellian distribution. An isothermal-isobaric ensemble (NPT) was then 

applied for 100 ps with a modified Berendsen thermostat [168] held at 298 K and 

Berendsen pressure coupling held at 1 bar. All production simulations were performed 

using the CHARMM36m forcefield [166]. Short-range cutoff of 1.2 nm was applied to 

all van der Waals interactions. Long-range electrostatic interactions were calculated using 

the particle-mesh Ewald method [169] with cubic interpolation, 0.16 nm Fourier grid 
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spacing, and Verlet cut-off scheme. Bonds were constrained by a fourth order P-LINCS 

algorithm [170], with an integration timestep of 2 fs. MD simulations were performed for 

1 µs for all twelve replicates, totaling 12 µs of simulation time.  

MD Simulation Trajectory Analysis 

RMSD and RMSF analyses were performed using the initial homology structure 

as the reference structure. RMSD and RMSF analyses were done to determine the 

structural stability of each replicate system. Conformational convergence was observed 

over the final 500 ns of simulation, providing a total of 6 µs sampling time. Structural 

clustering was performed based on the protein backbone with the gromos algorithm and a 

RMSD cut-off of 0.275 nm. All analyses presented herein were performed over this 500 

ns sampling period using predominant conformations determined by clustering. RMSD, 

RMSF, and clustering were generated and analyzed using GROMACS 2020.4 and in-

house Python 3.9 scripts [165]. Visualization analysis was performed with PyMOL. 

Results and Discussion 

Evaluation of the CtPilB homology model. Crystallization efforts have not yet 

been able to visualize the entire PilB protein such that only structures of the N2D and 

CTD regions together or N1D separately have been determined experimentally [89, 90, 

92, 152]. Due to this, our homology model for CtPilB (CtPilBHM) lacks the first 217 

amino acids corresponding to the N1D region. Notably, the absence of the N1D domain 

does not appear to severely impact ATPase activity in vitro [58, 95]. Evaluation of the 

homology model via Ramachandran plots show that 96.84% of dihedral bond angles are 

favored (FIG 2-2A). Outliers were located within four flexible loop regions located at the 

external face of PilB. This is supported by a QMEANDisCo score of 0.77 ± 0.05 with the 
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lowest structural confidence at, again, the same flexible loop regions (FIG 2-2B). The 

structure quality of CtPilBHM is within expected quality of similarly sized proteins 

determined by X-ray crystallography with a ProSA Z-score of -9.36 (FIG 2-2C) [159]. 

ProSA additionally determined that local model quality is overall favorable except at a 

flexible loop spanning from I296 to L307 (FIG 2-2D). Though this specific loop region 

appears to be extended in CtPilBHM compared to the GmPilB template, all other regions 

are strongly consistent with the template structure.  

To further validate our structure, we performed molecular docking into the CtPilB 

structure with ATP and ADP and assessed the ligand-protein interactions with the key 

ASCE ATPase residues, particularly the Walker A and B motifs (FIG 2-3A). As 

expected, the top binding pockets were found to overlap with the ATP binding pocket, 

and ATP was docked into the two open interfaces and ADP into the remaining closed and 

open’ interfaces (FIG 2-3B). Both ADP and ATP generated poses where the phosphates 

are able to interact with the Walker A P-loop; however, some interfaces produced poses 

that are more U-shaped rather than the typical linear conformation found in crystal 

structures (FIG 2-4). This may be due to the size of the binding surfaces identified by the 

SiteMap program, which generates a surface based on receptor properties that are 

favorable for generalized ligand binding (FIG 2-3B) [171]. Despite this, ATP in CtPilB 

still exhibited most expected interactions with the binding cavity residues, primarily via 

the β- and γ-phosphates (Table 2-1). Within the Walker A motif, ATP primarily interacts 

with T366 to T371, where the phosphate groups of ATP are surrounded by the P-loop 

backbone amides. No interactions with the first Walker A glycine G364 were detected, 

and P365 only participates in backbone interactions. All residues spanning from T366 to 
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T371 interact with the β- and γ-phosphates by the backbone amine group to some degree. 

T371 additionally makes hydrogen bonds with the β- or γ-phosphate. Interestingly, G367 

to G369 seem to participate in hydrogen bonding with ATP when they are generally 

expected to interact via backbone amides only (Table 2-1) [85]. The arginine finger 

residue R310, Walker B catalytic glutamate E434, and Asp-box glutamate E396 contact 

ATP via sidechain interactions, orienting toward the triphosphate tail. The last three of 

these residues are expected to coordinate Mg2+ under biological conditions [83].  

Interestingly, ATP makes an additional contact with R436, adjacent to the Walker B 

element. This arginine was previously noted to be critical for ATPase function, where 

mutation of this residue resulted in an 18-fold decrease in activity [156]. This contact was 

only seen for ATP, and not ADP. 

Docking ADP into CtPilB produced similar interactions, though ADP makes 

fewer overall contacts with the closed interface than the open’ interface in the generated 

poses (Table 2-1). Contacts with R310 and E392 are lost in both closed and open’ 

interfaces, though R325 still remains poised toward the nucleotide. Interactions with the 

Walker A residues are maintained, with new hydrogen bonds with K370 emerging 

through its side-chain group. Interestingly, His-box H459 creates a new contact by its 

side chain to the α-phosphate of ADP only in the closed binding interface. This histidine 

was found to coordinate the γ-phosphate group of AMP-PNP and not ADP in the open’ 

interface of the GmPilB structure [90]. ATP and ADP also showed a notable number of 

interactions with other arginine and aspartate residues either within CTDn or at the 

adjacent packing unit. Hydrophobic interactions occurred primarily with leucine residues, 

especially L327, which neighbors the arginine finger R325. In all, both ATP and ADP 
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exhibit the key ligand-protein interactions within the ATPase catalytic pocket of the 

CtPilB homology model, despite the variety of poses generated. 

Evaluation of docked inhibitors to the CtPilB homology model.  Six 

compounds identified as potential or validated PilB inhibitors were docked into the 

CtPilB model, and their binding was evaluated (FIG 2-5, FIG 2-6) [95-97, 139]. All six 

were predicted to bind at the ATP binding site in their respective studies. Free energy of 

binding (ΔGBind) was individually evaluated within the three interface conformations, 

where a more negative value suggests a greater binding affinity (Table 2-2). Table 2-3 

contains a summary of ligand-complex residue interactions as determined by interaction 

fingerprinting of the best binding poses. All compounds make at least three contacts with 

a key ASCE residue, with five of six compounds exhibiting polar side-chain interactions 

with T371 in particular.  

Quercetin exhibited the most consistent ΔGBind across the three conformations 

with an overall average of -27.67 ± 5.32 kcal/mol, indicating a fairly equal affinity for 

any of the three conformational states (Table 2-2). Quercetin docks just outside of the P-

loop, contacting R325, T371, and E396 via hydroxyl groups (FIG 2-6C). The structurally 

similar compounds Benserazide and levodopa exhibit very similar overall average ΔGBind 

values of -22.76 ± 8.82 and -21.86 ± 7.55 kcal/mol, respectively (Table 2-2). Both of 

these compounds interact with the majority of Walker A motifs via their ‘tail’, especially 

levodopa which sits within the P-loop at the carboxyl end (FIG 2-6A). The favorable 

ΔGBind values and best binding poses for these three compounds are in line with existing 

experimental data where Benserazide, levodopa, and quercetin were all demonstrated to 

inhibit CtPilB ATPase activity in vitro as competitive inhibitors [96, 97]. 
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The natural compounds CNP0030078 and CNP0051517 also produce similar 

ΔGBind as each other with -27.09 ± 11.71 kcal/mol and -27.20 ± 12.10 kcal/mol, 

respectively. Structurally, these compounds differ only by a single fluorine group. 

CNP0030078 and CNP0051517 appear to have greater affinity for the open and open’ 

interfaces as indicated by the two-fold difference in the ΔGBind value for the closed 

interface (Table 2-2). Notably, CNP0030078 made the least number of key residue 

contacts of all docked compounds, interacting with only three key residues (R325, G367, 

G369) CNP0051517, in comparison, makes six additional contacts with key residues 

(Table 2-3). Comparing the best binding poses of these two compounds reveal that the 

benzoyl group of CNP0051517 docks within the Walker A P-loop, but the same 

substituted ring in CNP0030078 does not. This suggests that CNP0051517 has potential 

as a competitive inhibitor at the ATP binding pocket, but CNP0030078 may not be able 

to fully enter the ATP binding pocket due to the additional fluorine substitution, despite 

its favorable ΔGBind value (FIG 2-6B).  

P4MP4 displays the most favorable ΔGBind of all compounds (-34.48 ± 12.01 

kcal/mol); however, there were also fewer poses generated during molecular docking 

(Table 2-2). Specifically, only one pose was generated when docked into the open’ 

interface. P4MP4 is a bulky compound (564.73 g/mol) and occupies a large portion of the 

binding pocket, which is already partially occluded by the adjacent packing unit in the 

closed and open’ interfaces (FIG 2-6C). The size of P4MP4 may allow it to interact with 

a greater number of residues, making contacts with all arginine fingers, the Walker B 

glutamate, an Asp-box glutamate, and six of eight Walker A residues (Table 2-3). 

Flexibility of this compound is likely restricted within the binding interface, accounting 
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for the lack of additional poses and reflected in the comparatively low standard 

deviations of the ΔGBind values.  

CtPilB can be simulated in different liganded states. The molecular docking 

was performed using a single homology model of CtPilB, which only represents a 

snapshot of a typically dynamic protein. Ensemble docking has previously been used to 

compensate for the lack of dynamic information in these static structures by using 

additional structures in different conformational states [137]. The inclusion of varying 

conformations may also reveal different ligand poses within the binding pocket that 

would not normally be seen with just a single crystal structure. To generate additional 

structures for molecular docking and to investigate major morphological changes due to 

nucleotide binding, we performed MD simulations of CtPilB in the apoprotein 

(CtPilBApo), partially liganded (CtPilBATP and CtPilBADP), and fully occupied 

(CtPilBATP+ADP) states. In the CtPilBATP and CtPilBADP simulations, ATP or ADP was 

docked into the open or closed interfaces, respectively. ATP and ADP were docked in the 

open and closed/open’ states as described in the previous section for the CtPilBATP+ADP 

simulations. 

Simulation convergence was evaluated by visualization of change in root-mean-

square deviation (RMSD) over time (FIG 2-7) and cluster analysis (FIG 2-8). The 

appearance of a plateau in average RMSD of all four systems indicates convergence is 

achieved in the final 500 ns of the simulations (FIG 2-7). This is supported by the 

predominant structures identified by clustering analysis with a 0.275 nm RMSD cutoff, 

where the major structure extracted from each replicate occupies at least 50% of the final 

500 ns sampling period (FIG 2-8). Root-mean-square fluctuation (RMSF) indicates four 
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regions of high flexibility, which correspond to the four disordered loops identified 

previously by our validation methods (FIG 2-9). The fluctuation in these regions appears 

consistent across all replicates within each system, further supporting that convergence 

was achieved.  

Morphology of CtPilB structures changes after MD simulation with 

ATP/ADP. Examination of the predominant clustering structures showed that nucleotide 

binding at one interface appears to have propagative effects on the overall protein 

structure (FIG 2-8). Across all three replicates, the CtPilBApo and CtPilBATP+ADP systems 

generated predominant structures that either appear more symmetrical overall or closely 

identical to the homology model, respectively. The CtPilBATP and CtPilBADP simulations 

showed greater heterogeneity, both producing at least one predominant structure that has 

a visible skew or deformation when the entire structure is viewed (FIG 2-8). Due to the 

limitations and resolution of MD simulation, the process of ATP hydrolysis cannot 

feasibly be simulated [172]. However, conformational deformation in the CtPilBATP and 

CtPilBADP structures occurs at unoccupied interfaces adjacent to a bound interface, 

suggesting the presence of ATP or ADP is influencing the greater morphological 

character. These skewed structures occupy the least amount of sampling space compared 

to the other predominant structures in other replicates, which may be indicative of a less 

frequently visited conformation. 

Key residue interactions with ATP/ADP are maintained after MD 

simulation. The ligand-protein interactions between CtPilB and ATP or ADP after MD 

simulation were reevaluated by interaction fingerprinting analyses (Table 2-4). In at least 

two of three replicates, most interactions of ATP and ADP that were retained after 
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simulation occur with conserved residues. Non-conserved residues that were also retained 

neighbor a key motif, usually an arginine finger (R293) or the P-loop (N372). Notably, 

the structurally equivalent arginine of R293 in Thermus thermophilum PilB was 

previously described as an arginine finger [92]. R293 may not function as an arginine 

finger in CtPilB, as interactions with R325 were more prevalent prior to and after MD 

simulation (Table 2-1, Table 2-4). Hydrogen bonding with P-loop residues is lost at most 

interfaces, with all previously recorded contacts preserved at just one open’ interface. 

Backbone interactions are variably maintained, with G367 or G369 shared across most 

systems as expected [85]. Interactions with the Walker B glutamate E434, which assists 

in coordinating ATP hydrolysis, were only detected in ATP-bound interfaces. In contrast, 

ADP-bound interfaces experienced more interactions with the Asp-box glutamate E396. 

Overall, ATP and ADP maintained most expected interactions with the ATP binding 

pocket, particularly with the Walker A and B motifs. 

Surprisingly, two binding interfaces in the CtPilBATP+ADP systems retained only 

arginine contacts (Table 2-4). This is potentially due to non-linear initial docking poses 

described previously, allowing ATP or ADP to move within the binding pocket. Previous 

work has shown that mutations of AAA+ ATPase arginine residues result in diminished 

or complete abolishment of ATPase activity, though they are also broadly known to 

coordinate ATP via the γ-phosphate [85, 173]. Continued contact with arginine residues 

suggests that these residues are critical to holding ATP or ADP in the binding pocket of 

CtPilB. 

Inhibitor docking after MD simulation reveals key interactions. To perform 

inhibitor docking with CtPilB after MD simulation, the predominant structure that 
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occupied the greatest proportion of the 500 ns sampling period in each system was 

selected as a representative structure for ensemble docking (FIG 2-8). All four 

representative conformations occupy greater than 80% of the sampling period and appear 

more morphologically symmetric or similar to the CtPilB homology model when the 

protein structures are overlayed (average RMSD of 5.16 ± 0.51 Å). Reevaluation of 

potential binding pockets by SiteMap again identifies the ATP binding domain as the 

most probable ligand pocket. The same six compounds were docked into each 

representative structure and their ΔGBind was reassessed. All compounds exhibit favorable 

ΔGBind values in the four additional structures, showing generally similar binding affinity 

in all docked structures (Table 2-5). The residue contacts made by the best binding 

compounds in the CtPilBApo, CtPilBATP, CtPilBADP, and CtPilBATP+ADP structures are 

summarized in Table 2-6, Table 2-7, Table 2-8, and Table 2-9 respectively. The best 

binding poses were mainly generated in the open or open’ binding interfaces, except in 

the CtPilBATP structure where four of six best poses were in a closed interface. 

Comparison of pre-MD and post-MD docking reveals that certain interactions are 

important for inhibitor binding. All compounds contact at least one key catalytic residue, 

usually an arginine finger or Walker A P-loop residue.  

Binding analyses of the three known PilB inhibitors reveals that these compounds 

bind the most key catalytic residues of the six examined here (Table 2-10). Quercetin 

interacts with five of the eight Walker A residues, but specifically maintained contact 

with G367, T371, and at least one arginine finger in three of the four representative 

structures. Quercetin interacts with the Walker B glutamate and His-box H459 in one 

structure and maintains the E396 contact in two. When all post-MD poses are aligned to 
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the best pose from CtPilBHM, quercetin has an average RMSD of 0.19 ± 0.08 Å (FIG 2-

10, Table 2-11). The flavone backbone has limited flexibility and is able to rotate 

primarily across one bond, which is reflected in quercetin’s best binding poses (FIG 2-

10). Interactions with the majority of the P-loop region and at least one arginine finger 

are preserved with Benserazide in all structures, but Asp-box contacts occurred in only 

one structure (Table 2-10). Levodopa has a similar profile, retaining interactions with the 

P-loop in all structures but losing Asp-box and Walker B contacts. This compound 

appears to be able to contact arginine fingers in these structures, which was not observed 

in the original homology model (Table 2-3, Table 2-10). When compared to the 

respective CtPilBHM poses, Benserazide has an average RMSD of 1.84 ± 0.57 Å while 

levodopa has an average of 0.89 ± 0.68 Å (Table 2-11). The overlay of best poses shows 

that the ‘tails’ of Benserazide and levodopa are able to rotate and contact the P-loop 

freely and have limited rotation at the trihydroxyphenyl- and dihydroxyphenyl- groups 

respectively (FIG 2-10). The homogeneity of levodopa poses are likely due to its 

relatively small size. These compounds are likely able to occupy most key residues 

involved in ATP catalysis, supporting the existing experimental knowledge that these 

three compounds function as competitive inhibitors of ATP. 

The natural compounds CNP0030078 and CNP0051517 do not retain many 

interactions between the pre-MD and post-MD structures. CNP0030078 interacts with 

R325 in two of four post-MD structures. It is able to bind some Walker A residues in 

three of four structures but only the G367 interaction is preserved in two of the four 

(Table 2-10). Similarly, CNP0051517 contacts the P-loop via its benzoyl group in three 

structures but other interactions are generally lost, with no key interactions identified in 
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the CtPilBATP structure (Table 2-10). CNP0030078 and CNP0051517 have average 

RMSD values of 1.98 ± 1.25 Å and 2.10 ± 1.01 Å, with the greatest flexibility at the 

terminal benzoyl and trifluoromethylphenyl group (FIG 2-10, Table 2-11). Fluorination 

of compounds is often used in drug development to improve compound bioavailability, 

stability and ligand-protein interactions due to its high electronegativity and relatively 

small van der Waals radius (1.47 Å) [174]. The fluorine groups within the molecules 

likely account for most of the miscellaneous interactions observed, which are more 

prevalent than those in key motifs. Notably, the best poses identified in this chapter are 

similar to those found in the original study (FIG 2-10). Both compounds are positioned 

with trifluoromethylphenyl groups more interior than the benzoyl group in both this study 

and the study by Ozcan et al. [139] (FIG 2-6). Poses found by Ozcan et al. depict very 

few interactions with key motifs, specifically only a single threonine or glycine within the 

Walker A loop per compound [139]. The presence of adjacent packing units may 

influence how these compounds bind into PilB by introducing additional residues outside 

of the binding cavity that prevent trifluoromethylphenyl from entering the pocket. 

Nonetheless, both the original study and this chapter indicate that CNP0030078 and 

CNP0051517 are able to bind PilB to varying degrees, though their effectiveness in vitro 

has yet to be explored. 

Similar to the natural compounds above, P4MP4 predominantly interacts with 

amino acids outside of the key motifs. P4MP4 makes variable contact with the P-loop 

residues, particularly P365 in three structures and G367 and T371 in two structures. At 

least one arginine finger interaction was identified in two of the four structures. Again, 

Asp-box contacts are lost, but at least one structure generated a new interaction with His-
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box H459 (Table 2-8). Overall, the only contacts P4MP4 displays across multiple 

structures are with three Walker A residues P365, G367, and T371 (Table 2-10). P4MP4 

also showed the greatest average RMSD at 3.65 ± 0.25 Å, likely owing to its greater 

molecular size and multiple flexible bonds to large groups (Table 2-11). Despite its 

average ΔGBind value being the most favorable of the compounds across all structures, 

P4MP4 has a reported IC50 of 175.10 ± 13.08 μM and only inhibits N. meningitidis PilF 

by ~35% when incubated at 200 μM [95]. Notably, the additional structures allowed 

more than one pose to be generated for all three interface states; however, not all binding 

pockets produced poses for P4MP4 in the post-MD structures. Collectively, it is possible 

that P4MP4 is unable to efficiently bind the ATP binding interface due to its size, despite 

its high binding favorability (Table 2-2). 

The binding data have implications on the quality of these inhibitors as lead 

candidates, specifically considering compound size and structure. P4MP4 is particularly 

interesting as its molecular weight is 564.73 g/mol, which violates Lipinski’s rule of 5 

(RO5). The RO5 states a compound with a molecular weight greater than 500 may have 

poor absorption in the body when administered orally (FIG 2-5) [175]. The RO5 is often 

used to filter compounds that are less likely to be drug-like in virtual screening, as seen in 

the study by Ozcan et al. [139]. By this metric, P4MP4 may not be an ideal candidate for 

drug optimization, but the structure activity relationship analyses provided by Aubey et 

al. may inform future endeavors [95]. In their original study, Aubey et al. indicate that 

two major groups contributing to P4MP4 activity are the 2,4-dimethoxybenzene and 

piperidine moieties [95]. The three inhibitors known to competitively bind the ATP 

binding pocket in PilB (benserazide, levodopa, and quercetin) contain a di- or tri-
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substituted rings with hydroxyl groups and resemble 2,4-dimethoxybenzene structurally 

(FIG 2-5). Similarly, the two natural compounds CNP0030078 and CNP0051517 contain 

highly electronegative fluorine groups (FIG 2-5). These likely mimic the negatively 

charged triphosphate tail of ATP and indicates that leads are more likely to be successful 

if they exhibit this characteristic, although the inclusion of highly electronegative groups 

such as fluorine may not be ideal. 

In order to evaluate PilB as a model for virtual screening, this chapter utilized 

homology modeling to generate a hexameric computational model for the C. 

thermophilum PilB. Molecular docking was performed to investigate the binding 

characteristics of compounds that were found in recent published literature that may have 

inhibitory activity against PilB, which was supplemented by additional structures that 

were generated through molecular dynamics. Docking metrics retrieved using the 

hexameric CtPilB complex align with experimentally derived results, where three 

compounds previously confirmed as orthosteric inhibitors were found to occupy the ATP 

binding pocket at multiple key residues, primarily the Walker A motif. The three other 

compounds investigated in this chapter may also occupy the ATP binding pocket, but 

they do not contact many key amino acids. Additionally, virtual screening using the 

monomeric subunit versus the hexameric complex potentially produces similar results, 

but larger scale screening will need to be performed for verification. The analyses in this 

chapter can be used to guide future anti-PilB drug optimization and support the use of 

CtPilB as a model for structure-based virtual screening for inhibitory compounds. 
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Tables and Figures for Chapter 2 
 
Table 2-1. Key interacting residues of ATP and ADP in the CtPilB homology model. 
Fingerprinting summary of key and recurrent residues participating in protein-ligand 

interactions between ATP or ADP and the CtPilB homology model prior to MD 

simulation. Walker A, Walker B, arginine finger, Asp-box, and His-box residues are 

bolded. 

 

  

Interface Ligand H-Bond Charged Backbone Sidechain Polar Hydrophobic 

Open ATP 

R293, R310, 
R325, E330, 
G367, S368, 
G369, T371, 
E392, E396, 
R436, R552 

R293, R305, 
R310, R325, 
E330, K370, 
E392, D393, 
E396, R424, 
E434, R436, 

R552 

D328, K329, 
E330, P365, 
T366, G367, 
S368, G369, 
K370, T371, 
N372, D393, 
P394, E396, 

G433 

R293, R305, 
R310, R325, 
L327, E330, 
T366, K370, 
T371, N372, 
L374, Y375, 
E392, D393, 
E396, F397, 
R424, L431, 
E434, R436, 
T457, R552 

R293, R305, 
R310, R325, 
E330, T366, 
K370, T371, 
N372, E392, 
D393, E396, 
R424, E434, 
R436, T457, 

R552 

L327, L374, Y375, 
F397, L431 

Closed ADP 
R325, G367, 
G369, K370, 
T371, H459 

R325, K370, 
E396, E434 

L326, P365, 
T366, G367, 
S368, G369, 
K370, T371, 
G433, E434 

R325, L327, 
T366, K370, 
T371, N372, 
E396, E434, 
T457, H459 

R325, T366, 
K370, T371, 
N372, E396, 
E434, T457, 

H459 

L327 

Open’ ADP 

A235, R325, 
L326, T366, 
G367, S368, 
G369, K370, 
T371, R552 

D237, R325, 
D328, K331, 
K370, E396, 

R552 

G234, A235, 
S236, L326, L327, 

D328, P365, 
T366, G367, 
S368, G369, 
K370, T371, 
N372, G551, 

R552 

S236, D237, 
R325, L326, 
L327, D328, 
K331, L332, 
T366, S368, 
K370, T371, 
N372, E396, 
F397, R552 

S236, D237, 
R325, D328, 
K331, T366, 
S368, K370, 
T371, N372, 
E396, R552 

L326, L327, L332, 
F397 
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Table 2-2. Average free energy of binding of selected inhibitors. 
The average free energy of binding (ΔGBind) of the six selected inhibitors docked into the 

three conformational states in the CtPilB homology model. All energies are reported in 

kcal/mol. *No standard deviation available for P4MP4 in the Open’ conformation. 

 

Compound Average ΔGBind 
Closed 

Average ΔGBind 

Open 
Average ΔGBind 

Open’ Overall Average ΔGBind  

Benserazide -16.98 ± 6.51 -22.79 ± 9.13 -28.51 ± 7.29 -22.76 ± 8.82 
CNP0030078 -15.16 ± 8.76 -34.42 ± 6.47 -34.56 ± 4.49 -27.09 ± 11.71 
CNP0051517 -14.86 ± 8.97 -32.57 ± 7.93 -36.19 ± 4.47 -27.2 ± 12.1 

Levodopa -21.09 ± 6.65 -26.55 ± 5.97 -17.95 ± 7.94 -21.86 ± 7.55 
P4MP4 -24.85 ± 3.78 -48.04 ± 1.23 -28.41* -34.48 ± 12.01 

Quercetin -25.59 ± 6.35 -27.97 ± 2.98 -29.44 ± 5.85 -27.67 ± 5.32 
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Table 2-3. Summary of interacting residues in the CtPilB homology model. 
Summary of residues participating in protein-ligand interactions of the best binding poses 

in the CtPilB homology model as determined by fingerprint analysis. Walker A, Walker 

B, arginine finger, Asp-box, and His-box residues are bolded. 

 
  

Structure Compound Interface H-Bond Charged Backbone Sidechain Polar Hydrophobic 

CtPilBHM 

Benserazide Open’ K331, T366, 
G367, K370,  

E396 
R325, K370, 
E396, R552 

K331, T366, 
G367, S368, 
G369, K370 

R325, T366, 
K370, T371, 
N372, E396, 
F397, R552 

R325, T366, 
K370, T371, 
N372, E396, 

R552 
F397 

CNP0030078 Open’ R552 R325, K331, 
R552 

G234, A235, 
S236, L326, 
K331, G367, 
G369, G551, 

R552 

S236, R325, 
K331, L339, 
L492, R552 

S236, R325, 
K331, R552 L339, L492 

CNP0051517 Open R310, G369 R310, R325, 
E330, K370, 

E396 
G367, S368, 

G369 
R310, R325, 
L327, E330, 
T366, K370, 
T371, E396 

R310, R325, 
E330, T366, 
K370, T371, 

E396 
L327 

Levodopa Open G367, E434, 
C436 K370, E396, 

E434, C436 
G367, S368, 
G369, D393, 

G433 
K370, T371, 
E396, E434, 

C436 
K370, T371, 
E396, E434, 

C436 - 

P4MP4 Open/Open’ - R310, R325, 
E330, K370, 
E396, (R424) 

D328, K329, 
G367, D393, 
P394, E396, 

G433 

R310, R325, 
L327, E330, 
T366, K370, 
T371, E396, 
(R424), T457 

R310, R325, 
E330, T366, 
K370, T371, 

E396, (R424), 
T457 

L327 

Quercetin Open’ E396, R552 R325, K331, 
E396, R495 L326, G369, 

R552, V553 
R325, L327, 
K331, L339, 
T371, E396, 
F397, L492, 

R495 

R325, K331, 
T371, E396, 

R495 
L327, L339, F397, 

L492 
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Table 2-4. Summary of interacting residues of ATP/ADP after MD simulation. 
Summary of residues participating in protein-ligand interactions of the best binding poses 

of nucleotide-bound conditions that were maintained after 1 µs of MD simulation. All 

residues reported are present in at least two of three replicates. 

Structure Ligand Interface H-Bond Charged Backbone Sidechain Polar Hydrophobic 

CtPilBATP 
ATP Open 

R310, 
R325, 
R552 

R310, R325, 
R552, R424 D328, G367 R310, R325, L327, 

R552, R424 
R310, R325, 
R552, R424 L327 

ATP Open R293, 
R310 

R293, R310, 
K370 G367 R293, R310, 

T366, K370, T371 
R293, R310, 
K370, T371 - 

CtPilBADP 

ADP Closed G367, 
K370 K370, E396 

G367, S368, 
G369, K370, 

T371 

T366, K370, T371, 
E396 

T366, K370, 
T371, E396 - 

ADP Closed K370 R325, K370, 
E396 G369 T366, K370, T371, 

E396 

R325, T366, 
K370, T371, 

E396 
- 

CtPilB
ATP+ADP

 

ADP Closed K370, 
T371 K370, E396 

L326, G367, 
S368, G369, 
K370, T371 

T366, K370, T371, 
E396 

T366, K370, 
T371, E396 - 

ATP Open 
R310, 
G367, 
T371 

R293, R310,  
K370, E392, 

E434 

T366, G367, 
T371, D393, 

G433 

R293, R310, 
T366, K370, T371, 

E434, E392 

R293, R310, 
T366, K370, 
T371, E434, 

E392 

- 

ADP Open’ 

T366, 
G367, 
S368, 
G369, 
K370, 
T371 

R325, K370 

P365, T366, 
G367, S368, 
G369, K370, 

T371 

R325, T366, S368, 
K370, T371, N372 

R325, T366, 
S368, K370, 
T371, N372 

- 

ADP Closed - R325, K370, 
E396 

T366, G367, 
S368, G369, 
K370, T371 

K370, T371, R325, 
E396 

K370, T371, 
R325, E396 - 

ATP Open 
R310, 
R325, 
R552 

R310, R325, 
R424, R552 - R310, R325, 

R424, R552 
R310, R325, 
R424, R552 - 

ADP Open’ - R325,  R552 - R325,  R552 R325,  R552 - 
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Table 2-5. Average free energy of binding of selected inhibitors in post-MD 
structures. 
The overall average free energy of binding (ΔGBind) of the six selected inhibitors docked 

into representative CtPilB structures derived from cluster analysis. Overall average 

ΔGBind values derived from docking with the CtPilB homology model are provided in the 

final column for comparison. All energy is reported in kcal/mol. 

 

  

Compound 
ΔGBind 

CtPilBApo 
ΔGBind 

CtPilBATP 
ΔGBind 

CtPilBADP 
ΔGBind 

CtPilBATP+ADP 
ΔGBind 

CtPilBHM 
Benserazide -20.65 ± 9.36 -23.47 ± 8.83 -25.82 ± 8.69 -20.52 ± 10.82 -22.76 ± 8.82 
CNP0030078 -25.78 ± 10.55 -28.53 ± 8.51 -32.86 ± 8.59 -25.79 ± 18.77 -27.09 ± 11.71 
CNP0051517 -25.91 ± 10.59 -27.31 ± 8.83 -31.65 ± 9.59 -24.15 ± 20.3 -27.2 ± 12.1 

Levodopa -19.41 ± 10.01 -20.94 ± 7.85 -23.85 ± 9.6 -26.15 ± 8.72 -21.86 ± 7.55 
P4MP4 -28.08 ± 14.97 -40.34 ± 10.61 -38.47 ± 11.37 -40.07 ± 11.92 -34.48 ± 12.01 

Quercetin -26.72 ± 7.43 -26.23 ± 6.63 -30.06 ± 5.91 -31.16 ± 7.79 -27.67 ± 5.32 
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Table 2-6. Residue interactions in the CtPilBApo structure. 
Summary of residues participating in protein-ligand interactions of the best binders 

docked into the CtPilBApo representative structure. Walker A, Walker B, arginine finger, 

Asp-box, and His-box residues are bolded. Residue interactions occurring with adjacent 

packing units are indicated by parentheses. 

  

Structure Compound Interface H-Bond Charged Backbone Sidechain Polar Hydrophobic 

CtPilBApo 

Benserazide Open D291, T366, 
G367, G369, 

T371 
D291, R293, 
R310, K370 

G292, T366, 
G367, S368, 

G369 
D291, R293, 
R310, L327, 
T366, K370, 
T371, N372 

D291, R293, 
R310, T366, 
K370, T371, 

N372 
L327 

CNP0030078 Open’/Closed - (K355), R491, 
R552, E611 (A354), L492 

L256, (K355), 
(P356), 

(Y357), P365, 
S368, N461, 
R491, L492, 
R552, E611 

S368, N461, 
R491, R552, 

E611 
L256, (P356), 
(Y357), P365, 

L492 

CNP0051517 Open/Open’ - R325, (R424), 
R494, R552, 

R610 
L326, T366, 
G367, S368, 
G369, (L423) 

R325, L327, 
T366, (L423), 
(R424), L492, 
R494, R552, 

R610 

R325, T366, 
(R424), R494, 
R552, R610 

L327, (L423), 
L492 

Levodopa Open D291, R325, 
K370, T371 D291, R310, 

R325, K370 
P365, G367, 
G369, K370, 

T371 
D291, R310, 
R325, L327, 
T366, S368, 
K370, T371 

D291, R310, 
R325, T366, 
S368, K370, 

T371 
L327 

P4MP4 Open/Open’ P289 
D291, R310, 

(R420), (R424), 
D462, R491, 

E611 
P289, Q290, 

D291, (A417), 
(R420), L492 

Q290, D291, 
R310, P365, 

(A417), 
(R420), 
(L423), 

(R424), N461, 
D462, R491, 
E611, V613 

Q290, D291, 
R310, (R420), 
(R424), N461, 
D462, R491, 

E611 
P365, (A417), 
(L423), V613 

Quercetin Open/Open’ D291, L492 D291, R310, 
R491, E611 

P365, G367, 
S368, R491, 
L492, R610, 

E611 

D291, R310, 
P365, S368, 

N461, (L423), 
R491, E611 

D291, R310, 
S368, N461, 
R491, E611 P365, (L423) 
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Table 2-7. Residue interactions in the CtPilBATP structure. 
Summary of residues participating in protein-ligand interactions of the best binders 

docked into the CtPilBATP representative structure. Walker A, Walker B, arginine finger, 

Asp-box, and His-box residues are bolded. Residue interactions occurring with adjacent 

packing units are indicated by parentheses. 

  

Structure Compound Interface H-Bond Charged Backbone Sidechain Polar Hydrophobic 

CtPilBATP 

Benserazide Open’ T371, P394, 
E396 R325, E392, 

E396 D393, P394, 
E396, E434 

R325, L332, 
T366, T371, 
N372, Y375, 
E392, P394, 

E396 

R325, T366, 
T371, N372, 
E392, E396 L332, Y375, P394 

CNP0030078 Open/Open’ R310 D291, R293, 
R310, (R424), 

R552 
T366, G367, 
S368, L492 

D291, R293, 
R310, L327, 
P365, T366, 

T371, (R424), 
L492, R552 

D291, R293, 
R310, T366, 
T371, (R424) 

R552 
L327, P365, L492 

CNP0051517 Closed R552 E330, R495, 
K550, R552 

G234, D254, 
G255, K338, 
L339, R552, 
V553, G554 

S236, V253, 
E330, L492, 
R495, K550, 

R552 
S236, E330, 
R495, K550, 

R552 V253, L492 

Levodopa Closed S236, T371, 
N372 D237, R252, 

K370, R552 
G367, G369, 
K370, T371, 

N372 
S236, D237, 
R252, T366, 
K370, T371, 
N372, R552 

S236, D237, 
R252, T366, 
K370, T371, 
N372, R552 

- 

P4MP4 Closed S236, D254 D328, E330, 
K550, R552 

G234, V253, 
D254, K331, 
G367, G369, 
K370, T371, 
N372, T373, 

R552 

S236, V253, 
D328, E330, 
L339, T371, 
N372, T373, 
K550, R552 

S236, D328, 
E330, T371, 
N372, T373, 
K550, R552 

V253, L339 

Quercetin Closed P394, E434 K370, E392, 
E396, E434 

T366, G367, 
S368, G369, 
P394, V395, 

E396 

T366, K370, 
T371, N372, 
Y375, E392, 
E396, F397, 
E434, H459 

T366, K370, 
T371, N372, 
E392, E396, 
E434, H459 

Y375, F397 
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Table 2-8. Residue interactions in the CtPilBADP structure. 
Summary of residues participating in protein-ligand interactions of the best binders 

docked into the CtPilBADP representative structure. Walker A, Walker B, arginine finger, 

Asp-box, and His-box residues are bolded. Residue interactions occurring with adjacent 

packing units are indicated by parentheses. 

 

  

Structure Compound Interface H-Bond Charged Backbone Sidechain Polar Hydrophobic 

CtPilBADP 

Benserazide Open T366, S368, 
R491, L492, 

E611 
R310, R491, 
R552, E611 

T366, G367, 
S368, R491, 

L492 
R310, L327, 
P365, S368, 
R491, L492, 
R552, E611 

R310, S368, 
R491, R552, 

E611 L327, P365, L492 

CNP0030078 Open’ R552 R325, K331, 
R552 

L231, G234, 
S236, K331, 
L332, G551, 

R552 

L231, S236, 
R325, L326, 
K331, M333, 
N372, L492, 

R552 

S236, R325, 
K331, N372, 

R552 
L231, L326, 
M333, L492 

CNP0051517 Open D328 D328, E330, 
R552 

L327, D328, 
K329, E330, 
T366, G367, 

L492 

L327, D328, 
E330, P365, 
S368, L492, 

R552 
D328, E330, 
S368, R552 L327, P365, L492 

Levodopa Open D291, T366, 
S368, R491, 

E611 
D291, R310, 
R491, R552, 

E611 
P365, T366, 
R491, L492 

D291, R310, 
P365, T366, 
S368, R491, 
L492, R552, 

E611 

D291, R310, 
T366, S368, 
R491, R552, 

E611 
P365, L492 

P4MP4 Open/Open’ L492, R610 R325, (R424), 
R552, R610 

R310, V311, 
S312, V323, 

(R424), H459, 
N461, L492 

V323, R325, 
P365, (R424), 
H459, N461, 
L492, R552, 

R610 

R325, (R424), 
H459, N461, 
R552, R610 V323, P365, L492 

Quercetin Open’/Closed S236, D254, 
N372, (T450) 

R252, D254, 
R325, E396, 

R552 
G234, S236, 
R252, V253, 
D254, G255, 

(T450), (G451) 

S236, R252, 
D254, R325, 
T371, N372, 
E396, R552 

S236, R252, 
D254, R325, 
T371, N372, 
E396, R552 

- 
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Table 2-9. Residue interactions in the CtPilBATP+ADP structure. 
Summary of residues participating in protein-ligand interactions of the best binders 

docked into the CtPilBATP+ADP representative structure. Walker A, Walker B, arginine 

finger, Asp-box, and His-box residues are bolded. Residue interactions occurring with 

adjacent packing units are indicated by parentheses. 

 
 

  

Structure Compound Interface H-Bond Charged Backbone Sidechain Polar Hydrophobic 

CtPilBATP+ADP 

Benserazide Open’/Closed R252, G369, 
T371 

R252, R325, 
K370, (D426), 

R552 

G234, A235, 
S236, R252, 
D254, G255, 
G367, G369, 
K370, T371 

S236, R252, 
R325, M333, 
T366, K370, 

T371, (D426), 
R552 

S236, R252, 
R325, T366, 
K370, T371, 
(D426), R552 

M333 

CNP0030078 Open’/Closed N428 D237, R252, 
R325, (D426), 

R552, E611 
D254, G255, 
T366, G367, 
R491, L492 

S236, D237, 
R252, R325, 
P365, S368, 

(D426), (N428), 
L492, R552, 

E611 

S236, D237, 
R252, R325, 

S368, (D426), 
(N428), R552, 

E611 
P365, L492 

CNP0051517 Open T371 
R293, R305, 
D308, D328, 
K329, E330, 

E396 
E330, G367 

R293, R305, 
D308, D328, 
K329, E330, 
L332, T371, 
Y375, E396, 

L492 

R293, R305, 
D308, D328, 
K329, E330, 
T371, E396 

L332, Y375, L492 

Levodopa Open’ S236, R325, 
T366, T371 R325, K370, 

R552 
K331, T366, 
G367, G369, 
K370, T371 

S236, R325, 
M333, T366, 
K370, T371, 
N372, L492, 

R552 

S236, R325, 
T366, K370, 
T371, N372, 

R552 
M333, L492 

P4MP4 Open/Open’ G367, T371, 
R552 K329, R424, 

R552 E330, G367 
K329, L332, 
P365, T371, 
L492, R552, 

L614 
K329, T371, 
(R424), R552 L332, P365, L492, 

L614 

Quercetin Open’/Closed G234, 
(D426) R325, (D426), 

R552 
G234, R252, 
D254, G255, 
G367, G369, 
K370, T371, 

N372 

S236, R325, 
M333, T366, 
T371, N372, 

R552 
S236, R325, 
T366, T371, 
N372, R552 M333 
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Table 2-10. Summary of interacting residues of PilB inhibitors in post-MD 
representative structures. 
Summary of residues participating in protein-ligand interactions of the best binding poses 

of PilB inhibitors across all four representative CtPilB structures selected from clustering 

analysis. All residues reported are present in at least two of four representative structures. 

 
  

Compound H-Bond Charged Backbone Sidechain Polar Hydrophobic 

Benserazide T366, G369, 
T371 

R310, R325, 
K370 

T366, G367, 
S368, G369 

R310, R325, 
T366, K370, 

T371 

R310, R325, 
T366, K370, 

T371 
- 

CNP0030078 - R325 T366, G367 R325, P365, 
S368 S368 P365 

CNP0051517 - - T366, G367 - - - 

Levodopa R325, T366, 
T371 

R310, R325, 
K370 

P365, T366, 
G367, G369, 
K370, T371 

R310, R325, 
T366, S368, 
K370, T371 

R310, R325, 
T366, S368, 
K370, T371 

- 

P4MP4 - - G367 P365, T371 T371 P365 

Quercetin - R325, E396 G367, S368, 
G369 

R325, T366, 
T371, E396 

R325, T366, 
T371, E396 - 
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Table 2-11. Average RMSD of inhibitor best poses. 
The root-mean-square deviation (RMSD) of the best binding poses of selected inhibitors 
in the post-MD representative structures. Poses are aligned to the corresponding best pose 
in the CtPilB homology model. RMSD is reported in angstroms (Å). 

Compound RMSD 
CtPilBApo 

RMSD 
CtPilBATP 

RMSD 
CtPilBADP 

RMSD 
CtPilBATP+ADP 

Average 
RMSD (Å) 

Benserazide 2.73 1.878 1.57 1.18 1.84 ± 0.57 
CNP0030078 3.178 0.38 1.143 3.21 1.98 ± 1.25 
CNP0051517 0.465 2.454 2.252 3.222 2.10 ± 1.01 

Levodopa 0.083 0.862 1.965 0.661 0.89 ± 0.68 
P4MP4 3.314 3.675 3.598 4.009 3.65 ± 0.25 

Quercetin 0.179 0.159 0.115 0.317 0.19 ± 0.08 
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Figure 2-1. Schematic of PilB functional structure. 
(A) Schematic depicting the functional units of the PilB ATPase. The CTD of one chain and the NTD of the 

adjacent chain comprise a functional packing unit of PilB. The ATP binding interface is located between two 

packing units. (B) The different chain designations in the CtPilB homology model are indicated in gray. Chains 

conformations are designated by color: green = open, orange = open’, and red = closed. A single packing unit is 

outlined in black. (C) Images of two packing units creating the three binding states. An open interface is composed 

of two parallel packing units, while packing units in the open’ and closed interfaces are partially overlapping. 

Annotation style adapted from McCallum et al., 2017.  
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Figure 2-2. Validation of the CtPilB homology model. 
Structure validation of the energy minimized homology model of CtPilB. (A) 

Ramachandran plot showed 96.84% of residues are favorable, with 3.43% allowed and 

0.59% outliers. (B) QMEAN analysis indicates values are near 0. QMEANDisCo is 0.77 

± 0.05 according to the SwissModel tool suite. (C) ProSA produces a Z-score of -9.36, 

indicating an acceptable structure when compared to resolved structures of similar size 

(black dot). (D) Local model quality is acceptable across the model except within a 

flexible loop region (dark green line). Residues below the black line indicate favorable 

residues. 
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Figure 2-3. ATP binding motifs are conserved in PilB. 
(A) Alignment of the amino acid sequences of PilB from C. thermophilum and the template PilB from Geobacter 
metallireducens. Walker A (WA) and Walker B (WB) residues are boxed in red. The catalytic glutamate in the WB 
motif is indicated by an asterisk (*). Arginine fingers and Asp-box motifs are indicated by black arrows. His-box 
histidines are indicated by carets (^). (B) The most probable ligand binding domains are at the ATP binding cavity, 
as determined by SiteMap (blue spheres).  
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Figure 2-4. Representative images of ATP and ADP docked into CtPilB. 
Representative images of ATP or ADP docking to the ATP binding pocket of the CtPilB homology model. Key residues 
are visualized as sticks and labeled by residue. (A) ATP docked into the open binding interface. (B) ADP docked into the 
closed interface. (C) ADP docked into the open’ interface. 
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Figure 2-5. Characteristics of selected inhibitors. 
The molecular formula and weight of the selected inhibitors identified in recent literature. The 
molecular structure of benserazide, levodopa, CNP0030078, CNP0051517, P4MP4, and quercetin are 
provided to the right. 
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Figure 2-6. Best poses of selected inhibitors in the CtPilB homology model. 
The best binding poses of selected inhibitors following docking into the CtPilB homology 
model. Best binding poses primarily occurred in the open’ (yellow) or closed (teal) 
interfaces. Key residues are labeled by residue and represented by sticks. (A) Benserazide 
(left) and levodopa (right). (B) CNP0030078 (left) and CNP0051517 (right). (C) 
Quercetin (left) and P4MP4 (right).  
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Figure 2-7. Average RMSD of CtPilB in MD simulation. 
Average root-mean-square deviation (RMSD) of the protein backbone for the CtPilBApo, 
CtPilBATP+ADP, CtPilBADP, and CtPilBATP systems after 1 μs of simulation time (CHARMM36m), 
with three replicates for each system. Shaded area represents the standard deviation of the three 
replicates. 
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Figure 2-8. Predominant structures obtained by clustering analysis. 
Cartoon representation of each predominant structure of all clusters prior to and after MD simulation. 
Clustering was performed over the final 500 ns of each simulation using the gromos algorithm with a 0.275 
nm RMSD cut-off. ‘0 ns’ (gray) represents the initial CtPilB structure prior to simulation. Percentages to 
the right of each structure indicate the portion of the sampling period that structure occupies. Structure 
colors are assigned to system types: CtPilBApo = blue, CtPilBATP = green, CtPilBADP = red, CtPilBATP+ADP = 
orange. 
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Figure 2-9. Average RMSF of CtPilB in MD simulation. 
Average root-mean-square fluctuation (RMSF) of the protein backbone for the CtPilBApo, 
CtPilBATP+ADP, CtPilBADP, and CtPilBATP systems after 1 μs of simulation time (CHARMM36m), with 
three replicates for each system. Each replicate is represented by a differently shaded line based on 
system conditions: CtPilBApo = blue, CtPilBATP = green, CtPilBADP = red, CtPilBATP+ADP = orange. 
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Figure 2-10. Overlay of best inhibitor poses. 
Overlay of the best compound poses obtained from molecular docking. The poses that 
generated the most favorable ΔGBind values for a compound were extracted and aligned 
with the corresponding best binding pose in the CtPilB homology model. The carbon 
backbone of each pose is shaded based on system conditions: CtPilBHM = gray, CtPilBApo 
= blue, CtPilBATP = green, CtPilBADP = red, CtPilBATP+ADP = orange. 
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Chapter 3 - Characterization of Neisseria gonorrhoeae and 
Clostridioides difficile T4P assembly ATPases for antivirulence drug 
discovery 
 

Abstract 
 The bacterial type IV pilus (T4P) is a cell surface appendage with a variety of 

functions in cell motility, biofilm formation, horizontal gene transfer, and pathogenesis. 

Several noteworthy human pathogens including Neisseria gonorrhoeae and 

Clostridioides difficile utilize T4P as a virulence factor to colonize their hosts and 

establish disease. Critical to T4P biogenesis is the PilF/B ATPase that drives the 

assembly of the pilus filament. Disruption of this assembly motor ATPase has been 

shown to abrogate T4P production in multiple organisms, suggesting PilF/B may be 

exploited for antivirulence drug discovery and development. Here, we report the 

heterologous expression and purification of an N-terminally truncated N. gonorrhoeae 

PilF by heterologous expression and chromatography. Conditions for its ATPase activity 

were optimized through malachite green-based endpoint assays. We show here that the 

successful purification of this truncated PilF (NgPilF166) as an active ATPase and our 

efforts to formulate optimized buffer and reaction conditions for its enzymatic activity in 

vitro. Additionally, this chapter documents the various attempts to purify C. difficile PilB 

in an active form. Seven CdPilB expression plasmid constructs were created, and they 

were used for their expression and purification by induction and auto-induction methods. 

Of the seven created, only two produced soluble protein in the conditions tested. One 

construct remains untested but may potentially be useful for future experimentation. Full-

length CdPilB eluted in dual peaks in FPLC and only the peak fractions eluted early in 

size exclusion had detectable ATPase activity While the overall attempts to produce a 
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greater yield of active CdPilB were unsuccessful, these efforts may prove informative for 

future designs of constructs and purification schemes. 

Introduction 
Accelerated by antibiotic misuse, antibiotic resistance (ABR) has become 

increasingly commonplace among bacterial pathogens, threatening human health on a 

global scale. Infections related to ABR are estimated to be responsible for approximately 

4.9 million deaths globally in 2019, and 1.27 million among these were directly attributed 

to ABR pathogens. In the United States alone, ABR infections are believed to cause 2.8 

million infections, resulting in 35,000 deaths annually [1, 5]. It is projected that ABR-

related disease could become responsible for up to 10 million deaths by 2050 if no new 

therapeutics are developed to replace our near-depleted repertoire of antibiotics [7]. 90% 

of highly resistant pathogens identified by the Centers for Disease Control and Prevention 

(CDC) as antimicrobial resistant are bacterial in origin. Taken together with the 

considerable overlap with the ABR priority pathogens indicated by the World Health 

Organization (WHO), it is clear there is a critical need for development of novel 

antibiotics [1, 6].  

Ultimately, the emergence of ABR is tied to the core functions of antibiotics. That is, 

antibiotics target cellular processes essential for sustaining life, such as DNA, RNA, and 

protein synthesis as well as cell wall biosynthesis and maintenance [8]. Though this 

targeting of vital functions was once touted as the main strength of antibiotics, it is also 

paradoxically its greatest weakness. Because antibiotics target vital functions, they are 

intrinsically broad-spectrum and can thus eliminate both commensal and pathogenic 

species alike. This exerts a strong evolutionary pressure to select for organisms with 
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resistance mechanisms that are able to overcome antibiotic effects [10]. Major 

mechanisms of resistance include target modification, increased antibiotic efflux, 

decreased antibiotic uptake, and antibiotic inactivation. These mechanisms can rapidly 

spread within bacterial communities through horizontal gene transfer; thus, it is likely 

resistance will quickly emerge soon after new antibiotics are introduced [8, 14]. 

One alternative to antibiotics is to target bacterial virulence rather than critical life 

processes. The antivirulence approach aims to disrupt the production or function of 

components or products known also as virulence factors that are tied to the capability of 

bacterial pathogens to cause disease. Common bacterial virulence factors include 

adhesins, toxins and host interfering factors, as well as protein secretion and virulence 

regulatory systems [27, 28]. Virulence factors are typically most relevant in the scope of 

pathogenesis, and they are non-essential for growth and survival of the pathogen aside 

from the infection process. These antivirulence therapeutics are expected to exert little, if 

any, selective pressures on the growth and survival of pathogens or non-pathogens 

because they are not bactericidal or bacteriostatic per se .[176] Recent research is 

continuing to explore the realm of antivirulence therapeutics as an alternative to 

overcome the ABR pandemic. 

Neisseria gonorrhoeae and Clostridioides difficile are two bacterial species noted by 

the CDC as urgent threats due to the ABR pandemic [1]. N. gonorrhoeae is a Gram-

negative obligate human pathogen responsible for the sexually transmitted infection (STI) 

gonorrhea. ABR strains of N. gonorrhoeae have been found to have all major 

mechanisms of antibiotic resistance and are unable to be treated by most major classes of 

antibiotics with few exceptions [102, 104]. N. gonorrhoeae generally colonizes the 
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human genital mucosa, where infection can result in cervicitis and pelvic inflammatory 

disease, adverse fetal defects in pregnant women, and an increased risk of HIV [101, 

104]. Gonococcal infection is largely asymptomatic in women, serving as hidden 

reservoirs for potentially ABR strains of N. gonorrhoeae that can be transmitted silently 

amongst a population. Recently, the recommended treatment has been changed to a single 

dose of ceftriaxone due to the emergence of azithromycin-resistant strains[101, 106, 107]. 

C. difficile is Gram-positive, spore-forming anaerobe responsible for gastrointestinal 

disease, most notably pseudomembranous colitis. The conditions that allow C. difficile 

infections to arise mirror that of opportunistic ABR pathogens after antibiotic use. Its 

pathogenicity is closely tied to its ability to thrive in a dysbiotic microbiome, with 

commensal populations keeping C. difficile levels in check by converting primary bile 

acids into secondary bile acids that inhibit C. difficile vegetative growth. Antibiotic use 

weakens normal microbiota and promotes C. difficile proliferation by increasing the 

availability of energy sources, such as succinate and sialic acid, and primary bile acids 

that promote spore germination [120]. Sporulation allows C. difficile to survive oxic 

conditions, heat stress, and exposure to disinfectants for long periods of time, allowing 

transmission in healthcare and community settings [30, 120]. Although it is not presently 

considered antibiotic resistant, there have been increasing reports of ABR C. difficile 

strains worldwide. Currently, the antibiotics vancomycin, fidaxomicin, and metronidazole 

are recommended to treat C. difficile infections [1, 30, 121, 122]. 

Common to these two pathogens is their use of the bacterial type IV pilus (T4P) as a 

virulence factor for bacterial adhesin. The T4P is an extracellular filamentous appendage 

associated with surface motility, surface attachment, and DNA transformation [43]. 
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Stable surface attachment can eventually result in biofilm formation, manifesting 

pathologically as chronic disease [177]. There are two subtypes of T4P, with the type 4a 

subtype (T4aP) most commonly identified with pathogenesis as well as bacterial motility 

[40]. A supramolecular complex of at least 10 highly conserved proteins, collectively 

called the T4P machine, is required for T4P biogenesis. This T4P machine anchors the 

pilus to the cell body and provides a channel through which the pilus extends and retracts. 

The pilus filament is composed of thousands of polymerized pilin subunits, whose 

assembly is driven by ATP hydrolysis by a cytoplasmic ATPase known as PilB in C. 

difficile and PilF in N. gonorrhoeae. This assembly ATPase allows pilin to be 

incorporated into the growing pilus at its base, extruding over a few µm from the cell 

surface. A retraction ATPase is present in T4aP system, driving the pilus 

depolymerization [43, 70, 75, 81]. Repeated cycles of ATPase-mediated extension and 

retraction can pull cells forward as a form of motility in key Gram-negative pathogens 

like N. gonorrhoeae, Acinetobacter baumannii and Pseudomonas aeruginosa. T4P are 

also associated with DNA transformation, where extension and retraction may bring 

DNA to the cell body [50, 64]. Specifically in N. gonorrhoeae, the T4P is critical in the 

early establishment of disease by allowing N. gonorrhoeae to form microcolonies at the 

epithelial cell surface. Initiation of infection may also require interactions between the 

T4P of the bacterium and the human epithelial surface receptor CR3 [102, 114, 115]. The 

role of T4P in C. difficile is less clear; however, it has been demonstrated that T4P may 

contribute to the early stages of biofilm formation and long-term persistence at the 

intestinal epithelium [57, 119]. 
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Since the main extracellular appendage of the T4P is the pilus, it follows that most 

T4P-associated functions are mediated by the pilus itself. Pilin, and by extension the pilus 

filament, are not ideal antivirulence targets due to antigenic variation in some species, 

including Neisseria spp. [102]. Notably, mutation or loss of the assembly ATPase PilB/F 

results in the absence of pili at the cell surface. These mutants often exhibit attenuated 

virulence [57, 86, 95, 100]. This supports that the assembly ATPase is critical for T4P 

assembly and its functionality. Previous work in this laboratory has shown that the 

Chloracidobacterium thermophilum PilB can be used in high-throughput screens for 

inhibitory compounds [96, 97]. The inhibitors found in these studies were shown to 

additionally be effective on PilB from environmental species Myxococcus xanthus and 

opportunistic nosocomial pathogen Acinetobacter nosocomialis. Other work has also 

reported another compound that impacts T4P-associated cell aggregation and reduces 

T4P levels in Neisseria meningitidis. This compound, P4MP4, is believed to target the 

assembly ATPase [95]. These studies lend credence to the assembly ATPase as a target 

for antivirulence therapeutics. 

With the aim of establishing N. gonorrhoeae PilF as a model for anti-T4P 

antivirulence drug discovery, this chapter reports on the expression and purification of 

the assembly ATPase PilF from N. gonorrhoeae in a N-terminally truncated form 

(NgPilF166). Malachite green-based endpoint ATPase assays were used to assess and 

optimize the conditions for NgPilF166 ATPase activity in vitro. Here, we show successful 

construction and purification of NgPilF166 and provide a basic kinetic profile of its 

ATPase activity. Additionally, this chapter reports an optimized buffer composition and 

reaction conditions for NgPilF166 ATPase activity at a physiologically relevant 
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temperature. This chapter also discusses the approaches taken to purify an active PilB 

from C. difficile (CdPilB). Seven expression constructs for CdPilB were created and used 

for induction, auto-induction and purification. Two of these constructs were found to be 

more amenable to purification, although most of the purified proteins were inactive as 

ATPases.  

Experimental Procedures 

Growth Conditions and Bacterial Strains 

 The Escherichia coli strain XL1-Blue was used for plasmid construction and 

maintenance and BL21(DE3) was used for protein expression. All E. coli strains were 

grown in Luria-Bertani broth (LB) at 37°C, unless otherwise stated. 100 µg/mL of 

ampicillin was included in E. coli XL1-Blue cultures and 100 µg/mL of ampicillin and 

chloramphenicol in E. coli BL21(DE3) cultures for the maintenance of plasmids, when 

necessary. 

Plasmid Construction of NgPilF and CdPilB 

 A complete list of primers used for the work in this chapter can be found in Table 

3-1, with primers for pilot constructs included here. The coding region of NgPilF166 was 

amplified from a Neisseria gonorrhoeae FA 1090 chromosomal DNA template by PCR 

using Phusion DNA polymerase (New England Biolabs) with the primers NgPilF_F 

(TAGCATATGGAGGCAGAAGACGGCCCTGTTCC) and NgPilF_R 

(CCGAAGCTTATCGTTGGTATTTGCCGTTACCTCTTCCAATGAAG). The DNA 

fragment was then digested with NdeI and HindIII and cloned into a pET-22b (Novagen) 

backbone, producing pJR111. This plasmid contains a truncated form of NgPilF, where 
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the first 165 amino acids comprising the N1D are absent from the N-terminus, with a 6ｘ

His tag at its C-terminus.  

 The coding region of CdPilB (pilB1) was similarly amplified from a 

Clostridioides difficile 630Δerm chromosomal DNA template using the primers 

CdPilBpET22_F (TGGCTAAAAAAGTTAGAATAGGAGA) and CdPilBpET22_R 

(CATAAGCTTATCAGTCATCAAAATTATTCTAATCATTT). The DNA fragment 

was digested with HindIII. The pET-22b backbone was digested with NdeI, treated with 

T4 DNA polymerase (new England Biolabs), then digested with HindIII. The digested 

DNA fragment was cloned into the pET-22b backbone to create pJR101. Site-directed 

mutagenesis by the Q5 High Fidelity DNA polymerase mutagenesis kit (New England 

Biolabs) was used to remove an internal NdeI restriction enzyme site. The plasmid was 

recircularized using KLD Enzyme Mix (New England Biolabs), creating pJR102. Six 

plasmids (pJR105, pJR106, pJR107, pJR109, pJR110, and pJR112) were subsequently 

generated using pJR102. Three of these plasmids (pJR109, pJR1110, pJR112) are various 

N-terminal truncations of CdPilB, removing 127, 137, and 169 amino acids, respectively. 

The other three plasmids (pJR105, full-length; pJR106, 127 amino acid truncation, 

pJR107; 137 amino acid truncation) are CdPilB-Hcp1 fusions. The hexameric P. 

aeruginosa protein Hcp1 is added as a stabilizing tag with the intention to improve 

stability of the hexameric PilB complex [178].  

 To produce the Hcp1 stabilizing tag, the coding region of Hcp1 was amplified 

from a P. aeruginosa PAO1 chromosomal DNA template with the primers Hcp1_F 

(GAACATATGCATGGCCATGGTACCCGGGATCCATGGCTGTTGATATGTTCAT

CAAGATCGGC) and Hcp1_R (AATGAATTCAAGGCCTGCACGTTCTGGCGGAT). 
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This DNA fragment was digested with NdeI and BamHI, ligated to a pET-22b backbone, 

then digested with NdeI and EcoRI for ligation with CdPilB. This fusion contains a 6-aa 

flexible linker (GSGSGS) between the C-terminus of CdPilB and N-terminus of Hcp1, as 

well as a 6ｘHis tag at the C-terminus of Hcp1. 

pJR101, pJR102, pJR105, pJR106, pJR107, pJR109, pJR110, pJR111, and 

pJR112 were screened by transformation of E. coli XL1-Blue, then sequenced for 

confirmation via Sanger sequencing by the Genomics Sequencing Center at the Fralin 

Life Sciences Institute of Virginia Tech. All plasmids except pJR102 were subsequently 

transformed into the expression strain E. coli BL21(DE3). 

Expression and purification of NgPilF166 by IPTG induction 

Cultures of E. coli BL21(DE3) with pJR111 were grown in 75 mL of LB 

overnight at 37°C using a rotary shaker set to 250 rpm. Four flasks with 500 mL LB were 

inoculated to an OD600 of 0.1 with the overnight cultures and grown at 37°C and 180 rpm 

until an OD600 of 0.6 was reached. The cultures were then transferred to 18°C and 

isopropyl ß-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 0.2 

mM to induce PilF expression. Cells were then allowed to grow at 18°C for 22-24 hours. 

Cells were harvested by centrifugation at 4°C, weighed, then resuspended at 5 mL/g  in 

cold Buffer A (50 mM TAPS: Tris pH 8.7, 75 mM KCl, 50 mM NaOAc, 10 mM MgCl2, 

5 mM imidazole, 5% glycerol, and 5 mM β-mercaptoethanol). The mixture was 

supplemented with 0.3 mM PMSF prior to lysis. The cell suspension was then sonicated 

on ice for 20 cycles of 15 seconds in 45 second intervals using the Sonic Dismembrator 

Model 500 (Fisher Scientific), at 50% amplitude. Lysis was visualized by phase contrast 

microscopy, then centrifuged at 40,000 × g for 1 hour at 4°C to isolate the supernatant. 
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The whole cell lysate, insoluble fraction, and soluble fractions were adjusted to OD600 

~15 and visualized by SDS-PAGE to confirm the presence of target protein. 

The supernatant was collected and filtered through a 0.45 µm syringe membrane 

filter before loading onto a 20 mL Ni-NTA column equilibrated with Buffer A. 6ｘHis 

tagged NgPilF was eluted using a gradient of 5 mM to 500 mM imidazole with a flow 

rate of 0.5 mL/min collected in 5 mL fractions. Fractions containing PilF protein were 

identified by SDS-PAGE, then pooled, concentrated, and filtered with a 0.45 µm syringe 

membrane filter before loading onto a Sephacryl S-300 26/60 column equilibrated with 

gel filtration buffer (50 mM TAPS:Tris pH 8.7, 75 mM KCl, 50 mM NaOAc, 10 mM 

MgCl2, 5% glycerol, and 2 mM TCEP). Protein was subsequently eluted using gel 

filtration buffer at a flow rate of 1.0 mL/min in 10 mL fractions. Fractions containing 

NgPilF166 were identified by SDS-PAGE, then pooled, concentrated, and filtered. Protein 

concentrations were determined via Bradford assay against bovine albumin serum as a 

standard (BioRad). Protein was aliquoted, flash frozen with liquid nitrogen, then stored at 

-80°C. 

Expression of CdPilB variant proteins by IPTG induction and auto-induction 

For small-scale IPTG experiments at 37°C, cultures of E. coli BL21(DE3) 

containing pJR101 were grown in 5 mL LB overnight at 37°C using a rotary shaker set to 

250 rpm. Six flasks with 25 mL LB each were inoculated to an OD600 of 0.1 using the 

overnight cultures and grown at 37°C and 250 rpm until an OD600 of 0.6 was achieved. 

IPTG was added to the flasks to the final concentrations of 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 

mM IPTG to induce PilB expression. Cultures were grown for 3 hours at 37°C. 1.5 mL 
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aliquots were collected and pelleted by centrifugation at 16,000 × g for 1 minute at room 

temperature. 

For IPTG experiments performed at 16°C, 10 mL of overnight inoculum was 

prepared in the same manner as the 37°C experiments. Eight flasks with 25 mL LB each 

were inoculated to OD600 of 0.1 and grown at 37°C and 250 rpm to an OD600 of 0.6. IPTG 

was added to the final concentrations of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8 mM. 

Cultures were transferred to 16°C to grow for 24 hours. 1.5 mL aliquots were collected 

and harvested by centrifugation at 16,000 × g for 1 minute at 4°C. Larger scale IPTG 

induction using 0.1 mM IPTG was prepared similarly, except that two flasks with 500 

mL of LB were inoculated to OD600 of 0.1. These were grown to OD600 of 0.6, then IPTG 

was added to 0.1 mM and cells were allowed to grow for 24 hours at 16°C at 250 rpm. 

Cultures were combined and cells were harvested by centrifugation at 5,000 × g for 30 

minutes. 

For small-scale experiments using the auto-induction method, 5 mL of pJR101 

was cultured overnight for inoculum as described above. Two flasks with 25 mL auto-

induction media (1% tryptone, 0.5% yeast extract, 25 mM Na2HPO4, 25 mM KH2PO4, 85 

mM NaCl, 2 mM MgSO4) each were inoculated to OD600 of 0.1. Inducing sugar mixtures 

containing lactose (‘lac’; 0.5% glycerol, 0.05% glucose, 0.2% lactose) or galactose (‘gal’; 

0.5% glycerol, 0.05% glucose, 0.1% galactose) were also added to the auto-induction 

media at this point, replacing the need to add IPTG later [179]. Cultures were grown to an 

OD600 of 0.6 at 37°C and 250 rpm, then transferred to 18°C to grow for 36 hours. A 1.5 

mL sample of each culture was taken at 24 hours and 36 hours. 
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For large-scale auto-induction experiments, cultures of E. coli BL21(DE3) with 

pJR101, pJR105, pJR106, pJR107, pJR109, pJR110, or pJR112 were grown in an 

overnight culture of 75 mL LB using the same growth conditions as above. Two flasks 

per construct containing 500 mL of auto-induction media and galactose or lactose 

inducing sugar mixture were inoculated to an OD600 of 0.1 with the respective overnight 

cultures. Cultures were grown at 37°C and 250 rpm until an OD600 of 0.4 was achieved. 

The OD600 prior to the temperature shift was changed from 0.6 to 0.4 to account for the 

extra time needed to cool a larger culture volume. The cultures were then transferred to 

18°C and allowed to grow for 24 hours. Cultures from the two flasks were combined and 

1.5 mL aliquots were taken to observe protein expression and solubility. Cells were 

harvested by centrifugation at 5,000 × g for 30 minutes. Pellets were weighed then stored 

at -80°C for later purification.  

Protein expression was analyzed by resuspending cell pellets using 500 µL Buffer 

A and visualizing by SDS-PAGE. To analyze the protein solubility in the small-scale 

inductions, pellets were resuspended in the same manner then solubilized by sonication 

on ice for 20 cycles of 5 seconds in 30 second intervals using the Sonic Dismembrator 

Model 500 (Fisher Scientific). The cell suspensions were centrifuged at 20,000 × g for 10 

minutes at 4°C to separate the soluble and insoluble fractions. Pellets from large scale 

experiments were resuspended using 5 mL/g of cold Buffer A (50 mM TAPS: Tris pH 

8.7, 75 mM KCl, 50 mM NaOAc, 10 mM MgCl2, 5 mM imidazole, 5% glycerol, and 5 

mM β-mercaptoethanol) and sonicated on ice for 20 cycles of 15 seconds in 45 second 

intervals at 50% amplification. Cell suspensions were centrifuged at 40,000 × g for 1 
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hour at 4°C. Samples of the whole cell lysate, insoluble fraction, and soluble fractions 

were adjusted to OD600 ~10 and visualized by SDS-PAGE.  

Purification of CdPilB proteins 

 Cell pellets were resuspended in 5 mL/g cold Buffer A and 0.3 mM PMSF. To 

separate insoluble and soluble fractions, the cells were lysed by sonication then 

centrifuged as described in the previous section. To observe protein solubility, samples of 

the cell lysate, insoluble fraction, and soluble fractions were adjusted to OD600 ~15 and 

processed through SDS-PAGE. The supernatant containing the soluble proteins was 

filtered using a 0.45 µm syringe filter. A 20 mL Ni-NTA affinity column was pre-

equilibrated with Buffer A, then the filtered supernatant was loaded and eluted using a 

gradient of 5 mM (Buffer A) to 500 mM imidazole (Buffer B). A flow rate of 0.5 mL/min 

was used and protein was collected in 5 mL fractions. SDS-PAGE was used to identify 

peak fractions containing CdPilB. These fractions were pooled, concentrated, and filtered 

using a 0.45 µm syringe filter. This was loaded onto a Sephacryl S-300 26/60 column 

was pre-equilibrated with gel filtration buffer (50 mM TAPS:Tris pH 8.7, 75 mM KCl, 

50 mM NaOAc, 10 mM MgCl2, 5% glycerol, and 2 mM TCEP). A flow rate of 0.5 

mL/min and fraction size of 10 mL was used. CdPilB was eluted using gel filtration 

buffer. Peak fractions with CdPilB were identified using SDS-PAGE. These were 

concentrated and filtered with a 0.45 µm syringe filter. Concentrations were determined 

through a Bradford assay (BioRad). Fractions were aliquoted then flash frozen with 

liquid nitrogen. Protein samples were subsequently stored at -80°C. 
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ATPase assays for condition optimization 

ATPase activity of NgPilF166 was assessed by malachite green-based colorimetric 

endpoint assays. Reactions containing 2.7 µg/mL NgPilF166, 0.5 mM ATP, and selected 

buffering agents and salts were prepared in PCR tube strips. The initial assessment of 

activity used CtPilB buffer (50 mM TAPS:Tris pH 8.7, 75 mM KCl, 50 mM NaOAc, 10 

mM MgCl2, and 2 mM TCEP) [156] and NmPilF buffer (20 mM HEPES pH 8.0, 150 

mM NaCl, and 5 mM MgCl2) [95]. Reaction mixtures containing buffer and ATP but 

lacking protein were included as negative controls. These reactions were allowed to 

proceed at 37°C in an Applied Biosystems ProFlex PCR system for 30 minutes. 

Reactions were terminated by transferring the reaction to 4°C and adding 4% TCA for 

thermal and chemical stoppage. These were then transferred to a 96-well plate containing 

a series of KH2PO4 phosphate standards. 100 µL of malachite green reagent (0.034% 

malachite green oxalate, 10 mM ammonium molybdate, 1 N HCl, 3.4% EtOH, and 

0.01% Tween-20) were added to each well and incubated at room temperature for 10 

minutes. For optimization of KCl concentrations, reaction mixtures and controls were 

prepared directly in a 96-well plate and incubated at 37°C for 30 minutes. The plate was 

then transferred directly onto ice and 4% TCA was added to end the reaction. The 

KH2PO4 phosphate standard was added to the plate, then malachite green reagent was 

added to each well as described previously. The absorbance at 620 nm was measured 

using a Tecan Infinite F200 Pro microplate reader. Liberated phosphate in each sample 

was determined against the KH2PO4 phosphate standard curve. Activity of NgPilF166 was 

calculated by subtracting the background phosphate from the negative control, then 

dividing the concentration of liberated phosphate without background in nanomoles by 

protein concentration in milligrams and reaction time in minutes (nmol Pi/mg PilF/min). 
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For condition optimization, activity was normalized by subtracting the minimum value of 

the dataset then dividing by the difference between the maximum and minimum values, 

such that the absence or lowest value of a given variable has a value of 0 and the 

maximum normalized activity has a value of 1. Data normalization was performed to 

visualize the optima of each variable with greater clarity and remove differences between 

the assaying methods used. All assays were performed in triplicate. 

Inhibitor assays 

 The ATPase assay described above was modified to observe the effects of 

selected compounds on the activity of NgPilF166. Compounds were added at the 

concentrations indicated to the initial reaction mixture containing NgPilF166, ATP, and 

the optimized activity buffer described herein. Mixtures containing buffer, ATP, and 

either quercetin or Benserazide were included as negative controls. All other aspects of 

the ATPase assay procedure remained the same. The half maximal inhibitory 

concentration (IC50) of quercetin was determined using a 4-parameter logistic model 

[180]. 

Results 
Expression and purification of NgPilF166. Recent work with Neisseria 

meningitidis showed that NmPilF can be stably purified when truncated at the N-terminus 

by 165 amino acids, removing the first N-terminal domain and adjoining linker region. 

This protein appeared to be highly active and amenable to in vitro experimentation [95]. 

Since N. gonorrhoeae and N. meningitidis PilF are 99% identical in amino acid 

sequences, a similar truncated N. gonorrhoeae PilF may be purified and serve as the basis 

for high-throughput screening for inhibitory compounds. Briefly, the coding sequence for 
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a N1D-truncated N. gonorrhoeae PilF, hereafter referred to as NgPilF166, was PCR 

amplified from FA 1090 genomic DNA and cloned into a plasmid to create pJR111 with 

pilF under the control of an inducible T7 promoter. Expression of NgPilF166 was induced 

by addition of IPTG, after which the cells were harvested, lysed, and fractionated to 

isolate the soluble fraction containing the target protein. This protein contains a 6×His tag 

at its C-terminal, allowing purification of the supernatant by fast protein liquid 

chromatography (FPLC). The supernatant containing NgPilF166 was first processed 

through Ni-NTA affinity chromatography and began elution at approximately 150 mM 

imidazole. The collected fractions were subsequently purified through size exclusion 

chromatography (SEC). 

Interestingly, the elution profiles from both steps of chromatography showed two 

distinct absorbance peaks (FIG 3-2). The first peak of the elution profile resulting from 

affinity chromatography shows no notable protein banding when visualized via SDS-

PAGE. Due to the absence of banding but notable absorbance signal, the proteins in these 

fractions likely simply exhibit high absorbance. When analyzed by SDS-PAGE, the 

second peak does appear to contain the target protein, producing the expected signal at 

~45 kDa and less prominent banding at lower molecular weights. These additional bands 

are possibly a result of contamination or protein degradation during the elution process. 

When analyzing the SEC fractions by SDS-PAGE, both peaks in the elution profile show 

near identical protein banding, with the most prominent band at ~45 kDa. Notably, 

despite producing a similar banding pattern, the first SEC peak produced very little 

protein, with overall yield drastically greater in the fractions within the second peak. 

When both fractions were allowed to incubate at room temperature for 90 minutes, 
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protein from the first peak showed precipitation, while protein from the second peak 

displayed no precipitation or decrease in protein concentration (data not shown). This 

indicates that the proteins of the second peak are of a much stabler form. 

NgPilF166 is an active ATPase. The activity of NgPilF166 was assessed via a 

malachite green-based endpoint assay, a colorimetric assay that measures the 

concentration of phosphate liberated during the ATP hydrolysis process [135]. Activity 

was tested in both our in-house activity buffer used for Chloracidobacterium 

thermophilum PilB (CtPilB) (50 mM TAPS:Tris pH 8.7, 75 mM KCl, 50 mM NaOAc, 10 

mM MgCl2, and 2 mM TCEP) [156] and literature-derived buffer used for N. 

meningitidis PilF (NmPilF) (20 mM HEPES pH 8.0, 150 mM NaCl, and 5 mM MgCl2) 

[95]. The reaction was performed using 2.7 µg/mL NgPilF166 at 37°C for 30 minutes 

using 0.5 mM ATP. NgPilF166 appears to be active in both buffers (FIG 3-3). However, 

activity is significantly elevated in the in-house buffer. NgPilF166 activity in the CtPilB 

buffer was on average 352 ± 19.7 nmol Pi/mg/min while activity in the NmPilF buffer 

was 92.5 ± 11.2 nmol Pi/mg/min. Given the major differences in buffer composition and 

possible degradation (low molecular weight banding present in SDS-PAGE, FIG 3-1), we 

sought to optimize the assay conditions to improve protein stability using our in-house 

activity buffer as the initial base recipe. 

NgPilF166 activity is optimal in Tris buffer. To determine the optimal buffering 

agent for NgPilF166 activity, 7 different buffering agents or agent combinations were 

tested based on various literature focused on PilB or PilB-like proteins [88, 156, 181, 

182]. All buffering agents were pH-adjusted to 8.7, which is the pH of the CtPilB buffer 

used by our laboratory. All other reaction conditions remained the same as described in 
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the previous section. As shown in FIG 3-4, NgPilF166 with Tris permits the greatest 

activity, with the second-best buffer agent combination being TAPS:Tris. TAPS, HEPES, 

MOPS, and Tris:MOPS:CHES showed comparable activity levels, while CHES alone 

showed very little activity. The combination of Tris:MOPS:CHES resulted in the lowest 

activity of the three Tris-containing buffers tested here. Since CHES showed little ATP 

hydrolysis when used as the sole buffering agent, it is possible that CHES may have an 

inhibitory effect on NgPilF166 that is partially resolved by the inclusion of Tris or MOPS. 

Based on these results, Tris was chosen for further optimization of the buffer and reaction 

conditions for analyzing NgPilF166 activity.  

NgPilF166 is active at physiologically relevant temperatures. To investigate the 

impact of reaction temperature on activity, endpoint assays were performed at various 

temperatures within the permissible temperature range of mesophiles. As expected, ATP 

hydrolysis steadily increases, then decreases with increasing temperature. Optimum 

activity is reached between 43°C and 46°C, after which hydrolysis begins to drop off, 

likely due to protein denaturation (FIG 3-5A). This is in line with the expected 

temperature tolerance of mesophilic organisms, which is approximately between 20°C 

and 45°C [183]. Because N. gonorrhoeae is an obligate pathogen of humans with atypical 

body temperature of 37°C, this temperature is chosen for the remainder of this study .  

We next determined the optimum pH for NgPilF166 activity at 37°C using Tris as 

a buffering agent. The buffer thus adjusted to different pH within the working range of 

Tris from 7.0 to 9.2. From the results shown in FIG 3-5B, pH of 8.7 was determined to be 

optimal for NgPilF166 ATPase activity.  
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The in-house activity buffer for PilB contained two primary salts, NaOAc and 

KCl. In comparison, PilB/PilF buffers in the literature frequently contained only NaCl 

[95]. Changes or complete removal of NaOAc or inclusion of NaCl to the buffer 

composition appeared to have no significant influence on NgPilF166 activity (data not 

shown). In contrast, it appears that KCl is required for robust NgPilF166 activity (FIG 3-

5C). Activity reaches a plateau at 250 mM KCl, after which there is no significant 

difference in ATP hydrolysis with increasing KCl concentration. From this, 300 mM KCl 

was selected for use in the final buffer composition, being within the lower range of the 

plateau that elicits similar activity as higher [KCl]. 

Since ATP requires Mg2+ for coordination in the ATP binding pocket of PilB and 

PilF ATPase, we sought to determine the influence of varying Mg2+ concentration on 

NgPilF166 activity (FIG3-5D). As expected, NgPilF166 displays low activity in the absence 

of supplemented Mg2+. This low activity, rather than complete abrogation, may be 

attributed to potential carry-over of ions from the purification process. The rate of ATP 

hydrolysis reaches an optimum around 2 mM Mg2+ and does not significantly change as 

[Mg2+] approaches 10 mM under our assay conditions with 0.5 mM ATP. Due to the 

dependence of ATP on [Mg2+], 5 mM Mg2+ was selected to accommodate a wider range 

of [ATP] in kinetic analyses. 

The final optimized buffer conditions were determined to be 50 mM Tris at pH 

8.7, 300 mM KCl, and 5 mM MgCl2. 37°C was chosen because it is the most 

physiologically relevant as N. gonorrhoeae is an obligate human pathogen. This 

temperature likely will result in less protein denaturation than at higher temperatures 

under the assay conditions. 
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NgPilF166 ATPase displays Michaelis-Menten kinetics. To analyze the 

relationship between NgPilF166 activity and ATP concentration, a series of endpoint 

assays were performed with ATP concentrations ranging from 0 mM to 2.75 mM using 

the optimized buffer conditions described above. Figure 3-6 indicates that the rate of ATP 

hydrolysis by NgPilF166 increases with ATP concentration, resulting in a logarithmic 

curve. Activity appears to approach a plateau around 2 mM ATP. Plotting NgPilF166 

activity against [ATP] closely resembles the classical Michaelis-Menten model of 

kinetics (FIG 3-6). From this, we can extract an approximate Vmax of 625 nmol/mg/min 

and KM of 0.4 mM ATP, where Vmax is the maximum rate of hydrolysis and KM is the 

concentration of ATP at ½ Vmax. Given that the average intracellular concentration of 

ATP is between 1 to 5 mM, a KM of 0.4 mM ATP is physiologically relevant [184]. 

Overall, this data suggests that NgPilF166 activity obeys Michaelis-Menten kinetics within 

this range of [ATP]. 

Quercetin inhibits NgPilF166. To analyze the effect of selected inhibitors on 

NgPilF166 activity, malachite green-based inhibition assays were performed using the 

flavonoid quercetin and Benserazide, a drug approved for the treatment of Parkinson’s 

disease. As shown in FIG 3-7B, the inclusion of Benserazide caused no significant 

change in ATP hydrolysis by NgPilF166, with relative activity remaining at ~100% to 

Benserazide concentrations up to 162 µM. In contrast, FIG 3-7A indicates quercetin 

inhibits NgPilF166 activity in a concentration-dependent manner, with a half maximal 

inhibitory concentration (IC50) of 24.9 ± 7.7 µM. Activity is completely abolished at 

concentrations ≥ 256 µM of quercetin. Although this IC50 value is higher than that 
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reported for CtPilB [97], quercetin is nonetheless effective against NgPilF166, under our 

experiment conditions. 

Expression constructs for CdPilB variant proteins. C. difficile PilB, hereafter 

CdPilB, was initially the intended target for optimization and assaying (as above), 

particularly in future high-throughput screening for inhibitory compounds. However, we 

continually encountered poor yield and low ATPase activity. Several approaches were 

attempted to overcome these obstacles. To improve both stability and yield, 8 

recombinant plasmids were constructed using genomic DNA from C. difficile 630Δerm to 

generate 7 variants of CdPilB. The initial plasmid (pJR101), which contained the gene for 

full-length CdPilB, was modified to remove an internal NdeI restriction enzyme site, and 

the resulting plasmid (pJR102) was used as the template for the subsequent variant 

proteins. Plasmids for the expression of the following proteins were created: full-length 

CdPilB; N-terminal truncated CdPilB lacking the first 127 (CdPilB128), 137 (CdPilB138), 

or 169 (CdPilB170) amino acids; and full-length CdPilB, CdPilB128, and CdPilB138 C-

terminally fused to P. aeruginosa Hcp1 protein as a stability tag. All CdPilB constructs 

were tagged at the C-terminus with 6×His for purification via affinity chromatography, 

except the Hcp1 fusions which had the 6×His tag at the CTD of Hcp1. All N-terminal 

truncated variants lack the cyclic-di-GMP binding domain, with CdPilB128 and CdPilB138 

closely reflecting the truncation described previously for CtPilB [58] and CdPilB170 

reflecting the truncation described for NmPilF [95], respectively. 

Expression of CdPilB. Initial protein expression conditions were investigated using 

the full-length CdPilB. As seen in FIG 3-8A, a small-scale traditional IPTG induction 

with 0.5 - 3 mM IPTG at 37°C produces a respectable yield of CdPilB after just 3 hours 
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of induction; however, very little of this protein is soluble. Protein solubility may be 

improved by inducing at lower temperatures, effectively slowing the rate of expression 

and allowing more time for proper protein folding [185]. Decreasing the incubation 

temperature to 16°C and increasing the incubation length to 24 hours using 0.1 - 0.8 mM 

IPTG produces a comparable level of protein as the 37°C induction condition. At this 

lower temperature and incubation length, protein expression levels are not appreciably 

different after 0.1 mM IPTG (FIG 3-8B). Unfortunately, upscaling the induction to 1 L 

using 0.1 mM IPTG at 16°C still produced mostly insoluble protein (FIG 3-8C). An auto-

induction method was explored in lieu of IPTG induction. In this method, glucose, 

glycerol, and an inducing sugar are directly included in the growth media rather than 

supplemented later as in IPTG induction (is this described in Materials and Methods? A 

record of exact conditions will be the most helpful for someone that may take over this 

project). This leverages the preference of glucose over lactose or galactose by E. coli, 

allowing a more gradual induction of protein expression compared to IPTG [186, 187]. 

The lowest temperature auto-induction is reportedly effective at is 18°C [187], so future 

auto-induction experiments were performed at 18°C and not 16°C. Separately, both 

lactose and galactose were used as inducing sugars to determine if either could improve 

the yield of CdPilB. As shown in FIG 3-9A, a 25 mL auto-induction using both sugars 

resulted in similar levels of protein expression after 36 hours at 18°C. After upscaling the 

volume of auto-induction to two flasks of 500 mL culture, the differences between the 

inducing sugars become indistinguishable. FIG 3-9B depicts fractionated cell suspension 

after a 24 hour auto-induction with galactose in  1 L auto-induction media. 
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Approximately half of the proteins expressed were present in the soluble fraction, a 

considerable improvement over the IPTG induction. 

Purification of CdPilB. Purification of these auto-induced proteins by Ni-NTA 

affinity chromatography and SEC produces a perplexing elution profile (FIG 3-9C). Two 

absorbance peaks can be seen on both the Ni-NTA affinity and size exclusion 

chromatograms, suggesting CdPilB may be eluting in multiple oligomeric conformations. 

The first peak had a stronger absorbance signal and appeared to produce active protein 

when tested in endpoint assays. However, this first peak also yielded very little protein, 

making downstream assaying impractical. Modifications were made to the auto-induction 

process in an effort to resolve the ‘two peak problem’. Inclusion of a diguanylate cyclase 

into the expression strain to additionally produce cyclic-di-GMP (cdG), a second 

messenger that is known to bind PilB in other bacteria, did not change the FPLC profile 

and had no impact on activity. In contrast, the addition of Zn2+ into the auto-induction 

media resulted in a change in elution profile to a single peak. This, however, produced 

CdPilB in an inactive form. Adding ATP to the auto-induction media also changes the 

elution profile, that is, the absorbance signal dramatically decreases to a point that 

becomes nearly undetectable. 

Stabilization of CdPilB by Hcp1 fusions. Work using a N-terminus truncated form 

of the Vibrio cholerae PilB-like protein GspE showed that fusion to the P. aeruginosa 

protein Hcp1 as a helper tag can induce hexamerization [178]. This method was 

additionally used in stabilizing Myxococcus xanthus PilB in hexameric form [188]. To 

determine whether this approach would be effective for CdPilB as well, three CdPilB 

constructs were fused to Hcp1: full-length CdPilB and two N-terminal truncations, 
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CdPilB128 and CdPilB138. The expression profile for the three PilB-Hcp1 fusions is shown 

in FIG 3-10A. Expression levels are mostly identical between lactose and galactose, 

except that CdPilB138-Hcp1 does not appreciably induce under galactose. Analysis of 

protein solubility that CdPilB128-Hcp1 and CdPilB138-Hcp1 are produced in an insoluble 

form, while CdPilB-Hcp1 has solubility comparable to the non-Hcp1 fusion (FIG 3-10B). 

Similar to the full-length non-Hcp1 fusion, CdPilB-Hcp1 produced two absorbance peaks 

during FPLC, with the first peak yielding active protein in small quantities.  

Additional work with CdPilB variants. An additional N-terminal truncation, 

CdPilB170, was created in reflection of the truncation made by [95]. Preliminary auto-

induction experiments indicate this protein is soluble under the described conditions (see 

Experimental Procedures); however, it has not yet been purified nor has its activity 

tested.  

Overall, purification of these proteins by affinity and size exclusion chromatography 

yielded low yield of protein regardless of the variant, assuming the protein was found to 

be soluble and able to be purified. Some of these constructs, primarily the full-length 

variants, were found to be active via endpoint assay. Despite this, the yields of active 

CdPilB variants were impractical to use for downstream applications. 

Discussion 
 Here, we demonstrate that an N1D-truncated form of NgPilF can be successfully 

constructed and purified. We additionally report optimized buffer conditions for 

NgPilF166 ATPase assay, and that this protein has robust ATPase activity that follows 

Michaelis-Menten kinetics. NgPilF166 is able to be inhibited by quercetin, thus showing 

potential for use as a model protein in anti-T4P antivirulence research. 
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The appearance of two distinct signals on the chromatograms in Ni-NTA affinity 

chromatography and SEC for NgPilF166 was unexpected. Effectively, of the two seen in 

affinity chromatography, only one peak contained NgPilF166. The two peaks from SEC, 

however, both contained NgPilF166 according to SDS-PAGE gels (FIG 3-1). It is likely 

that NgPilF166 is eluting as two different oligomeric species. This results in the larger 

oligomeric form eluting first, followed later by the second smaller, more abundant 

species. Thus, given that SDS-PAGE is a denaturing process, it is not surprising that 

protein from these two peaks produced identical banding patterns at the monomeric 

molecular weight of ~45 kDa. Since this second species showed apparent ATPase 

activity, it is likely eluting in a hexameric form [85, 188]. Another potential, but less 

likely, speculation is that there is some other protein or protein fragment that is co-

purifying with PilF in that first peak and the complex is not stable enough to be seen by 

SDS-PAGE. It is unknown whether a similar pattern was observed for NmPilF166.  

NgPilF166 was shown to have robust in vitro activity under the reported optimized 

conditions, whose composition is relatively minimal when compared to the CtPilB buffer 

used previously. The activity of NmPilF166 in its respective buffer was reported to have a 

Vmax of 25.1 ± 24.8 nmol/mg/min with a Km of 0.45 ± 0.05 mM [95]. Although the Km 

values of NgPilF166 and NmPilF166 are quite similar, there is a 25-fold difference between 

the Vmax values (FIG 3-6). Part of this may be attributed to differences in the buffer 

compositions used for kinetics analyses as it was shown that NgPilF166 was dramatically 

more active in the in-house buffer (FIG 3-3). Yet, NgPilF166 activity in the original 

NmPilF buffer was still nearly four times greater than the reported Vmax for NmPilF166. 

Perplexingly, the kinetic analysis performed in [95] used a higher concentration of 
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protein than what is reported here. It is possible that other proteins or protein fragments 

may have also eluted with NgPilF166 and are contributing to this apparent ATPase 

activity, whose presence becomes visible when peak fractions are analyzed by SDS-

PAGE (FIG 3-1). It is also likely, however, that these additional bands are products of 

NgPilF166 degradation, as buffer conditions were not yet optimized at the time of 

purification. 

 The compounds quercetin and Benserazide were chosen for the inhibition assays 

due to their previous identification as PilB inhibitors in high-throughput screens targeting 

CtPilB [96, 97]. Most notably, C. thermophilum is an environmental, non-pathogenic 

species isolated from microbial mats from Yellowstone National Park, WY, USA [189]. 

This raises the concern of whether protein derived from a non-pathogenic species would 

be relevant for pathogens. Due to high conservation among the catalytic regions of PilB 

homologs, it is likely that inhibitors of this PilB would be effective on PilB homologs 

derived from other, pathogenic bacteria. Recent work by Dye et al. showed that 

Benserazide has inhibitory activity against T4P-related functions in Acinetobacter 

nosocomialis, an opportunistic nosocomial pathogen [96]. Our work has shown that 

Benserazide is not inhibitory toward NgPilF166. Quercetin, on the other hand, was 

effective against NgPilF166 (FIG 3-7). Alignment of CtPilB and NgPilF sequences shows 

a ~40% identity between the proteins. As expected for AAA+ proteins, the major 

catalytic domains, the Walker A and Walker B boxes, are both highly conserved. 

Although it was reported that Benserazide is an orthosteric inhibitor in CtPilB [96], it is 

possible that there is some difference in CtPilB and NgPilF structure that prevents it from 

disrupting NgPilF activity at the C-terminal domain. 
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 The recurrent problems of poor yield and poor ATPase activity resulted in the use 

of NgPilF over CdPilB. Particularly, during purification CdPilB unexpectedly exhibited a 

double signal pattern on both FPLC chromatograms, similar to NgPilF166. Yet, the major 

species showed no apparent ATPase activity when tested through endpoint assay. 

Using a T7 expression system, IPTG induces expression of target genes by 

binding the lac repressor, relieving inhibition on the lac operator and T7 promoter in a 

manner similar to allolactose. However, because IPTG is non-hydrolyzable it remains at 

constant levels in the cell, and 50% of total cell mass can become protein produced under 

the induced operon. This likely puts stress upon the cells, and such bulk production of 

protein can cause poor protein solubility and aggregation [187, 190]. Auto-induction 

methods are said to be able to produce similar, even higher, levels of protein expression 

when compared to a traditional IPTG-based approach. In this method, expression is 

achieved by the inclusion of glycerol, glucose, and lactose/galactose as carbon sources in 

the auto-induction media, allowing E. coli to gradually utilize lactose/galactose as an 

inducing sugar after glucose is depleted [179, 187, 190]. Thus, auto-induction is a more 

‘hands-off’ method, requiring less monitoring of culture density since inducing sugars are 

added to the initial culture media. These aspects were attractive and appeared as a 

potential solution for our poor protein quality. This alternative method was more 

effective in producing more soluble protein relative to insoluble CdPilB, but ultimately 

purified protein concentrations were still low. Longer incubation, from 36 hours up to 72 

hours (data not shown), did not have appreciably higher yields. Yields also did not 

appreciably differ between use of lactose versus galactose for induction, although the 

auto-induction process is slower to initiate when galactose is used (FIG 3-9A). This is 
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expected as galactose is a weak inducer of the lac operon and must be present in high 

concentrations to initiate induction. E. coli BL21(DE3) lacks the gal operon required for 

galactose metabolism, thus galactose is able to accumulate to levels that eventually allow 

for similar levels of protein expression [191, 192]. 

Further, these issues were not able to be overcome by supplementation of the 

secondary messenger cdG or critical ions like Zn2+ or Mg2+. Addition of a diguanylate 

cyclase only increased the viscosity of the bacterial culture after auto-induction. This 

much was expected since PilB and related proteins are known to bind cdG to modulate 

exopolysaccharide production [57, 58]. PilB contains a tetra-cysteine motif that binds 

Zn2+, which was shown to improve PilB stability in Thermus thermophilum [88]. The 

addition of Zn2+ did cause only one peak to appear on chromatograms. This single peak 

suggests CdPilB was stabilized in one form. Though this shift was unfavorable, since 

only inactive protein was produced, it does reveal that conditions are able to be altered to 

produce one primary form. ATP was later included in the auto-induction media because 

some assembly ATPases, such as T2SS XspE in Xanthomonas campestris, require ATP 

for hexamerization [193]. This was initially promising, however, the chromatogram 

signals completely vanished during purification and extremely low concentrations of 

CdPilB were only able to be identified after processing fractions previously known to 

contain CdPilB. 

Past work has seen success in producing fusion proteins using P. aeruginosa 

Hcp1 as a tag [178, 188]. Hcp1 is thought to bring the hexameric subunits into close 

proximity as the tag itself oligomerizes into a hexamer. Our full-length CdPilB-Hcp1 

fusion was effectively the same as the non-Hcp1 fusion protein, exhibiting the same two 
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peak elution profile with low yield of active protein (FIG 3-9B & C). The two N-terminal 

truncation fusions, CdPilB128-Hcp1 and CdPilB138-Hcp1, were insoluble and unable to be 

purified. It is worth noting that CdPilB128 and CdPilB138 had poor solubility with and 

without the Hcp1 assistant tag, suggesting that some aspect of these truncations may be 

causing misfolding or aggregation. Overall, there may be some intrinsic property of 

CdPilB that is remarkably unamenable to overexpression methods, or there are particular 

considerations for this type of protein that are not fulfilled with these common protocols. 

A final N-terminal truncation, CdPilB170, remains untested. Based on the success of 

NgPilF166, future work may find it worthwhile to investigate whether this particular form 

is better suited for biochemical experimentation. 
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Tables and Figures for Chapter 3 
 
 
Table 3-1. Primers utilized in Chapter 3. 

Primer Name Sequence Associated 
Plasmid(s) 

CdPilBpET22_F TGGCTAAAAAAGTTAGAATAGGAGA pJR101 

CdPilBpET22_R CATAAGCTTATCAGTCATCAAAATTATTCTAATCATTT pJR101, pJR109, 
pJR110, pJR112 

CdPilB_SDM_F GAAGCAGATATTGGAGAAAAAAAG pJR102 

CdPilB_SDM_R ATACGAAACCTTACAATGC pJR102 

Hcp1_F GAACATATGCATGGCCATGGTACCCGGGATCCATGGC
TGTTGATATGTTCATCAAGATCGGC - 

Hcp1_R AATGAATTCAAGGCCTGCACGTTCTGGCGGAT - 

CdPilB_N127_F ACTCATATGAGTACAGAAGATATAAACAAAGC pJR106, pJR109 

CdPilB_N137_F TTGCATATGGGTCATGCTTATGCACATTCA pJR107, pJR110 

CdPilB_hcp1_R TAAGGTACCACTTCCACTTCCACTTCCATCAGTCATCA
AAATTATTCTA 

pJR105, pJR106, 
pJR107 

CdPilB169_F ACCCATATGGATGTAAATGCTGCTCCAATAGTA pJR112 

NgPilF166_F TAGCATATGGAGGCAGAAGACGGCCCTGTT pJR111 

NgPilF166_R CCGAAGCTTATCGTTGGTATTTGCCGTTACCTCTTCC pJR111 



95 
 

 

 
Figure 3-1. Expression and purification of NgPilF166. 
Protein samples were run through SDS-PAGE and stained with Coomassie Blue. Molecular 

weight (MW) standards were loaded in the first lane with masses in kilodaltons (kDa) indicated 

to the left. From left to right, (1) whole cell lysate before induction, (2) whole cell lysate after 

induction, (3) insoluble fraction and (4) soluble fractions from (2), (5) pooled fractions from Ni-

NTA affinity chromatography, and pooled fractions from peak 1 (6) and peak 2 (7) of size 

exclusion chromatography. NgPilF166 produces a signal at ~45 kDa. 
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Figure 3-2. Purification of NgPilF166  by chromatography. 
Chromatograms from the purification of NgPilF166. (A) The elution profile from Ni-NTA affinity chromatography 
depicts two high absorbance peaks from factions T4-T6 and T8-T12. NgPilF166 was only present in the T8-T12 peak. 
Flow-through proteins during the wash step create high absorbance signals, seen at the left of the chromatogram, which 
may be ignored. (B) The elution profile from size exclusion chromatography similarly shows two high absorbance peaks 
from fractions 10-11 and 13-17. NgPilF166 is present in both peaks, but only the second peak produces active protein with 
practical yield. 
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 Figure 3-3. NgPilF166  is an active ATPase. 
The activity of NgPilF166 was tested using CtPilB ATPase buffer (“CtPilB 
Buffer”) or literature-derived buffer (“NmPilF Buffer”) by MLG endpoint assay. 
Error bars represent the standard deviation of three independent experiments 
performed in triplicate. 
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Figure 3-4. NgPilF166 activity is optimal in Tris buffer. 
The activity of NgPilF166 was observed in the presence of 7 different buffering agents or agent 

combinations by endpoint assay. All buffering agents were added at 50 mM at pH 8.7; otherwise, 

all other buffer components were held constant with 75 mM KCl, 50 mM NaOAc, 10 mM MgCl2 

and 0.5 mM ATP. Error bars represent the standard deviation of three independent experiments 

performed in triplicate. 
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Figure 3-5. Assay condition optimization for NgPilF166 ATPase activity. 
The impact on NgPilF166 ATPase activity by change in (A) temperature, (B) pH, (C) KCl, and 
(D) Mg2+ concentration are shown. Endpoint MLG assays were used for these experiments. Data 
was normalized to better visualize the point of optimal activity. Error bars represent the standard 
deviation of three independent experiments performed in triplicate. 
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 Figure 3-6. NgPilF166 ATPase displays Michaelis-Menten kinetics. 
The reaction rate of NgPilF166 as a function of ATP concentration. The Michaelis constant 
KM is calculated as the concentration of ATP at half the maximum reaction velocity, or 
1/2Vmax.  Endpoint MLG assays were used for this experiment. Error bars represent the 
standard deviation of three independent experiments performed in triplicate. 
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Figure 3-7. Quercetin inhibits NgPilF166 activity. 
The activity of NgPilF166 was determined in the presence of (A) the 
flavonoid quercetin and (B) Benserazide at various concentrations. 
An IC50 of 24.9 µM was determined by curve fitting to a dose-
response curve. Error bars represent the standard deviation of three 
independent experiments performed in triplicate. Inset: the 
molecular structures of quercetin and Benserazide. 
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Figure 3-8. Induction of CdPilB using IPTG. 
SDS-PAGE gels depicting the expression of CdPilB at (A) 37°C for 3 hours or (B) 16°C for 24 hours using 
various [IPTG]. CdPilB produces a band at ~64 kDa (yellow box). (C) The solubility profile of CdPilB 
expressed under the conditions in B. UI = uninduced, W = whole cell lysate, P = insoluble fraction, S = soluble 
fraction. 
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Figure 3-9. Auto-induction of CdPilB. 
(A) SDS-PAGE gel depicting the auto-induction of CdPilB at 18°C for 24 or 36 hours using either galactose (gal) or lactose 
(lac) as the inducing sugar. (B) The solubility profile of CdPilB after auto-induction using galactose. CdPilB produces a 
band at ~64 kDa (yellow box). (C) The chromatogram from FPLC purification shows two high absorbance peaks. The 
shape and relative peak intensity are identical in both affinity chromatography and size exclusion chromatography. Only the 
first peak produces active protein, albeit with little yield.  UI = uninduced, W = whole cell lysate, I = insoluble fraction, S = 
soluble fraction. 
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Figure 3-10. Expression of CdPilB-Hcp1 fusion proteins. 
(A) SDS-PAGE gel depicting the expression of CdPilB-Hcp1 fusions by auto-
induction methods at 18°C for 24 hours using either galactose (gal) or lactose 
(lac) as the inducing sugar. (B) The solubility profile of the CdPilB-Hcp1 
fusions after auto-induction using lactose. Non-Hcp1 tagged CdPilB is 
included for comparison. CdPilB-Hcp1 produces a band at ~83 kDa, 
CdPilB128-Hcp1 at ~69 kDa, and CdPilB138-Hcp1 at ~68 kDa (yellow box). 
CdPilB produces a band at ~64 kDa (orange box). UI = uninduced, W = 
whole cell lysate, I = insoluble fraction, S = soluble fraction. 
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Chapter 4 - Concluding Remarks 
 The work in this thesis aimed to develop the foundation for antivirulence drug discovery 

targeting the bacterial type IV pilus by establishing the assembly ATPase PilB/PilF as a model 

for virtual screening and high-throughput screening. Chapter 2 evaluated the use of 

Chloracidobacterium thermophilum PilB as a model for in silico structure-based virtual 

screening to identify PilB inhibitors. Six PilB inhibitors reported in the literature were selected 

for molecular docking, using a CtPilB model generated by homology modeling. Additional 

structural models or conformational ensembles were generated through molecular dynamics 

simulations of CtPilB in differing liganded states. Molecular docking of inhibitors into the 

conformational ensembles revealed important structural characteristics of the PilB inhibitors. 

The data from the binding analyses align with existing experimental knowledge and support the 

use of CtPilB in computational screening methods. Chapter 3 characterized an assembly ATPase 

of pathogenic origin by detailing the expression and purification of Neisseria gonorrhoeae PilF 

and the optimized conditions for its activity in malachite green-based endpoint assays. Here, it is 

shown to be a robust and active ATPase displaying Michaelis-Menten kinetics, with a Vmax of 

~625 nmol/mg/min. Chapter 3 also serves as a record of methods used toward expressing and 

purifying active Clostridioides difficile PilB with the hope that it will provide guidance in future 

endeavors with this protein. 

 Future work may consider the data presented here to further antivirulence efforts 

targeting the type IV pilus assembly ATPase. Structure-based virtual screening using compound 

libraries can be performed using the hexameric CtPilB structure and the simulation-derived 

structural ensemble to identify PilB-specific inhibitors, particularly competitive inhibitors. It 

would be interesting to investigate inhibitory compound-induced morphological changes and the 

stability of PilB-inhibitor interactions through molecular dynamics simulations. While this could 
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be computationally expensive, it would supply an additional metric to judge the most promising 

hits, especially with improvement in computational capabilities. Future experimental work may 

also explore the development of high-throughput screens using N. gonorrhoeae PilF as a target. 

This is especially appealing as N. gonorrhoeae is a high-priority pathogen with widespread 

antibiotic resistance and T4P is indispensable for Neisserial pathogenesis. Purifying and 

characterizing an active C. difficile PilB could serve as an exciting challenge for future work as 

well. In all, the research presented here may inform future decisions in the process of 

antivirulence therapeutic discovery and drug optimization efforts targeting the type IV pilus and 

its core assembly ATPase. 
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