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Abstract of the Dissertation 

Inhibition of Chaperone/Usher Pilus Assembly by Nitazoxanide 

by 

Peter Nicholas Chahales 

Doctor of Philosophy 

in 

Molecular Genetics and Microbiology 

Stony Brook University 

2015 

 

Increasing rates of antibiotic resistance are challenging the status quo and raising the 

possibility of a post-antibiotic era, in which even common infections could become life 

threatening. This looming health crisis highlights the immediate need for new and effective 

therapies, which not only neutralize bacterial pathogens but also limit the development of 

resistance. A new class of molecules known as anti-virulence therapeutics targets the bacterial 

virulence factors used to establish disease in the host. This is in contrast to traditional antibiotics, 

which disrupt essential processes required for bacterial survival. One such virulence target 

includes adhesive fibers, termed pili, assembled by a conserved mechanism known as the 

chaperone/usher (CU) pathway. P and type 1 pili are prototypical examples of pili assembled by 

the CU pathway. These pili are utilized by uropathogenic Escherichia coli to colonize host 

tissues and establish urinary tract infections (UTIs). UTIs are the second most common infection 

of the human body, and uropathogenic E. coli is a pathogen that displays high incidences of 

antibiotic resistance clinically. To address the need for new antimicrobial agents, I have 
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identified a new use and mechanism of action for the FDA approved anti-parasitic drug 

nitazoxanide (NTZ). I have shown that NTZ inhibits the assembly of adhesive pili on the surface 

of E. coli in a dose dependent manner. Using a combination of genetic and biochemical 

techniques, I demonstrated that NTZ prevents proper maturation the usher protein in the bacterial 

outer membrane (OM). The usher is an essential part of the CU pathway and serves as a platform 

for pilus assembly and secretion. Furthermore, I have obtained genetic evidence strongly 

suggesting that NTZ targets an essential OM complex known as the ß-barrel assembly machinery 

(Bam), which is required to fold the usher. This work not only identifies NTZ as a potential anti-

virulence compound to treat pilus-mediated diseases such as UTIs, but also provides the first 

described chemical tool to investigate the functionality of the Bam complex. Additionally, this 

work highlights the value of both CU pili and the Bam complex as therapeutic targets.  
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1.1 Antibiotic Resistance 

Since Alexander Fleming’s discovery of penicillin in 1928, antibiotics have been recognized 

as arguably the greatest advancement in human health.  Prior to their introduction into society, 

common bacterial infections such as strep throat, pneumonia, or even a small infected cut carried 

with them a significant risk of severe disability and death. Today, the widespread use of 

antibiotics has not only made these, and many other infections, curable but is credited for 

extending the average human life expectancy by ten years (1). However, in his 1945 Nobel Prize 

lecture, Alexander Fleming shared with the public an almost prophetic warning about the use of 

antibiotics based on his own observations with penicillin: “The time may come when penicillin 

can be bought by anyone in the shops. Then there is the danger that the ignorant man may easily 

underdose himself and by exposing his microbes to non-lethal quantities of the drug make them 

resistant” (2). Seventy years later the threat of antibiotic resistance has become an ever-apparent 

global crisis.  

The development of antibiotic resistance is not a novel phenomenon as it is a natural 

evolutionary process by which bacteria compete with each other. However, with the recent 

dwindling antibiotic pipeline, combined with overconsumption of these drugs, humans have 

dramatically accelerated this process, selecting for pathogens that are increasingly difficult to 

treat and leading to what is often referred to as a tragedy of the commons. Today it is estimated 

that at least 700,000 deaths per year worldwide are attributed to anti-microbial resistant 

infections, which results in an economic burden of $21-$34 billion annually in the United States 

alone (3, 4). A 2014 review on the subject commissioned by the British government predicts the 

number of deaths to increase to 10 million by the year 2050 and surpass more than $100 trillion 

in costs to the global economy if immediate action is not taken (3). 
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While antibiotic resistance is prevalent amongst pathogenic strains of both Gram-positive 

and Gram-negative bacteria, it is the latter that have become increasingly worrisome. This is 

because Gram-negative bacteria possess an additional protective barrier known as the outer 

membrane (OM), which restricts access to certain antibiotics, rendering the bacteria generally 

more resistant and harder to treat. Additionally, infections by these organisms are becoming 

commonplace within our healthcare facilities, putting already at risk patients in a very precarious 

position. Of the most urgent concern are isolates of stains such as Klebsiella pneumoniae and 

Escherichia coli, termed carbapenem-resistant enterobacteriaceae (CRE), which have been 

identified in hospitals and are resistant to all, or nearly all, available antibiotics (5). These 

“nightmare bacteria”, as they have been deemed by the Centers for Disease Control and 

Prevention, have gained resistance to our last resort class of antibiotics, the carbapenems, leaving 

physicians with little-to-no options should a patient become infected (6). Further exemplifying 

the severity of these pathogens is the 50% mortality rate associated with them should an 

infection enter the bloodstream (7). CRE infections can manifest themselves in many sites 

throughout the human body; however, it is in the bladder and kidneys, in the form of a urinary 

tract infection, that incidences of these pathogens are on the rise. 

 

1.2 Urinary Tract Infections  

Urinary tract infections (UTIs) are the second most commonly acquired infections of the 

human body. Greater than 50% of women and 15% of men will experience at least one UTI 

during their lifetime. Moreover, 25% of those woman will go on to develop one or more 

additional UTIs at a later time highlighting the high rate of recurrence associated with the 

disease. UTIs also pose a significant burden to healthcare facilities, accounting for 40% of all 
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hospital-acquired infections (8-10). The frequency of these infections results in over 10.5 million 

doctors office visits per year at a cost of $3.5 billion annually in the United States alone	(9, 11, 

12). 

A community-acquired, often referred to as uncomplicated, UTI is typically established 

when bacteria, or uropathogens, enter the urogenital tract through the opening in the urethra. 

Two common mechanisms of transmission are through sexual intercourse and/or the transfer of 

gut microbes present in fecal material (13). These modes of transmission also highlight the 

gender discrepancy seen with incidences of UTIs due to the fact that females have a shorter 

urethra than males. Once in the urethra, the bacteria ascend to the bladder where they can adhere 

to and colonize the bladder epithelium, triggering inflammation and leading to the development 

of cystitis. This initial adherence step is critical to the infection cycle as it prevents the bacteria 

from being cleared away by the natural flow of urine. Should the infection in the bladder remain 

unresolved, bacteria can then ascend the ureters and enter into the kidneys where adherence and 

colonization of kidney epithelia can occur leading to the development of pyelonephritis.	 If 

treatment or resolution of the infection fails at this stage the bacteria can progress to gain access 

to the blood supply leading to bacteremia (13, 14). Kidney infections are the third leading cause 

of sepsis behind respiratory and abdominal infections	(15). Common symptoms of a UTI include 

urgency and frequency of urination, hematuria, back pain, and fever (16,	17).  

Catheter-associated UTIs are another form of the disease predominantly found in the 

healthcare setting.  These UTIs result from the improper usage of indwelling urinary catheters in 

patients. Some uropathogens are capable of colonizing the catheter surface using it as a vehicle 

to gain access to the urinary tract. Alternatively, the introduction of the catheter into the patient 
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can induce structural abnormalities in the urogenital tract epithelia increasing the patient’s 

susceptibility to infection. This form of the infection is referred to as a complicated UTI	(15).    

A number of bacteria have been identified as causative agents of UTIs, including Proteus 

mirabilis, Pseudomonas aeruginosa, Streptococcus agalactiae, and Enterococcus fecalis (9). 

However, the primary causative agent responsible for ~85% of all uncomplicated and catheter-

associated forms of the disease is uropathogenic E. coli (UPEC) followed by K. pneumonia, 

which is implicated in 6–17% of infections	 (13, 18, 19). UPEC is a member of the human 

commensal resident gut flora where it is not associated with any disease. It is only upon 

introduction of the bacterium into the urinary tract that it can employ its virulence mechanisms to 

establish a UTI.  

 

1.3 Pili and the Chaperone/Usher Pathway 

1.3.1 Introduction to bacterial adhesins. Bacteria assemble a variety of adhesive proteins 

(adhesins) on their surface to mediate binding to receptors and colonization of surfaces. For 

pathogenic bacteria, adhesins are critical for early stages of infection, allowing the bacteria to 

initiate contact with host cells, colonize different tissues, and establish a foothold within the host. 

Adhesins recognize specific receptors expressed by specific subsets of host cells. Therefore, the 

repertoire of adhesins expressed by a pathogen play a major role in dictating the tropism of the 

pathogen toward specific host tissues and organs. Moreover, binding of bacterial adhesins to host 

cell receptors influences subsequent events by triggering signaling pathways in both the host and 

bacterial cells. These signaling pathways may determine whether the bacteria remain 

extracellular or become internalized, and influence the intracellular trafficking of invaded 

bacteria and their ability to survive and replicate (20, 21). The adhesins expressed by a pathogen 
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are also critical for bacterial-bacterial interactions and the formation of bacterial communities 

such as biofilms. The ability to adhere to host tissues is particularly important for bacteria that 

colonize sites such as the urinary tract, where the flow of urine functions to maintain sterility by 

washing away non-adherent pathogens.  

Adhesins vary from monomeric proteins that are directly anchored to the bacterial surface to 

polymeric, hairlike fibers that extend out from the cell surface. These latter fibers are termed pili 

or fimbriae, and were among the first identified virulence factors of UPEC (22). Uropathogenic 

bacteria have been closely associated with the discovery and characterization of pili. The 

chromosomal gene clusters responsible for expression of both type 1 and P pili were first cloned 

from the J96 UPEC strain (23), and the genes coding for S pili were isolated from UPEC strain 

536 (24). Much of our current understanding of the structure, assembly, and functions of 

bacterial pili stems from studies of the type 1 and P pili originally isolated from UPEC.  

Pili and other extended surface fibers increase the functional reach of adhesins, enabling the 

bacteria to act at a distance. Pili place adhesins outside capsular or other protective surface 

structures, allowing contact with receptors while maintaining the protective integrity of the 

bacterial envelope. The ability to initiate contact at a distance also provides a means for 

pathogenic bacteria to avoid detection or uptake by host cells.  

 

1.3.2 Pili assembled by the chaperone/usher pathway. A wide range of Gram-negative 

bacteria use the chaperone/usher (CU) pathway to assemble a superfamily of virulence-

associated adhesive surface fibers (25-28). The CU pathway takes its name from the components 

of its secretion machinery, which consist of a dedicated periplasmic chaperone and an integral 

outer membrane protein termed the usher. The CU pathway builds a diverse array of peritrichous 
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surface fibers, ranging from thin, flexible filaments to rigid, rod-like organelles. For 

uropathogenic bacteria, pili assembled by the CU pathway mediate adhesion to receptors in the 

urinary tract, initiating infection and promoting bacterial colonization. Pili are critical virulence 

factors of uropathogenic bacteria and have been the subject of intense study. The CU pili 

expressed by uropathogenic bacteria are exquisitely adapted to colonization within the urinary 

tract, engineered to withstand and take advantage of forces encountered during colonization such 

as the flow of urine (29-32). In addition to binding to host molecules, CU pili are important for 

bacterial-bacterial interactions, biofilm formation, and adhesion to abiotic surfaces. Moreover, 

binding of bacteria to host cells via CU pili modulates host signaling pathways and promotes 

subsequent stages of pathogenesis such as invasion inside host cells(33-39).  

Genes coding for CU pili are found on both the bacterial chromosome and on plasmids, and 

are clustered together with a similar organization: a 5’ regulatory region that is followed by a 

single downstream operon encoding the required pilus structural proteins and assembly 

components (Fig. 1). CU gene clusters are often associated together with other virulence 

determinants in pathogenicity islands, which have characteristics indicating acquisition by 

horizontal gene transfer (40). A single bacterial genome often contains multiple CU pathways, 

which presumably provides the ability to adhere to a variety of different receptors and surfaces 

(41-43). A recent genomic analysis found that E. coli strains encode as many as 17 CU gene 

clusters and that UPEC strains encode from 9-12 intact CU gene clusters (44). Many of the CU 

gene clusters present in a bacterial genome are not expressed under laboratory growth conditions 

and their functions remain unknown (42). The expression of CU gene clusters is typically highly 

regulated, subject to phase variation, and responsive to environmental cues (45, 46). Regulatory 

cross talk may occur among different CU gene clusters (47-49). This cross talk likely ensures 
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that a given bacterium only expresses a single pilus at a given time, thus controlling adhesive 

specificity. Furthermore, expression of adhesive pili has been shown to be inversely correlated 

with the expression of flagella for motility (50). 

 

1.3.3 Structure of the CU pilus fiber.  Pili assembled by the CU pathway range from 2-

10 nm in diameter and generally 1-3 µm in length. The pili are linear fibers built from thousands 

of copies of non-covalently interacting subunit proteins, termed pilins. Some pili adopt a final 

helical quaternary structure, resulting in the formation of rigid, rod-like organelles. Alternatively, 

the pili may remain as linear, flexible fibers, which in some cases form amorphous or ‘afimbrial’ 

structures. Many pili assembled by the CU pathway are composite structures containing both a 

rigid, helical rod, which extends out from the bacterial surface, as well as a thin, flexible tip 

structure, which is located at the distal end of the rod and contains the adhesive activity. Type 1 

and P pili expressed by UPEC are prototypical composite organelles with distinct rod and tip 

structures (Fig. 1.1). The Afa/Dr family of pili expressed by UPEC and other pathogenic E. coli 

are well studied examples of thin, flexible fibers that often have an amorphous appearance by 

electron microscopy (51).  

The structures of pilins and many aspects of pilus assembly by the CU pathway are 

understood in atomic detail (27, 52-57). All pilins contain an immunoglobulin-like (Ig) fold 

termed the pilin domain (Fig. 1.2). Canonical Ig folds comprise seven ß-strands arranged into 

two sheets as a ß-sandwich (58). However, pilins lack the seventh, C-terminal ß-strand (the G 

strand) and thus are unable to complete their own fold (52-55). This missing strand results in a 

deep groove on the surface of the subunit, exposing its hydrophobic core. To complete their 

folds, pilins rely on structural information provided by interaction with the periplasmic 
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chaperone or with neighboring subunits in the pilus fiber.  

Subunit-subunit interactions in the pilus fiber are mediated by a mechanism termed donor 

strand exchange(54, 55). Pilins contain a conserved N-terminal extension (Nte) in addition to the 

pilin domain. In the pilus fiber, the Nte of one pilus subunit is ‘donated’ to the preceding subunit, 

completing the Ig fold of the preceding subunit (Fig. 1.2). Therefore, the pilus fiber consists of 

an array of Ig folds, with each subunit noncovalently bound to the preceding subunit by donor 

strand exchange. This arrangement provides great mechanical strength and stability to the pili, 

which is reflected by the property that subunit-subunit interactions in the pilus are resistant to 

dissociation by heat and denaturants (59, 60). A high level of mechanical strength is essential for 

the pili to maintain adhesion in the face of shear forces encountered from the flow of urine. The 

helical pilus rod provides an additional mechanism to withstand hydrodynamic forces in the 

urinary tract; the helical rod is able to uncoil under stress to an extended linear fiber, thereby 

acting as a spring or shock absorber to prevent breakage of the pilus and extend the lifetime of 

pilus-receptor interactions (29, 30, 32, 61).  

 

1.3.4 The pilus adhesin. The receptor-binding activity of pili is conferred by the pilus 

adhesin. For composite pili such as type 1 and P pili, the adhesin is located in single copy at the 

distal end of the tip fiber (Fig. 1.2). Such pili have been termed monoadhesive pili (26). In 

contrast, for pili lacking a district tip structure, the main structural subunit that builds the pilus 

fiber may also contain receptor-binding sites along exposed surfaces and thus the entire pilus 

may function in adhesion (57, 62-64). Such fibers are termed polyadhesive pili.  

Crystal structures have been solved for several adhesins from monoadhesive pili (52, 65-

70). In contrast to other pilus subunits, the adhesins are two domain proteins, containing an N-
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terminal receptor-binding or adhesin domain (in place of the Nte) and a C-terminal pilin domain. 

The pilin domain mediates incorporation of the adhesin into the pilus fiber and is an incomplete 

Ig-like fold as found for all CU pilins. Adhesin domains also have Ig-like folds, but the folds are 

complete (not lacking the terminal ß-strand) and structurally distinct from the pilin domain. 

Despite their common architecture, adhesins vary greatly in sequence and employ distinct 

receptor binding mechanisms, reflecting their specific functions within the host (71). The FimH 

adhesin from type 1 pili folds as an elongated 11-stranded ß-barrel with a jelly roll-like topology 

(52, 66). The binding site for the mannose ligand is located at the tip of the adhesin domain and 

is formed by a deep, negatively-charged pocket surrounded by a hydrophobic ridge (Fig. 1.2B). 

In comparison, the adhesin domain of the P pilus adhesin PapG adopts a structure with two sub 

regions; one region having a ß-barrel fold similar to FimH and the other region having a unique, 

largely ß-sheet structure that contains the binding site for the globoside receptor (65, 67). In 

contrast to FimH, the receptor-binding site of PapG is located in a shallow groove along the side 

of the adhesin (Fig. 1.2B).  

Pilus adhesins such as FimH exhibit the property of shear-enhanced binding, which 

enables tighter binding under conditions of shear stress such as encountered during bacterial 

colonization of the urinary tract (31). The application of shear stress causes FimH to 

switch  from a low-affinity to a high-affinity binding state. This greater affinity presumably 

allows the bacteria to avoid being washed away by the flow of urine, and may also provide a 

mechanism  for the bacteria to discriminate between surface-located and soluble receptors, as 

binding to the latter will not result in force generation on the pilus and FimH will stay in the low-

affinity state. Moreover, the physical properties of both the type 1 pilus tip fiber and the helical 

pilus rod appear to be designed to optimize the shear-enhanced behavior of FimH, and the 
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flexibility of the pilus tip likely provides FimH maximum opportunity to find its target receptors 

(72, 73).  

 

1.4 Pilus Assembly by the Chaperone/Usher Pathway 

   1.4.1 Formation of chaperone-subunit complexes in the periplasm. Pilus subunits are 

synthesized with an N-terminal signal sequence that directs them to the Sec general secretory 

pathway for translocation to the periplasm (74). The signal sequence is cleaved in the periplasm, 

and the subunits form stable, binary complexes with the periplasmic chaperone (Fig. 1.2A). The 

chaperone enables proper folding of the pilus subunits, prevents premature subunit-subunit 

interactions, and maintains the subunits in an assembly-competent state (52-55). In the absence 

of the chaperone, pilus subunits misfold and form aggregates that are degraded by the DegP 

periplasmic protease (75, 76).  

The structure of the PapD chaperone and subsequent structures of chaperone-subunit 

complexes revealed the molecular basis for chaperone function in pilus biogenesis (52-54, 77-

79). As described above, pilins have an incomplete Ig fold, lacking the C-terminal G ß-strand. 

The chaperone contains two Ig-like domains oriented in an L or boomerang shape. The binding 

site for subunits resides in the cleft between the two domains and extends out along the 

chaperone’s N-terminal domain (domain 1). The chaperone functions by a mechanism termed 

donor strand complementation, in which the chaperone inserts its G1 ß-strand and a portion of its 

F1-G1 loop into the groove caused by the missing G strand of the subunit, completing the Ig fold 

of the pilin domain (Fig. 1.2A) (52, 53, 79, 80).  

The groove in the pilin domain caused by the missing ß-strand contains a series of 

binding pockets, termed P1-5 (54). The G1 ß-strand donated by the chaperone contains a 
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conserved motif of alternating hydrophobic residues, and during donor strand exchange these 

residues insert into the P1-4 pockets of the subunit, forming a ß-zipper interaction (55, 81). The 

chaperone G1 ß-strand is inserted parallel to the F strand of the subunit, forming a non-canonical 

Ig fold. This, together with the large size of the residues inserted by the chaperone maintains 

pilins in an open, “activated” state, which enables subsequent assembly into the pilus fiber (54, 

55, 82). The groove of the pilin domain is also the site of subunit-subunit interactions, which are 

mediated by the donor strand exchange reaction as described above for the pilus fiber (54, 55). 

Thus, donor strand complementation by the chaperone couples the folding of pilins with the 

simultaneous capping of their interactive surfaces, preventing premature fiber assembly in the 

periplasm. Recent studies have shown that chaperones also perform a quality control function 

during the initial binding of pilus subunits and that formation of chaperone-subunit complexes 

results in an allosteric change in the chaperone that permits binding to the outer membrane usher 

assembly platform (83, 84). 

  

1.4.2 Assembly of the pilus fiber at the outer membrane. Chaperone-subunit 

complexes must interact with the outer membrane usher for release of the chaperone, assembly 

of subunits into the pilus fiber, and secretion of the fiber to the cell surface through the usher 

channel (56, 85). The usher acts as a pilus assembly catalyst, accelerating the rate of subunit 

incorporation into the pilus fiber (86). Subunit-subunit interactions form at the periplasmic face 

of the usher via the donor strand exchange mechanism (54, 55). The donated subunit Nte 

contains a conserved motif of alternating hydrophobic residues, similar to the chaperone G1 ß-

strand (87, 88). At the usher, the hydrophobic residues of the Nte from an incoming chaperone-

subunit complex insert into the subunit groove of the preceding chaperone-subunit complex 
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bound at the usher, displacing the donated G1 ß-strand of the chaperone from the preceding 

subunit by a concerted strand displacement mechanism that initiates at the P5 pocket (54, 55, 81, 

89, 90). In contrast to the donated chaperone ß-strand, the Nte is inserted anti-parallel to the F 

strand of the preceding subunit and inserts smaller-sized residues into the subunit groove, thus 

completing the Ig fold of the pilin domain in a canonical fashion and allowing the subunit to 

adopt a highly stable final state (54, 55, 60, 82). ATP is not available in the periplasm and pilus 

biogenesis at the outer membrane usher does not require input from other energy sources (91, 

92). The canonical Ig fold formed by donor strand exchange represents a more compact, lower 

energy state compared to the non-canonical Ig fold formed by donor strand complementation 

with the chaperone (54, 55, 82). This topological transition from the higher-energy chaperone-

subunit complex to the lower-energy subunit-subunit interaction provides the driving force for 

fiber formation and secretion at the usher (93).  

Pili are assembled in a top-down order, with the adhesin incorporated first, followed by 

the rest of the pilus tip and finally the rod. Each subunit specifically interacts with its appropriate 

neighbor subunit in the pilus, with the specificity of binding determined by the donor strand 

exchange reaction (94-96). In addition, the usher ensures ordered and complete pilus assembly 

by differentially recognizing chaperone-subunit complexes according to their final position in the 

pilus; i.e., chaperone-adhesin complexes have highest affinity for the usher, whereas chaperone-

rod subunit complexes have low affinity (97-99). The usher channel is only wide enough to 

allow secretion of a linear fiber of folded pilus subunits (85). Therefore, the pilus rod is 

constrained to a linear fiber as it passes through the usher and only converts to its final helical 

form upon reaching the bacterial surface.  

 



	

 
	

14	

1.4.3 The pilus usher. Ushers are large, integral outer membrane proteins containing five 

domains: a central transmembrane ß-barrel domain that forms the secretion channel, a middle 

domain located within the ß-barrel region that forms a channel gate (the plug domain), a 

periplasmic N- terminal domain (NTD), and two periplasmic C-terminal domains (CTD1 and 

CTD2) (Fig. 1.3) (56, 85, 100-104). The NTD provides the initial binding site for chaperone-

subunit complexes and functions in the recruitment of periplasmic complexes to the usher (100, 

105). The CTDs provide a second binding site for chaperone-subunit complexes and anchor the 

growing pilus fiber (56). The usher is present as a oligomeric complex in the OM, but only one 

channel is used for secretion of the pilus fiber and the function of the usher oligimer remains to 

be determined, particularly since the usher monomer appears to be sufficient for pilus assembly 

(56, 85, 101, 106-108).  

The structure of the type 1 pilus usher FimD bound to the FimC-FimH chaperone-adhesin 

complex was recently solved, revealing the usher pilus assembly machine in action (Fig. 1.3) 

(56). The usher channel is formed by a 24-stranded ß-barrel that is occluded by an internal plug 

domain (56, 85). The binding of the FimH adhesin to FimD activates the usher for pilus 

biogenesis (86, 98, 108, 109), resulting in displacement of the plug to the periplasm and insertion 

of the FimH adhesin domain inside the usher channel. The FimH pilin domain remains in 

complex with the FimC chaperone and bound to the usher CTDs (Fig. 1.3). CU pili extend by 

step-wise addition of new chaperone-subunit complexes to the base of the fiber. New chaperone-

subunit complexes are recruited by binding to the usher NTD, which is unoccupied in the FimD-

FimC-FimH structure (56, 100, 105). Modelling studies suggest that binding of a chaperone-

subunit complex to the usher NTD would perfectly position the Nte of the newly recruited 

subunit to initiate donor strand exchange with the P5 pocket of the subunit bound at the usher 
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CTDs, providing a molecular explanation for the catalytic activity of the usher in pilus assembly 

(56). Following donor strand exchange, the chaperone is displaced from the subunit bound at the 

CTDs and released into the periplasm. To reset the usher for another round of subunit 

incorporation, the newly incorporated chaperone-subunit complex must transfer from the NTD to 

the CTDs, concomitant with translocation of the pilus fiber through the usher channel toward the 

cell surface. Repeated iterations of this cycle would then result in assembly and secretion of a 

complete pilus fiber.  

 

1.5 Functions of Type 1 and P CU Pili Expressed by UPEC  

Type 1 pili are expressed by most strains of E. coli and mediate binding to a variety of 

surfaces and host tissues in a mannose-sensitive manner. Type 1 pili are a major virulence factor 

of UPEC and antibodies to the type 1 pilus adhesin FimH provide protection against urinary tract 

infection by E. coli in both murine and primate models (110, 111). However, a definitive 

requirement for type 1 pili in human UTIs has remained elusive (112), likely due to the large 

repertoire of adhesins expressed by uropathogenic strains. UPEC use type 1 pili to bind to α-D-

mannosylated proteins present in the bladder, leading to bacterial colonization, bladder epithelial 

cell invasion, and the development of cystitis (34, 113). In addition to urothelial cells, type 1 pili 

have been reported to bind to Tamm-Horsfall protein, surface glycoproteins of immune cells, 

extracellular matrix proteins, and abiotic surfaces (114-117).  

Type 1 pili are encoded by the fim gene cluster (Fig. 1.1), which is present on the 

chromosome of pathogenic as well as non-pathogenic and laboratory strains of E. coli. Type 1 

pili are built from 4 different types of pilins arranged into a rigid helical rod measuring 6.9 nm in 

diameter, and a short tip fiber measuring 2 nm in diameter and generally 10-19 nm in length 
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(Fig. 1.1) (118, 119). The type 1 pilus rod is built from greater than 1,000 copies of the FimA 

major pilin arranged into a right-handed helix (119). Type 1 pilus tips contain a single copy of 

the FimH adhesin at the distal end, followed by the FimG and FimF adaptor subunits, which are 

generally present in single copy (Fig. 1.2A) (118-120). The mannose binding site of the FimH 

adhesin is located in a deep pocket at the tip of the adhesin domain (Fig. 1.2B) (66). This places 

the receptor-binding site at the most distal end of the type 1 pilus organelle, which presumably 

facilitates access of the pilus to its receptor.  

Studies using the murine urinary tract infection model have revealed many aspects of 

type 1 pilus function during UPEC pathogenesis. Upon entering the urinary tract, UPEC use their 

type 1 pili to bind to uroplakins, mannosylated proteins that coat the luminal surface of the 

bladder, allowing the bacteria to colonize the bladder and avoid being washed out by the flow of 

urine (34, 121). Type 1 pili not only mediate binding of UPEC to the bladder surface, but also 

trigger host cell signaling pathways that lead to actin rearrangement in the urothelial cells and 

invasion of the bacteria inside the cells by a zipper-like mechanism (33, 34, 122). Additionally, 

bacterial uptake is facilitated by binding of type 1 pili to ß1 and α3 integrins (35). Binding of E. 

coli to the urothelium leads to induction of innate host cell responses, such as upregulation of 

proinflammatory cytokines and cell death pathways (34, 122, 123). The FimH adhesin acts as a 

pathogen-associated molecular pattern that is recognized by Toll-like receptor 4 (TLR4), present 

on bladder epithelial cells as well as macrophages, and stimulates immune signaling pathways 

through a mechanism independent of LPS (37).  

Following uptake inside bladder epithelial cells, UPEC are initially contained within 

vesicles, which may be routed for exocytosis in a TLR4-and cyclic AMP-dependent mechanism 

that may be used by the host cells to expel the invading bacteria (124). Bacteria that evade 
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expulsion enter the cytoplasm where they rapidly replicate to form aggregates termed 

intracellular biofilm-like communities or pods (125, 126). Bacteria within these intracellular 

communities are protected from host innate immune responses and shielded from antibiotics 

(127). Type 1 pili, which are known to contribute to the formation of extracellular biofilms 

(117), are also expressed by the intracellular bacteria and required for formation of the pods, 

separate from their function in host cell binding and invasion (36, 128). Urothelial cells respond 

to UPEC invasion by undergoing programmed cell death and exfoliating into the bladder lumen, 

a host-defense mechanism to wash out the colonizing bacteria (34). However, UPEC counter this 

by fluxing out of the host cells and undergoing additional rounds of attachment to and invasion 

of neighboring cells, presumably mediated by type 1 pili as in the initial round of infection (126, 

129). During  this process, the E. coli may gain access to the underlying bladder epithelium, 

leading to the formation of quiescent bacterial reservoirs from which recurrent infections can be 

seeded to begin the infection process anew (129, 130). Thus, type 1 pili function at multiple 

different points during UPEC pathogenesis in the urinary tract and have both extracellular and 

intracellular roles.  

P pili are expressed by UPEC and are strongly associated with the ability of the bacteria 

to colonize the kidney and cause pyelonephritis (65, 131, 132). P pili bind to Gal(α1-4)Gal 

moieties present in the globoseries of glycolipids found in kidney epithelial cells. The glycolipid 

receptor is also part of the P blood group antigen, thus allowing P pilus-mediated agglutination 

of human erythrocytes (133). P pili are encoded by the chromosomal pap (pyelonephritis- 

associated pili) gene cluster (Fig. 1.1), which is present on pathogenicity islands of UPEC 

strains, and also found in E. coli causing neonatal meningitis and avian pathogenic strains (134). 

Individual E. coli strains may carry more than one pap gene cluster, located in different 
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pathogenicity islands (135, 136).  

P pili are built from 6 different structural subunits that form a right-handed helical rod 

and distal tip fiber, similar to type 1 pili (Fig. 1.1). The P pilus tip fiber is longer and more 

flexible compared to type 1 pilus tips, measuring ~40 nm in length. The P pilus tip is composed 

mainly of PapE, which is present at approximately 5-10 copies per pilus. The PapG adhesin is 

present in single copy at the distal end of the tip and is joined to PapE via the PapF adaptor 

subunit (137, 138) (Fig. 1.2A). Another adaptor subunit, PapK, links the tip fiber to the pilus rod 

(138). The helical P pilus rod measures 8.2 nm in diameter and is built from a linear 

homopolymer of over 1000 copies of the PapA major pilin (139). The P pilus rod is terminated 

by the PapH minor pilin, which also plays a role in anchoring the pilus fiber in the OM (140, 

141).  

The glycolipid binding site on the PapG adhesin is formed by a shallow pocket on one 

side of the adhesin domain (Fig. 1.2B) (65, 67). This is in contrast to the tip-located mannose-

binding site of FimH on type 1 pili. P pili have a longer, more flexible tip fiber compared to type 

1 pili. The flexibility of the P pilus tip and side-on orientation of the PapG binding site likely 

function in tandem to facilitate docking of the adhesin onto the globoside moiety of the 

glycolipid receptor, which is oriented parallel to the membrane surface (65).  

Expression of P pili promotes ascending urinary tract infection and facilitates 

colonization of the kidneys by E. coli (132, 142). Consistent with a role in pathogenesis, 

vaccination with P pili was shown to provide protection against pyelonephritis in both murine 

and primate models (143, 144). However, studies using P pilus mutants have had variable results 

in establishing an essential requirement for the pili in kidney infections, likely due to the many 

different adhesins expressed by UPEC strains (145). As for type 1 pili, P pilus-mediated 
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adhesion of UPEC to the urothelium stimulates cytokine production and resultant inflammatory 

responses in the urinary tract, which likely exacerbates kidney damage during acute 

pyelonephritis (38, 146, 147). Binding of P pili to its glycolipid receptor in kidney epithelial cells 

causes release of the second messenger ceramide, which forms the membrane anchor portion of 

the receptor. Ceramide is as an agonist for TLR4, and thus provides a potential link between 

bacterial adhesion and induction of innate immune pathways (148).  

 

1.6  The ß-barrel Assembly Machinery Complex 

The Gram-negative OM is a unique and essential organelle that serves many diverse 

functions. This asymmetrical OM lipid bilayer consists of an extracellular-facing leaflet 

composed of lipopolysaccharide (LPS) and a periplasmic-facing phospholipid inner leaflet. The 

OM plays a critical role in protecting the intracellular contents from environmental insults, 

providing structural integrity, intra and inter-bacterial communication, and serving as a selective 

permeability barrier (149). 

The majority of proteins in the OM can be divided into two main categories: lipoproteins and 

outer membrane proteins (OMPs). Lipoproteins are soluble molecules that associate with 

hydrophobic membranes via a lipidated N terminus. OM lipoproteins play a variety of roles in 

the cell including sensing of intracellular and extracellular stressors (150, 151), protein transport 

(152), membrane biogenesis (153), and assisting in the folding and assembly of other proteins 

(154). When anchored in the OM, lipoproteins can be exposed to either the extracellular milieu 

or periplasm.  

The most distinctive characteristic of OM lipoproteins is the mechanism by which they are 

distinguished from inner membrane lipoproteins and localized to the OM. Following translation 
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in the cytoplasm and subsequent translocation across the inner membrane by the Sec system, the 

lipoprotein N terminus is processed, exposing a sequence motif known as the lipobox. The 

lipobox directs lipoprotein processing and dictates whether the protein will be retained in the 

inner member or transported to the OM via the Lol (Lipoprotein outer membrane localization) 

pathway (155). While localization by the Lol pathway explains how lipoproteins can be localized 

to the periplasmic face of the OM, little is known regarding the process by which some 

lipoproteins become exposed to the extracellular environment. Recent evidence suggests that 

certain lipoproteins can be threaded through the lumen of OMPs, thereby granting them access to 

the extracellular milieu {Konovalova, 2014 #2312}. 

The second category of proteins that make up the OM are the OMPs. OMPs are a class of 

membrane spanning OM proteins that adopt a characteristic ß-barrel fold consisting of a series of 

antiparallel ß-strands arranged in a cylindrical conformation (156). Like lipoproteins, OMPs also 

preform a variety of tasks, including enzymatic functions (157), active and passive transport of 

small molecules (158)	(159), adhesion (160), and secretion (92). The FimD and PapC ushers are 

examples of OMPs involved in secretion. OMPs also exist in the OMs of mitochondria and 

chloroplasts, which are believed to be the descendants of endosymbiotic free-living bacteria 

(161)	(162).  

ß-barrel proteins are extremely stable structures requiring the addition of heat and/or urea 

to be fully denatured (105, 163, 164). This stability is in part due to their intrinsic nature to 

spontaneously fold into lipid bilayers and detergent micelles, in the absence of an energy source 

(165). One then may ask what prevents ß-barrel proteins from spontaneously, and 

uncontrollably, folding into both the inner membrane and OM of Gram-negative bacteria? Gram-

negative bacteria have evolved a unique system to control such a situation called the ß-barrel 
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assembly machinery (Bam) complex (154, 166) (Fig. 1.4). Following translation in the 

cytoplasm, nascent OMPs are translocated across the inner membrane and into the periplasm via 

the Sec system. Once in the periplasm OMPs are received by a number of specialized chaperone 

proteins including SurA, Skp, and DegP. DegP possesses chaperoning activity in addition to its 

proteolytic activity (167). A primary function of these chaperones is to maintain the ß-barrel in 

an unfolded state, preventing it from spontaneously folding and randomly inserting into the 

nearest membrane while in the aqueous periplasmic environment (168). The chaperones are also 

responsible for delivering OMPs to the Bam complex, which facilitates their proper assembly 

and insertion into the OM (154). 

The Bam system is an essential protein complex consisting of five key components: 

BamA, BamB, BamC, BamD, and BamE (Fig. 1.4). BamA , a 16 stranded integral OM ß-barrel 

protein with a large N-terminal periplasmic domain, is the central constituent of the complex and 

a member of the Omp85 protein family, (169). The BamA N terminus is divided into five 

polypeptide translocation associated (POTRA) domains, which share a high degree of structural 

homology with each other (170). The POTRA domains also act as the primary interface by 

which the two of the four accessory Bam lipoproteins, BamB and BamD, interact directly with 

BamA. BamA is  essential for viability and cannot be deleted from the E. coli genome (166, 

171).  

BamB is an eight bladed ß-propeller protein, which is anchored to the periplasmic face of 

the OM, and has been shown to interact with POTRAs 2-5 of BamA (170, 172). BamB is not 

essential for viability but bamB deletion mutants do display OMP assembly defects including 

diminished levels of OM porins such as OmpA, OmpC, and OmpF, and increased OM 
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permeability to certain antibiotics (173, 174). In vitro and in vivo studies suggest that BamB may 

contribute to the assembly of nascent BamA in the OM (175, 176).  

BamC is the second accessory lipoprotein of the Bam complex. Even though crystal 

structures are available for this protein (177) little is known about its function or what role it 

plays in the overall complex. A ∆bamC mutant shows no discernable defect in OMP assembly 

and only minor changes in membrane permeability. However, BamC may be involved in 

stabilizing the Bam complex since the interaction between BamA and BamD is dampened when 

bamC is deleted from the bacterial chromosome (178). Recent evidence suggests that portions of 

BamC may actually be exposed to the extracellular surface but the significance of this remains 

unknown (179).  

BamD is the only other essential component of the Bam complex. Like BamB, BamD 

interacts directly with BamA but only through POTRA 5 (171). The structure of BamD contains 

five α-helical tetratricopeptide repeat domains, which are common among scaffold proteins 

(180). In fact, a major function of BamD is to serve as a conduit for BamC and BamE to interact 

with the rest of the Bam complex since these lipoproteins do not directly interact with BamA. 

Additionally, like BamB, BamD has also been implicated in the assembly of BamA molecules 

(175, 176).  

The final and smallest member of the Bam complex is BamE. BamE is a ~12 kDa protein 

whose association with the Bam complex, like BamC, is mediated through BamD (171, 182, 

183). A bamE deletion mutant displays slightly increased sensitivity to certain antibiotics, SDS, 

and EDTA, and minor changes to steady-state OMP levels can sometimes be observed (178, 

183). However, when paired with deletions of other non essential Bam lipoproteins, BamB and 

BamC, more dramatic synthetic phenotypes are observed (178).  ∆bamE ∆bamC double mutants 
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display a temperature-sensitive growth defect at 37oC and significant defects in OMP assembly. 

A ∆bamE ∆bamB mutant is synthetically lethal. Also, like BamC, BamE is important for 

stabilizing the BamA-BamD interaction. Furthermore, a bamE mutant alters the conformational 

state of BamA, exposing an extracellular loop (loop 6) from the BamA ß-barrel making it 

accessible to protease cleavage (184). However, this change in conformation must be mediated 

through BamD since BamE does not interact directly with BamA. 

Taken together, the Bam complex can be divided into two subcomplexes, BamACDE and 

BamAB, where BamB and BamD interact independently with BamA via its POTRA domains 

and BamC and BamE interact with the rest of the complex through their association with BamD.  

The necessity of the Bam complex is evident by the sheer number of OMPs which require it for 

their assembly in the OM. This includes usher proteins such as FimD and PapC, making 

chaperone/usher pili dependent on this assembly machinery (185, 186).  How the members of the 

Bam complex work in concert to assemble OMPs remains unknown and is an area of intense 

study.  

 

1.7  Anti-virulence Strategies 

UTI diagnoses are one of the leading drivers behind antimicrobial prescriptions in healthcare 

settings. Fortunately, uncomplicated cystitis and pyelonephritis can be treated with standard 

antibiotics (187, 188). Recurrent UTIs require more aggressive treatment modalities. 

Prophylactic antibiotics can be prescribed for female patients experiencing more than three UTIs 

per year and treatment times can last for 6-12 months. However, these means of care do not 

come without caveats. With increasing rates in antibiotic resistance seen in strains of UPEC and 

other uropathogens, second and third line antimicrobials are often employed to tackle hard to 
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treat infections. These therapies have also been shown to further promote the development of 

resistance and may have other adverse effects on the patient. Additionally, long-term 

prophylactic treatments not only carry with them the potential to enhance resistance, but also can 

cause considerable damage to the normal gut microbial flora, potentially leading to severe 

complications. It is for these reasons that new and effective therapeutics are needed to 

successfully treat this disease (189). 

Pilus mediated adhesion is crucial at early stages of infection, and thus represents an 

attractive target for therapeutic intervention. Advances in understanding the structure and 

assembly of bacterial adhesins will be critical for the development of effective vaccines and 

antimicrobial agents that target adhesion. Pilus-based vaccines have shown promise in 

preventing UTIs, although none have reached clinical use. Studies using purified P pili or 

recombinant PapG adhesin purified in complex with its PapD chaperone demonstrated protection 

against pyelonephritis in primates (143, 190). Similarly, vaccination with the type 1 pilus adhesin 

FimH, purified in complex with its FimC chaperone, provided protection in primates against 

challenge with a UPEC cystitis isolate (110).  

An alternative approach to vaccination is to disrupt bacterial adhesion to host cells through 

the use of small molecule competitive inhibitors of adhesin-receptor interactions. Examples 

include the use of galabiose- and mannose-based inhibitors to interfere with adhesion mediated 

by P and type 1 pili, respectively, with the goal of preventing UPEC colonization of the urinary 

tract (191-194). Another alternative approach is to develop small molecule inhibitors that disrupt 

the machinery used for adhesin biogenesis, thereby preventing assembly of the adhesins on the 

bacterial surface. Once such class of small molecules, termed pilicides, interferes with the CU 

assembly pathway and blocks expression of both P and type 1 pili by E. coli (195). Pilicides 
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described to date target the periplasmic chaperone and appear to disrupt pilus assembly by 

interfering with binding of chaperone-subunit complexes to the outer membrane usher. Other 

pilicides have been developed to inhibit the assembly of stable chaperone-subunits complexes in 

the periplasm	(196). Treatment of UPEC with one of these inhibitors blocked assembly of type 1 

pili, reduced biofilm formation, and attenuated bacterial colonization in the murine urinary tract 

infection model (197). Small molecules that disrupt polymerization of the pilus fiber as well as 

effect pilus gene expression have also been identified (198, 199). These compounds highlight the 

potential for a new class of anti-infective agents that target virulence factor secretion systems and 

the assembly of virulence-associated surface structures, rather than disrupting essential 

biological processes as for conventional antibiotics (200, 201). Such anti-virulence molecules 

should place less pressure on the bacteria and thus may be less prone to the development of 

resistance mechanisms. This strategy may also allow the selective targeting of pathogenic 

bacteria, avoiding detrimental side effects of broad-spectrum antibiotics on the normal bacterial 

flora.  

 

1.8  Nitazoxanide 

One initiative to combat the development of antimicrobial resistance and develop new 

therapeutics is the rescreening and repurposing of Food and Drug Administration (FDA) 

approved pharmacotherapies. Such an effort aims at identifying novel targets or mechanisms of 

action for drugs that are already in clinical use, with proven safety records, allowing them to be 

fast-tracked through the FDA approval process for new disease indications. Additionally, 

identified molecules can be used as scaffolds for the design of new compounds with increased 

potency and/or stability (202).   
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Nitazoxanide (NTZ) is an FDA-approved synthetic nitrothiazolyl-salicylamide compound 

discovered at the Pasture Institute in the 1970s (Fig. 1.5). It was found to have anti-parasitic 

activity and was licensed in the United States in 2002	 under the brand name Alinia for the 

treatment of intestinal infections caused by Giardia and Cryptosporidia (203). Today, NTZ is 

prescribed orally with a typical dose being 500 mg twice daily for a 3-day period in adults. Peak 

plasma concentrations of the drug can reach ~30 µM with this standard regimen or ~60 µM if the 

dosage is increased to 1 g	(204).   

Since its discovery NTZ has been the focus of intense study to identify its mechanism of 

action as well as other potential activities it may possess. In addition to Giardia and 

Cryptosporidia, NTZ has been shown to have broad spectrum activity against a number of viral 

pathogens and is currently undergoing clinical trials to treat infections due to influenza and 

hepatitis C (205, 206). NTZ is also being explored as a chemotherapeutic to treat cancer based on 

its observed activity against a number of tumorigenic cell lines (207). However, the 

mechanism(s) by which it elicits these activities is poorly understood.  

In addition to viruses and cancer, NTZ also displays antibacterial activity against a range of 

Gram-positive and Gram-negative anaerobic bacteria, including Clostridium diffcile and 

Helicobacter pylori (208-210). Pyruvate:ferridoxin oxidoreductase (PFOR), an essential 

anaerobic metabolic enzyme present in many bacteria and protozoa, has been identified as a 

direct target of the drug allowing for its antimicrobial activity. These findings have also allowed 

NTZ to serve as a scaffold molecule for the development of analogues with increased potency 

and stability against PFOR such as amixicile (211). Unlike anaerobes though, enterobacteriaceae 

are considered generally resistant to the drug due to the lack of PFOR in these organisms (210, 

212). 
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Though NTZ displays pleotropic effects against a wide range of organisms, 

enterobacteriaceae are unaffected by the antibacterial effects of the drug. Interestingly, Shamir et 

al. (213) observed that NTZ inhibited the ability of enteroaggregative E. coli (EAEC) to form 

biofilms in vitro. EAEC is an intestinal pathogen and a leading cause of acute and persistent 

diarrhea globally (214). Shamir et al. demonstrated that NTZ mediated inhibition of biofilm 

formation was dose dependent at non-toxic and physiological concentrations (~30-60 µM) of the 

drug. Biofilm formation by EAEC is dependent on the presence of aggregative adherence 

fimbriae (AAF) on the bacterial surface, which are assembled by the CU pathway (215). Shamir 

et al. also observed an NTZ dependent loss of pilus function as measured by the ability of EAEC 

expressing AAF pili to agglutinate erythrocytes (213). This phenotype was also extended to type 

1 pili, which EAEC also expresses. This loss of biofilm formation and pilus function was the 

result of decreased AAF fimbriae on the bacterial surface, suggesting that NTZ may inhibit pilus 

assembly. This possibility was further supported by qRT-PCR studies showing that the loss of 

pilus subunits was not the result of transcriptional down regulation of the pilus genes. 

Additionally, no effect of NTZ was observed on flagellar-based motility, which requires the 

formation of disulfide bonds by the DsbA and DsbB oxidoredocutases. Disulfide homeostasis is 

also a requirement for pilus assembly (213). Taken together Shamir et al. were able to conclude 

that NTZ inhibits pilus assembly in EAEC without effecting pilus gene transcription or disulfide 

maintenance. Additionally, in vivo studies using a weaned mouse model of EAEC infection 

showed that treatment with NTZ decreased bacterial stool shedding, tissue burdens, and changes 

in body weight, pointing to the potential therapeutic value of the drug to treat these infections	

(216).  

To further unlock its potential, identifying the mechanism by which NTZ inhibits pilus 
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assembly and its role as a possible pilicide would be critically important to its development as a 

possible anti-virulence therapeutic agent. It is the elucidation of this mechanism that became the 

focus of this thesis work. 
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1.9 Figures 

 

 

 

 

 

 

 

 

 

FIGURE 1.1. Representative CU gene clusters and pili. Gene clusters coding for P (pap), type 
1 (fim) and Dr/Afa pili are depicted, with the functions of the genes indicated. Electron 
micrographs are shown for (A) an E. coli bacterium expressing type 1 pili, (B) a P pilus fiber, 
and (C) a type 1 pilus fiber. Scale bars equal 700 nm (A), 100 nm (B), and 20 nm (C). The 
images in panels A-C are reprinted from references (119), (137), and (118), respectively, with 
permission of the publishers.  
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FIGURE 1.1  
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FIGURE 1.2. The chaperone/usher pathway. (A) Model for pilus biogenesis by the CU 
pathway. Pilus subunits enter the periplasm as unfolded polypeptides via the Sec system. 
Subunits fold upon forming binary complexes with the periplasmic chaperone (yellow). The 
crystal structure in the lower right depicts the chaperone-subunit donor strand exchange reaction 
(PapD-PapA; PDB ID: 2UY6), with the chaperone donor strand indicated in red. Pilus assembly 
takes place at the outer membrane usher, which catalyzes the exchange of chaperone-subunit for 
subunit-subunit interactions. Models for assembled P, type 1 and Afa/Dr pilus fibers are shown. 
The crystal structure in the upper left depicts the subunit-subunit donor strand exchange reaction 
that occurs in the pilus fiber (PapA-PapA; PDB ID: 2UY6), with the Nte donor strand indicated. 
(B) Crystal structures of the PapG (P pili; PDB ID: 1J8R) and FimH (type 1 pili; PDB ID: 1KLF) 
adhesin domains with bound globoside and mannose, respectively. The sugars are depicted as 
dark gray spheres.  
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FIGURE 1.2  
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FIGURE 1.3. Crystal structure of the FimD-FimC-FimH type 1 pilus assembly 
intermediate (PDB ID: 3RFZ). The Usher NTD, plug, ß-barrel channel, and CTD domains are 
indicated. The FimH adhesin domain (FimHA) is inserted inside the usher channel, and the FimH 
pilin domain (FimHP) and bound FimC chaperone are located at the usher CTDs.  
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FIGURE 1.3  
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FIGURE 1.4 Biogenesis of outer membrane proteins (OMPs) and schematic of the ß-barrel 
assembly machinery (Bam) complex. The Bam complex consists of five main components. 
BamA is a large OM ß-barrel protein which possesses a large N-terminal periplasmic domain 
divided into five polypeptide translocation associated (POTRA) domains (P1-P5). BamB is a 
lipoprotein that interacts directly with the POTRA domains of BamA. BamD is also a lipoprotein 
that interacts directly with POTRA 5 of BamA and serves as a scaffold for two other accessory 
lipoproteins BamC and BamE. OMPs are first translated in the cytoplasm (i) and translocated 
across the inner membrane via the Sec pathway into the periplasm (ii). Once in the periplasm 
OMPs are received by chaperones such as SurA, Skp, and DegP (not shown), which transport the 
unfolded protein to the Bam complex (iii). The Bam complex then facilitates the proper 
assembly and insertion of the protein into the OM (iv).  
 
 
Reprinted (adapted) with permission from “O’Neil PK, Rollauer SE, Noinaj N, Buchanan SK. 
2015. Fitting the Pieces of the ß-barrel Assembly Machinery Complex. Biochemistry”. 
Copyright 2015 American Chemical Society. 
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FIGURE 1.4  

  

 

 

Figure 1. The biogenesis of β-barrel outer membrane proteins in Gram-negative bacteria. Nascent β-barrel 
outer membrane proteins (OMPs) are first synthesized in the cytoplasm and then transported across the 
inner membrane (IM) into the periplasm by the Sec translocon (i). Chaperones SurA or Skp then bind the 
OMPs (ii) and further escort them to the BAM complex located in the OM (iii). The BAM complex then folds 

and inserted the OMPs into the OM (iv).  
188x210mm (300 x 300 DPI)  
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FIGURE 1.5 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

FIGURE 1.5 Chemical structure of nitazoxanide.  
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Material and Methods 
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	 Nitazoxanide preparation. NTZ powder (Waterstone Technology) was dissolved in 

dimethyl sulfoxide (DMSO) to give a stock concentration of 10 mg/ml. A final concentration 

range of 0–20 µg/ml NTZ was used, as previous studies indicated that NTZ is inhibitory to 

growth at higher concentrations (213). 

 

 Strains, plasmids, and growth conditions. All E. coli strains, plasmids used in this 

study are listed in Table 2.1. All primer used in this study are listed in Table 2.2. Host strain 

BW25113∆ompT was obtained from the Keio collection (217, 218) and cured of its kanamycin 

resistance cassette by introduction of Flp recombinase on the temperature sensitive plasmid 

pCP20 (219). Strain BW25113∆degP was generated by P1 transduction (220) using donor strain 

KS474 (221). Plasmid pBamB was generated by digesting pBAD18::bamB (gift from Thomas 

Silhavy Princeton University) with EcoRI and HindIII and ligating the bamB fragment into 

pTRYC (36). Plasmid pBamE was generated by amplifying the bamE-His8 fragment from 

pBamE-His (gift from Thomas Silhavy) using a forward primer containing a EcoRI site and a 

reverse primer with a HindIII site. The fragment was then ligated into pTRYC. Plasmids 

pBamABCDE and pBamA were generated by subcloning into pTRYC-NdeI the desired Bam 

genes from plasmid pJH114 (gift from Harris Bernstein at the National Institutes of Health), 

which encodes all the Bam complex genes in pTRC99a	(222). The bamE gene in this sequence 

also contains a C-terminal His tag. To do this forward and reverse primers were generated to 

introduce an NdeI site into the multiple cloning site of pTRYC using a QuikChange XL 

mutagenesis protocol (Stratagene) to generate pTRYC-NdeI. The desired Bam gene fragment 

(BamABCDEHis8 or BamA) was then amplified from pJH114 using a forward primer containing 

a NdeI site and a reverse primer with an XmaI site. Fragments were digested with the named 
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restriction enzymes and ligated into pTRYC-NdeI. All BW25113 Bam deletion mutants were 

obtained from the Keio collection and verified by PCR using forward and reverse primers (Table 

2.2) designed to the upstream and downstream genes surrounding the mutant gene of interest. 

Fragments generated from the mutant strains were compared to the WT strain to determine if the 

kanamycin cassette was in the correct location. 

 Unless otherwise stated, E. coli overnight cultures were diluted 1:100 into fresh LB 

medium containing appropriate antibiotics (ampicillin 100 µg/ml, kanamycin 50 µg/ml, 

tetracycline 15 µg/ml) and 0–20 µg/ml NTZ as indicated. For 0 µg/ml NTZ, a final 

concentration of 0.2% DMSO was added as a vehicle-only control, and 0.2% DMSO final 

concentration was maintained for all NTZ concentrations. Cultures were grown at 37ºC with 

aeration. When the cultures reached OD600 of 0.3, the expression of plasmid-encoded genes 

was induced for 1 h by addition of the appropriate inducing agent (50 or 100 µM isopropyl-ß-D-

thiogalactopyranoside (IPTG), 0.1% arabinose). 

 

 Hemmagglutination assay. Hemmagglutination (HA) assays were conducted as 

previously described (59) by serial dilution in microtiter plates. E. coli strain AAEC185 (223) 

transformed with pFJ29 (91) or pETS9 (224) were used to test P and type 1 pilus functionality, 

respectively. Plasmids pACYC184 and pETS11 served as negative controls for pFJ29 and 

pETS9, respectively.. Following growth in 0–20 µg/ml NTZ and induction with 50 µM IPTG, 

bacteria were harvested and washed with phosphate buffered saline (PBS), before being 

resuspended and normalized to an OD540 of 1.0. Following serial dilution of the bacteria in 

microtiter plates, either human or guinea pig (Colorado Serum Company) erythrocytes were 

added, and agglutination titers were determined visually as the highest dilution of bacteria able to 
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maintain agglutination. To test HA in the Bam mutant backgrounds pFJ29 was transformed into 

BW25113, BW25113∆bamB, BW25113∆bamC, and BW25113∆bamE obtained from the Keio 

collection, grown in the presence of DMSO only and induced for P pili expression as described. 

Plasmid pACYC184 was also transformed into these strains as a negative control. For each 

assay, three independent experiments were performed and each experiment contained three 

replicates. 

 

 Pilus isolation from the bacterial surface. Using a previously established pilus 

isolation protocol (225), P pili were purified from host strain AAEC185/pFJ29 by heat extraction 

and MgCl2 precipitation. Strain AAEC185/pACYC184 served as a vector-only control. 

Following growth in 0–20 µg/ml NTZ and induction with 50 µM IPTG, bacteria were harvested 

and washed with 5 mM Tris-HCl (pH 8.0), 75 mM NaCl. Cultures were then normalized to 

OD600 1.5 in the same buffer to ensure equal bacterial numbers. Pili were dissociated from the 

bacterial surface by heating equal sample volumes at 65ºC for 30 min, and precipitated from 

supernatant fractions by addition of MgCl2. Pelleted protein precipitate was resuspended in 1 

mM Tris-HCl (pH 8.0) with 2X SDS sample buffer containing 4 M urea and analyzed by SDS-

PAGE. PapA was visualized by Coomassie blue staining and bands were quantified by gel 

densitometry using a LI-COR Odyssey CLx Imager. The pilus tip adhesion PapG was detected 

by Immunoblotting with primary anti-PapD-PapG antibody (1:50,000) and visualized with 

secondary LI-COR IRDye 800CW goat anti-rabbit infrared conjugated antibody (1:15,000) (LI-

COR Biosciences) using the LI-COR Odyssey CLx Imager. 

 

 Periplasm isolation. Periplasmic fractions were isolated from E. coli strain BW25113 
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(226) transformed with plasmid pPAP58 (227) or pMMB91 as a vector control. Following 

growth in 0–20 µg/ml NTZ and induction with 100 µM IPTG, bacteria were harvested, washed, 

and normalized to OD600 2.0 using 20 mM Tris-HCl (pH 8.0). Equal sample volumes were 

processed to isolate the periplasm fractions as described (105). The periplasm fractions were 

analyzed by SDS-PAGE and PapD-PapG was detected by immunoblotting, as described for the 

pilus isolation. Alternatively, the PapE pilus tip subunit was detected by immunoblotting with a 

primary anti-P pilus tips antibody (1:1000), followed by an anti-rabbit alkaline phosphatase-

conjugated secondary antibody. The blot was developed by treatment with BCIP (5-bromo-4-

chloro-3-indolyl phosphate)-nitro blue tetrazolium (NBT) substrate (KPL). 

 

 Chaperone-subunit complex co-purification with the usher. A previously described 

co-purification method (59, 101) was used to isolate P pilus usher-chaperone-subunit complexes 

from the OM. Host strain BW25113∆ompT was transformed with plasmids pMJ3 (228) and 

pPAP58. Following growth in 0–20 µg/ml NTZ and induction with 0.1% L-arabinose and 100 

µM IPTG, bacteria were harvested, washed, and normalized to OD600 2.0 in 20 mM Tris-HCl 

(pH 8.0) containing 1X Complete Protease Inhibitor cocktail (Roche). OM fractions were 

isolated and solubilized with n-dodecly-ß-D-maltoside (DDM) (Anatrace), as described (59). 

The His6- tagged PapC usher, together with stably bound pilus assembly intermediates, was 

purified by nickel affinity chromatography using an AKTA chromatography system (GE Life 

Sciences). Fractions eluted from the column using imidazole were analyzed for the presence of 

PapC a by SDS-PAGE and Coomassie blue staining. Corresponding peak fractions were then 

pooled and treated with a final concentration of 9% trichloroacetic acid (TCA) for 1 h on ice to 

precipitate chaperone-subunit-usher complexes. Samples were centrifuged (5 min, 16,100 x g, 
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4ºC), supernatants were carefully removed and protein pellets were washed 3X with 1 ml cold 

acetone. Protein pellets were left to air dry to remove access acetone and then resuspended in 1X 

SDS sample buffer for SDS-PAGE. P pilus tip proteins were detected by Immunoblotting with 

anti-P pilus tips antibody as described for the periplasm isolation. 

 

 OM isolation and analysis of the usher. OM fractions were isolated from E. coli strains 

BW25113, BW25113∆degP, BW25113∆bamB, BW25113∆bamC, and BW25113∆bamE. Strain 

BW25113 was transformed with PapC plasmids pMJ3, pDG2∆N2∆C640 (85), or pNH281 (102), 

or the FimD plasmid pETS4 (98). Plasmids pMON6235∆cat and pMMB66 served as vector 

controls for the PapC and FimD plasmids, respectively. Strains BW25113∆degP, 

BW25113∆bamB, BW25113∆bamC, and BW25113∆bamE were transformed with pMJ3. 

Bacteria were grown in the presence of 0–20 µg/ml NTZ and induced with 0.1% L-arabinose for 

the PapC plasmids or 100 µM IPTG for FimD. Bacteria were harvested, washed, resuspended, 

and normalized to OD600 1.5 in 20 mM Tris-HCl (pH 8.0) + 1X Complete Protease Inhibitor 

cocktail, and OM fractions were isolated as previously described (105). For all strains except 

BW25113/pETS4, OM pellets were resuspended in 20 mM Tris-HCl, 0.3 M NaCl, followed by 

the addition of SDS sample buffer. For BW25113/pETS4, to remove any inclusion bodies, OM 

pellets were resuspended in 20 mM Tris-HCl, 0.3 M NaCl, 1% DDM and rocked overnight at 

4oC. The next day, samples were centrifuged (30 min, 16,100 x g, 4oC) and supernatant fractions 

were collected, to which SDS sample buffer was added. The OM samples were incubated at 

25ºC or heated to 95ºC for 10 min. Samples were analyzed by SDS-PAGE and immunoblotted 

with a primary anti-His6 (1:1000) antibody (Covance) followed by a secondary IRDye 680 goat 

anti-mouse conjugated infrared antibody (1:40:000) (LI-COR Biosciences). Blots were 
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visualized and band densitometry was performed using a LI-COR Odyssey CLx Imager. 

 

 Overlay assay. Overlay assays were performed as described (101). OM fractions were 

obtained as described above from strain BW25113 transformed with PapC plasmids pFJ20 (229) 

or pTN1∆2-11 (T. Ng and D.G.T., unpublished), or pMON6235∆cat as vector control. The 

bacteria were grown without the addition of DMSO or NTZ. OM fractions were subjected to 

SDS-PAGE and either stained with Coomassie blue or transferred to polyvinylidene difluoride 

(PVDF) membrane (Osmonic Inc). Separately, periplasm fractions were extracted from 

BW25113/pPAP58 as described above. The bacteria were grown without the addition of DMSO 

or NTZ. NTZ (0–20 µg/ml) was then added to the isolated periplasm fractions and these samples 

were incubated with the PVDF membranes containing the immobilized OM for 1 h with shaking. 

The PVDF membranes were washed with Tris buffered saline, 0.05% Tween-20, 0.02% sodium-

azide (TBST), and probed with an anti-PapD (1:10,000) primary antibody. Secondary anti-rabbit 

alkaline phosphatase antibody followed by incubation with BCIP-NBT substrate was used to 

visualize chaperone-subunits complexes bound to the usher. 

 

 Over- and under-expression of the Bam complex. To over-express the Bam complex, 

strain BW25113 was co-transformed with plasmids pMJ3 and pBamABCDE. Plasmid 

pMON6235∆cat served as a vector control for PapC. Over night bacteria were diluted 1:100 in 

LB media containing 100 µM IPTG to induce pBamABCDE and OM fractions were isolated and 

analyzed as described above. Anti-BamA (1:30,000) (gift from Thomas Silhavy) primary 

antibody was used to determine relative BamA levels. To under-express the Bam complex strains 

MC4100 and MC4100bamA101 were obtained from the Silhavy laboratory and transformed with 
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pMJ3. Complementation and over-expression of BamA was achieved by co-transforming 

MC4100bamA101and MC4100 with both pMJ3 and pBamA. All MC4100 based strains were 

grown and OM fractions were isolated and analyzed as described above. Leaky constitutive 

expression of pBamA was sufficient for protein expression. 

 

 Post NTZ treatment of OM fractions and purified PapC: OM isolations were obtained 

as described above using host strain BW25113/pMJ3. Cultures however were not grown in the 

presence of DMSO or NTZ. Insoluble OM pellets were resuspended in 1 ml 20 mM Tris-HCl 

(pH 8.0) and a final concentration of 10 µg/ml NTZ, 20 µg/ml NTZ, or 0.2% DMSO was added 

to the samples and incubated for 1 h at 37oC with gentle shaking. Samples we then centrifuged 

(30 min, 16,100 x g, 4oC), OM pellets were resuspended in 100 µl 20 mM Tris-HCl + 0.3 M 

NaCl and 33.3 µl of 4X SDS sample buffer was added. Samples were left at 25oC, analyzed by 

SDS-PAGE, and blotted with anti-His antibody with IR680 secondary as mentioned to determine 

usher ß-barrel mobility.  

 To identify any effect of NTZ on purified usher, PapC was purified as previously 

described (230). 20 µl of purified PapC elutant was added to 20 µl of 20 mM Tris-HCl (pH 8.0) 

containing 0.4% DMSO, 20 µg/ml NTZ, or 40 µg/ml NTZ bringing the final mixtures to 0.2% 

DMSO, 10 µg/ml NTZ and 20 µg/ml NTZ in 20 mM Tris-HCl (pH 8.0) + 0.25M NaCl + 2.5 mM 

Lauryldimethylamine-oxide (LDAO). Samples were incubated at 37oC with gentle shaking 

followed by the addition of 13.3 µl of 4x SDS sample buffer. Samples were then immediately 

analyzed by SDS-PAGE and Coomassie blue staining. 
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 Statistical analysis. Densitometry analysis of protein bands was performed using a LI-

COR Odyssey CLx Imager on samples from three independent experiments. Statistical 

significance was calculated by one-way analysis of variance and Bonferroni’s multiple-

comparison posttest using Prism 6 (GraphPad Software). For comparison of folded versus 

unfolded PapC usher levels, a two-way analysis of variance was used. P values < 0.05 were 

considered significant. 
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TABLE 2.1  Strains and plasmids used in this study 

Strain or plasmid Relevant characteristic(s) Reference or source 

Strainsa   

AAEC185 MM294 λ- F- supE44 hsdRI7 mcrA mcrB endAl 
thi-l ∆fimB-fimH ∆recA  

(223) 

BW25113 LacIq rrnB ∆lacZ
 
hsdR514 ∆araBAD ∆rhaBAD (226) 

BW25113∆ompT BW25113 ∆ompT This study 

BW25113∆degP BW25113 degP::kan  This study 

BW25113∆bamB BW25113 bamB::kan (217) 

BW25113∆bamC BW25113 bamC::kan (217) 

BW25113∆bamE BW25113 bamE::kan (217) 

MC4100 MC4100 arar/- (149) 

MC4100bamA101 MC4100 arar/- bamA101 (181) 

Plasmids   

pCP20 Encodes FLP recombinase (219) 

pACYC184 Cloning vector, Ptrc, Clmr, Tetr (231) 

pMMB66 Cloning vector, Ptac, Ampr (232) 

pMMB91 Cloning vector, Ptac, Kanr (97) 

pMON6235∆cat  Cloning vector, Para, Ampr (233) 

pFJ29 pACYC184 derivative encoding the whole pap 
operon  

(91) 
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pTRYC Cloning vector, Ptrc, Clmr (36) 

pTRYC-NdeI  This study 

pETS4 pMMB66 derivative encoding His-tagged FimD  (98) 

pETS9 pMMB66 derivative encoding the whole fim 
operon 

(224) 

pETS11 pMMB66 derivative encoding a ∆fimD fim 
operon 

(224) 

pPAP58 pMMB91 derivative encoding PapDJKEFG   (227) 

pFJ20 pMON6235∆cat derivative encoding PapC  (91) 

pTN1∆2-11 pMON6235∆cat derivative encoding PapC∆2-11  (T. Ng and D.G.T., 
unpublished) 

pMJ3 pMON6235∆cat derivative encoding His-tagged 
PapC  

(228) 

pDG2∆N2∆C640 pMON6235∆cat derivative encoding His-tagged 
PapC129-640, deleted for the N and C-terminal 
periplasmic domains 

(85) 

pNH281 pMON6235∆cat derivative encoding His-tagged 
PapC∆252-333, R251G, deleted for the plug domain 

(102) 

pJH114 pTRC99a/NdeI derivative encoding 
BamABCDE-His 

(222) 

pBAD18::bamB pBAD18 derivative encoding BamB (166) 

pBamE-His pET22-42 derivative encoding BamE-His (183) 

pBamABCDE pTRYC derivative encoding BamABCDE-His This study 

pBamA pTRYC derivative encoding BamA This study 

pBamB pTRYC derivative encoding BamB This study 
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pBamE pTRYC derivative encoding BamE-His This study 

aAll strains are E. coli K-12. 

Ampr, ampicillin resistance; Kanr, kanamycin resistance; Clmr, chloramphenicol resistance; Tetr, 

tetracycline resistance; Para, arabinose-inducible promoter, Ptac or Ptrc, IPTG-inducible promoter. 
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TABLE 2.2  Oligonucleotides used in this study 

Primer name Sequence (5’-3’) 

Bam mutant verification primers   

bamBUPForward 5’-CTGAAAACCCTTGATACCAT-3’ 

bamBDOWNReverse 5’-ATAAATCATCAGACAACGC-3’ 

bamCUPForward 5’-GCCATTACACAACAAACTAT-3’ 

bamCDOWNReverse 5’-GTTTGCGTATCATATCAGAA-3’ 

bamEUPForward 5’-AAGTCACACGTAATACACT-3’ 

bamEDOWNReverse 5’-AGCGAATAAATAACAGACAG-3’ 

  

Cloning primers  

bamE-HisForward 5’-GCGCGCGAATTCATGCGCTGTAAAACGCT 
GACTGC-3’ 

bamE-HisReverse 5’-GCGCGCAAGCTTTTAGTGGTGGTGGTGGT 
GTGGTG-3’ 

pTRYC/NdeIFwd 5’-CACACAGGAAACAGCATATGGAATTCGA 
GCTCGG-3’ 

pTRYC/NdeIRev 5’-CCGAGCTCGAATTCCATATGCTGTTTCCT 
GTGTG-3’ 

bamFwd 5’-GATATACATATGGTTAGGAAGAACGCAT 
AATAACG-3’ 

bamRev 5’-TATATACCCGGGTTAGTGGTGATGATGGT 
GTGATGAT-3’ 

BamAREVXmaI 5’-CTTATTACCCGGGCACTTACCAGGTTTTA 
CGATG-3’ 
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CHAPTER 3 

Mechanism of Chaperone/Usher Pilus Inhibition by Nitazoxanide 
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3.1 Chapter overview 

 Adhesive surface structures termed pili or fimbriae are key virulence factors for many 

bacterial pathogens (21, 28, 234). Pili are hair-like fibers composed of multiple different subunit 

proteins, one or more of which function as adhesins that confer binding to receptor molecules on 

host cells. Pilus-mediated adhesion is critical for early stages of infection, allowing invading 

bacteria to establish a foothold within the host. Following bacterial attachment, pili may also 

function to modulate host cell signaling pathways, promote or inhibit invasion inside host cells, 

and facilitate bacterial-bacterial interactions leading to the formation of community structures 

such as biofilms. Pili thus function both to initiate and sustain infection, and therefore represent 

attractive therapeutic targets (235, 236). 

 The chaperone/usher (CU) pathway is a conserved secretion system dedicated to the 

biogenesis of pili in Gram-negative bacteria (28) (25, 26, 237), including pathogens such as 

Klebsiella pneumoniae, Pseudomonas aeruginosa, Proteus mirabilis, Yersinia pestis, 

Acinetobacter baumannii, and intestinal and extra-intestinal pathogenic Escherichia coli (34, 43, 

132, 238-242). Pilus biogenesis by the CU pathway requires two specialized assembly 

components: a periplasmic chaperone and an integral outer membrane (OM) assembly and 

secretion platform termed the usher. The chaperone allows proper folding of pilus subunits in 

the periplasm, maintains subunits in an assembly-competent state, and prevents premature 

subunit-subunit interactions (52, 53). The usher catalyzes the exchange of chaperone-subunit for 

subunit-subunit interactions, promotes ordered polymerization of the pilus fiber, and provides the 

channel for secretion of the pilus fiber to the cell surface (56, 85, 86, 108). 

 The type 1 and P pili expressed by uropathogenic Escherichia coli (UPEC) are 

prototypical pili assembled by the CU pathway. UPEC is the primary causative agent of urinary 
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tract infections (UTIs), and is responsible for ~85% of all uncomplicated and catheter-associated 

forms of the disease (18). Type 1 and P pili are key UPEC virulence factors, mediating adhesion 

to and colonization of the bladder and kidney, respectively (21, 28, 34, 132). Type 1 and P pili 

have composite architectures, consisting of a helical rod segment that extends from the bacterial 

surface and a distal tip fiber that contains the adhesin (118, 119, 137). The type 1 pilus adhesin 

FimH binds to a variety of surfaces and host tissues in a mannose-sensitive manner (113). UPEC 

use type 1 pili to bind to mannosylated proteins present in the bladder, leading to bacterial 

colonization, bladder epithelial cell invasion, and the development of cystitis (34). The P pilus 

adhesin PapG binds to di-galactose moieties present in the globoseries of glycolipids found in 

kidney epithelial cells (131). The expression of P pili by UPEC is strongly associated with the 

ability of the bacteria to colonize the kidney and cause pyelonephritis (65, 132). The glycolipid 

receptor is also part of the P blood group antigen, thus allowing P pilus-mediated agglutination of 

human erythrocytes (133). 

 UTIs are one of the most commonly acquired infections of the human body, afflicting 

greater than 50% of women and accounting for 40% of all hospital-acquired infections (8, 9). 

UTIs lead to over 7 million office visits per year at a cost of more than $3.5 billion annually in 

the United States alone (9) (10). Although standard antibiotic treatment is often successful in 

clearing UTIs, high rates of recurrence are associated with the disease. In addition, with the 

increasing prevalence of antibiotic resistance among UPEC and other pathogenic bacteria, there 

is an urgent need for the development of new and alternative therapeutics (6). Pili assembled by 

the CU pathway represent a promising target for clinical intervention and a number of 

approaches have been taken to develop anti-pilus therapeutics, including vaccines against pilus 

proteins, competitive inhibitors of pilus-mediated adhesion, and small molecules that disrupt 
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pilus biogenesis (48, 110, 190, 193-195, 197, 198). An example of the latter is a class of small 

molecules termed pilicides, which interfere with the CU pathway and block assembly of both P 

and type 1 pili by UPEC (195, 197). 

Nitazoxanide (NTZ) is a synthetic nitrothiazolyl-salicylamide therapeutic used to treat 

intestinal parasitic diseases such as giardiasis and cryptosporidiosis (243, 244). NTZ also 

exhibits broad-spectrum activity in vitro against strictly anaerobic bacteria (245), including 

Clostridium difficile, and against members of the epsilon proteobacteria, including Helicobacter 

pylori and Campylobacter jejuni, by inhibition of pyruvate ferredoxin oxidoreductase in these 

organisms (209, 211). In contrast, bacteria such as the Enterobacteriacae lack this drug target 

and are generally insensitive to the drug(210, 212). Although NTZ does not exhibit bactericidal 

activity against E. coli, previous work demonstrated that NTZ inhibits biofilm formation by 

enteroaggregative E. coli (EAEC), a leading cause of acute and persistent diarrhea(213). NTZ 

inhibited the assembly of aggregative adherence fimbriae (AAF), which are assembled by the 

CU pathway and are responsible for both biofilm formation and attachment of bacteria to 

intestinal epithelial cells. The loss of AAF assembly in response to NTZ was not due to 

repression of pilus gene expression or interference with disulfide bond formation. In addition to 

inhibition of AAF-mediated biofilm formation, treatment of EAEC with NTZ also inhibited 

AAF- and type 1 pilus-mediated hemagglutination (HA) activity of the bacteria(213). Consistent 

with a loss of pilus-mediated colonization, subsequent modeling studies in mice demonstrated 

that treatment of EAEC-infected animals with NTZ shortened the duration of infection by 

causing washout of the bacteria(216). 

In this study we demonstrate that NTZ inhibits biogenesis of the UPEC type 1 and P pili, 

suggesting that NTZ is broadly active against CU pathways. Furthermore, we have determined 
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that pilus inhibition by NTZ is due to a specific interference with proper maturation of the usher 

protein in the bacterial OM. These findings point to a novel mechanism of action for NTZ that is 

distinct from current pilicides. 

 

3.2 Results 

3.2.1 NTZ has inhibitory activity against both type 1 and P pili. Previous work by 

Shamir et al. (213) demonstrated that treatment of EAEC with NTZ ablated the assembly of 

AAF on the bacterial surface, and inhibited HA activity mediated by AAF as well as type 1 pili. 

Both AAF and type 1 pili are assembled by the CU pathway. To extend this observation to other 

strains of E. coli and to other types of pili assembled by the CU pathway, we examined the effect 

of NTZ on the type 1 and P pili expressed by UPEC. 

 To examine pilus assembly and function separate from any effects that NTZ might have 

on pilus gene expression, we recombinantly expressed the type 1 (fim) or P (pap) operons from 

UPEC strain J96 (246) under control of an inducible promoter in the E. coli K-12 background. 

We first assessed the assembly of functional type 1 pili on the bacterial surface by measuring 

agglutination of guinea pig erythrocytes, using a HA assay. Bacteria (AAEC185/pETS9) were 

grown in the presence of DMSO (as a vehicle only control) or increasing concentrations of NTZ, 

and induced for expression of type 1 pili. As shown in Table 3.1, growth in the presence of 10 or 

20 µg/ml (30 or 60 µM) NTZ caused a dose-dependent decrease in HA activity. This confirms 

the previous observation of Shamir et al. (213) that NTZ inhibits type 1 pilus function, and 

demonstrates that NTZ is effective against type 1 pili expressed by different strains of E. coli.	

We next determined the effect of NTZ on P pili. Bacteria (AAEC185/pFJ29) grown in 

the presence of 0–20 µg/ml NTZ were induced for expression of P pili, and then used to 
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agglutinate human erythrocytes. As observed for type 1 pili, growth in the presence of NTZ 

caused a dose- dependent decrease in HA titer, with concentrations greater than 10 µg/ml 

inhibiting P pilus function completely (Table 3.1). To determine if the decrease in HA activity 

correlated with a loss of pilus assembly on the bacterial surface, we isolated P pili from bacteria 

grown in the absence or presence of NTZ. Analysis of the purified pili by gel electrophoresis 

revealed that yields of both the major pilus rod subunit PapA (~1000 copies per pilus) and tip-

located adhesin PapG (1 copy per pilus) decreased in a dose-dependent manner in response to 

NTZ treatment of the bacteria (Fig. 3.1A). Quantitation of the PapA band by densitometry 

showed that growth in the presence of 10 µg/ml NTZ caused an ~50% decrease in pilus levels 

compared to the vehicle only control, while 20 µg/ml NTZ caused an ~80% decrease in pilus 

assembly (Fig. 3.1B). Together with the previous findings of Shamir et al. (213), these results 

indicate that NTZ is active against genetically distinct CU pilus systems, and that NTZ functions 

by interfering with pilus assembly on the bacterial surface. 

 3.2.2 NTZ inhibits pilus biogenesis by decreasing levels of the usher protein in the 

OM. Pilus biogenesis by the CU pathway is a well characterized, multi-step assembly process 

(237). Upon entry into the periplasm, nascent pilus subunits must interact with the periplasmic 

chaperone (PapD for P pili) for proper folding (52, 53). If complex formation between pilus 

subunits and the chaperone is disrupted, the subunits will misfold and be degraded by 

periplasmic proteases(229, 233). To determine if NTZ decreases pilus biogenesis by interfering 

with formation of chaperone-subunit complexes, we analyzed periplasm fractions isolated from 

bacteria (BW25113/pPAP58) grown in the absence or presence of NTZ and induced for 

expression of PapD and P pilus tip subunits. Immunoblotting with anti-PapD-PapG or anti-P 

pilus tip antibodies showed no change in levels of the PapD chaperone, PapG adhesin, or PapE 
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major pilus tip subunit in response to the addition of 10 or 20 µg/ml NTZ (Fig. 3.2). Therefore, 

NTZ does not interfere with chaperone-subunit interactions. Note that PapD contains an 

essential disulfide bond, which is catalyzed by the oxidoreductases DsbA and DsbB (229). 

Failure to form this disulfide bond leads to the degradation of PapD by periplasmic proteases. 

Therefore, our results confirm that NTZ does not interfere with disulfide bond formation in the 

periplasm, as previously suggested (213). Additionally, since levels of the P pilus proteins in the 

periplasm were unchanged by drug treatment, these results confirm that NTZ does not alter 

transcription or translation of the pilus genes in our recombinant system. 

 The second step of P pilus biogenesis requires that periplasmic chaperone-subunit 

complexes bind to the usher protein PapC, which functions as the pilus assembly and secretion 

platform in the OM. The N-terminal periplasmic domain of PapC is the initial binding site for 

chaperone-subunit complexes (105). To determine if NTZ interferes with this step of pilus 

biogenesis, we used an in vitro overlay assay, which measures binding of chaperone-subunit 

complexes to the usher N-terminal domain (105). OM fractions from E. coli expressing the full-

length PapC usher or a mutant lacking residues 2-11 of the N-terminal domain as a negative 

control were isolated and transferred to a PVDF membrane. Separately, periplasm fractions 

were isolated from E. coli expressing PapD and the P pilus tip subunits. NTZ (0, 10, or 20 

µg/ml) was added to the isolated periplasm fractions, and the supplemented fractions were then 

incubated with the PVDF membrane to allow binding of chaperone-subunit complexes to the 

usher. Binding was detected by immunoblotting with anti-PapD antibody. As shown in Fig. 3.3, 

equivalent binding for each of the periplasm fractions was detected to the full-length PapC, 

whereas no binding was detected to the PapC ∆2-11 negative control. These results indicate that 
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NTZ does not interfere with the initial binding of chaperone-subunit complexes to the usher N-

terminal domain. 

 We next used a co-purification assay to examine the effect of NTZ on the formation of 

stable usher-pilus assembly intermediates in vivo (59). Bacteria were grown in the absence or 

presence of NTZ, and induced for expression of P pilus tip subunits and His-tagged PapC usher. 

OM fractions were isolated and the His-tagged usher was purified by affinity chromatography. 

Coomassie staining was used to detect the purified PapC usher, and immunoblotting was 

performed to detect co-purifying pilus complexes. If NTZ interfered with the formation of pilus 

assembly intermediates at the usher, we would expect levels of the purified usher protein to 

remain constant, but yields of co-purifying pilus subunits to decrease in response to increasing 

concentrations of NTZ. Instead, we observed a parallel decrease in both the usher and co-

purifying subunits (Fig. 3.4). The corresponding decrease in both the usher and bound subunits 

suggests that NTZ does not interfere with the formation of usher-chaperone-subunit interactions 

in bacteria. Instead, we hypothesized that NTZ might act by reducing levels of the usher protein 

in the OM. 

 To directly test the effect of NTZ on usher levels, bacteria (BW25113/pMJ3) were grown 

in the absence or presence of NTZ and induced for expression of His-tagged PapC alone. 

Analysis of OM fractions isolated from these bacteria revealed that PapC levels decreased in a 

dose-dependent manner in response to NTZ (Fig. 3.5A). Densitometry analysis of PapC, as 

detected by immunoblotting with anti-His-tag antibody, revealed that 10 µg/ml NTZ caused an 

~40% decrease in OM usher levels compared to the vehicle only control, while 20 µg/ml NTZ 

caused an ~80% decrease in usher levels (Fig. 3.5B). This closely matches the decrease 

observed for pilus assembly on the bacterial surface in response to NTZ (Fig. 1.1B). Notably, 
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analysis of the OM fraction by Coomassie staining revealed little to no effect of NTZ on levels 

of other OM proteins, including the major porins (OmpA, OmpC, and OmpF) (Fig. 3.5A). 

Moreover, immunoblotting for the OM LPS transporter LptD also revealed no changes in 

response to NTZ (Fig. 3.5A). To extend these results to the type 1 pilus system, OM fractions 

were isolated from bacteria (BW25113/pETS4) grown in the absence or presence of NTZ and 

induced for expression of the His-tagged FimD usher. Analysis of the OM fractions revealed 

that FimD levels decreased in a dose-dependent manner in response to NTZ (Fig. 3.6), as found 

for the P pilus usher PapC. Thus, NTZ treatment leads to a decrease in usher protein levels in 

the OM, and this effect appears to be specific for usher proteins. 

 3.2.3 NTZ prevents proper folding of the usher ß-barrel domain in the OM. Ushers 

are integral OM proteins comprising five distinct domains; a transmembrane ß-barrel channel 

that resides in the OM, a plug domain that functions as a channel gate, a periplasmic N-terminal 

domain, and two periplasmic C-terminal domains (56, 85, 100). To localize the effect of NTZ to 

a specific region of the usher, we examined different domain deletion mutants of PapC. A PapC 

mutant lacking the N- and C-terminal periplasmic domains (PapC∆N∆C) displayed the same 

sensitivity to NTZ as found for the full-length PapC usher (Fig. 3.7A and B). OM levels of a 

PapC mutant lacking the plug domain (PapC∆plug) also decreased in response to NTZ (Fig. 7A). 

Note that deletion of the plug domain destabilizes the usher, resulting in low levels of 

PapC∆plug in the OM even in the absence of drug. However, addition of NTZ caused a further 

decrease in the usher below levels detectable by immunoblot (Fig. 3.7A). Taken together, the 

sensitivity of both the PapC∆N∆C and PapC∆plug mutants to NTZ suggests that the effect of 

NTZ is specific to the usher ß-barrel domain. 
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 To test if NTZ interferes with proper folding of the usher ß-barrel domain, we took 

advantage of the characteristic resistance of OM ß-barrel proteins, including the usher, to 

denaturation by SDS (105, 163). This resistance results in heat-modifiable mobility on SDS-

PAGE, in which a fraction of the usher remains folded in the absence of heating and migrates 

with faster mobility when compared to fully denatured protein. OM isolated from bacteria 

(BW25113/pMJ3) grown in the absence or presence of NTZ was incubated at 25ºC in SDS 

sample buffer prior to analysis by SDS-PAGE. Levels of both the folded and unfolded PapC 

species decreased similarly in response to increasing concentrations of NTZ (Fig. 3.8A). One 

interpretation for this result is that NTZ causes misfolding of the usher, and the improperly 

folded usher is then subject to degradation. DegP, which functions as both a chaperone and 

protease in the periplasm, is known to target misfolded OM proteins such as the usher for 

degradation (167, 186, 247). We therefore reasoned that analysis of PapC levels in a strain 

lacking DegP would result in retention of misfolded usher, and allow discrimination between the 

effects of NTZ on usher folding and usher degradation. Indeed, repetition of the experiment in a 

∆degP mutant background revealed that whereas levels of the folded usher species decreased 

almost completely in response to NTZ, levels of the unfolded species decreased only slightly 

(Fig. 3.8B). Taken together, these results demonstrate that treatment of bacteria with NTZ 

interferes with proper folding of the usher in the OM, with DegP then largely responsible for 

degrading the misfolded protein. 

 

3.3 Discussion  

The CU pathway is a conserved and widespread secretion system responsible for 

biogenesis of virulence-associated surface structures by Gram-negative bacteria. Adhesive pili 
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or fimbriae assembled by the CU pathway mediate binding to host cells and colonization of host 

tissues, and thus perform key roles in the ability of bacterial pathogens to establish and maintain 

infection. In this study, we demonstrate that the small molecule drug NTZ inhibits type 1 and P 

pili expressed by UPEC by interfering with pilus assembly on the bacterial surface. Through 

analysis of different steps of the CU pathway, we show that NTZ interferes with pilus biogenesis 

by preventing proper folding of the usher protein in the bacterial OM. Together with previous 

results showing that NTZ inhibits AAF and type 1 pili expressed by EAEC (213), our findings 

confirm that NTZ is a pilicide with activity against different CU pathways. Furthermore, 

compared to previously characterized pilicides, we demonstrate that NTZ has a novel mechanism 

of action and is inhibitory in the low µM range typical for most antibiotics. 

We found that growth of bacteria in the presence of NTZ inhibited type 1 and P pilus-

mediated agglutination of red blood cells in a dose-dependent manner, with inhibition observed 

beginning at ~10 µg/ml (30 µM) NTZ. This is below growth-inhibitory concentrations of NTZ 

(213) and within the range achievable in human plasma (204). Our further analysis of P pilus 

assembly revealed a dose-dependent decrease in the levels of pili on the bacterial surface in 

response to NTZ, corresponding with the decrease in HA activity. This agrees with the previous 

analysis of AAF assembly on the surface of EAEC (213), and demonstrates that the anti-pilus 

activity of NTZ is due to disruption of pilus biogenesis on the bacterial surface. A difference 

between the current and previous studies is that we expressed our CU pilus genes recombinantly 

under an artificial promoter, rather than from the native chromosomal loci. Although Shamir et 

al. (213) did not detect changes in aaf transcript levels in EAEC in response to NTZ, our 

experimental setup allowed us to examine pilus assembly separate from any potential regulatory 

effects on pilus gene expression. In agreement with a lack of NTZ effect on transcription and 
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translation of the pilus genes, we detected no changes in periplasmic levels of P pilus proteins in 

response to NTZ (Fig. 2). 

We took advantage of the detailed understanding of the CU secretion pathway to gain 

insight into the mechanism by which NTZ inhibits pilus assembly. Using the P pilus system, we 

found no evidence that NTZ interferes with the formation of chaperone-subunit complexes or the 

stability of pilus proteins in the periplasm. NTZ did not affect PapD chaperone function in 

stabilizing pilus subunits (229), which is dependent on disulfide bonding catalyzed by DsbA 

(248). Therefore, our studies and those of Shamir et al. (213) formally rule out DsbA as a target 

of NTZ action. Periplasmic chaperone-subunit complexes must dock at the OM usher for 

exchange of chaperone-subunit for subunit-subunit interactions, leading to polymerization of the 

pilus fiber and secretion through the usher to the bacterial surface. Using both overlay and co-

purification assays, we found no evidence that NTZ disrupts the formation of usher-chaperone-

subunit interactions. However, the co-purification assay did reveal a dose-dependent decrease in 

both levels of the PapC usher and bound pilus subunits in response to NTZ (Fig. 4), suggesting 

that the drug might be acting to reduce levels of available usher protein in the OM. This would 

explain the loss in pilus assembly on the bacterial surface in response to NTZ, as the usher is the 

rate-limiting component for pilus biogenesis (85, 86, 249). Indeed, analysis of bacteria 

expressing the PapC or FimD ushers in the absence of any other pilus proteins showed that usher 

protein levels in the OM decreased in a dose-dependent manner in response to NTZ. This 

decrease in usher protein levels closely paralleled the decreases in HA activity and the loss of 

pilus fibers on the bacterial surface in response to NTZ, consistent with the amount of functional 

ushers dictating the number of pili assembled. 
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Using domain deletion mutants of PapC, we were further able to localize the effect of 

NTZ to the usher’s transmembrane ß-barrel channel domain. The majority of integral bacterial 

OM proteins adopt a ß-barrel fold (250). The usher has a more complicated architecture 

compared to major OM proteins such as the porins, but other OM proteins, such as the LPS 

transporter LptD, have similarly complicated architectures (251, 252). Therefore, a surprising 

and interesting finding from our studies is the apparent of specificity of NTZ for the usher, as we 

did not observe changes in the general OM protein profile or in levels of LptD in response to 

NTZ (Fig. 3.5A). This specificity demonstrates that the pilicide activity of NTZ is not due to 

broad physiological or pleiotropic effects on the bacterial envelope. An important clue for how 

NTZ affects the usher was obtained by using heat-modifiable mobility to monitor folding of the 

usher in the OM. Comparison of folded and unfolded usher species in WT and ∆degP E. coli 

strain backgrounds revealed that growth in the presence of NTZ causes a loss of properly folded 

ushers in the OM. The misfolded ushers are then subject to degradation by DegP, explaining the 

decrease in usher protein levels observed in the OM in response to NTZ. 

How could treatment of bacteria with NTZ lead to misfolding of the usher? We envision 

several possibilities. First, the drug could directly bind to a conserved region of usher molecules, 

either preventing proper folding or destabilizing already-folded ushers. In studies to date, we 

have not observed a direct effect of NTZ on purified usher protein or isolated OM fractions (see 

Chapter 4). Second, the drug could interfere with a periplasmic chaperone, such as SurA, Skp or 

DegP, which are required for proper passage of nascent ß-barrel proteins to the OM (253). 

Maturation of the PapC and FimD ushers is known to involve SurA (185, 186, 254). However, 

this might be unlikely since these chaperones are involved in the delivery of porins and other 

proteins to the OM, whereas we observe a specific effect on the usher. Third, the drug could 
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interfere with proper insertion of nascent usher molecules into the OM. As for the majority of 

integral OM proteins, insertion of the usher occurs via the ß-barrel assembly machinery (Bam) 

complex (154, 186). Since the usher appears to have distinct requirements for insertion into the 

OM compared to other proteins such as the porins (186), the Bam machinery is a possible target 

of NTZ. In this regard, NTZ might serve as a useful chemical tool to interrogate the complex 

interactions of the Bam system in assembly of usher proteins into the OM. 

Rates of antibiotic resistance among pathogenic bacteria have risen to alarming levels (6). 

The development of anti-virulence therapeutics such as pilicides represents an alternative to 

traditional antibiotics that may limit the development of drug resistance and avoid the 

detrimental side effects of conventional antibiotics (255). The anti-pilus activity of NTZ is 

distinct from that of previously characterized pilicides. Previous pilicides were shown to target 

the periplasmic chaperone and disrupt pilus biogenesis by interfering with binding of chaperone-

subunit complexes to the usher or by inhibiting chaperone-subunit interactions (195, 196). Small 

molecules have also been identified that disrupt polymerization of the pilus fiber, and effects of 

pilicides on pilus expression have also been observed (198, 199). In contrast, we show here that 

NTZ disrupts pilus biogenesis by decreasing the number of usher molecules in the OM, which is 

a novel mechanism of action. The usher functions as an essential pilus assembly and secretion 

platform, making it an excellent target for therapeutic development. Moreover, our results 

together with those of Shamir et al. (213) demonstrate that NTZ has activity against diverse CU 

pili, suggesting a target common to all CU systems. Further investigation is required to 

determine both the range of CU pathways affected by NTZ and whether the drug interferes with 

a common requirement for usher folding in the OM such as the Bam system. NTZ holds 

promise as a novel pilicide with broad therapeutic potential against Gram-negative pathogens. 
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3.4 Table and Figures 
TABLE 3.1 

Effect of NTZ on pilus-mediated hemagglutination. 

Pili expressed NTZ (µg/ml)a HA titerb 

Type 1 pili   

– 0 0 

+ 0 121 

+ 10 46 

+ 20 16 

   

P pili   

– 0 0 

+ 0 256 

+ 5 213 

+ 10 60 

+ 15 0 

+ 20 0 

 

aStrain AAEC185 was grown in the presence of the indicated concentrations of NTZ and induced 
for expression of type 1 (pETS9) or P pili (pFJ29). 
bHemagglutination (HA) titer is the maximum fold dilution of bacteria able to agglutinate guinea 
pig (type 1 pili) or human (P pili) red blood cells. 
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FIGURE 3.1 Effect of NTZ on P pilus assembly on the bacterial surface. (A) Strain 
AAEC185/pJF29 was grown in the presence of increasing concentrations of NTZ and induced 
for expression of P pili. Pili isolated from the bacterial surface were separated by SDS-PAGE 
and blotted with anti- PapD-PapG antibody to visualize the PapG adhesin (top panel) or stained 
with Coomassie blue to visualize the major pilus subunit PapA (middle panel). The bottom panel 
shows the Coomassie-stained whole bacteria used for pilus isolation as a loading control. E. coli 
containing vector only (pACYC184) served as a negative control for pilus isolation. (B) 
Quantitation of PapA levels in the isolated pili. PapA levels were measured by densitometry of 
the middle panel in (A), and percent PapA levels were calculated relative to 0 µg/ml NTZ. Bars 
represent means ± standard errors of the means (SEM) from three independent experiments. ***, 
P < 0.001; ****, P < 0.0001 for comparison with 0 µg/ml NTZ.  
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FIGURE 3.1  
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FIGURE 3.2 Effect of NTZ on chaperone-subunit interactions in the periplasm. Strain 
BW25113/pPAP58 was grown in the presence of increasing concentrations of NTZ and induced 
for expression of the PapD chaperone and P pilus tip subunits (PapG, E, F, and K). Periplasm 
fractions isolated from the bacteria were separated by SDS-PAGE and blotted with anti-PapD- 
PapG antibody (top panel) to visualize the chaperone and adhesin, or anti-P pilus tips antibody to 
visualize the PapE major tip subunit (middle panel). The bottom panel shows the periplasm 
fractions stained with Coomassie blue as a loading control.  
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FIGURE 3.2 
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FIGURE 3.3 In vitro analysis of chaperone-subunit binding to the usher. (A) OM fractions 
were isolated from strain BW25113 expressing either WT PapC usher (pFJ20), PapC ∆2-11 
(pTN1∆2-11), or vector only (pMON6235∆cat). The OM fractions were separated by SDS- 
PAGE and stained with Coomassie blue. (B) The OM fractions from (A) were transferred to 
PVDF membrane and incubated with periplasm fractions isolated from strain 
BW25113/pPAP58, expressing the PapD chaperone and P pilus tip subunits. The isolated 
periplasm fractions were supplemented with NTZ at the indicated concentrations. Binding of 
PapD-subunit complexes to PapC on the PVDF membrane was visualized by blotting with anti- 
PapD antibody.  
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FIGURE 3.3 
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FIGURE 3.4 Effect of NTZ on formation of usher-chaperone-subunit complexes in 
bacteria. Strain BW25113∆ompT was grown in the presence of increasing concentrations of 
NTZ and induced for expression of the His-tagged PapC usher (pMJ3), along with the PapD 
chaperone and P pilus tip subunits (pPAP58). PapC-His, together with any stably bound pilus 
assembly complexes, was purified from solubilized OM fractions by nickel affinity 
chromatography and separated by SDS-PAGE. The purified PapC was visualized by Coomassie 
blue staining (top panel). Co-purifying pilus tips subunits were visualized by blotting with anti-P 
pilus tips antibody to detect the PapG, PapE and PapF tip subunits (middle panels). The bottom 
panel shows the solubilized OM fractions stained with Coomassie blue as a loading control.  
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FIGURE 3.4 
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FIGURE 3.5 Effect of NTZ on levels of the PapC usher in the OM. (A) Strain 
BW25113/pMJ3 was grown in the presence of increasing concentrations of NTZ and induced for 
expression of the His-tagged PapC usher. OM fractions isolated from the bacteria were subjected 
to SDS-PAGE and Coomassie staining to observe PapC and the major OM protein constituents 
(top panel). Samples were also probed with anti-His antibody to visualize PapC (middle panel), 
or anti-LptD antibody to visualize the LPS transporter LptD (bottom panel). E. coli containing 
vector only (pMON6235∆cat) served as a negative control for PapC expression. (B) Quantitation 
of PapC levels in the OM. PapC levels were measured by densitometry of the anti-His blot in 
(A), and percent PapC levels were calculated relative to 0 µg/ml NTZ. Bars represent means ± 
SEM from three independent experiments. *, P < 0.05; **, P < 0.01 for comparison with 0 µg/ml 
NTZ.  

	 	



	

 
	

75	

FIGURE 3.5 
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FIGURE 3.6 Effect of NTZ on levels of the FimD usher in the OM. (A) Strain 
BW25113/pETS4 was grown in the presence of increasing concentrations of NTZ and induced 
for expression of the His-tagged FimD usher. OM fractions isolated from the bacteria were 
subjected to SDS-PAGE and blotted with anti-His antibody to visualize FimD (top panel). The 
bottom panel shows the OM fractions stained with Coomassie blue as a loading control. E. coli 
containing vector only (pMMB66) served as a negative control for FimD expression. (B) 
Quantitation of FimD levels in the OM. FimD levels were measured by densitometry of the anti-
His blot in (A), and percent FimD levels were calculated relative to 0 µg/ml NTZ. Bars represent 
means ± SEM from three independent experiments. ****, P < 0.0001 for comparison with 0 
µg/ml NTZ.  
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FIGURE 3.6 
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FIGURE 3.7 Analysis of domain deletion mutants of the PapC usher. (A) Strain BW25113 
transformed with plasmid pDG2∆N2∆C640 or pNH281 was grown in the presence of increasing 
NTZ concentrations and induced for expression of PapC lacking the N- and C-terminal 
periplasmic domains (∆N∆C) or the plug domain (∆plug), respectively. OM fractions isolated 
from the bacteria were subjected to SDS-PAGE and blotted with anti-His antibody to visualize 
PapC ∆N∆C (upper panel) or PapC ∆plug (lower panel). E. coli containing vector only 
(pMON6235∆cat) served as a negative control for PapC expression. (B) Quantitation of PapC 
∆N∆C levels in the OM. PapC levels were measured by densitometry of the upper panel in (A), 
and percent PapC levels were calculated relative to 0 µg/ml NTZ. Bars represent means ± SEM 
from three independent experiments. ***, P < 0.001; ****, P < 0.0001 for comparison with 0 
µg/ml NTZ.  
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FIGURE 3.7 
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FIG 3.8 Analysis of usher folding in the OM. Strains BW25113 (A) or BW25113∆degP (B) 
transformed with pMJ3 were grown in the presence of increasing concentrations of NTZ and 
induced for expression of the His-tagged PapC usher. OM fractions isolated from the bacteria 
were incubated in SDS sample buffer at 25oC, subjected to SDS-PAGE, and probed with anti- 
His antibody to visualize PapC. Positions of the folded (F) and unfolded (U) PapC species are 
indicated on the left of each gel image. E. coli containing vector only (pMON6235∆cat) served 
as a negative control for PapC expression. Quantitation of the folded and unfolded PapC bands is 
presented below each gel image. The PapC levels were measured by densitometry of the anti-His 
blots, and percent PapC levels were calculated relative to the respective folded or unfolded 
species present at 0 µg/ml NTZ. Bars represent means ± SEM from three independent 
experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 for comparison of folded to unfolded 
PapC at each NTZ concentration.  
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FIGURE 3.8 
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CHAPTER 4  

Role of the ß-barrel Assembly Machinery in the Effect of NTZ on Usher  

Folding 	
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4.1 Chapter overview 

The experiments described in previous chapter provide evidence that NTZ-mediated loss 

of CU pili from the bacterial surface is due to a reduction of the usher protein in the OM. 

Moreover, loss of the usher is not due to transcriptional or translational defects but rather an 

inability of the usher to assemble properly in the OM, leading to its proteolytic degradation. This 

is the first described instance of a pilicide that inhibits pilus assembly via this mechanism and, to 

our knowledge, the first pharmacotherapy-mediated effect on the assembly of an OM ß-barrel 

protein. 

While the evidence in chapter 3 provides a mechanism for pilus loss, it does not explain 

how NTZ causes the usher to misassemble in the OM or what the direct target of the drug is. 

Some clues on how to approach these questions can be found in the data. The experiments 

utilizing usher domain deletions clearly indicate that the effect of NTZ is isolated to the large 

transmembrane ß-barrel domain of the usher. Additionally, the ∆degP experiment demonstrates 

that NTZ affects the folding status of the usher’s ß-barrel domain. This evidence is relevant 

given that, within the last ten years, the Bam complex has been identified as the major assembly 

machinery required to assemble ß-barrel proteins in the OM. Based on the conclusion that NTZ 

inhibits pilus biogenesis by specifically preventing proper maturation of the usher ß-barrel 

domain in the OM, I sought to test the following hypothesis: NTZ inhibits pilus biogenesis by 

targeting the machinery required for assembly of the usher protein in the OM.  

Previous studies have revealed some details about the pathway for usher assembly in the 

OM. Early work by Hunstad et al. (256) showed that clinical UPEC isolates suppressed bladder 

epithelial cell immuno-stimulatory cytokine responses in vitro. This suppression was abolished 

when insertional mutations were introduced into surA and a number of LPS biosynthetic genes. 
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Later work demonstrated that a surA mutant had significantly diminished levels of type 1 and P 

pili on the surface of UPEC due to decreased levels of the ushers FimD or PapC in the OM (185, 

254). Loss of SurA also prevented UPEC from persisting in the urinary tract of mice and 

inhibited the bacterium’s ability to properly form intracellular communities required for its 

pathogenesis (257).  

Knowing that SurA is a major chaperone responsible for shuttling nascent OMPs to the 

Bam complex (258), more recent work has focused of determining which Bam components are 

critical for usher biogenesis. In 2011 Palomino et al. (186) verified that SurA is important for 

assembly of FimD and that loss of FimD in a ∆surA mutant is due to proteolytic degradation of 

the unfolded protein by DegP. Using a conditional bamA mutant, Palomino et al.  also showed 

that BamA is important for FimD assembly, implicating the Bam complex in the folding of the 

usher (186). Taking this one step further, they observed the effect of various Bam lipoprotein 

deletions on FimD levels. A ∆bamB mutant showed diminished levels of both folded and 

unfolded FimD, as was the case for ∆bamC ∆bamB and ∆bamC ∆bamE double mutants. An 

increase in unfolded FimD was also observed in ∆bamC and ∆bamE mutants alone. These data 

provided further evidence that the Bam complex is responsible for folding the usher. 

The work described in this chapter suggests that NTZ interferes with the functionality of 

the Bam complex, as it relates to usher folding, and that one or more components of the complex 

is the likely target of the drug. Furthermore, I provide evidence for the utility of NTZ not only as 

a potential anti-virulence therapeutic agent but also as a tool to study the Bam system.  
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4.2 Results 

 4.2.1 Effect of NTZ on folded usher. The results described in chapter 3 indicate that 

NTZ’s effect is directed towards the folding status of the usher ß-barrel domain. To test the 

possibility that NTZ could be acting directly on the usher, and destabilizing it in the OM, I 

expressed His-tagged PapC in E. coli grown in the absence of drug and isolated the OM fraction. 

OM pellets were then resuspended in buffer containing increasing concentrations of NTZ and 

incubated at 37oC for one hour. To distinguish the folded from the unfolded usher species 

samples were left unboiled and analyzed by immunoblotting. As shown in Fig. 4.1A the presence 

of NTZ did not effect the ability of the usher to maintain a folded conformation in the OM. This 

experiment was repeated, but with PapC that had been purified from the OM before being 

incubated with NTZ. Analysis of the usher by SDS-PAGE and Coomassie blue staining (Fig 

4.1B) again showed that the drug had no effect on the stability of the of the usher ß-barrel, 

indicating that the folded usher is likely not the direct target of the drug.  

4.2.2 Effect of Bam mutants on usher folding and sensitivity to NTZ. Having 

previously shown (Chapter 3) that NTZ prevented proper maturation of the usher in the OM, 

leading to its degradation by DegP, coupled with published evidence that the Bam machinery is 

required for usher folding (186), I wanted to determine if Bam complex mutants could alter the 

usher’s sensitivity to the drug. ∆bamB, ∆bamC, and ∆bamE mutants were obtained from the 

Keio collection (217) (background strain BW25113), PCR verified, and transformed with 

plasmid pMJ3, which recombinantly expresses His-tagged PapC under the control of an 

arabinose inducible promoter. BW25113 transformed with pMON6235∆cat was used as the 

vector only control. Strains were grown in the presence and absence of NTZ, OM fractions were 

isolated, and relative usher levels were analyzed by Coomassie blue staining and 
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immunoblotting. A WT strain expressing PapC was also grown along side each Bam mutant, in 

the absence of NTZ, to discern any effect the Bam mutant strain on overall usher levels 

irrespective of the drug. 

  I first examined the effect of NTZ on PapC levels in a ∆bamB mutant background (Fig. 

4.2). As had been reported previously (173) (174), the ∆bamB strain had diminished levels of the 

OM porins OmpA, OmpC, and OmpF when compared to the WT strain. Unexpectedly though, 

PapC levels were ~2-3X higher in the mutant background compared to WT (Fig. 4.2A). When 

the ∆bamB mutant was grown in the presence of increasing concentrations of NTZ another 

interesting phenotype was observed. Unlike the result in Figure 3.5, where usher levels decreased 

in a dose dependent manner in response to NTZ, there was no significant decrease in PapC levels 

regardless of drug concentration in the ∆bamB mutant (Fig. 4.2A and B).  

I next examined that ability of the usher to fold in the OM in the ∆bamB mutant 

background. To distinguish between the folded and unfold species of the usher, I again utilized 

the intrinsic resistance ß-barrel proteins have to SDS treatment (Fig. 4.3). An OM sample from 

WT E. coli expressing PapC in the absence of NTZ was used as a positive control and compared 

to the ∆bamB mutant expressing usher in the presence or absence of drug. All samples were 

incubated at 25oC for 10 min in SDS sample buffer and then analyzed by immunblotting. 

Interestingly, unlike the WT strain, the ∆bamB mutant was unable to produce any folded usher 

regardless of the presence of NTZ, as indicated by the loss of the folded usher band (Fig. 4.3A). 

Additionally, the unfolded band remained present in the OM with no evidence of loss due to  

degradation. Complementation of the ∆bamB mutant with a plasmid expressing the bamB gene 

restored usher folding in the OM back to WT levels (Fig. 4.3B). This verifies the specificity of 

the ∆bamB mutant strain. Taken together, these data highlight the importance of BamB for 
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proper folding of the usher in the OM and suggests that BamB could play a role in meditating the 

effect of NTZ. 

The effect of NTZ on PapC OM levels was next investigated in a ∆bamC mutant. Unlike 

the ∆bamB mutant, the ∆bamC strain displayed no noticeable defect in porin assembly and PapC 

levels remained unchanged when compared to WT  (Fig. 4.4A). Additionally, in the presence of 

increasing concentrations of NTZ, PapC levels were diminished in a dose dependent manner 

similar to what was observed in the WT strain (Fig. 4.4A and B). Since no altered phenotype was 

observed in this strain background, BamC likely does not play a role in the activity of NTZ. 

The last of the non-essential Bam proteins tested was BamE. When analyzed, the OM of 

the ∆bamE mutant showed no changes in porin or PapC levels (Fig. 4.5A), similar to what was 

observed for the ∆bamC mutant. However, unlike the ∆bamC strain, the addition of increasing 

concentrations of NTZ caused no significant decrease in PapC levels (Fig. 4.5A and B). I next 

wanted to determine if the ∆bamE mutant was able to properly fold the usher into the OM. As 

described for the ∆bamB mutant, ∆bamE OM samples were obtained from bacteria grown in the 

presence and absence of NTZ, incubated at 25oC, and analyzed by immunoblot to visualize the 

folded and unfolded usher species.  BW25113/pMJ3 grown in the absence of drug again served 

as a positive control (Fig. 4.6A). The WT strain produced PapC bands corresponding to both 

folded and unfolded usher, while the folded band was significantly diminished in the ∆bamE 

mutant irrespective of the drug. Complementation of the ∆bamE mutant with a plasmid 

expressing the bamE gene restored usher folding in the OM back to WT levels (Fig. 4.6B). This 

verifies the specificity of the ∆bamE mutant strain. These data suggest that in addition to BamB, 

BamE plays a role in usher folding and is implicated in the activity of NTZ. 

 



	

 
	

88	

4.2.3 ∆bamB and ∆bamE mutants differentially affect pilus function. The ability of 

the Bam complex to facilitate proper maturation of the usher into the OM has only been 

measured by examining the sensitivity of the usher ß-barrel to SDS (this work and (186)). While 

this is a useful tool to examine the stability of the usher, it provides no means of discerning ß-

barrel conformational stability from function. In studies from our laboratory we have found that 

usher mutants can be generated that are fully capable of assembling pili, and thus must be 

properly folded in the OM, but when analyzed by SDS-PAGE appear to be sensitive to SDS 

treatment even when incubated at 25oC (Henderson and Thanassi, unpublished data). With this in 

mind, it could be possible that the ∆bamB or ∆bamE mutant is capable of folding the usher, even 

though the usher appears to be more sensitive to SDS (Figs. 4.3 and 4.6). To test this, plasmid 

pFJ29, which encodes the entire pap operon under the control of an IPTG inducible promoter, 

was transformed into WT BW25113, BW25113∆bamB, BW25113∆bamC, and 

BW25113∆bamE. BW25113/pACYC184 was used as a vector only control. Bacteria were 

grown and induced for the expression of P pili, harvested, and submitted to hemagglutination 

(HA) analysis  using human red blood cells to determine if functional P pili could be assembled 

on the bacterial surface (Table. 4.1). HA titers indicated that the WT strain produced a robust 

score of 128, while the ∆bamB mutant abolished agglutination completely as indicated by an HA 

score of 0. This result confirms that the lack of folded usher seen in the ∆bamB strain was indeed 

due to the inability of this mutant to fold the usher. The HA titer of a ∆bamC mutant was 

identical to WT. This was expected given that the ∆bamC strain showed no alteration in usher 

sensitivity to NTZ and confirms that folded and functional usher is produced in this background. 

The most intriguing result was observed for the ∆bamE mutant, which produced an HA titer of 

512, four times greater than what was observed for the WT strain. This result was striking for 
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two reasons: i) there was no observed increase in OM usher levels in the ∆bamE mutant 

compared to WT, and ii) the mutant strain greatly diminished the levels of folded usher in the 

presence of SDS. Based on these observations I can conclude that BamB is essential for usher 

assembly in the OM, while BamE promotes usher ß-barrel conformational stability. Additionally, 

these data highlight that sensitivity to denaturation by SDS, as determined by heat modifiability, 

does not necessarily reflect the usher’s conformational state in vivo. Therefore, the terminology 

“folded” and “unfolded” in this dissertation should only be understood to describe the usher as it 

is observed by SDS-PAGE analysis, not necessarily its in vivo state. 

 

4.2.4 Modulation of Bam complex expression alters sensitivity to NTZ. My results 

thus far support the hypothesis that NTZ may act on the Bam complex to affect usher folding in 

the OM. If the Bam complex is the direct target of NTZ then over-expression of Bam proteins 

should provide resistance to NTZ. To test this, an expression plasmid containing all five genes of 

the Bam complex (bamABCDE) was obtained from Harris Bernstein’s laboratory at the National 

Institutes of Health (222). I then subcloned the bam genes into a vector that that places the 

complex under the control of an IPTG inducible promoter (pBamABCDE). This plasmid is also 

compatible with the PapC-His construct (pMJ3), allowing expression of the Bam complex and 

the usher to be controlled independently. First, BW25113/pMJ3 was grown in the presence and 

absence of NTZ, and OM fractions were re-analyzed by immunoblot to serve as a baseline 

control for WT usher sensitivity to the drug (Fig. 4.7A). BW25113 was then transformed with 

both pMJ3 and pBamABCDE, grown in the presence and absence of NTZ, and its OM fractions 

were also analyzed by immunoblot (Fig. 4.7B). For each experiment, samples were analyzed at 

both 95oC and 25oC to determine if Bam complex over-expression had any influence on PapC 
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folding. Samples from BW25113/pMJ3 and BW25113/pMJ3 + pBamABCDE grown in the 

absence of NTZ were also run side by side to identify any affect over-expression of the Bam 

complex might have on total OM PapC levels.  

 As was observed previously, in the condition where PapC was expressed alone, usher 

levels decreased by ~50% at the 10 µg/ml concentration of NTZ and by ~70% at the 20 µg/ml 

concentration (Fig. 4.7A and C). There was also no observable defect in porin levels and the 

folded and unfolded usher bands diminished in the standard does dependent manner (Fig. 4.7A). 

When the Bam complex was over-expressed along with the usher a number of altered 

phenotypes were apparent (Fig. 4.7B). First, when Bam complex expression was measured using 

an anti-BamA antibody, BamA levels were ~4-5X higher when compared to the WT levels. 

Usher levels also remained unchanged between the two conditions and Bam over-expression had 

no effect on usher folding. Interestingly though, when usher levels in the presence of NTZ were 

quantified, only an ~25% decrease in usher levels was achievable at the 10 µg/ml concentration 

of NTZ and a ~55% decrease at 20 µg/ml (Fig. 4.7B and C). This result indicates that Bam over-

expression generates a significant level of resistance to NTZ. 

In contrast to over-expression, under-expression of a drug target should increase 

sensitivity to the drug. To test this for the Bam system, a bamA mutant strain, MC4100bamA101, 

was obtained from Thomas Silhavy’s laboratory at Princeton University. This strain contains a 

transposon insertion in the upstream promoter region of the bamA, which results in at least a ~10 

fold decrease in BamA expression (181). This bamA101 mutant displays defects in porin 

assembly but retains enough BamA to maintain cell viability. Additionally, this mutant does not 

effect expression of BamD; however no analysis has been done on the other Bam lipoproteins 

(259). Since BamA is the central component of the Bam complex, reduced BamA levels would 



	

 
	

91	

result in less overall complex formation. Strains MC4100 and MC4100bamA101 were 

transformed with pMJ3, grown in the presence and absence of NTZ, and OM fractions were 

analyzed by immunoblot to determine the relative usher levels (Fig. 4.8A). An anti-BamA 

antibody was used to determine BamA expression levels in the WT and mutant strains. Samples 

were analyzed at both 95oC and 25oC to determine if bamA101 had any influence on usher 

folding. 

 Similar to what was observed in strain BW25113, PapC levels decreased by ~40% at the 

10 µg/ml concentration of NTZ and by ~65% at the 20 µg/ml concentration in strain MC4100 

(Fig. 4.8A and C). The response of folded and unfolded usher was also similar between MC4100 

and BW25113. When the usher was expressed in the bamA101 strain, more dramatic phenotypes 

were visible. When compared to WT MC4100, the bamA101 strain displayed significantly 

diminished levels of OmpA, OmpC, and OmpF, which had been described previously (181, 259). 

Interestingly though, total usher levels remained unchanged between the two strains. BamA 

levels were also significantly decreased in the bamA101 strain as expected (Fig. 4.8B). Notably, 

the usher was significantly more sensitive to NTZ in the bamA101 strain, showing a ~70% 

decrease at 10 µg/ml and a ~95% decrease at 20 µg/ml of drug (Fig. 4.8B and C). Compared to 

the WT strain, the bam101 mutant showed a noticeable increase in the unfolded PapC species 

while folded usher was dramatically reduced (Fig. 4.8B). An increase in unfolded PapC 

degradation products was also present in the mutant. Additionally, levels of the unfolded usher 

species greatly diminished in response to the addition of NTZ.  

 To test if the bamA101 mutant could be complemented by expressing bamA in trans, 

bamA was cloned into an expression vector under the control of an IPTG inducible promoter 

(pBamA). MC4100bamA101 was then transformed with both pBamA and pMJ3 to allow for 
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individual control of both BamA and PapC expression. Strains were again grown in the presence 

or absence of NTZ, and OM fractions were isolated and analyzed by immunoblot. Over-

expression of BamA in the bamA101 background led to a 40X increased in the protein in the OM 

(Fig. 4.9B). The excess BamA rescued the porin assembly defect that was present in the mutant 

(Fig. 4.9A and B). When usher levels were examined it became clear that BamA over-expression 

to alleviated PapC’s sensitivity to NTZ from what was seen in the bam101 mutant alone. PapC 

levels were now decreased by ~55% and ~25% at the 10 µg/ml and 20 µg/ml NTZ respectively 

(Fig. 4.9C). These values are similar to what was observed in the WT MC4100 strain. Lastly, 

BamA over-expression in the bamA101 mutant was also able to restore normal folding of the 

usher as indicated by the presence of the folded usher band when compared to the mutant alone 

(Fig. 4.9B).  These experiments, examining usher sensitivity to NTZ in the bamA101 strain and 

complementation with pBamA, provide evidence that modulation of Bam complex levels can 

alter sensitivity to the drug, suggesting that one or more proteins of the complex may be the 

direct target of NTZ. 

 

4.3 Discussion  

 The Bam system is a conserved protein complex found in the OM of all Gram-negative 

bacteria and is the primary machinery responsible for assembly of ß-barrel proteins into the OM. 

Its physical location in the bacterial cell and essential role in the biogenesis of OM proteins 

makes it an attractive target for therapeutic development. Previous work investigating the 

importance of the Bam complex in biogenesis of usher proteins demonstrated that ushers are i) 

highly dependent on the SurA chaperone for transport across the periplasm to the Bam complex, 

ii) are more dependent on BamB for their assembly compared to other ß-barrel proteins, and iii) 
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are degraded by the periplasmic protease DegP if they cannot be assembled properly (185, 186, 

254). Given the findings from the preceding chapter that NTZ inhibits the assembly of CU pili 

by preventing proper maturation of the usher ß-barrel domain in the OM, leading to its 

degradation, exploration of the Bam complex posed as a logical approach to identify the direct 

target of NTZ.  

 The availability of deletion mutants for the non-essential components of the Bam 

complex (BamB, BamC, and BamE) served as a good starting point to examine the potential role 

for the complex in NTZ’s activity. One caveat of using these mutants is that some, like ∆bamB, 

have been shown to activate stress responses such as the σE pathway, which alter gene 

expression (260). A previous analysis of the role of the Bam complex in usher biogenesis relied 

on chromosomal expression of endogenous usher genes	(186), and thus usher expression could 

have been altered by any induced stress responses. To eliminate this possibility, usher expression 

was artificial induced from a recombinant plasmid for this study.  

Analysis of the ∆bamB mutant revealed an increase in PapC levels compared to the WT 

strain. However, the usher appeared to be unfolded as tested by heat modifiability, and non-

functional when HA was used as a measure of P pilus assembly. Strikingly, PapC was insensitive 

to NTZ in the ∆bamB strain, showing no significant decrease as the drug concentration 

increased. Additionally, while a ∆bamB mutant was reported to have diminished levels in porins 

and increased membrane permeability (173, 174), the folding defect seen in the mutant appears 

to be specific to the usher (this study and (186)). To our knowledge, these are the most 

prominent ∆bamB phenotypes to be observed thus far and validate the importance of BamB in 

folding the usher.  
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Two questions now become apparent, how does a ∆bamB mutant generate insensitivity to 

NTZ and why is the unfolded usher not degraded? One possibility to explain the first question 

could be that when BamB is missing the complex is no longer competent to initiate folding of the 

usher. In other words, it is possible that while a complex of BamACDE is capable of folding 

other ß-barrels, it cannot actively fold the usher. We postulate that the effect of NTZ only occurs 

when the usher is in the process of being folded. Therefore, if usher folding cannot be initiated in 

the ∆bamB mutant, NTZ will have no effect. One possibility to explain the second question is 

that the usher in the ∆bamB mutant is still bound by chaperone molecules such as SurA, 

protecting it from degradation. Another possibility could be that the usher is somehow inserted 

into the membrane or bound by the Bam complex in a manner that prevents it from being 

accessible to proteases. Additional work needs to be done to answer these questions. 

The ∆bamC mutant displayed no altered phenotype in the sensitivity of PapC to NTZ or 

the ability of the usher to assemble P pili. This was not unexpected considering that a significant 

phenotype has yet to be identified for this mutant. I conclude from these experiments that BamC 

is unlikely to be the target or implicated in the activity of NTZ. 

The ∆bamE mutant had a surprising and interesting phenotype. Overall PapC levels were 

unaffected in the mutant; however, similar to the ∆bamB mutant, insensitivity to NTZ was 

observed. When PapC folding was analyzed, the folded species was greatly diminished in the 

mutant background but the usher was still able to assemble functional P pili, producing an HA 

titer that was four times greater than that obtained for the WT strain. Given that the usher must 

be folded to assemble pili, one explanation is that’s the folded usher in the ∆bamE mutant is 

altered such that it is sensitive to SDS and denatured at 25oC. Such a phenotype has been 

observed by others showing what appears to be an unfolded ß-barrel on an SDS-PAGE gel but 
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retaining functionality in vivo	(261). In the context of the Bam complex, this would suggest that 

loss of BamE prevents the complex from assembling a conformationally stable usher. This 

alteration in Bam functionality and usher folding in the ∆bamE strain could explain the usher’s 

insensitivity to NTZ. Previously described phenotypes for a ∆bamE mutant include minor 

changes in OM permeability to certain antibiotics, little to no deficiency in porin assembly, and 

induced conformational changes in BamA (178, 181, 184). To our knowledge, we describe here 

the first distinctive phenotype for a ∆bamE mutant on a ß-barrel protein other than BamA. 

My analysis of the bam deletion mutants suggests that the Bam complex could be the 

target of NTZ. If true, then over-expression of the complex should result in decreased sensitivity 

to the drug. To test this, an expression plasmid encoding all five components of the Bam 

complex was co-expressed with PapC in a WT E. coli strain. Bam over-expression had no effect 

on steady state PapC levels; however, increased resistance to NTZ was observed as indicated by 

elevated PapC levels at the tested NTZ concentrations compared to a strain without Bam over-

expression. This result is consistent with the Bam complex as a target of NTZ. 

Knowing that over-expression of the Bam complex generated insensitivity to NTZ, then a 

logical hypothesis would be that under-expression of the complex should increase sensitivity to 

the drug. A bamA promoter mutant, bamA101, was obtained that significantly reduces BamA 

expression but retains enough BamA to sustain bacterial viability. Additionally, the Bam 

complex components do not exist in an operon, so only BamA levels are effected by this mutant 

(259). When PapC expression was checked in this background there was no change in steady 

state usher levels; however, the unfolded PapC species was far more prevalent than the folded 

species in the bamA101 mutant compared to the WT strain. When PapC sensitivity to NTZ was 

tested, the mutant was also significantly more sensitive to the drug than the WT strain. This is 
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again consistent with the Bam complex being targeted by the drug. An interesting phenotype of 

the bamA101 mutant is that the abundant unfolded usher is not degraded in the absence of drug. 

Further work needs to be done explain this observation and to determine if the usher is functional 

in this strain. One distinction to be made is that insensitivity to NTZ was generated when the 

unfolded usher was observed as the predominant species in the ∆bamB and ∆bamE mutants. 

Conversely, though unfolded usher is the major species in the bamA101 mutant, the heightened 

sensitivity to NTZ may indicate that the remaining complex is functional and accessible to the 

drug. Finally, complementation of the bamA101 mutant with BamA expressed in trans returned 

sensitivity to NTZ to near WT levels and restored the general OMP assembly defects that were 

observed in the bamA101 strain alone. This experiment, together with the data collected from 

both the over and under-expression experiments, provides strong genetic evidence for one or 

more components of the Bam complex as the possible target of NTZ.  
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4.4 Table and Figures 
 
 

 

 

TABLE 4.1 Effect of Bam complex mutants on pilus-mediated hemagglutination. 

P pili  Straina HA titerb 

– WT/vector 0 

+ WT/pFJ29 128 

+ ∆bamB/pFJ29 0 

+ ∆bamC/pFJ29 128 

+ ∆bamE/pFJ29 512 

aIndicated WT or bam mutants of strain BW25113 were grown and induced for expression of P 

pili using pFJ29, which recombinantly expresses the entire pap operon. 

bHemagglutination (HA) titer is the maximum fold dilution of bacteria able to agglutinate human 

red blood cells. 
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FIGURE 4.1 Effect of NTZ on folded PapC usher. (A) E. coli stain BW25113 transformed 
with pMJ3 was grown in the absence of NTZ and induced for expression of His-tagged PapC 
usher. OM fractions isolated from the bacteria were resuspended in either DMSO or increasing 
concentrations of NTZ and incubated at 37oC for one hour. Following incubation samples were 
left unboiled and subjected to SDS-PAGE and probed with anti-His antibody to visualize PapC. 
Positions of the folded (F) and unfolded (U) PapC species are indicated on the left of each gel 
image. (B) Purified PapC usher was obtained and incubated with DMSO or increasing 
conrentrations of NTZ at 37oC for one hour. Samples were left unboiled and PapC was 
visualized by SDS-PAGE stained with Coomassie. One untreated PapC sample was heated for 
10 min at 95oC to serve as an indicator of unfolded PapC usher.  
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FIGURE 4.2 Effect of NTZ on OM PapC usher levels in a ∆bamB mutant. (A) Strain 
BW25113∆bamB/pMJ3  was grown in the presence of increasing concentrations of NTZ and 
induced for expression of His-tagged PapC usher. OM fractions isolated from the bacteria were 
subjected to denaturing SDS-PAGE and Coomassie staining to observe PapC and the major OM 
protein constituents (top panel). Samples were also probed with anti-His antibody to visualize 
PapC (bottom panel). WT BW25113 containing vector only (pMON6235∆cat) or PapC (pMJ3) 
served as negative and positive controls for PapC expression respectively. (B) Quantitation of 
PapC levels in the OM of the BW25113∆bamB mutant. PapC levels were measured by 
densitometry of the anti-His blot in (A), and percent PapC levels were calculated relative to 0 
µg/ml NTZ. Bars represent means ± SEM from three independent experiments. 
  



	

 
	

101	

 FIGURE 4.2   
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FIGURE 4.3 Analysis of PapC usher folding in the OM of a ∆bamB mutant. (A) Strains 
BW25113/pMJ3 and BW25113∆bamB/pMJ3 were grown in the presence of increasing 
concentrations of NTZ and induced for expression of the His-tagged PapC usher. OM fractions 
isolated from the bacteria were incubated in SDS sample buffer at 25oC, subjected to SDS-
PAGE, and probed with anti-His antibody to visualize PapC. Positions of the folded (F) and 
unfolded (U) PapC species are indicated on the right of each gel image. (B) Comparison of PapC 
folding in OM fractions isolated from strains BW25113/pMJ3, BW25113∆bamB/pMJ3, and 
BW25113∆bamB/pMJ3 complemented with pBamB. The bacteria were grown in the absence of 
NTZ (vehicle only control). 
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FIGURE 4.3	   
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FIGURE 4.4 Effect of NTZ on OM PapC usher levels in a ∆bamC mutant. (A) Strain 
BW25113∆bamC/pMJ3  was grown in the presence of increasing concentrations of NTZ and 
induced for expression of His-tagged PapC usher. OM fractions isolated from the bacteria were 
subjected to denaturing SDS-PAGE and Coomassie staining to observe PapC and the major OM 
protein constituents (top panel). Samples were also probed with anti-His antibody to visualize 
PapC (bottom panel). WT BW25113 containing vector only (pMON6235∆cat) or PapC (pMJ3) 
served as negative and positive controls for PapC expression respectively. (B) Quantitation of 
PapC levels in the OM of the BW25113∆bamC mutant. PapC levels were measured by 
densitometry of the anti-His blot in (A), and percent PapC levels were calculated relative to 0 
µg/ml NTZ. Bars represent means ± SEM from three independent experiments. ****, P < 0.0001 
for comparison with 0 µg/ml NTZ. 
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FIGURE 4.4 
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FIGURE 4.5 Effect of NTZ on OM PapC usher levels in a ∆bamE mutant. (A) Strain 
BW25113∆bamE/pMJ3  was grown in the presence of increasing concentrations of NTZ and 
induced for expression of His-tagged PapC usher. OM fractions isolated from the bacteria were 
subjected to denaturing SDS-PAGE and Coomassie staining to observe PapC and the major OM 
protein constituents (top panel). Samples were also probed with anti-His antibody to visualize 
PapC (bottom panel). WT BW25113 containing vector only (pMON6235∆cat) or PapC (pMJ3) 
served as negative and positive controls for PapC expression respectively. (B) Quantitation of 
PapC levels in the OM of the BW25113∆bamE mutant. PapC levels were measured by 
densitometry of the anti-His blot in (A), and percent PapC levels were calculated relative to 0 
µg/ml NTZ. Bars represent means ± SEM from three independent experiments. 
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FIGURE 4.5	   
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FIGURE 4.6 Analysis of PapC usher folding in the OM of a ∆bamE mutant. (A) Strains 
BW25113/pMJ3 and BW25113∆bamE/pMJ3 were grown in the presence of increasing 
concentrations of NTZ and induced for expression of the His-tagged PapC usher. OM fractions 
isolated from the bacteria were incubated in SDS sample buffer at 25oC, subjected to SDS-
PAGE, and probed with anti-His antibody to visualize PapC. Positions of the folded (F) and 
unfolded (U) PapC species are indicated on the right of each gel  image. (B) Comparison of 
PapC folding in OM fractions isolated from strains BW25113/pMJ3, BW25113∆bamE/pMJ3, 
and BW25113∆bamE/pMJ3 complemented with pBamE. The bacteria were grown in the 
absence of NTZ (vehicle only control). 
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 FIGURE 4.6  

F

U

25oC

F

U
25oC

WT ∆bamE

10 200 0 NTZ µg/ml 

A

B



	

 
	

110	

 

 

 

 

 

 

FIGURE 4.7 Effect of NTZ on OM PapC usher levels when the Bam complex is over-
expressed. Strain BW25113 transformed with pMJ3 (A), or both pMJ3 and pBamABCDE (B), 
was grown in the presence of increasing concentrations of NTZ and induced for expression of 
the His-tagged PapC usher. Expression of the Bam complex was also induced in (B). OM 
fractions isolated from the bacteria were subjected to SDS-PAGE and Coomassie staining to 
observe PapC and the major OM protein constituents (top panels). Samples were also probed 
with anti-His antibody to visualize PapC (middle panels) and anti-BamA antibody to visualize 
BamA (middle panel B). Samples were also incubated in SDS sample buffer at 25oC, subjected 
to SDS-PAGE, and probed with anti-His antibody to visualize the folding status of PapC (bottom 
panels). Positions of the folded (F) and unfolded (U) PapC species are indicated on the right of 
each gel image. E. coli containing vector only (pMON6235∆cat) served as a negative control for 
PapC expression in (A) while E. coli transformed with the pMON6235∆cat or pMJ3 only served 
as negative and positive controls respectively in (B). (C) Quantitation of PapC levels in the OM. 
PapC levels were measured by densitometry of the anti-His blot found in the middle panels of 
both (A and B), and percent PapC levels were calculated relative to 0 µg/ml NTZ. Bars represent 
means ± SEM from three independent experiments. *, P < 0.05; ***, P < 0.001 for comparison 
of  PapC in (A) to PapC co-expressed with the Bam complex in (B) at each NTZ concentration. 
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FIGURE 4.7 
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FIGURE 4.8 Effect of NTZ on OM PapC usher levels in a bamA101 mutant. Strains 
MC4100 (A) and MC4100bamA101 (B) transformed with pMJ3 were grown in the presence of 
increasing concentrations of NTZ and induced for expression of the His-tagged PapC usher. OM 
fractions isolated from the bacteria were subjected to SDS-PAGE and Coomassie staining to 
observe PapC and the major OM protein constituents (top panels). Samples were also probed 
with anti-His antibody to visualize PapC and anti-BamA antibody to visualize BamA (middle 
panels). Samples were also incubated in SDS sample buffer at 25oC, subjected to SDS-PAGE, 
and probed with anti-His antibody to visualize the folding status of PapC (bottom panels). 
Positions of the folded (F) and unfolded (U) PapC species are indicated on the right of each gel 
image. E. coli containing vector only (pMON6235∆cat) served as a negative control for PapC 
expression in (A) while E. coli transformed with the pMON6235∆cat or pMJ3 only served as 
negative and positive controls respectively in (B). (C) Quantitation of PapC levels in the OM. 
PapC levels were measured by densitometry of the anti-His blot found in the middle panels of 
both (A and B), and percent PapC levels were calculated relative to 0 µg/ml NTZ. Bars represent 
means ± SEM from three independent experiments. *****, P < 0.001 for comparison of  PapC in 
(A) to PapC expressed in the MC4100bamA101 background (B) at each NTZ concentration. 
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FIGURE 4.8 
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FIGURE 4.9 Effect of NTZ on OM PapC usher levels when bamA is complemented in a 
bamA101 mutant. (A) Strain MC4100bamA101 transformed with both pMJ3 and pBamA was 
grown in the presence of increasing concentrations of NTZ and induced for expression of the 
His-tagged PapC usher. Leaky expression of plasmid pBamA was used to induce BamA. OM 
fractions isolated from the bacteria were subjected to SDS-PAGE and Coomassie staining to 
observe PapC and the major OM protein constituents (top panel). Samples were also probed with 
anti-His antibody to visualize PapC and anti-BamA antibody to visualize BamA (middle panel). 
Samples were also incubated in SDS sample buffer at 25oC, subjected to SDS-PAGE, and probed 
with anti-His antibody to visualize the folding status of PapC (bottom panel). Positions of the 
folded (F) and unfolded (U) PapC species are indicated on the right of each gel image. E. coli 
transformed with the pMON6235∆cat or pMJ3 only served as negative and positive controls 
respectively. (B) Quantitation of PapC levels in the OM. PapC levels were measured by 
densitometry of the anti-His blot found in the middle panel of (A), and percent PapC levels were 
calculated relative to 0 µg/ml NTZ. PapC levels in the MC4100bamA101/pMJ3 + pBamA strain 
were compared with PapC levels in the MC4100bamA101/pMJ3 strain described in figure 4.8A 
and C. Bars represent means ± SEM from three independent experiments. **, P < 0.01; ***, P < 
0.001 for comparison of the two strains at each NTZ concentration. 
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FIGURE 4.9	   
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CHAPTER 5  

Conclusions and Future Directions 
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5.1 Conclusions 

 Increasing rates of antibiotic resistance are challenging the status quo and raising the 

possibility of a post-antibiotic era, in which even common infections could become life 

threatening (3). This looming health crisis highlights the immediate need for new and effective 

therapies, which not only neutralize bacterial pathogens but also limit the development of 

resistance. A class of therapeutic agents gaining in popularity due to their proposed mechanisms 

of action are anti-virulence compounds. These molecules selectively target virulence factors 

utilized by bacterial pathogens to establish disease in the host without interfering with essential 

processes required for viability. As a result, these compounds are theorized to limit some of the 

selective pressures that drive the development of resistance (191-195). 

 Adhesive pili are required by many pathogens to adhere to and colonize host tissues. P 

and type 1 pili of UPEC are prototypical examples of pili assembled by the CU pathway, and are 

critical to the establishment of UTIs (13, 92). The key role of pili in promoting pathogenesis has 

deemed them attractive targets for therapeutic development. While a number of anti-pilus 

compounds are currently under investigation, including a class of molecules termed pilicides that 

inhibit the assembly of CU pili, none has entered into clinical development. Moreover, current 

pilicides are narrow in spectrum, only targeting individual classes of CU pili (195). An effective 

pilus inhibitor should possess broad spectrum activity and have a proven safety record in 

humans. 

 The FDA approved drug nitazoxanide has been widely used for the treatment of intestinal 

infections caused by Giardia and Cryptosporidium (203). While NTZ demonstrates pleiotropic 

effects against a number of organisms, enterobacteriaceae are considered generally resistant to 

the drug (210, 212). However, studies have identified a potential new use for the compound, as it 
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has been shown to inhibit biofilm formation and prevent the assembly of CU pili on the surface 

of EAEC (213). It is this potentially novel and uncharacterized mechanism of pilus inhibition 

that I chose to pursue as the focus of my thesis work. 

 I first was able to extend the inhibitory effects of NTZ to both P and type 1 pili of UPEC, 

demonstrating that NTZ is an inhibitor of CU pilus function with activity against a diverse set of 

CU pilus systems. Next, using a process of elimination, I dissected the various stages of the CU 

pathway to identify the step at which NTZ exerts its effect. My data shows that chaperone-

subunit complex formation in the periplasm, as well as the ability of these complexes to interact 

with the OM usher protein, are unaffected by the drug. However, there is a specific and dose-

dependent loss of the usher protein in the OM when NTZ is present. Analysis of the domains of 

the usher identified its large transmembrane ß-barrel domain as the site associated with NTZ’s 

activity. Additionally, analysis of a ∆degP mutant allowed me to distinguish the effects of the 

drug on both the folded and unfolded species of the usher, showing a distinct effect on the folded 

form. These data allow me to conclude that NTZ inhibits CU pilus assembly by preventing 

maturation of the usher protein in the OM, leading to its degradation and thereby decreasing the 

pool of available functional ushers to assemble pili. Furthermore, I can now classify NTZ as a 

pilicide with a novel mechanism of action that is distinct from previously described pilicides. 

 To develop a more potent inhibitor of pilus biogenesis and to further understand the 

mechanics of usher folding in the OM, I sought to gain insight into the direct target of NTZ. 

Previously published work had identified the Bam complex as a necessary component required 

for usher maturation (186). To determine if NTZ was altering the functionality of the Bam 

complex, I examined the affect the drug on usher levels, folded state, and functionality in the 

background of ∆bamB, ∆bamC, and ∆bamE mutations. Two of these mutations, ∆bamB and 



	

 
	

119	

∆bamE, rendered the usher resistant to NTZ, although both mutant strains appeared to be 

incapable of properly folding the usher. When the mutants were tested for their ability to 

assemble functional pili, the ∆bamB mutant was unable to agglutinate red blood cells, while the 

∆bamE mutant retained pilus function. This suggests that the usher in the ∆bamE mutant is 

folded, but in an altered form with decreased stability. The results from these mutant studies 

assign distinct roles for BamB and BamE in the folding of the usher, with BamB essential for 

folding and BamE required for optimal folding. To our knowledge, these phenotypes are the 

most dramatic to be described to date for bamB and bamE mutants. Additionally, the 

insensitivity of the usher to NTZ in the bam mutant backgrounds provides the first line of 

evidence that the drug may act by altering the functionality of the Bam complex. 

 To begin to explore the possibility of one or more components of the Bam complex as the 

target of NTZ, I employed both over- and under-expression techniques to determine if I could 

modulate sensitivity to the drug. Using a plasmid that over-expresses the entire Bam complex, I 

was able to generate decreased sensitivity to the drug, as indicated by increased usher levels in 

the OM when compared to the WT background. To test under-expression of the Bam complex, I 

obtained a bamA promoter mutant, bamA101, which greatly reduces the level of BamA in the 

cell and thus overall Bam complex formation, without altering expression of the other Bam 

lipoproteins (181, 259). In the presence of NTZ, usher expressed in the bamA101 strain 

displayed dramatically increased sensitivity to the drug when compared to WT. To complement 

the bamA101 mutant, a bamA expression plasmid was introduced, which restored usher 

sensitivity to NTZ back to near WT levels. These experiments provide strong genetic evidence to 

implicate the Bam complex as the target of NTZ. If the Bam complex is indeed is the target of 

NTZ, then the drug would then be inhibiting a previously uncharacterized functionality that is 
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not essential for cell survival but essential for usher biogenesis, thus making it an attractive target 

for anti-virulence development. Additionally, the study of OM protein biogenesis has proven to 

be quite difficult given the few genetic, biochemical, and biophysical tools available to explore 

this aspect of Gram-negative physiology. NTZ would be the first described inhibitor of the Bam 

complex, providing a chemical means of exploring Bam functionality and the biogenesis of OM 

proteins. Given that I have yet to obtain any evidence to disprove my original hypothesis, I plan 

to continue to testing if NTZ inhibits pilus biogenesis by targeting the machinery required for 

assembly of the usher protein in the OM. 

 

5.2 Future directions 

 The primary goal of this work has been to identify the mechanism of pilus inhibition by 

NTZ, and to identify the drug’s direct target. Having met the first milestone, future experiments 

will continue to build on the data obtained with the Bam complex to isolate and characterize the 

direct target as a means to design an inhibitor with enhanced properties. To begin, work is 

currently under way using over-expression studies of the individual Bam components, as well as 

sub-complexes of the Bam system, to help narrow target candidates. Once a target is in hand, 

further genetic studies can be employed, such as suppressor screens, to identify residues that are 

critical to meditate the effect of the drug.  

The use of NTZ as a chemical tool to understand the function of Bam complex as it 

relates to OM protein biogenesis could provide important new information to broaden our 

understating of Gram-negative physiology. To understand the mechanistic features of the Bam 

complex in detail and its interaction with the usher, an in vitro system could be employed to 

examine the complex within an isolated and controlled environment. To achieve this, efforts are 



	

 
	

121	

currently underway to reconstitute the Bam complex into lipid nanodiscs. Previously reported 

work has shown that denatured OMP substrates in combination with SurA can be assembled into 

the nanodisc bilayer via the reconstituted Bam complex	 (222). The ability of denatured usher 

protein to assemble into these nanodiscs would be analyzed in the presence and absence of NTZ 

and in the context of various Bam complex permutations in which one of more of the 

components is missing i.e. BamABCD, BamACDE, and BamABD. Additionally, this system 

could serve as a means to screen NTZ analogues for increase potency. Such an experimental 

approach will also allow us to study previously uncharacterized aspects of the usher. 

 To conclusively identify the NTZ target, we need to demonstrate direct binding between 

the drug and target. Several approaches can be used to measure binding. One technique utilizes a 

differential radial capillary action of ligand assay (DRaCALA). DRaCALA is a simple and rapid 

assay to detect binding between a protein and a radiolabeled small molecule, which takes 

advantage of the ability of protein to be immobilized on a hydrophobic membrane such as 

nitrocellulose	 (262). In short, a target candidate would be purified and incubated with a 

radiolabeled inhibitor. This mixture is then spotted onto a hydrophobic membrane, immobilizing 

the protein, and the diffusion rate of the inhibitor away from the immobilization site is 

quantitated. This would also provide a means to assess binding kinetics between the drug and the 

target. An alternative method could be a spectrophotometric assay that takes advantage of the 

spectral properties of NTZ. NTZ in solution absorbs at 418 nm and in acidic environments 

undergoes a shift in absorption to 351 nm	 (209). Our collaborator, Dr. Paul Hoffman at the 

University of Virginia, used these spectral properties to measure binding of NTZ to its PFOR 

target in anaerobic bacteria (209). We can monitor NTZ absorption during titration of increasing 

amounts of a putative target protein using NTZ-specific shifts in absorption as an indicator of 
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binding. Once a target is identified, alanine scanning mutagenesis of the target in conjunction 

with NTZ can be used to identify and characterize the drug’s direct binding site. Such studies 

will be critical to identify the precise mechanism of action for the drug as well as aid in the 

design of NTZ analogues. 

 Perhaps the most useful piece of data we could obtain would be a co-crystal structure of 

NTZ bound to its target. Crystal structures of all the individual Bam components are currently 

available (169, 177, 180, 182, 263), in addition to complexes of BamD bound to BamC	(264) and 

BamB bound to the POTRA domains of BamA	 (265). We will attempt to acquire X-ray 

crystallography data for NTZ bound to its target. As an alternative, in silico modeling can be 

used to identify putative NTZ binding sites. Once a structure is in hand, structure activity 

relationships can be identified and medicinal chemistry utilized for rational drug design, using 

NTZ as a scaffold to develop inhibitors with enhanced features. The availability of new and more 

potent compounds will then allow us to test their effectiveness in murine disease models, such as 

an ascending UTI model. Given that CU pili are utilized by many Gram-negative bacteria to 

establish disease, future studies could also investigate the effectiveness of these compounds 

against other clinically relevant bacteria, including Klebsiella pneumonia, Pseudomonas 

aeruginosa, and Acinetobacter baumannii, to name a few. 
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