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Abstract 

Insights into Stages of Type IV Pilus Biogenesis and Topology of an Essential Outer Membrane 

Component 

Courtney Petro, Doctor of Philosophy, 2015 

Dissertation Directed by: Dr. Michael Donnenberg, Professor of Medicine 

Type IV Pili (T4Ps) are surface appendages used by gram-negative and gram-positive pathogens 

for adherence, biofilm formation, aggregation, and motility. In enteropathogenic Escherichia coli 

(EPEC), thirteen bundle-forming pilus (BFP) proteins are required and sufficient for pilus 

expression and function. This complex molecular machine has components in the cytoplasm, the 

inner-membrane (IM), the periplasm, and the outer-membrane (OM) that work in concert to 

polymerize monomers of bundlin, the major pilin subunit, into filaments. Little is known about 

the order of events that culminate in extension of the pilus fiber through the OM pore formed by 

the secretin protein, BfpB.  To refine our understanding of BFP assembly, I isolated specific 

interactions between bundlin and additional BFP components. Using isothermal-titration 

calorimetry (ITC) and Förster Resonance Energy Transfer (FRET), we found that bundlin 

interacts with the periplasmic portion of the bitopic IM protein BfpC. Additional ITC experiments 

determined that bundlin also interacts with a periplasmic protein, BfpU. We confirmed that the 

interaction between bundlin and BfpU is soluble in the periplasm. We also utilized this 

interaction and a panel of bfp mutants to identify other BFP components that are required to 

extricate bundlin from the IM. Additionally, using Pseudomonas aeruginosa, we provide 

evidence that BfpU is a PilP homologue, as periplasmic PilP also interacts with the pilin 

monomer PilA. These results provide the first evidence for a soluble periplasmic stage in T4P 

biogenesis that occurs after pilin is extricated from the IM and prior to incorporation into pili. The 

final step of pilus biogenesis requires passage of the pilus filament through a secretin protein in 



	
	

the OM. Using biochemical labeling of specific BfpB residues and FRET, we mapped the 

topology of BfpB and propose that BfpB forms a beta barrel with 16 transmembrane beta strands.  

Surprisingly, the C-terminus of BfpB is extracellular, a result confirmed by flow cytometry for 

BfpB and a distantly related T4P secretin, PilQ, from P. aeruginosa. These experiments expand 

our knowledge on steps that occur during pilus biogenesis, highlighting new protein-protein 

interactions. Additionally we provide new and comprehensive information on the topology of a 

T4P secretin.    
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CHAPTER 1: INTRODUCTION 

Background and Justification 

Diarrheal diseases are a large global health issue in children under the age of 5. 

They are the second leading cause of death in this age group, resulting in approximately 

800,000 annual deaths worldwide (1). This is a particularly serious public health issue in 

developing countries in sub-Saharan Africa and South Asia (2). To reduce morbidity and 

mortality, improvements in sanitation and public health education are needed; there is 

also a great need for new and effective antimicrobials and vaccines to accelerate the 

decline of diarrheal disease (1, 3). The development of effective therapies for diarrhea-

causing bacteria would benefit from a complete and detailed understanding of conserved 

proteins and/or pathways that are unique to infectious microbial populations (4). Work on 

this idea has already produced promising results (5-7). In particular, targeting molecular 

machines that contribute to bacterial virulence rather than survival may offer effective 

treatments that reduce antibiotic resistance pressure.  

Conventional antibiotics are either bacteriostatic or bactericidal. While initially 

effective, strong selective pressure is exerted by these agents on both pathogenic and 

commensal bacteria to acquire resistance mechanisms. The rise in drug-resistant bacteria 

since the inception of antibiotic use has caused concern in the medical and research 

community (8). A search into bacterial genome sequences has determined the existence 

of over 13,000 potential resistance genes in 933 bacterial species (9).  

An alternative approach to try and circumvent resistance pressure is to focus on 

targeting molecular machines that are required for bacterial attachment and infection of 
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host cells. While these targets are necessary for bacterial infection, they are dispensable 

for viability (7). Bacterial molecular machines are multi-protein complexes with highly 

ordered quaternary and tertiary structure. Within these machines, there are various 

protein-protein interactions that are fundamental for function. The interface between 

interacting partners is an attractive target for small molecular inhibitors, as both proteins 

would need to simultaneously evolve to counteract the effect of such inhibitors. Off-

target effects would also be rare, as most components of bacterial molecular machines do 

not have eukaryotic homologues (10), but are often highly conserved among different 

pathogenic bacteria.  For these reasons, details on steps of machine assembly and the 

interactions that occur may allow for future development of specific inhibitors that can be 

used as broad-spectrum antibiotics. A major goal in my thesis work was to gain more 

information about components of the type IV pilus molecular machine that contributes to 

virulence of many bacterial pathogens, including many that cause diarrhea. 

 Type IV Pili 

The type IV pilus (T4P) machine is a broadly-conserved system that plays an 

important role in the virulence of pathogenic Escherichia coli (11) and many other 

bacteria including Pseudomonas aeruginosa (12) and Vibrio cholera (13). T4Ps are the 

most widespread form of pili and have been identified in gram-negative and gram-

positive bacteria and archaea (14). These surface filaments have diverse functions 

including auto-aggregation, adherence, biofilm formation, colonization, and twitching 

motility (15-17).  

 T4Ps were first identified in Pseudomonas aeruginosa and Myxococcus xanthus 

(18). While T4Ps have been studied for over forty years, much of what we know about 
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T4Ps comes from work on the highly homologous type 2 secretion system (T2SS). The 

T2SS is another complex molecular machine important for virulence in many pathogenic 

bacteria. Only a few differences account for the ability of the T4P system to express a 

pilus on the bacterial cell surface while the T2SS exports proteins into the extracellular 

environment (19). These systems are so homologous in sequence, structure, and function 

that, under artificial conditions, T4P systems can assemble T2S pseudopilins into pili 

(20).  

TFPs are mainly homopolymeric structures that consist of polymerized pilin 

monomers. In some species, minor pilins are integrated into the pilus structure, either to a 

lesser extent or as a tip adhesion as seen in N. gonorrhoeae. Pilin monomers share a 

conserved structure composed of an N-terminal α-helix followed by a C-terminal 

globular head domain. While monomer assembly is poorly understood, it is clear that 

subunits are polymerized into a three-start helical filament with the N-terminal α-helix 

buried in the filament core. Portions of the globular head domain are exposed on the pilus 

surface. T4Ps are long, thin, flexible filaments approximately 5-8 nm in diameter (21, 22) 

and several micrometers in length. In some systems, the filaments are able to interact 

with each other forming characteristic bundles. The pili are assembled by a complex 

biogenesis machine consisting of 10–18 proteins that, in gram-negative bacteria, spans 

both bacterial membranes (14).  

T4Ps can be subdivided into two distinct classes, type IV A pili (T4aPs) and type 

IV B pili (T4bPs), based on differences in component structure, genetic organization, 

distribution, and function. T4aPs have short leader peptides, are around 150 amino acids 

in length, and their genetic components are organized in unlinked loci (22). T4bPs are 

characterized by a longer leader peptide sequence and are most often larger than T4aPs 

with an average length of about 190 amino acids. Exceptions to this size rule occur in 
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members of the fimbrial low-molecular-weight protein family having lengths around 45 

amino acids. Additionally, the genetic components of T4bPs are found in contiguous 

operons often encoded on plasmids (14, 22).    

Major pilins are first synthesized as precursor prepilins sharing a cytoplasmic N-

terminal class III signal peptide containing mostly hydrophilic and neutral amino acids. 

The cytoplasmic leader peptide ends with a conserved glycine, followed by a stretch of 

hydrophobic residues that span the membrane. This trans-membrane span is assumed to 

anchor pilin monomers in the inner-membrane (IM) prior to assembly. The rest of the 

pilin protein is exposed to the periplasmic space. The C-terminus of the pilin monomer is 

highly variable among different organisms, but most contain two conserved cysteines 

(14). Assembly of pilus filaments requires a dedicated prepilin peptidase that cleaves 

following the cytoplasmic glycine, creating mature pilin proteins that can be incorporated 

into the pilus (23). Steps in pilus biogenesis will be discussed in detail in a following 

section.  

Studies have revealed that all T4Ps have a conserved set of core proteins essential 

for T4P expression, with homologues in the T2SS.  The core proteins consist of the major 

pilin and one or more minor pilin or pilin-like proteins, a specific peptidase that processes 

the prepilins and prepilin-like proteins, an ATPase that powers pilus extension, a set of 

integral inner membrane proteins, and, in gram-negative bacteria, a secretin in the OM 

(24). Many T4P systems also include an ATPase that powers pilus retraction. In all 

systems there are additional proteins that through sequence comparison seem to be 

unrelated but many have similar functions in pilus biogenesis (14). 
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Within E. coli, one T2SS and the T4aP called the hemorrhagic coli pilus are 

common to most strains, while some E. coli pathotypes express additional T4bPs that 

function in infection (25). Although discovered years earlier in other bacteria, T4Ps were 

first identified in E. coli with the discovery of the EPEC bundle-forming pilus (BFP) 

(11). Subsequent identification of the gene encoding the major structural subunit 

confirmed its similarity to other T4P pilin genes and suggested the presence of a large 

operon encoding genes required for pilus processing and biogenesis (26).  

Enteropathogenic Escherichia coli 

Enteropathogenic Escherichia coli (EPEC) is one of six E. coli pathotypes 

capable of causing diarrhea.  EPEC are defined as strains of E. coli that, upon intimate 

attachment efface the host cell microvilli and produce a characteristic histopathology 

known as the attaching and effacing (A/E) effect. These A/E lesions distinguish EPEC 

from other diarrhea-causing E. coli including enterotoxigenic E. coli (ETEC), 

enteroaggregative E. coli, and enteroinvasive E. coli (27). EPEC-induced diarrhea is not 

caused by secreted toxins as is seen in other E. coli pathotypes, including ETEC, Shiga 

toxin producing E. coli (STEC) and enterohemorrhagic E. coli (EHEC) (28). Diarrhea is 

the result of intestinal inflammation and increased permeability. These effects are caused 

by the production of two important molecular machines that aid in virulence: the BFP and 

a type III secretion system (T3SS).  

All EPEC strains contain a large pathogenicity island called the locus of 

enterocyte effacement (LEE) containing genes necessary and sufficient for formation of 

A/E lesions (29). A/E lesions are altered cell surfaces characterized by loss of the brush 

border microvilli followed by actin polymerization and formation of cup-like pedestals. 
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Pedestals are utilized by EPEC to attach very closely to the host cell membrane and move 

along the cell surface.  Non-pathogenic strains gain the ability to form A/E lesions upon 

LEE transformation (30). The EPEC LEE contains regions encoding many virulence 

factors, including: the T3SS, effector proteins, T3SS transcriptional regulators, and an 

adhesin (29).  

The formation of the T3SS apparatus allows EPEC to transport proteins from the 

bacterial cytoplasm through to the OM of EPEC and into the cytoplasm of attached host 

cells (31). Another example of a complex molecular machine, the T3SS spans both 

bacterial membranes, is composed of more than 20 proteins allowing for formation of a 

needle that protrudes from the OM. The translocator proteins EspA, EspB, and EspD are 

also required for T3SS function, with mutants being unable to cause an A/E phenotype 

(32-36). EspA forms a sheath around the needle complex that connects EPEC to host 

cells (37, 38). EspB and EspD are inserted into the host cell membrane and form the 

translocation pore (39, 40). 

T3SS delivery of effectors leads to interaction between two additional proteins 

encoded in the LEE. Tir and intimin are required for intimate attachment of EPEC to 

epithelial cells. Intimin is an OM adhesion while Tir is the translocated intimin receptor 

that is injected into the host cell through the T3SS, after which it is inserted into the host 

cell membrane where it binds to intimin at the site of A/E lesions (41, 42). In addition to 

Tir, many other effectors are translocated by the T3SS. These include; EspF, EspG, 

EspH, EspZ, and Map (43). Additionally, there are non-LEE encoded effectors that are 

secreted by the T3SS that have been discovered recently.  

 EPEC infections are a major cause of diarrhea in the developing world among 
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children 5 years and younger, but are most often associated with infants 6 months of age 

or younger (44). However, outbreaks in developed countries have occurred and adult 

infections are rare and typically associated with these source outbreaks. EPEC-associated 

diarrhea can be induced in adult volunteers after ingestion of a large inoculum of 108 to 

1010 organisms (45).   

The main cause of EPEC infection symptoms may be the disruption of the 

epithelial barrier. Separation of the intestinal tissue from luminal contents requires proper 

tight junction (TJ) and adherent junction formation (46). EPEC infection comprises the 

integrity of TJs and adherent junctions, disrupting the barrier function (47).  This also 

causes alternations of water and ion secretion leading to symptoms of watery diarrhea 

and dehydration if not properly treated (48, 49).   

Typical EPEC strains carry a large virulence plasmid called the EPEC adhesion 

factor (EAF) plasmid (50, 51). The genetic elements comprising the BFP are encoded on 

the EAF plasmid as is the per locus encoding transcriptional activators. Other EPEC 

strains that lack the EAF plasmid are termed atypical EPEC (28). Recent reports have 

indicated an increase in atypical EPEC infections in developed countries associated with 

prolonged length of diarrhea (52-54). However, a recent multisite study found that when 

comparing all enteric pathogens, typical EPEC strains that produce BFP are associated 

with highest rates of mortality (1). When EPEC strains are cured of the EAF plasmid they 

are defective in localized adherence (LA) and autoaggregation phenotypes (55, 56), 

however they retain the ability to form A/E lesions (50).  
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The LA pattern characteristic of typical EPEC has been used as a diagnostic tool 

and is due to the production of BFP (57, 58).  For some bfpA alleles N-acetyllactosamine 

(LacNac) been identified as a receptor (59); LacNac inhibits LA by a strain of EPEC 

expressing one of these alleles and triggers pilus retraction (60). In cell culture at 37°C, 

typical EPEC forms autoaggreate clusters containing hundreds or even thousands of 

bacteria visible to the naked eye (61). These interactions are unstable and quickly 

disperse when temperature is altered (16). As is seen in LA, autoaggregation also requires 

BFP formation. Dispersion is caused by pilus retraction, as a retraction mutant fails to 

disperse over time(62, 63).  

The Bundle Forming Pilus of EPEC 

 While the T3SS functions in prolonged attachment of EPEC to host cells, initial 

attachment of EPEC to host cells is mediated by the BFP. Since its discovery, the BFP 

has been the most thoroughly studied T4P system in E. coli. The operon encoding BFP is 

comprised of 14 genes found on the EAF plasmid, making BFP a T4bPs (64, 65). The 

only gene not required for BFP expression and function is bfpH, which appears to be a 

pseudogene that once encoded a lytic transglycosidase (66). The operon begins with 

bfpA, which encodes that major pilin protein pre-bundlin. Diversity in the bfpA gene 

groups diverse EPEC strains into two categories based on sequence similarity (67-69). 

The highly similar α alleles are 97% identical in sequence. These bundlin variants bind 

LacNac. The less conserved β alleles are more divergent, with proteins that are 89% 

identical to one another and do not bind LacNac. In all bundlin proteins the majority of 

sequence diversity is localized to the C-terminus (21); however, in total, 80% of the 

amino acids are identical. Expression of the bfp operon is controlled by PerA(70).  
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 BFPs are composed primarily of monomers of mature bundling (26, 71). Recent 

evidence also indicate that minor pilins BfpI, BfpJ, and BfpK are incorporated into the 

pilus to a lesser extent (Martinez de la Peña, De Masi, Nisa, Mulvey, Tong, Donnenberg, 

Armstrong, submitted for publication). While single mutants of the minor pilins result in 

a non-piliated phenotype, when these mutants are created in a retraction deficient mutant, 

BFP expression can be restored. Using this method, it was observed that a bfpI bfpF 

double mutant was able to produce pili, but unable to adhere to cells, indicating BfpI 

might function in adherence. 

 Pilus formation on the bacterial cell surface requires the expression of the 

remaining proteins in the operon, which make up the biogenesis machine. This multi-

protein complex spans from the cytoplasm through the IM into the periplasm and OM. A 

schematic of the biogenesis machine is shown in Figure 1 and details on the steps in pilus 

biogenesis will be discussed in subsequent sections. The BFP machine can be separated 

into three sub-complexes; the IM subassembly complex associated with two cytoplasmic 

ATPases, the OM subassembly complex, and the pilus fiber itself. The IM complex 

consists of two bitopic IM proteins BfpC and BfpL and the polytopic protein BfpE. BfpD 

and BfpF are cytoplasmic hexameric ATPases that function in pilus extension and pilus 

retraction, respectively (14, 24). Previous work has identified interactions among various 

components of the IM subassembly complex. BfpC interacts with BfpE and this 

interaction recruits BfpD to the cytoplasmic-IM interface (72). Structural data on the N-

terminus of BfpC showed that despite the absence of sequence similarity, the cytoplasmic 

domain of BfpC is a structural and functional homologue of a component of the T4aP 

system, PilM. Additionally, it shares elements of its fold with GspL, a component of the 
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T2SS (73). The bitopic IM protein BfpL also interacts with the C-terminus of BfpC, 

however no homologues of BfpL in other systems have been described (74).  

 

 
Figure 1. Cartoon of EPEC. BFP proteins depicting their locations, topologies, and 
interactions. 

 

To allow for surface expression of pili, BFPs must pass through a pore in the OM, 

created by a dodecamer of BfpB. BfpB is part of the secretin superfamily that form pores 

in the OM, most often through a multimer consisting of 12 monomers (75). In many 

systems, the secretin requires an accessory lipoprotein called a pilotin to maintain 

stability and to guide the secretin to the OM (76, 77). BfpB is a lipoprotein itself and 

thus, does not require a pilotin to function (64). However there are two proteins in the 

BFP system that associate with the secretin.  BfpG and BfpU are both soluble periplasmic 

proteins that are associated with the OM in the presence of BfpB. There are no known 

homologues to BfpU or BfpG in other T4P systems (78).   
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Steps in Pilus Biogenesis 

 It has been difficult to define discrete steps in T4P biogenesis. Similarly, 

identifying distinct roles for individual biogenesis proteins has proven to be difficult, as 

most gene mutations result in a non-piliated phenotype without other distinguishing 

features (14). Much of our understanding of pilus biogenesis is focused on the initial 

steps of pilin monomer processing and translocation (79), while details of subsequent 

steps and the necessary proteins required remain to be resolved. Below, what is known 

about T4P biogenesis will be discussed using nomenclature of the EPEC and P. 

aeruginosa systems, the latter in parentheses. Table 1 lists homologous proteins from the 

two T4P systems and Figure 2 is a schematic representation of the T4P nanomachine in 

N. meningitidis(14).   

 

 

 

 

 

Table 1. Conserved T4P biogenesis proteins in EPEC and P. aeruginosa. Unconfirmed 

possible homologues are designated with an asterisk.  

	 EPEC	 P.	aerugonisa	
major	pilin	 BfpA	 PilA	
prepilin	peptidase	 BfpP	 PilD	
extension	ATPase	 BfpD	 PilB	
Filament	assembly	component	 BfpC	 PilM,	PilN*	
polytopic	IM	protein	 BfpE	 PilC	
Filament	assembly	component	 BfpL	 PilO*	
Secretin	 BfpB	 PilQ	
Secretin	associated	protein	 BfpG	 PilW*	
Retraction	ATPase	 BfpF	 PilT	
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Figure 2. The T4P machine from N. meningitidis.  

Biogenesis begins with translocation of the C-termini of pre-bundlin (pre-PilA) 

and pre-BfpI, pre-BfpJ, and pre-BfpK from the cytoplasm across the IM though the Sec 

machinery (80). The N-terminal hydrophobic regions of these proteins act as 

transmembrane domains. These proteins are then processed by the BfpP (PilD) prepilin 

peptidase, removing a small cytoplasmic leader sequence from the N-terminus through 

cleavage at the conserved glycine; the nascent N-terminus is then methylated. 

Independently and simultaneously in the periplasm, bundlin is stabilized by DsbA, an 

oxidoreductase that catalyzes the formation of a disulfide bond in the C-terminus of 

bundling (81). This processing is also assumed to occur in other gram-negative systems. 
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This processing by BfpP (PilD) and DsbA in both the periplasm and cytoplasm indicates 

that pilins are integral membrane proteins prior to their incorporation into pilus fibers.  

 Mature pilin proteins next need to interact with components of the IM 

subassembly complex, be removed from the IM, and incorporated into the growing pilus 

fiber. However, exactly what occurs post pilin processing is unclear. It is known in T2SS 

that GspL recruits the processed pseudopilins to the ATPase of the IM subassembly 

complex (82). Due to homology between GspL and the N-terminus of BfpC (PilM), they 

might perform the same function in T4P formation. The interactions between different 

components of the IM subassembly complex have been studied in a variety of organisms 

and in all cases the same interactions have been determined. The cytoplasmic protein 

PilM (N-BfpC) interacts with the short cytoplasmic region of PilN (14, 83). It is expected 

that PilN will prove to be functionally homologous to the periplasmic C-terminus of 

BfpC. PilN interacts with PilO and through PilP with the PilQ OM secretin (84). This 

interaction network creates connections from the IM through the periplasm to the OM. 

The pilin monomer associates with the PilNOPQ complex (85). While these findings 

reveal an overall interaction network, they do not provide specifics on how these proteins 

function in pilus assembly. In particular, it is not known how chemical energy generated 

from ATP hydrolysis is transduced to mechanical energy to drive pilus assembly.  

 Mutation of the retraction ATPase, BfpF (PilT), results in a hyper-piliated 

phenotype (86). The analysis of retraction ATPase double mutants has distinguished 

proteins that are critical for pilus assembly from those that contribute to the relative 

efficiency of pilus extension or retraction (87). Using this concept, it was determined that 

PilMNOP components are all essential for T4P biogenesis and it was proposed that, 



	
	
14	

together, they extricate the mature pilin from the membrane using energy from PilB ATP 

hydrolysis (14).  

 Once assembled, pilus fibers need to be extruded through the OM as additional 

monomers are incorporated at the base of the pilus. The secretin, BfpB (PilQ), is essential 

for T4P biogenesis and creates the pore through which pilus fibers are extended and 

retracted (64).   

Secretin Protein  

 The final steps of pilus extension and retraction require the well-conserved 

secretin protein.  Without a functional multimer, T4P biogenesis cannot occur and in 

EPEC this results in a loss of autoaggregation in a bfpB deletion mutant. In the Neisseria 

gonorrhoeae T4P system, deletion of the secretin (pilQ) and the retraction ATPase (pilT) 

results in membrane blebbing and cell toxicity, due to pili assembling and accumulating 

in the periplasmic space and pushing against the OM (88, 89).   

Secretins form homomultimers of 12 to 15 monomers, with 12-fold symmetry 

being the most common (75). The N-terminus of secretin monomers is localized in the 

periplasm and the C-terminal membrane-spanning domain is predicted to contain 

multiple β-strands. Conformational changes in the secretin pore to accommodate 

movement of the pilus fiber have been observed (90). Most recently, electron cryo-

tomography of whole Thermus thermophilus T4Ps in the closed and open state revealed a 

major conformational change with the opening of two periplasmic gates and shifting of 

the N-terminal domains of the PilQ secretin by ~30Å to allow for pilus extrusion (91).  
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 Additional detailed structures of secretin monomers or complexes are lacking 

despite their importance in bacterial virulence mechanisms. The multimeric structure 

cannot be solved through nuclear magnetic resonance due to the large size of the 

complex. Additionally, membrane proteins require a detergent solubilization step during 

protein purification from their native state, making X-ray crystallography difficult.  

Predicted Topologies of Secretins and non-secretin OM proteins 

Crystal structures of the N-terminal periplasmic portions of several secretins have 

been solved. These include GspD, the T2SS secretin of ETEC (92); and EscC, the 

secretin of the EPEC T3SS (93). Both display conserved sub-domains despite sequence 

variability within the N-terminal region. Sequence variability within the N-terminus is 

thought to confer substrate specificity within these different secretion systems. However, 

all secretins have a transmembrane spanning C-terminal domain that is rich in predicted 

β-strands and is thought to multimerize to form a β-barrel (75).  

While several structures of the N-termini of secretins have been solved, there is 

little structural data of the C-terminal secretin domain. To try and gain more information 

on this region of secretins in the absence of structural data, several groups have mapped 

the topology of secretin molecules by combining in silico prediction methods with 

various biochemical methods including labeling of specific residues and visualizing by 

EM, mutational analysis to identify specific domains, and protease sensitivity sites. Using 

these techniques, topology models for XcpQ (P. aeruginosa, T2S) and PilQ (N. 

meningitidis, T4aP) predicted 13 transmembrane β-strands (TMBSs) (94, 95). This odd 
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number of beta strands is unexpected, due to the fact that all known bacterial OM beta 

barrels contain an even number of beta strands.  

Solved structures of non-secretin bacterial OM beta barrels have contained an 

even number of beta strands with as few as 8 strands and as many as 26. Each membrane-

spanning strand contains at least 6, but most often 8-11 amino acids. Periplasmic turns 

are short, containing 1-8 amino acids. Extracellular loops are more variable in length and 

may be longer than 50 amino acids (96, 97).  

Topology of BfpB 

Previous work in our laboratory has shed light on the topology of the BfpB 

monomer. Iodination and mass spectrometry were used to confirm that the N-terminus of 

BfpB is periplasmic and these methods also identified several residues as extracellular. 

Additionally, the BfpB protein was manipulated to incorporate serine- or threonine-to-

cysteine mutations. These cysteine scanning mutants (CSM) of BfpB were tested to 

determine whether altered residues affected the ability to complement a bfpB mutant. All 

mutants that were able to complement were used for further study. Using sulfhydryl 

labeling of the CSM, solvent accessibility of each residue was determined. While this 

generated useful topology data, the topology of most of the C-terminal region was still 

unknown (98). 

Research Overview 

 To further refine our understanding of BFP assembly, I sought to characterize the 

interaction between bundlin and components of the BFP biogenesis machine. Isolating 

specific interactions between BFP components allowed for several advances. First, I was 
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able to confirm and characterize interactions between bundlin and other BFP 

components. These experiments are described in chapters 2 and 3 with bundlin and the C-

terminus of BfpC (C-BfpC) and bundlin and BfpU, respectively. Additionally, I found 

that I could use the latter interaction as an intermediate step in pilus biogenesis to 

determine additional BFP components that are required to facilitate the interaction. I have 

successfully used this concept in chapter 3 and can envision this working well for bundlin 

and C-BfpC as well. Chapter 3 has been submitted to PLOS Pathogens and is currently 

undergoing review. 

 Building on groundwork completed by a former graduate student, I completed a 

detailed topology of the secretin BfpB. This resulted in the unexpected finding that the C-

terminus of each monomer is accessible to the extracellular environment. With a detailed 

topology of BfpB, I then examined secretins from other systems to determine whether 

BfpB displayed a unique topology. This work, detailed in chapter 4, utilized in-silico 

predictions coupled with diverse biochemical techniques to generate new and 

comprehensive information on secretin topology. This work was published in March of 

2015 in mBio(98). 

 Finally, it seems only appropriate to discuss the project that initially convinced 

me to join the Donnenberg laboratory to complete my thesis work. I wanted my project to 

allow for three things: 1. Expose me to various biochemical techniques, 2. Work on an 

important infectious disease, 3. Have potential for clinical relevance. My rotation project 

contained all three. I would be working on identifying pre-pilin peptidase inhibitors using 

a Förster resonance energy transfer (FRET) high-throughput screen. I have continued to 

work on advancing this project and details on the progress are detailed in Appendix I.  
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While I was not able to fully optimize the screen and identify potential inhibitors, I feel 

the project is primed for a new student to succeed in this mission.  
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CHAPTER 2: RECRUITMENT OF BUNDLIN TO THE IM 

SUBASSEBLY COMPLEX THROUGH INTERACTION WITH BfpC 

Introduction 

As depicted in Figure 1, most of the proteins required for BFP assembly are 

embedded in the IM. It is assumed that components of this complex recruit pilin 

monomers to the IM subassembly and transfer the chemical energy of ATP hydrolysis by 

the extension ATPase into mechanical energy. This energy allows for extrication of the 

pilin monomers from the IM so they can be incorporated into the growing pilus fiber.  It 

has been shown in P. aeruginosa and T. thermophilus that pilin monomers associate with 

the IM subassembly complex PilMNOP (99-101). Assembly of the IM subassembly in T. 

thermophilus is shown in Figure 3(101). While this association implies that pilin 

monomers are recruited to the IM subassembly complex and that this interaction is 

required for assembly, it doesn’t identify which component(s) of the biogenesis machine 

interact(s) with the pilin protein. In the T2SS it is known that GspL interacts with the 

major pseudopilin GspG in the periplasm. This interaction has been observed in vitro and 

in vivo and occurs after GspG cleavage of its leader peptide (102). 
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Figure 3. Assembly of the core type IV pilus biogenesis platform in the inner membrane. 
PilO (green) associates with the PilMN complex, and PilA (pink) associates with 
PilMNO. 

Previous data from our lab determined that the N-terminal 164 residues of BfpC 

are located in the cytoplasm with a single TM domain and amino acids 188-402 in the 

periplasm. The crystal structure of BfpC1-164 was solved in collaboration with John 

Tainer’s laboratory. When compared to other solved structures, it was observed that 

BfpC1-164 is similar to EpsL, the T2S component from V. cholera, and PilM, the T4aP 

component from T. thermophilus (103).  

However, residues 188-402 of BfpC reside in the periplasm and this region is 

larger than that of than the periplasmic region of EpsL (104), while PilM is located 

entirely in the cytoplasm (105). EpsL interacts directly with the mostly periplasmic 

protein EpsM (104). In T4aP it is known that PilM interacts with PilN. The structures of 

PilN and PilO have been solved and they exhibit similar ferredoxin folds (100). 

Therefore, we predict that the structure of BfpC188-402 will resemble PilN and the 

periplasmic domain of EpsL. 

Previous data from our laboratory indicated a possible interaction between 

bundlin and BfpC188-402. Preliminary yeast two-hybrid data was followed by NMR 

spectroscopy of the complex. When purified bundlin was mixed with purified BfpC188-402, 
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chemical shifts of specific bundlin residues were observed. In this work I wanted to 

confirm and further characterize the interaction between bundlin and BfpC188-402. To do 

this, I used both an in vivo FRET system and an in vitro Isothermal Titration Calorimetry 

(ITC) instrument. 

Materials and Methods 

Strains, plasmids and growth conditions 

 The strains and plasmids used in this study are listed in Table 2. Bacterial strains 

were cultured in Luria-Bertani (LB) broth at 37°C. For FRET experiments, LB exhibited 

auto-fluorescence that made measurement of fluorophore emission difficult. Instead 

Neidhardt EZ Rich Defined media was used. Antibiotics were added at the following 

concentrations to select for and maintain plasmids: ampicillin, 200 µg/mL, 

chloramphenicol 20 µg/mL, kanamycin 50 µg/mL. 

 Two plasmids were constructed and used for FRET experiments. The first 

plasmid encoded a N-terminal translational fusion of enhanced yellow fluorescent protein 

(EYFP) to pre-bundlin cloned into NcoI/EcoRI sites of plasmid pTRC99a. Next, a N-

terminal translational fusion of mCherry to BfpC was cloned into EcoRI/XmaI sites of the 

resulting plasmid. Finally, wild-type bfpP was cloned into XbaI/PstI sites, yielding 

plasmid pCDS2. A similar plasmid was created with the same fluorescent fusion proteins, 

with a modified bfpP gene encoding catalytically inactive BfpP (BfpPD190A) cloned into 

the XbaI/PstI sites generating plasmid pCDS3. Mutation of the active aspartate residue at 

position 180 to an alanine was chosen because a similar mutation in the gene encoding 

the TcpJ prepilin peptidase of V. cholerae completely abolishes peptidase function (106).  
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Table 2: Strains and plasmids used in this chapter 

 

Table 3: Primers used in this chapter 

Primer 
Name 

Primer Sequence 

EYFP-F GTCTACTACCCATGGAAGGAGATATACTAATGGTGAGCAAGGGCGAG

G BfpA-R 

 

CGATCGACTCGAGCACCATTGCTTACTTCATAAAATATGTAACTTTATT

GGTTGAATCAG BfpPF GCTTATAGTCTAGAATGCAAGAAAGTATATTTCTATTATTGGTTTTTAT
ATATGCGGCCA 

 
BfpPR ACGTCATACTGCAGTTAATGATAAACTAAACATATAAAAAATGACGCG

GAAAGAGCTGGT 

 
dsRed-F1 

 

GACAACACCGAGGACGTCATCAAGGAGTTCATGCAGTTCAAGGTG 

dsRed-R1 TACACCGTGGTGGAGCAGTACGAGCACGCCGAGGCCCGCCACTCCGGC

TCCCAG  

 

 

Strain or plasmid Description, Genotype Reference or Source 

Strain   

DH5α supE44 ΔlacU169(φ80 lacZΔM15) hsdR17 
recA1 endA1 gyrA96 thi-1 relA1 

(107) 

RY3080 BL21(DE3) slyD- (108) 

BL21 (DE3) pLysS F-, dmc, ompT, hsdS(rB
-mB

-) Novagen 

Plasmids   

pTRC99a Low-copy trc promoter expression vector carrying 
the lacIq gene 

(109) 

pCDS2 EYFP-prebundlin, mCherry-BfpC, BfpP This study 

pCDS3 EYFP-prebundlin, mCherry-BfpC, BfpPD190A This study 

pPF302 Expression vector for His-bundlin with DsbA 
signal sequence  

(110) 

pEM87  Expression vector for His-BfpC-C-terminus with 
DsbA signal sequence  

(111) 
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Western Blot Analysis 

Western blotting for bundlin and BfpC was performed by pelleting 1 mL of cells 

expressing either pCDS2 or pCDS3, resuspending in 100 µL Laemmli sample buffer 

containing 2-mercaptoethanol and boiling for 10 minutes. SDS-PAGE gels were run 

according to the manufacturer’s instructions (Bio-Rad, Hercules, CA), transferred at 21 V 

for 80 min at 4°C to Immobilon polyvinylidene fluoride and blocked for 1 h at room 

temperature in 5% milk/PBS-Tween. The blots were then probed for 1 h at room 

temperature with rabbit anti-bundlin (1:75000) or  rabbit anti-BfpC (1:15,000) in 5% 

milk/PBS-Tween, washed 3 times for 5 min in PBS-Tween and probed for 1 h at room 

temperature with IRDye-800 nm-conjugated anti-rabbit secondary antibody (Li-Cor 

Biosciences, Lincoln, NE). The blots were washed again 3 times for 5 min in PBS-Tween 

at room temperature and scanned with an Odyssey Western system (Li-Cor Biosciences). 

FRET 

To observe the interaction between bundlin and BfpC in vivo, DH5α cells 

transformed with either pCDS2 or pCDS3 were grown overnight at 37°C in LB with 

appropriate antibiotic. Cells were diluted 1:100 in fresh Neidhardt EZ Rich media and 

grown at 30°C until optical density at 600 nm (OD600) reached 0.4. IPTG (1 mM) was 

then added to induce plasmid transcription for 3 hours. Two hundred µL of cells were 

plated in triplicate in 96-well clear bottom plates (catalog no. 3635; Costar). Fluorescence 

units were measured on a Molecular Devices SpectraMax M2e reader (serial no. 

DE05539) by exciting the EYFP-prebundlin at 430 nm with a 10 nm band-pass filter. 

Emission was measured from 520-680 nm.  
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Protein Purification 

 Soluble bundlin was purified from RY3080 cells containing pPF302. Overnight 

cultures were diluted 1:100 into fresh LB and grown at 37°C until OD600 reached 0.4 

and were then induced with 1 mM IPTG for 5 hours. Cells were pelleted by 

centrifugation at 5,000 ! g for 15 minutes. Pellets were resuspended in lysis buffer (50 

mM NaH2PO4, 500 mM NaCl, 10 mM imidazole, pH 8.0) with protease inhibitors 

(Roche #11836170001) and lysed using a French Press three times at 20,000 PSI. Lysate 

was cleared by centrifugation at 15,000 ! g for 30 minutes and then incubated with Ni-

NTA resin for 1 hour at 4°C. The column was then washed with 100 mL of lysis buffer 

with 20 mM Imidazole. Bundlin was eluted from the column with 10 mL of lysis buffer 

with 500 mM Imidazole.  

 

  BfpC188-402 was purified from BL21 (DE3) cells containing pEM87, a plasmid in 

which codons 188-402 bfpC replaced those of bfpA in pPF302 as described above. An 

overnight culture was diluted 1:100 in LB with 50 µg/mL kanamycin. The culture was 

incubated at 25°C until it reached an OD600 of 0.3, then induced with 0.4 mM IPTG and 

incubated for 3 hours. Cells were pelleted by centrifugation at 5,000 ! g for 15 minutes, 

then resuspended in lysis buffer (50 mM NaH2PO4, 300 mM NaCl, pH 8.0). Cells were 

lysed using a French Press at 20,000 PSI three times, then centrifuged at 35,000 ! g for 

30 minutes. The supernatant was applied to a nickel-NTA resin column and incubated for 

1 hour at 4°C. The column was washed 3 times with wash buffer, then once with wash 

buffer containing 5 mM imidazole. BfpC188-402 was eluted with 10 ml lysis buffer 

containing 250 mM imidazole.  
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ITC 

  All proteins were dialyzed in 10 mM HEPES, 150 mM NaCl, pH 7.4. ITC 

experiments were performed using an iTC200 instrument (GE Healthcare). To measure 

the interaction between bundlin and BfpC188-402, 300 µM bundlin was loaded into the 

syringe and 50 µM BfpC188-402 was placed in the cell. Titrations were performed at 25°C 

with 19 injections at intervals of 210 s. All data were analyzed using Origin 7.0 software.  

Results 

Western Blot confirmation of in vivo prepilin peptidase activity 

To confirm proper expression of all proteins encoded on plasmids pCDS2 and 

pCDS3, bundlin and BfpC were both visualized via Western blot (Figure 4). Cells 

expressing pCDS2 and pCDS3 expressed a band at ~75 kDa when probed with anti-BfpC 

(Figure 4A). This corresponds to a fusion of mCherry (~29 kDa) and BfpC (45 kDa), 

indicating that both constructs properly express a stable fusion of mCherry-BfpC. When 

blots were probed with anti-bundlin, two different sized bands were observed (Figure 

4B). For pCDS2, a band at ~ 17 kDa (corresponding to mature bundlin) is visible while 

there is a band at ~ 50 kDa (corresponding to the EYFP-pre-bundlin fusion) in pCDS3. 

This indicates that the wild-type BfpP in pCDS2 is cleaving pre-bundlin and with this 

cleavage the EYFP is also removed from the N-terminus as the cleavage site is 3’ of the 

fluorophore. However in pCDS3, the D190A mutation of BfpP inactivates the enzyme 

and results in a stable fusion of EYFP-pre-bundlin.  
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A 

B 

α-BfpC 

α-bundlin 

WT D190A 

Figure	4.	Confirmation	of	in	vivo	prepilin	
peptidase	activity.	A.	Western	blot	probing	
for	BfpC.	Both	pCDS2	and	pCDS3	express	
mCherry-BfpC	at	the	expected	size	(~75	
kDa)	B.	Western	blot	probing	for	bundlin.	
With	WT	BfpP,	cleavage	of	N-terminus	
results	in	mature	pilin	visible	at	~	17	kDa.	
With	BfpPD190A,	peptidase	activity	is	
inactivated	and	results	in	full	length	EYFP	
visible	at	50	kDa.	 

 

 

 

 

Bundlin and BfpC associate closely in vivo  

Using pCDS2 and pCDS3, we determined whether we could observe FRET 

between bundlin and BfpC.  The expected excitation and emission spectra for the donor 

and acceptor pair is shown in Figure 5. As can be seen in Figure 3, when cells expressing 

pCDS2 are excited with light at 430 nm, the donor fluorophore is excited and peak 

emission is observed at 530 nm (blue line). In contrast, the emission spectrum for cells 

expressing pCDS3 is different. The emission observed at 530 nm is weaker than what is 

seen for pCDS2, and even more striking, a second emission peak at 570 nm is observed. 

The second peak corresponds to the emission maximum of the mCherry-BfpC acceptor 

molecule. These data show that bundlin and BfpC associate closely in vivo in the absence 

of other Bfp proteins.  

 

 

15	
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Figure 5. A. Exciation and emission spectra for donor molecule EYFP (yellow) and acceptor 
molecule mCherry (red). Excitation for both shown in dotted line, emission  shown in filled line. B. 
Emission spectrum after excitation at 430 nm of E. coli expressing wild type fusion proteins (blue), 
or catalytic mutant BfpP D190A (red). As a control DH5α cells without a plasmid are shown in 
black.  

 

 

 

Biophysical characterization of bundlin-BfpC interaction 

To measure the binding affinity between bundlin and BfpC, purified BfpC188-402 

was titrated into a cell containing soluble bundlin. The dissociation constant was 

calculated to be 17 µM and a 1:1 stoichiometry was observed (Figure 6). 

 

 

 

 

Figure 6. Isothermal titration calorimtery binding curve of BfpC188-402 being titrated 
against bundling. Top graph showing the differential power recorded directly over time 
and the bottom figure showing the enthalpy over molar ratio. Calculated Kd for 
interaction is 17 µM and stoichiometry is 1:1. 

Wavelength (nm) 

%
 N

or
m

al
iz

ed
 

 E
xc

ita
tio

n/
Em

is
si

on
 

	

A B 

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

	

Fl
uo

re
sc

en
ce

 U
ni

ts
 

	

	30 degrees 1 mM IPTG 

     Emission Wavelength (nm) 



	
	
28	

 

 

Discussion 

 The insertion of prepilins into the cytoplasmic membrane and processing by the 

prepilin peptidase is the first and best understood step in pilus biogenesis. Once pilins are 

processed, they need to be recognized by the biogenesis machine. This recognition is 

crucial for filament assembly and at minimum requires an interaction between bundlin 

and an additional component of the IM subassembly complex. The work described above 

confirms that bundlin interacts with BfpC and this might be the initial interaction 

between pilin monomers and the machine.  

The interaction between bundlin and BfpC was determined in vivo using a FRET 

system in which we observed transfer of energy from the N-terminus of pre-bundlin to 

the N-terminus of BfpC when in the presence of an inactivated BfpP. When wild type 

BfpP was present, pre-bundlin was processed and the N-terminal fluorophore was also 

removed. This unique system can also be used as a drug screen to identify potential 

prepilin peptidase inhibitors and will be discussed in Appendix 1. ITC data indicate a 1:1 

interaction and quantified the interaction between bundlin and BfpC188-402 to be 

approximately 17µM. While this binding affinity in the µM range is moderate compared 

to other protein-protein binding constants in the nm or even pm range, bundlin would be 

imbedded in the IM where movement is restricted. Additionally, this interaction is not 

permanent, and bundlin is subsequently extricated from the IM, breaking the interaction 

between bundlin and BfpC. Transient interactions of this nature are known to have 

binding constants in the µM range (112). Most notably, both of these experiments 
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confirm an interaction in the absence of any other biogenesis protein, suggesting that this 

interaction could recruits bundlin to the biogenesis machine.  

While pilin monomers have been shown to associate with the IM subassembly 

complex in other systems including P. aeruginosa, N. meningitidis and T. thermophilus 

(99-101), we are unaware of data indicating an interaction between the major pilin and a 

single component of the T4P biogenesis machine. Co-purification of PilN and PilO when 

tagged PilP was eluted from the column characterized a PilNOP subcomplex in P. 

aeruginosa (99).  Further work demonstrated that PilA associates with a PilMNOPQ 

“transenvelope” network connecting biogenesis components from the periplasm to the 

OM (85). Similar findings were observed in T. thermophilus using 3D reconstructions by 

electron microscopy (101), showing an interaction between PilA and PilMNO. While this 

work provides important data on the IM subassembly complex, it does not give any 

details on the interaction at the level of individual molecules. Here we provide data on the 

interaction between bundlin and BfpC, identifying a specific protein-protein interaction 

that could be targeted for future drug design. A bfpC mutant does not make pili, so we 

would anticipate that inhibition of this interaction would also inhibit pilus biogenesis 

(113).  

Previous work from our laboratory and other T4P and T2SS demonstrated 

interactions between N-BfpC (PilM) and the extension ATPase BfpD (PilB) (103, 114). 

We can now combine these data with the interaction between bundlin and BfpC and 

begin to conceptualize a step-wise process of pilus assembly. Biogenesis begins with 

maturation of the prepilin, catalyzed by the prepilin peptidase and DsbA. Once processed, 

mature pilins are then recruited to the IM subassembly complex through the interaction 
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with BfpC188-402, which we anticipate to be homologous to PilN. Energy from ATP 

hydrolysis of BfpD is then transmitted to the N-terminus of BfpC (PilM), which induces 

conformational change that extricates bundlin monomers from the IM.  

Several crystal structures of extension ATPases describe a hexameric ring of 

monomers with connected N- and C-terminal domains. Upon ATP binding and 

hydrolysis, these rings undergo large domain movements with some residues moving tens 

of angstroms. How this movement of a membrane-associated protein causes pilin 

extrication from the IM into the periplasm is not understood (14).  

Our laboratory has previously shown an interaction between N-BfpC and BfpD 

and this same interaction is seen in conserved T2SS proteins (103). However it is not 

known if BfpC transduces this energy directly. BfpE also interacts with the BfpD and 

BfpC, and could function in pilin extrication. While these proteins are known to associate 

with each other, specifics on these interactions are unknown and high-resolution 

structures of these protein-protein interactions will be crucial for future targeting efforts. 

Key questions that remain include: what causes the pilin subunits to dissociate from the 

PilMNO complex? What conformational changes occur to release the pilin monomers 

from the IM subassembly? In the BFP system, the role of BfpE in pilus extension and 

retraction requires further study. Additionally, details on the steps that occur after pilin 

monomers are extricated from the IM have been lacking. The following chapter will 

illuminate some of these details.  
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CHAPTER 3: A PERIPLASMIC PHASE OF TYPE IV PILUS 

BIOGENESIS 

Introduction 

The steps subsequent to pilin processing and prior to extrusion of T4Ps through 

the OM have not been elucidated. Chapter 2 provided information on the process by 

which pilin monomers are recruited to the IM and suggested that a direct interaction with 

BfpC may mediate this process. It is still unclear what happens after monomers are 

extricated from the IM, and which biogenesis proteins function at this step in pilus 

assembly. This gap in knowledge is due in part to the absence of an intermediate 

phenotype in pilus assembly, as mutations in most bfp proteins result in a non-piliated 

phenotype without other distinguishing features (14). Recent studies examining 

pseudopilus elongation in the T2SS show that formation of the PulI/J/K heterotrimer 

displaces the major pseudopilin PulK from the membrane (115). This structure is a 

nucleation point for the initiation of pilus formation. However no evidence of this 

structure has been observed in T4Ps systems to date.  

In T4P systems, it is known which proteins associate into larger sub-complexes. 

The PilMNOP interaction connects the IM subassembly complex to the secretin PilQ 

through PilP. The pilin monomer associates with the PilNOPQ complex. PilP is a 

lipoprotein located in the IM and has a similar structure to GspC, a component of the 

T2SS that has been shown to bind to its corresponding secretin (85). However, these 

interactions do not provide specifics on how these proteins function in pilus assembly.  
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The analysis of double mutants with mutations in the gene encoding the retraction 

ATPase and each pilus biogenesis component provided a major advance in distinguishing 

proteins strictly required for pilus assembly from those that contribute to the relative 

efficiency of pilus extension versus retraction. This analysis has been interpreted to 

indicate that the essential PilMNOP components use the energy from PilB ATP 

hydrolysis to extricate the mature pilin from the membrane and polymerase it into pili. 

The role of an additional polytopic IM protein, PilC (BfpE) is not clear. In N. 

meningitidis PilC (PilG in this case) is not required for T4P biogenesis in the absence of 

the retraction ATPase, while in P. aeruginosa it is (14). In EPEC the cytoplasmic N-

terminus of BfpE (PilC) interacts with the cytoplasmic N-terminus of BfpC (PilM) and 

together they recruit the extension ATPase, BfpD (PilB) to the IM (103). In EPEC there 

is no obvious PilO homologue, but like PilO, BfpL is a bitopic IM protein that is essential 

for pilus biogenesis. As BfpL interacts with the periplasmic portion of BfpC, and we 

suspect the latter to be a homologue of PilN, BfpL is a candidate for a PilO homologue 

(111). All T4P components from P. aeruginosa and EPEC are summarized in Table 1. 

Previous work from our laboratory regarding the BFP components associated with 

the OM indicated that the two soluble periplasmic proteins BfpU and BfpG are recruited 

to the OM by the BfpB secretin (78). In the absence of the secretin, BfpU and BfpG 

localize predominantly to the periplasm. Crosslinking experiments with tagged proteins 

identified complexes formed among these proteins. For example, BfpB and BfpU could 

be recovered with functional tagged BfpG after crosslinking and detergent extraction. 

Similarly, BfpU and BfpG could also be recovered along with functional tagged BfpB. 

However, in the case of tagged BfpU, in addition to BfpB and BfpG, bundlin was also 
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identified in eluates from the affinity purification column (78). This result suggests that 

there are separate BfpB-BfpU-BfpG and BfpU-bundlin complexes. It has also been 

observed that pre-bundlin and BfpU co-elute from a sizing column when incubated 

together.  

In the current work, I tested the hypothesis that bundlin interacts directly with 

BfpU during pilus biogenesis. In addition, since BfpU is periplasmic and the crosslinked 

complexes containing BfpU and bundlin do not contain the IM protein BfpC, I tested the 

hypothesis that the bundlin-BfpU interaction occurs after bundlin is extricated from the 

IM. In the process, I uncovered a discrete periplasmic phase of T4P biogenesis that is 

shared by T4aP and T4bP systems. 
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Materials and Methods 

Strains, plasmids and growth conditions 

  The plasmids and strains used in this study are detailed in Table 4. Unless 

otherwise indicated, bacterial strains were grown in LB at 37°C. For EPEC strains, 

overnight cultures were grown in LB and then diluted 1:100 into Dulbecco’s modified 

Eagle medium (DMEM) lacking phenol red to induce BFP expression. Antibiotics were 

added at the following concentrations to select for or maintain plasmids: ampicillin, 200 

µg/mL; chloramphenicol, 20 µg/mL; and kanamycin, 50 µg/mL.   

A BfpU-histidine fusion was created to co-purify bundlin from EPEC double 

mutants. bfpU was amplified from E2348/69 genomic DNA using primers BfpU_F2 and 

BfpU_R2, and cloned into EcoRI/BamHI sites of pTRC99a, making pCDS41.  

The previously-described bfpU mutant UMD922 (116) was used to generate bfp 

double mutants using a one-step PCR mutagenesis protocol (117). Each gene was 

targeted for mutagenesis with PCR products containing a resistance cassette flanked by 

FLP recognition sites and 50-bp homology to 5’ and 3’ end of each gene. Excision of the 

resistance cassette with FLP recombinase creates an in-frame deletion. All mutants were 

verified via PCR amplification and sequence confirmation. All primers used to create bfp 

double mutants are listed in Table 5. In the case of the bfpU bfpK double mutant, this 

method was unsuccessful. Therefore, the procedure was reversed by first making a bfpK 

mutant as described above, and then creating the double mutant by allelic exchange as 

previously described (33).  

To complement the bfp double mutants, a modification to pWKS130 was needed 

to create a chloramphenicol-resistant plasmid that is compatible with UMD922 
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(pCDS41). This was achieved by using one-step PCR mutagenesis as described above to 

amplify the cat gene conferring chloramphenicol resistance with overlapping homology 

to the region surrounding the aphA gene encoding kanamycin resistance in pWKS130. 

The new plasmid, pCDS101, was screened for chloramphenicol resistance and 

kanamycin sensitivity. bfp genes were cloned into NotI/BamHI sites.  

To complement the previously described P. aeruginosa mPAO1 pilP::Tn5 

mutant, a 6X his tag was added to the C-terminus of PilP encoded by pUCP20Gm-

pilPC18A by amplifying the gene with PilP_F1 and 122 PilP_R1 and re-cloned into 

pUCP20Gm as a BamHI/SphI fragment. 
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Table 4: Strains and plasmids used in this chapter 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Strain or 
plasmid 

Description, Genotype Reference or Source 

Strain   
E2348/69 Serotype O127:H6 EPEC strain isolated from an 

outbreak in the UK 
 

UMD922 E2348/69 bfpU1::aphA-3 (78) 
mPAO1 
pilP::Tn5 
mutant 

Tn5 transposon insertion mutant after base pair 254 in 
PilP 

(99, 100) 

RY3080 BL21 (DE3) slyD   
UMD971 ΔbfpUA  

 
This study 

UMD972 ΔbfpUB This study 
UMD973 ΔbfpUC This study 
UMD974 ΔbfpUJ This study 
UMD975 ΔbfpUP This study 
UMD977 ΔbfpUE This study 
UMD978 ΔbfpUD This study 
UMD979 ΔbfpUF This study 
UMD982 ΔbfpUI This study 
UMD983 ΔbfpUL This study 
UMD984 ΔbfpUG This study 
UMD985 ΔbfpUK This study 
Plasmids   
pTRC99a Low-copy trc promoter expression vector carrying the 

laciq gene  
(109) 

pCDS41 BfpU with C-teminal 6X histidine tag cloned into 
pTRC99a 

This study 

pWKS130 Low copy number vector (118) 
pCDS101 Modification of pWKS130 to change antibiotic resistance 

from kanamycin to chloramphenicol  
This study 

pUCP20Gm-
pilPC18A 

Point mutation of PilP cloned into pUCP20Gm  Lori Burrows 

pUCP20Gm-
hispilPC18A 

Addition of a 6X histidine tag to the 3’ end of PilP in 
pUCP20Gm-pilPC18A 

This study 

pMSD209 bfpA cloned into pQE-30 to produce His6x-prebundlin 
fusion 

This study 

pPF401 BfpA alpha-1 minus hydrophobic N-terminus in pET-
vector 

(110) 
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Table 5: Primers used in this chapter 

Primer Name Primer Sequence 

deltaBfpD-F  
 

CAGAAAATTTTTCTGAGATAGGTAAGTTTGATGCTAAACAAAACAGT
GAAGGCTGGAGCTGCTTC 
 deltaBfpD-RC  

 
AGCCTGTTTAATTTCTCTTTCATAGAAAACTATATCTCGTTATCATCCT
CCTTAGTTCCTATTCC 
 deltaBfpE-F  

 
TTCAGCAGAGATAACGAGATATAGTTTTCTATGAAAGAGAAATTAGT
GAAGGCTGGAGCTGCTTC 
 deltaBfpE-RC  

 
ATATTCATTATATCACACCGAAGAAAAAAATCAGAATCTTGCTGCATC
CTCCTTAGTTCCTATTCC 
 deltaBfpF-F  

 
GAATGTTTTCATTACAACAACAAATTAGTGATGCAGCAAGATTCTGTG
AAGGCTGGAGCTGCTTC 
 deltaBfpF-RC  

 
TAATAGAAATATACTTTCTTGCATAATATTTTAGCTAATCAGGTTATC
CTCCTTAGTTCCTATTCC 
 deltaBfpG-F  

 
TGTTTTGGGCGTATTATATGGGAGGTATATGTGAGGACAGTAATCGTG
AAGGCTGGAGCTGCTTC 
 deltaBfpG-RC  

 
AAGTGAATACCTGCCAAGTTTCATTTTAAATTATCCTTCGGGTGAATC
CTCCTTAGTTCCTATTCC 
 deltaBfpA-F  

 
TCCGTGACCTATTAATACGGGGGTTTTATAAGGAAAACAGTTTTTATG
GTTTCTAAAATCGTGAAGGCTGGAGCTGCTTC 
 deltaBfpA-RC  

 
TATACCTCCCATATAATACGCCCAAAACAGGGCGTATTATGTAGATTA
CTTCATAAAATAATCCTCCTTAGTTCCTATTCC 
 deltaBfpB-F  

 
GTTACACAATCACCCGAAGGATAATTTAAAATGAAACTTGGCAGGGT
GAAGGCTGGAGCTGCTTC 
 
  

deltaBfpB-RC  
 

AACCAATTACCGCTACGCCAAGATTATTCTTTATCATTCGCCAGAATC
CTCCTTAGTTCCTATTCC 
 deltaBfpC-F  

 
CATTTGTATAACCCCGAGAATTATTGATCTCAAGGCTTCTGGCGAATG
ATAAAGAATAATGTGAAGGCTGGAGCTGCTTC 
 deltaBfpC-RC  

 
ACTGAGGAAACGACAAACAAAAAAGTAAACAATATTTTTTTCAAACT
AAGCTCTCCCCCAATCCTCCTTAGTTCCTATTCC 
 deltaBfpP-F  

 
CATGGAAAAAACCTGATTAGCTAAAATATTATGCAAGAAAGTATAGT
GAAGGCTGGAGCTGCTTC 
 deltaBfpP-RC  

 
TTAGTTTATCATTAATTACAGGTGTTGCAGCATGTGTTCTCAATGCCA
GTTCTGTGAATA 
 deltaBfpF-F  

 
GAATGTTTTCATTACAACAACAAATTAGTGATGCAGCAAGATTCTGTG
AAGGCTGGAGCTGCTTC 
 deltaBfpF-RC  

 
TAATAGAAATATACTTTCTTGCATAATATTTTAGCTAATCAGGTTATC
CTCCTTAGTTCCTATTCC 
 deltaBfpI-F  

 
GAATATGTAAGTAAAAATTATGGTTCGTCTATGTTTATATTGAGAGTG
AAGGCTGGAGCTGCTTC 
 deltaBfpI-RC  

 
GTGGATGTTTTATGATAAGAAAAGAAAGCGGCCTTTCATTAATTGAA
GTAATGATTGGCG 
 deltaBfpJ-F  

 
CTTTTACAATAATTTCCGGGTGGATGTTTTATGATAAGAAAAGAAGTG
AAGGCTGGAGCTGCTTC 
 deltaBfpJ-RC  

 
ATAAGCGACAGTCCCTTTTGCTGACGTCCTTCAAAAATCATATCCATC
CTCCTTAGTTCCTATTCC 
 BfpD_PWKS13

0_F1  
 

GCATATGCGGCCGCATGCTAAACAAAACAGAAAAAACTTCAGATCTG
AT 
 

BfpD_PWKS13
0_R1  
 

GCATATGGATCCCTATATCTCGTTATCTCTGCTGAAAAGATATTTTTTC
CTT 
 BfpP_PWKS13

0_F1  
 

GCATATGCGGCCGCATGCAAGAAAGTATATTTCTATTATTGGTTTTTA
TATATGCGG 
 BfpP_PWKS13

0_R1  
 

GCATATGGATCCTTAATGATAAACTAAACATATAAAAAATGACGCGG
AAAGAG 
 BpfI_PWKS130

_F1  
 

GCATATGCGGCCGCATGTTTATATTGAGAAATAAAAGAAAAGAGTCA
GGTTTGT 
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Table 5 Continued 

BpfI_PWKS130_
R1  
 

GCATATGGATCCTCATAAAACATCCACCCGGAAATTATTGTAAAA 
 BpfI_PWKS130_

R1  
 

GCATATGGATCCTCATAAAACATCCACCCGGAAATTATTGTAAAA 
 BpfL_PWKS130

_F1  
 

GCATATGCGGCCGCATGTTATTCTTCTGGTGTGGTTTTTTTTCATTA
ATTGTAT 
 

BpfL_PWKS130
_R1  
 

GCATATGGATCCCTATCCCGTTTTGTTGAATGTTTTGATAATAGCAA
TA 
 

BfpC_PWKS130
_F2  
 

GCATATGCGGCCGCATGATAAAGAATAATCTTGGCGTAGCGGTA 
 BfpC_PWKS130

_R1  
 

GCATATGGATCCCTAAGCTCTCCCCCAAAAAACACC 
 gRNA_BfpK_F1  

 
AAACGTCGCTTATTGAAATAGCGATGGG 
 gRNA_BfpK_R1  

 
AAAACCCATCGCTATTTCAATAAGCGAC 
 3chlorpwks130  

 
TTAGAAAAACTCATCGAGCATCAAATGAAACTGCAATTTATTCATA
TCAGGATTATCAATACCATCCTCCTTAGTTCCTATTCC 
 5chlorpwks130  

 
ATGAGCCATATTCAACGGGAAACGTCTTGCTCGAGGCCGCGATTAA
ATTCCAACATGGATGTGTAGGCTGGAGCTGCTTC 
 His-PilP-F1  

 
GCATATGGATCCATGCACCACCACCACCACCACAGAGCCCGCCTGA
TTCT 
 His-PilP-R1  

 
GCATATGCATGCTCAGTGGTGGTGGTGGTGGTGGGAGCGTTCCTTG
AGAGTC 
  

Protein Purification 

Pre-bundlin was purified from M15 cells expressing pREP4 and pMSD209, 

which encodes a 6X histidine tagged pre-bundlin cloned into pQE30. Overnight cultures 

were diluted 1:100 into fresh LB containing ampicillin and kanamycin. Cells were grown 

at 37°C and induced with 1 mM IPTG for 5 hours and pelleted. Cells were resuspended 

in 20 mL lysis buffer (20 mM NaH2PO4, 500 mM NaCl, 10 mM Imidazole, pH 7.4) and 

lysed in a French press. The lysate was cleared for 30 minutes at 35,000 ! g and the 

supernatant was loaded onto a column containing 2 ml of Ni-NTA resin. The column was 

washed with 30 mL of lysis buffer with 20 mM imidazole. Pre-bundlin was eluted from 

the column with 10 mL of lysis buffer with 250 mM imidazole. Soluble bundlin was 

purified as previously described in chapter 2.  
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BfpU was purified from BL21 (AI) slyD cells expressing plasmid pAD07, which 

encodes a C-terminal 6X histidine tagged BfpU cloned into NcoI/SalI sites of pBAD24 

(78). Overnight cultures were diluted 1:100 in fresh LB containing ampicillin. Cells were 

grown at 37°C until OD 600 reached 0.4 and then induced with 0.1 % arabinose for 3 

hours. Cells were resuspended in 20 mL lysis buffer (20 mM NaH2PO4, 500 mM NaCl, 

pH 7.4) and lysed in a French press. The lysate was cleared for 30 minutes at 35,000 ! g 

and the supernatant was loaded onto a column containing 2 ml of Ni-NTA resin. The 

column was washed with 30 mL of lysis buffer with 20 mM imidazole. BfpU was eluted 

from the column with 10 mL of lysis buffer with 250 mM imidazole. 

ITC 

  All proteins were dialyzed in 10 mM HEPES, 150 mM NaCl, pH 7.4. ITC 

experiments were performed using an iTC200 instrument (GE Healthcare). To measure 

the interaction between bundlin and BfpU, 300 µM BfpU was loaded into the syringe and 

50 µM bundlin was placed in the cell. Titrations were performed at 25°C with 19 

injections at intervals of 210 s. All data were analyzed using Origin 7.0 software. 

Co-elution of bundlin with BfpU-His 
 
  Double mutants complemented with pCDS41 were grown to an OD 600 of 0.4 

and induced with 1 mM IPTG for 3 hours. Cell lysis and BfpU purification were 

performed as described above with two modifications; a final 1 mL wash was collected 

and then BfpU was eluted with 1 mL of lysis buffer with 500 mM imidazole. Each 

mutant was analyzed for bundlin in the flow-through to insure that its absence in the 

eluate was not due to its absence in the sample and in the final wash to ensure that any 
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bundlin present in the eluate was due to interaction with BfpU and not due to residual 

unbound bundlin. All washes and eluates were separated on an SDS-PAGE gel and 

transferred to Immobilon-FL membranes. Blots were probed with rabbit anti-bundlin 

primary antibody and IRDye 800-conjugated secondary antibodies. Infrared signals were 

detected using the Odyssey imaging system (Li-Cor Biosciences). 

Cell Fractionation 

  Periplasmic fractions were enriched using a previously described method (116). 

Briefly, UMD922 with pCDS41 was grown in DMEM for 3 hours to induce BFP 

expression; during the last hour IPTG was added to induce BfpU expression. Cell pellets 

were resuspended in 5 ml of TEX buffer (50 mM Tris/HCl, 3 mM EDTA, 0.1% Triton X-

100), incubated on ice for 30 minutes and centrifuged at 10,000 ! g for 10 minutes at 

4°C. The supernatant was removed and another volume of TEX buffer was added without 

disturbing the pellet. The sample was centrifuged again at 10,000 ! g for 10 minutes at 

4°C. Supernatants of both spins were pooled to yield periplasmic fractions. The pellet 

was resuspended in SDS buffer. All samples were separated by SDS-PAGE and 

transferred to PVDF membranes for western blot analysis. Blots were probed with anti-

bundlin, anti-BfpC, anti-BfpB, anti-BfpD, anti-GroEL, and anti-MBP primary antibodies, 

and IRDye 800-conjugated secondary antibodies. Infrared signals were detected using the 

Odyssey imaging system (Li-Cor Biosciences).  
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Results 

Bundlin binds to BfpU:  
 
  To quantify the interaction between bundlin and BfpU, we used ITC to measure 

the binding affinity. Purified BfpU was titrated into a cell containing purified soluble 

bundlin. The dissociation constant was calculated to be 2 µM and a 1:1 stoichiometry was 

calculated (Figure 7A). 

 

 

 

 

 
 
Figure 7. A. Isothermal titration calorimetry binding curve of BfpU being titrated against 
bundlin. Top graph showing the differential power recorded directly over time and the 
bottom figure showing the enthalpy over molar ratio. Calculated Kd for interaction is 2 
µM and stoichiometry is 1:1. B. Pulldown assay of BfpU. The bfpU mutant was 
complemented with plasmid pCDS41which encodes a his-tagged BfpU. Samples were 
analyzed by immunoblotting with anti-bundlin antibody. Purification of BfpU shows no 
bundlin present in the wash fractions. Elution of BfpU also yields bundlin. As a negative 
control bfpA was mutated in the bfpU background and complemented with pCDS41.   
 
 
 
 
 
 
 
 
 

A	 B	
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Confirmation of the bundlin-BfpU interaction in vivo using co-affinity purification  
 
  Prior experiments using crosslinking and detergent extraction demonstrated 

complexes containing bundlin and BfpU. However, the in vitro experiments described 

above indicate that bundlin and BfpU can form a soluble complex. Accordingly, we 

preformed pulldown assays using bfpU mutant strain UMD922, complemented with 

pCDS41 encoding his-tagged BfpU. We purified BfpU and identified bundlin in the 

elution fractions by Western blot. The absence of bundlin in the final wash fraction 

confirms that bundlin present in the elution is due to a specific interaction between 

bundlin and BfpU (Figure 7B). As expected bundlin was not identified in the eluate from 

a bfpA bfpU double mutant expressing BfpU-His. 

Localization of the bundlin BfpU interaction  

To determine if the BfpU-bundlin interaction occurs in the periplasm, we 

separated the periplasmic and cellular fractions of UMD922 complemented with 

pCDS41. The periplasmic fraction was then incubated with resin to purify his-tagged 

BfpU and probed for bundlin. We confirmed that bundlin was co-eluted with BfpU from 

the periplasmic fraction. The purity of sample preparations were assessed by Western 

blotting using anti-GroEL and anti-MBP antibodies (Figure 8A-C). The presence of the 

BfpU-bundlin complex in the periplasmic preparation indicates that this complex is 

soluble in the periplasm. 

The bundlin-BfpU complex does not contain BfpB, BfpC or BfpD  
 
  To determine if other BFP proteins are a part of the complex containing bundlin 

and BfpU, we probed eluates using available antibodies. The cytoplasmic ATPase BfpD, 

the IM protein BfpC, and the OM secretin BfpB were not present in the eluate containing 
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the BfpU-bundlin complex (Figure 8D-F). These results indicate that the bundlin-BfpU 

interaction does not include components of the IM subassembly complex or the OM 

secretin. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 8.  The interaction between bundlin and BfpU occurs in the periplasm. A. BfpU 
and bundlin interact in the periplasm. Cultures of the bfpU mutant complemented with 
pCDS41 were fractioned into soluble periplasmic supernatant (S) and pellet (P) fractions 
containing membrane and cytoplasmic proteins. The periplasmic fraction was incubated 
with Ni-NTA resin to detect BfpU and bundlin. Samples were analyzed by Western 
blotting with anti-bundlin antibody. The purity of the sample preparation was determined 
using anti-MBP and anti-GroEL antibodies. B. The periplasmic MBP protein is present 
predominantly in the supernatant. C. The cytoplasmic GroEL protein is present 
predominantly in the pellet. D-F. To determine if other BFP proteins were part of the 
bundlin-BfpU complex, the elution fraction was probed with other available BFP 
antibodies. The cytoplasmic ATPase BfpD, the IM subassembly protein BfpC, and the 
OM secretin BfpB were not detected in the elution fraction. 

 
 
Identification of proteins required to permit the interaction between bundlin and 
BfpU  
 
  To determine which BFP components are necessary to allow for bundlin to 

interact with BfpU in the periplasm, we created a panel of bfp double mutants in the 

UMD922 background. These strains were then complemented with the pCDS41 plasmid 

and pulldown assays were performed to determine if the deleted gene product was 

necessary to allow bundlin to interact with BfpU (Figure 9A). All BFP proteins were 
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assessed. Western blot analysis of flow-through fractions confirmed that all double 

mutants expressed bundlin. If bundlin was recovered from a double mutant in the eluate 

with BfpU, the absent protein was determined to be unnecessary for the interaction. If 

bundlin was absent from the elution, then complementation was performed to confirm 

that the deleted gene product is necessary for bundlin to interact with BfpU (Figure 9B).  

 

 

   

 

 

 

 

 

 

Figure 9: Identification of proteins involved before or during and after membrane 
extrication. A. Panel of bfp double mutants complemented with pCDS41. Pull downs of 
each bfp double mutant complemented with pCDS41 encoding BfpU-His were performed 
to determine BFP proteins required for membrane extrication. Final wash (W) and elution 
(E) of each mutant were probed by immunoblotting to determine the presence or absence 
of bundlin. B. The interaction between bundlin and BfpU could be restored to all bfp 
double mutants by complementation with the missing gene. Pulldowns were performed 
and final wash (W) and elution (E) fractions from each mutant were probed by 
immunoblotting with anti-bundlin serum.  
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  These experiments revealed that the prepilin peptidase BfpP, two bitopic IM 

proteins BfpC and BfpL, the extension ATPase BfpD, and the minor pilin BfpI are all 

necessary for bundlin to interact with BfpU. Conversely, the polytopic IM protein BfpE, 

the retraction ATPase BfpF, the periplasmic protein BfpG, the secretin BfpB, and two 

other minor pilins BfpJ and BfpK, are not necessary, as their absence didn’t affect the 

interaction between bundlin and BfpU. In all cases, complementation with the gene 

encoding the missing required protein restored the ability to recover bundlin with BfpU. 

A soluble periplasmic phase of T4aP biogenesis  

While BfpU doesn’t share any sequence homology with T4P components in other 

systems, it does share certain properties with PilP. For example, both proteins interact 

with the secretin and both are small proteins that are localized in the periplasm. Although 

PilP is a lipoprotein anchored to the IM by its lipid tail, deletion of the critical cysteine 

required for acylation does not interfere with its function (100). To determine whether a 

T4aP pilin interacts with a soluble periplasmic protein, we performed a similar pulldown 

assay using a pilP mutant strain of P. aeruginosa complemented with His-tagged PilP 

lacking its lipid tail. We purified PilPC18A and probed for the presence of the PilA pilin in 

the elution fraction. As we found in EPEC, PilA co-elutes with PilP, indicating that PilP 

and BfpU likely have the same function (Figure 10). 
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Figure 10. BfpU is a PilP homologue. Pulldown assay using tagged PilP was performed 
to determine if PilP could pull down the pilin protein PilA from P. aeruginosa. Cell 
lysate (L) and flow-through (FT) were probed to determine if PilA was expressed. 
Presence of PilA in elution fraction (E) indicates these two proteins interact in vivo. 

 

Discussion 

Investigations of the interaction between bundlin and BfpU began with the 

observation that purified pre-bundlin co-eluted with BfpU from a sizing column, 

suggesting that the two proteins form a stable soluble complex. This interaction was 

further quantified using ITC and a dissociation constant of 2 µM was calculated for this 

1:1 complex. Elution of His-tagged BfpU from a bfpU mutant resulted in the co-

purification of bundlin. This result suggested that the interaction between bundlin and 

BfpU occurred in the periplasm where BfpU is located. Since both BfpU and BfpC bind 

bundlin, I wanted to determine whether binding of bundlin to one protein was required 

for binding to the other in vivo. If one was required for the other, then the dependent 

protein is not responsible for recruiting bundlin to the machine. Thus, I wished to use the 

BfpU-bundlin interaction to determine whether BfpC is necessary to facilitate this 

interaction. Pulldown of His-tagged BfpU in a bfpC mutant confirmed this hypothesis. To 

expand this analysis, we took advantage of the BfpU-bundlin interaction to determine 

which other BFP components are essential for this periplasmic phase of pilus biogenesis. 
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Our studies allowed us to specify those proteins required for pilus extrication from the 

IM, and those required after.  

Despite over forty years of study, the biogenesis of T4Ps remains poorly 

understood. Indeed, in contrast to chaperone-usher pili, discrete steps in T4P biogenesis 

subsequent to pilin processing and prior to the appearance of formed fibers on the 

bacterial surface have not been described. Determining distinct roles for T4P proteins has 

been difficult because most gene mutations result in a non-piliated phenotype without 

other distinguishing features. However, the analysis of double mutants with one mutation 

in the retraction ATPase allowed the identification of core proteins strictly required for 

T4P biogenesis and the proposal that the extension ATPase and the IM PilMNOP 

complex together extricate the pilin from the IM (14). 

Previous work in P. aeruginosa revealed the presence of an interaction complex 

containing pilin and the PilMNOP IM proteins. Additionally, PilP was shown to interact 

with the OM secretin (85, 99). While this static picture provided important evidence of 

interactions from the OM to the IM, it did not reveal the dynamics of the process. It is 

believed that pilin monomers assemble into pili because of the favorable energetics 

resulting from burying the hydrophobic N-termini of pilin monomers into the core of the 

pilus (14). This may explain why pilin monomers assemble into pili, but how this occurs 

is unclear. The interaction between bundlin and BfpU provided us with a specific 

intermediate point in pilus biogenesis, which allowed us to determine which proteins are 

necessary for this periplasmic interaction to occur and revealed the stepwise manner of 

T4P biogenesis.  
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Our studies reveal several critical features of the bundlin-BfpU interaction: it 

requires no other proteins, as it can be reproduced in vitro; it occurs in the periplasm, as 

predicted from BfpU localization; and it is not part of a larger complex containing the 

conserved cytoplasmic extension ATPase, IM BfpC (PilMN) proteins or OM secretin. 

Thus, it is a phenomenon that can be distinguished from the previously described PilA-

PilMNOPQ interaction (85). It would have been desirable to test for the presence of other 

BFP proteins in this complex, however the remainder of available antibodies are not 

sensitive enough to detect their antigens in our system. Future work in the laboratory in 

this area will hopefully produce an entire panel of usable BFP antibodies for this purpose. 

To determine which additional BFP components were necessary to permit the 

interaction between bundlin and BfpU, we determined if the absence of other BFP 

components affected the ability to co-elute bundlin with BfpU. These experiments 

revealed that the BfpP (PilD) prepilin peptidase, BfpD (PilB) extension ATPase, BfpC 

(PilMN) and BfpL (PilO?) IM proteins, and minor pilin BfpI are necessary for bundlin to 

interact with BfpU, while the other BFP components including the polytopic IM BfpE 

(PilC) protein, BfpB (PilQ) secretin, minor pilins BfpJ and BfpK, retraction ATPase 

BfpF (PilT), and the unique periplasmic BfpG protein are not necessary to allow the 

interaction between bundlin and BfpU. We extended this analysis to a T4aP system and 

determined that the pilin PilA can be co-eluted with PilP, which shares several properties 

with BfpU. This knowledge allows us to propose a novel model revealing discrete steps 

of T4P biogenesis. 

Prepilin monomers inserted in the IM are first processed by the prepilin peptidase 

and DsbA to create the mature pilin proteins that can then interact with the assembly 
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complex. We determined in Chapter 2 that bundlin interacts with BfpC (PilMN). We 

hypothesize that this interaction is what recruits pilin monomers to the IM subassembly 

complex. Chemical energy derived from the BfpD (PilB) extension ATPase is transduced 

to mechanical energy through BfpC and BfpL (PilMNO) to extricate the pilin monomer 

from the IM to the periplasm. There, the pilin monomers are captured by BfpU (PilP) in a 

1:1 complex before being incorporated into the pilus fiber. Only then is the fiber extruded 

through the OM secretin.  

The finding that all proteins in the IM subassembly complex except for BfpE 

(PilC) are required for bundlin to interact with BfpU was initially surprising. However, a 

distinct role of PilC (PilG in this case) in T4P biogenesis had earlier been suggested by 

the finding in N. meningitidis that PilC is not essential for pilus extension in the absence 

of the retraction ATPase. In contrast, T4Ps are not expressed in a similar double mutant 

of P. aeruginosa. PilC may coordinate the activity of the extension and retraction 

ATPases as it interacts with both via its two cytoplasmic domains (14). Similarly, we 

have determined that a bfpE bfpF double mutant has a non-piliated phenotype (data not 

shown). These results can be reconciled if PilC operates on T4P biogenesis after pilin 

extrication from the IM, perhaps to guide soluble pilin for proper insertion in the growing 

pilus, in a process that is essential in some, but not all systems. 

We found that one minor pilin, BfpI, is required for bundlin to interact with BfpU 

while the two other minor pilins, BfpJ and BfpK, are not. Recent evidence indicates that 

all three minor pilins are incorporated into the pilus (Martinez de la Peña, De Masi, Nisa, 

Mulvey, Tong, Donnenberg, Armstrong, submitted for publication). However, our 

evidence indicates that only BfpI is required for bundlin to be extricated from the IM. We 
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speculate that BfpI functions in pilus initiation and in its absence bundlin cannot be added 

to the nascent pilus fiber. Minor pilins in P. aeruginosa have been found to prime and 

function in initiation of pilus assembly (119). BfpI might pay this role in the BFP system; 

however, further investigation is necessary to test this hypothesis.  

Another question in T4P biogenesis is the actual assembly of the biogenesis 

apparatus. In Myxococcus xanthus, an outside-in assembly pathway was observed with 

PilQ in the OM recruiting a subcomplex consisting of PilNOP, through the interaction 

between PilP and PilQ. PilPNO then recruits PilMNC. It was found that PilQ is required 

for the stability of PilMNOP. This implies that the assembly of the IM subassembly 

complex requires the presence of PilQ and PilP (120). However, our work indicates that 

the secretin is not required to have proper function and assembly of the IM subassembly 

complex in EPEC as a bfpB mutant still allowed for bundlin to interact with BfpU in the 

periplasm. Additionally, in vitro studies in multiple systems show association of an IM 

subassembly complex in the absence of the secretin (99-101). While PilQ and PilP might 

properly align the complex, the IM subassembly complex will form in the absence of 

PilQ and PilP.  

In P. aeruginosa and N. meningitides, PilP is a lipoprotein anchored to the IM that 

interacts with the PilMNO complex and the periplasmic N0 domain of the PilQ secretin. 

Importantly, PilP acylation isn’t essential for pilus biogenesis (85, 121). These 

similarities between BfpU and PilP promoted us to determine if they have similar 

functions. Indeed, as with bundlin and BfpU, PilA could be co-eluted with soluble 

periplasmic PilP. A key difference in these systems, however, is that the interaction 

between PilP and PilA in wild type P. aeruginosa would take place while PilP is tethered 
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to the IM. Despite this difference, it is likely that both proteins function to bind pilin 

monomers after they are extricated from the IM and guide them to assembly and 

extrusion through the secretin. Thus, capture of periplasmic pilin after the energy from 

ATP hydrolysis by PilB is transduced to mechanical energy by the PilMNO complex, 

appears to be a common feature of T4P biogenesis.  

This work assigns a function to a single T4P biogenesis component. More 

importantly, the interaction between bundlin and BfpU has illuminated a heretofore 

unknown step in pilus biogenesis. Future work to identify residues responsible for the 

interaction between bundlin and BfpU, and even more desirable, a crystal structure of the 

complex would provide target sites for inhibiting this protein-protein interaction. As this 

is just one protein-protein interaction necessary for T4P biogenesis, structural data of 

interaction partners will allow for future drug development.  
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CHAPTER 4: T4P SECRETINS HAVE EXTRACELLULAR C-

TERMINI 

Introduction 

In gram-negative bacteria, the final step in T4P biogenesis requires passage of the 

pilus fiber through a pore in the OM created by the secretin complex (14). The secretin 

family of proteins is required for not only for T4Ps to express pili on the cell surface but 

also for secretion of substrates in T2SS and T3SS (22, 99, 122, 123). Despite their 

importance, structural data are limited. It is known that, with very few exceptions, OM 

proteins form β-barrels with an even number of strands (97, 124). Also, the C-terminal 

secretin domain contains predicted amphipathic transmembrane β-strands (75). Currently, 

this prediction lacks experimental proof. Attempts in our laboratory to crystallize BfpB 

have not been successful, so in the absence of atomic data, I completed experiments 

begun by a prior student to generate a topology model for BfpB.  

Evidence indicates that the N-termini of secretin monomers are located in the 

periplasm where they associate with other components of the secretin machine and/or 

confer substrate specificity (75). Localization of the periplasmic N-termini is 

substantiated by various crystal structures of the N-termini of secretins and cryo-EM 

maps with fitted atomic structures of both the periplasmic vestibule formed by the N-

termini and a T2S substrate (92, 93). Additionally, in T2SS secretins, the C-termini are 

periplasmic, where they can interact with an accessory protein called a pilotin that is 

required for OM targeting (125, 126).  
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Previous work in the Donnenberg laboratory has provided strong evidence that 

the first 171 amino acids of BfpB are periplasmic. The periplasmic proteins BfpU and 

BfpG both interact with BfpB1-171 in a yeast two-hybrid assay but do not interact with 

BfpB172-553 or each other (78). While we expect the N-termini of BfpB monomers to be 

localized to the periplasm, we know little about the topology of the rest of the protein. 

Work begun by Joshua Lieberman, another graduate student, sought to determine 

the membrane topology of BfpB. Using iodination of solvent-exposed residues of 

purified BfpB with a C-terminal streptavidin affinity tag (BfpB-Strep) followed by 

detection by tandem mass spectrometry allowed for the identification of solvent-exposed 

tyrosine and histidine residues. This effort identified eight iodinated residues, including 4 

in the first 171 amino acids predicted to be periplasmic (H37, Y64, H86, and H116) 

(Table 6). Additionally, four extracellular residues were identified by iodination of intact 

cells expressing BfpB-Strep (Y215, Y315, Y360, Y503) (Figure 11) (98).  

Residue Iodinated residue identified in purified protein 
H37 3/9 
H50  
Y51  
Y64 1/1 
H86 1/12 
H116 1/1 
Y184  
Y215  
Y272 3/6 
Y296 1/4 
Y315  
Y360 1/1 
Y503 3/8 
Table 6. All iodinated residues identified by LC-MS/MS. Data are presented as number 
of peptide spectrum matches (PSMs) with an iodinated residue over all PSMs containing 
that residue. 
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Figure 11. Iodination of extracellular residues in intact cells. Purified BfpB from 
labeled intact cells was subjected to MS identification of extracellular residues as 
indicated by an iodination event. The graph displays the number of iodination events 
divided by the total number of times the peptide was recovered to yield an iodination 
percentage. Figure courtesy of Joshua Lieberman, MD, PhD.  

 

The iodination results allowed for the selection of two control residues. S41 was 

selected as a periplasmic control because it is located in the previously-predicted N-

terminus very close to H37, which was iodinated in purified protein, but not intact cells. 

The extracellular control was T309 which is in close proximity to Y315, which was only 

iodinated in intact cells. These and other serine and threonine residues were selected to 

minimize the effects of mutating to cysteine as they differ in only a single atom for 

serine, and threonine is highly similar in structure (98).  

Wild-type BfpB contains two endogenous cysteines, C18 and C539. C18 is 

palmitoylated by the Lol pathway and buried in the inner leaflet of the OM so it is 

unavailable to react with sulfhydryl-labeling reagents (127, 128). Furthermore, C539 is 

predicted to be buried in the OM by secondary structure algorithms (98). Nonetheless, a 

BfpBC539S “cysteine-free” mutant was created as a negative control. Additional serine and 

threonine residues were selected along the length of the BfpB protein for mutation to 

cysteine. In total, 11 BfpB cysteine-scanning mutants (BfpB-CSMs) including BfpBC539S 
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were constructed and confirmed to restore autoaggregation to the bfpB null mutant 

UMD923. Since functional BFP are required for autoaggregation and BfpB is required 

for functional BFP, these mutants do not affect BfpB function. Each CSM was tested for 

solvent accessibility by in situ labeling with the sulfhydryl-reactive trimethyl maleimide 

polyethylene glycol [TMM(PEG)12]. All residues were labeled except wild-type BfpB, 

BfpBS290C, and the negative control BfpBC539S (Figure 12) (98). 

Figure 12. Solvent accessibility labeling of BfpB-CSM. Western blot results from 
TMM(PEG)12 labeling of BfpB-CSM. The 50-kDa marker bands are shown in lanes M. 
(A) Results of TMM(PEG)12 labeling of control BfpB-CSM constructs. After 2-h 
incubation with the reagent, a second band (solid arrow) with decreased Mr was observed, 
indicating that a positive label was consistently observed for BfpBT309C and BfpBS41C. No 
such band was ever observed with either wild-type (WT) BfpB or BfpBC539S. (B) Control 
to confirm that the slower-migrating band is due to TMM(PEG)12. The Western blot 
shows the absence of the slower-migrating band without TMM(PEG)12 labeling (open 
arrow). (C) TMM(PEG)12 labeling of all BfpB-CSM mutants reveals that all but three 
(wild-type BfpB, BfpBC539S, and BfpBS490C) are labeled and therefore solvent accessible. 
Figure courtesy of Joshua Lieberman, MD, PhD. 
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 While these data confirmed that these residues were not embedded in the 

membrane, it did not clarify on which side of the membrane they were located. To 

address this question, I performed FRET experiments to determine the location of each 

CSM by labeling cysteine residues with tetramethylrhodamine-5-(and-6) C2 maleimide 

(TAMRA-malemide) as an acceptor of photons emitted from Streptavidin-DyLight-488 

nm (SA-488) bound to the C-terminal Strep affinity tag. Since the N-terminus of BfpB is 

periplasmic, we hypothesized that the C-terminus of BfpB is also periplasmic, to allow 

for an even number of TM strands, as has been seen in all known β-barrel structures. 

Therefore, we predicted that FRET would occur between the C-terminal SA-488 

molecule and labeled S41C, but not with labeled T309C. Additionally, we sought to 

determine the topology of the additional CSM. 

Combining FRET data with previous data from the lab, we assembled a model 

topology of BfpB with some unexpected results that were confirmed in a T4aP secretin, 

indicating a unique topology for the T4P class of secretins. Additionally, we determined a 

functional role for this topological difference. This refined topology of BfpB is key to our 

understanding the architecture of the BFP and other T4P biogenesis machines, as well as 

the general structure of all secretins.  
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Materials and Methods 

Strains, plasmids and growth conditions  

All strains and plasmids used in this study are presented in Table 7. Bacterial 

strains were cultured in LB broth at 37°C. Antibiotics (ampicillin, 200 µg/mL; kanamycin 

50 µg/mL) were added to select for or maintain plasmids. All bacterial cultures were 

grown at 37°C with agitation at 225 rpm unless otherwise specified. 

 

 

Purification of BfpB and western blotting  

Wild type and mutated forms of BfpB were transformed into XL1-Blue cells and 

induced with anhydrotretracycline (AHT) (20 µg/100 mL final concentration) to induce 

BfpB expression. Cells were resuspended in lysis buffer (100 mM Tris/HCL, 100 mM 

NaCl, 1 mM EDTA, pH 7.0) and lysed in a French press at 20,000 psi. three times. The 

lysates were centrifuged at 5,000 ! g, membranes were then pelleted at 100,000 ! g for 

1 hour. The membrane preparation was solubilized in lysis buffer + 2 % SDS for 10 

minutes. The SDS concentration was decreased to 0.1% with additional lysis buffer. 

Lysates were incubated with Strep-Tactin Sepharose (IBA) for 20 minutes at room 

temperature. The column was washed twice with 20 ml of lysis buffer, followed by 

elution with buffer A + 2.5 mM desthiobiotin. BfpB was detected by running purified 

protein on SDS-PAGE gels which were run according to the manufacturer’s instructions 

(Bio-456 Rad) and transferred at 21 V for 80 min at 4°C to Immobilon polyvinylidene 

fluoride membranes (Micropore, catalog no. IPFL0010), blots were probed with rabbit 
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anti-BfpB (1:15,000) and IRDye 800 nm conjugated anti-rabbit secondary antibodies 

(1:15,000) (Licor Biosciences).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	
	
59	

Table 7: Strains and Plasmids used in this study 

Strain                                Description/genotype                                                          Reference or Source 
XL1Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 

lac [F´ proAB lacIqZ∆M15 Tn10 (TetR)] 
Stratagene 

XL10gold TetRΔ(mcrA)183Δ(mcrCB-hsdSMR-mrr)173 
endA1 supE44 thi-1 recA1 gyrA96 relA1 lac Hte 
[F´ proAB lacIqZΔM15 Tn10(TetR) Amy CamR] 

Stratagene 

DH5α supE44 ΔlacU169(φ80 lacZΔM15) hsdR17 recA1 
endA1 gyrA96 thi-1 relA1 

(17, 18) 

O395 Vibrio cholerae strain used to clone epsD into 
pASK-IBA3 

M. Waldor 

PAO1 Pseudomonas aeruginosa strain used to clone  
pilQ into pASK-IBA3 

(129) 

H10407 Enterotoxigenic Escherichia coli serotype 
O78:H11 CFA/I LT+, ST+  

(130) 

Plasmid                           Description/genotype                                                          Reference or source 
pASK-IBA3 Strep-tag expression vector IBA BioTAGnology 

(Olivette, MO) 
pWS15 bfpB-Strep	gene	cloned	into	pASK-IBA3 (78) 
pJAL-B12 bfpBS217C-Strep gene cloned into pASK-IBA3 This study 
pJAL-B13 bfpBS356C-Strep gene cloned into pASK-IBA3 This study 
pJAL-B14 bfpBT309C-Strep gene cloned into pASK-IBA3 This study 
pJAL-B17 bfpBS41C-Strep gene cloned into pASK-IBA3 This study 
pJAL-B19 bfpBC540S-Strep gene cloned into pASK-IBA3 This study 
pJAL-B24 bfpBS198C-Strep gene cloned into pASK-IBA3 This study 
pJAL-B25 bfpBS328C-Strep gene cloned into pASK-IBA3 This study 
pJAL-B26 bfpBS419C-Strep gene cloned into pASK-IBA3 This study 
pJAL-B27 bfpBS462C-Strep gene cloned into pASK-IBA3 This study 
pJAL-B28 bfpBS490C-Strep gene cloned into pASK-IBA3 This study 
pJAL-B35 bfpBS422C-Strep gene cloned into pASK-IBA3 This study 
pJAL-B36 bfpBS410C-Strep gene cloned into pASK-IBA3 This study 
pJAL-B41 bfpBS268C-Strep gene cloned into pASK-IBA3 This study 
pJAL-B42 bfpBS457C-Strep gene cloned into pASK-IBA3 This study 
pJAL-B43 bfpBT202C-Strep gene cloned into pASK-IBA3 This study 
pJAL-B44 bfpBS342C-Strep gene cloned into pASK-IBA3 This study 
pJAL-B45 bfpBS368C-Strep gene cloned into pASK-IBA3 This study 
pJAL-B51 bfpBS544C-Strep gene cloned into pASK-IBA3 This study 
pCR Zero 
Blunt 

Blunt-ended cloning vector Invitrogen 
pJAL-S1 dsbA gene cloned into pCR Zero Blunt This study 
pJAL-S2 eae557 gene fragment cloned into pCR Zero Blunt This study 
pJAL-S3 dsbA-Strep cloned into pASK-IBA3 This study 
pJAL-S4 eae557-Strep cloned into pASK-IBA3 This study 
pCDSJ1 pilQ gene cloned into pCR Zero Blunt This study 
pPilQ-Strep pilQ gene cloned into pASK-IBA3 This study 
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Table 7 Continued  

pCDSJ2 escC gene cloned into pCR Zero Blunt This study 

pEscC-Strep escC gene cloned into pASK-IBA3 This study 

pCDSJ3 gspD gene cloned into pCR Zero Blunt This study 

pGspD-Strep gspD gene cloned into pASK-IBA3 This study 
pCDSJ4 espD gene cloned into pCR Zero Blunt This study 

pEpsD-Strep espD gene cloned into pASK-IBA3 This study 
pBfpBΔIPS BfpB536-Strep cloned into pASK-IBA3 This study 

pBfpBΔβ16 BfpB510-Strep cloned into pASK-IBA3 This study 

 

Table 8: Primers used in this study 

Name Sequence 
BfpB_S553C_Fwd TCTCAAGGCTTCTGGCGAATGCGCTTGGAG 
BfpB_S553C_Rev CTCCAAGCGCATTCGCCAGAAGCCTTGAGA 
dsbA_Strep_Fwd AAGGATGGTCTCAATGAAAAAGATT TGGCTGGCGC 
dsbA_Strep_Rev CAAGATGGTCTCAGCGCTTTTTTTCTCGGACAGATATTTCACAGT

ATCAGC 
Intimin557_Strep_Fwd AAGGATGGTCTCAATGATTACTCATG GTTTTTATGCCCGG 
Intimin557_Strep_Rev CAAGATGGTCTCAGCGCTCCCAACC TGGTCGACCACC 
Donn1448  GAGTTATTTTACCACTCCCT 
Donn1450 AGGGCGCGCTTTCCACG 
Donn1417 TGGTGACATCTGCATCTGTAACTACGATG 
GspD_Strep_Fwd AAGGATGGTCTCAAATGGTGTTTTGGCGTGATATTACGTTGTCG

GTCTGGCGTAAGA 
GspD_Strep_Rev CAAGATGGTCTCAGCGCTACGCGTTCTCCCGGCATTGAGGAACG 
EpsD_Strep_Fwd AAGGATGGTCTCAAATGGCTTCCATCTGCTCAATAAAGGCTT 
Epsd_Strep_Rev CAAGATGGTCTCAGCGCTGTGAAATATTGGCTGAAAAAAAGTTC

ATGG 
PilQ_Strep_Fwd AAGGATGGTCTCAAATGAACAGTGGCCTCTCGCGCCTCG 
PilQ_Strep_Rev CAAGATGGTCTCAGCGCTGCGACCGATTGCGATGGCCTGATTAT

TCATGATCCG 
EscC_Strep_Fwd AAGGATGGTCTCAAATGAAAAAAATAAGTTTTTTTATTTTTACA

GCACTATTTT EscC_Strep_Rev CAAGATGGTCTCAGCGCTTTCGCTAGATGCAGATTTTATCG 
Donne420 AAGGATGGTCTCAAATGAAACTTGGCAGGTATTC 
BfpBΔIPS_Rev CAAGATGGTCTCAGCGCTGACAGTGACTGTTCGGGAAGC 
BfpBΔβ16_Rev CAAGATGGTCTCAGCGCTTTCGTTTCTCTTCTTCTCATATCCTGCC 
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In vitro FRET assays  

TAMRA-maleimide (AnaSpec # 81441-25) was dissolved in 30 µL of 

dimethylformamide (DMF) and diluted 1:500 in buffer A (100 mM NaCl, 100 mM Tris, 

1 mM EDTA, pH 6.0). The absorbance at 552 nm was measured and used to calculate the 

concentration of maleimide-conjugated dye (ε= 75190 M-1 cm-1). TAMRA-maleimide 

was added to purified wild type and cysteine-mutated BfpB-Strep proteins (0.9 µM) at a 

10:1 ratio for 1 h. The reaction was quenched with 100-fold excess N-ethylmaleimide 

(Pierce# 23030) and the samples were dialyzed five times for a total of 72 h into Buffer A 

at pH 7.0 at 4°C. The acceptor-only fluorescence was read on a Molecular Devices 

SpectraMax M2e (Serial No. 600 DE05539) using UV-transparent 96-well plates (Costar, 

#3635) by exciting at 520 nm with a 530 nm long pass filter and collecting emission from 

550 to 650 nm in 10 nm steps. SA-488 (Pierce #21832) was added to both TAMRA-

maleimide-labeled and unlabeled BfpB constructs in a 1:1 dye:protein ratio and allowed 

to incubate for 20 min at 4°C. The sample fluorescence was then read by exciting at 465 

nm with a 475 nm long pass filter and collecting emission from 490 to 650 nm in 10 nm 

steps. 

FRET efficiency was calculated by the formula 𝐸 = 1− (!"#"$!!""#$%&')
!"#"$ !"#$

 where 

the numerator is the fluorescence intensity of the double-labeled sample and the 

denominator is the fluorescence intensity in the donor-only labeled sample. At least three 

independent labeling experiments were performed for each BfpB-CSM strain. Wild type, 

BfpBS41C and BfpBT309C were run with each experiment as internal controls. FRET 

efficiencies were averaged and the statistical significance of differences between samples 

was determined using Analysis of Variance (ANOVA) in Microsoft Excel.  
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Although FRET efficiency is distance-dependent to the inverse 6th power, 

estimating true distance using FRET is a difficult proposition. The efficiency of energy 

transfer is also dependent upon the orientation of the fluorophore dipoles, which cannot 

be readily controlled or predicted in our system; different labeled residues may have 

different relative dipole orientations. However, we can use our FRET system to predict 

topology. A residue displaying FRET efficiency significantly different from the wild type 

BfpB baseline likely indicates an extracellular residue as the thickness of the OM and 

size of streptavidin (see discussion) make it highly unlikely that periplasmic residues can 

accept energy transfer from the donor fluorescence.  

 

Flow Cytometry of Secretins  

The previously described plasmids pJAL-S3 and pJAL-S4 were used as DsbA-

Strep and intimin557-Strep expression vectors (98).  In brief, full-length dsbA and eae 

(codons 1 -557) were amplified from E2348/69 genomic DNA using 

primers dsbA_Strep Fwd/Rev and intimin557_Strep_Fwd/Rev (Table 8), which 

introduced asymmetric BsaI restriction sites on either side of the PCR product. The 

products were cloned into pASK-IBA3 and resulting products were verified by restriction 

digestion and sequencing. The same process was used to clone EPEC escC, V. cholerae 

epsD, enterotoxigenic E. coli gspD and P. aeruginosa pilQ into pASK-IBA3 using the 

primers shown in Table 8. For flow cytometry, glycerol stocks were streaked to isolation 

and used to inoculate LB with ampicillin. After overnight growth at 37°C with agitation 

at 225 rpm, fresh 5 mL cultures of LB were inoculated with 50 µL of overnight culture of 

each strain and grown at 37°C to an OD600 of 0.5. Expression was induced with           
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20 µg /100 mL AHT for 3 hours. Aliquots of 1 mL were taken and centrifuged at 

maximum speed in a benchtop centrifuge for 1 minute to remove media. The pellets were 

resuspended in 100 µl PBS containing a 1:200 dilution of stock SA-488 (1 mg / mL) and 

incubated at room temperature for 30 min. Cells were fixed with 800 µL of 2% (wt/vol) 

paraformaldehyde (PFA) and incubated on ice for 30 min. Cells were washed three times 

with 500 µL of PBS to remove excess SA-488 and PFA and the cell pellets were 

resuspended in 500 µL PBS with 10 µl of SYTO 16 (Life 653 Technologies # S7578) as 

a nucleic acid counter-stain and incubated at room temperature for 30 min. Cells were 

washed a final three times and resuspended in 500 µL of PBS. Ten thousand cells for 

each strain were analyzed using a BD LSRII Flow Cytometer (Becton, Dickinson). The 

geometric mean fluorescence intensities (MFI) and percentage of positive cells were 

recorded for each sample. The experiments were performed in triplicate.  

Rules for Defining a Topology Model of BfpB  

We identified potential periplasmic residues in BfpB in two ways: 1) histidine or 

tyrosine residues iodinated in purified protein but not in BfpB labeled in the OM of intact 

cells; and 2) TAMRA-labeled cysteines, endogenous or engineered point mutants, that 

did not FRET with the C-terminus, which we determined to be extracellular by flow 

cytometry. In contrast, we classified residues as extracellular if: 1) they were histidine or 

tyrosine residues iodinated in BfpB in situ in intact cells; or 2) if a TAMRA-labeled 

cysteine permitted energy transfer from the C-terminal SA-488 donor in FRET 

experiments. We classified FRET results as likely extracellular if the fluorescence was 

significantly different from the wild type background FRET (8%) by ANOVA. We 

assigned regions where an even or odd number of transmembrane strands were required 
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to maintain residue assignments from the labeling results. We determined the maximum 

and likely number of beta strands that could fit into each of these regions based on the 

number of amino acids between anchor residues. Next, we were able to refine our 

topology model using the sequence characteristics from our previous assumptions based 

on characteristics of solved beta barrels in combination with multiple computer 

predictions of secondary structure and direct assessment of the primary sequence to 

assign transmembrane domains. In assessing the primary sequence, we preferentially 

assigned beta strands with aromatic residues at the hydrophobic-hydrophilic interface and 

alternating hydrophobic-hydrophilic residues as these are common themes in beta barrel 

structures (131, 132). In keeping with common features of OM protein beta barrels, for 

our model we assumed that most periplasmic turns were short, generally consisting of 

fewer than 10 amino acids (97, 131), although longer turns were allowed (133); we 

permitted charged residues in the transmembrane strands but rejected models with 

multiple charged residues in series (134, 135); and we permitted prolines in the 

transmembrane strands (136, 137). 

 

Ampicillin consumption assay 

 
Cleavage of ampicillin by endogenous beta-lactamases was used to assess effect 

of intrapore segment (IPS, see below) deletion on pore size. Full length BfpB and an IPS 

deletion were cloned into pASK-IBA3 and transformed into XL10 gold E. coli (Agilent). 

Additionally the empty pASK-IBA3 was also transformed in XL10 gold as a vector-only 

control. After overnight growth in LB with ampicillin to select for plasmid maintenance, 

cultures were centrifuged and resuspended in PBS. A 1:100 dilution of cells into 
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Neidhardt EZ Rich Media was grown at 37° for 3 hours. Ampicillin and AHT were added 

to induce expression from the pASK-IBA3 vector. The optical density (OD) at 260 nm 

was recorded at ten minute intervals for an hour to determine cleavage of the beta-lactam 

ring in ampicillin, and therefore its ability to traverse the OM to the periplasmic beta-

lactamase. This value was normalized to the OD 600 to account for slight differences in 

cell numbers. 

 

Results 

In vitro FRET Determines the Orientation of Cysteine Mutations to the OM  

  To determine whether each mutated cysteine residue is extracellular or 

periplasmic we measured intramolecular FRET on purified BfpB-Strep complexes, using 

streptavidin Alexa Flour 488 (SA-488) as the donor fluorophore and the panel of Bfp-

CSM constructs conjugated to TAMRA-maleimide as FRET acceptors. We hypothesized 

that FRET would occur in double-labeled proteins between the C-terminal streptavidin 

labeled with SA-488 and the periplasmic S41C conjugated to TAMRA-maleimide, but 

not between the C-terminus and the T309C extracellular control as all secretins are 

thought to be OM beta barrels and all known OM beta barrels have an even number of 

TMBSs (75, 97, 138). Surprisingly, we found the opposite to be the case. FRET occurred 

between the labeled C-terminus and the extracellular residue T309C but no FRET 

occurred when the periplasmic S41C residue was labeled (Figure 13). The wild type 

protein containing an endogenous cysteine at C539, which was not solvent accessible in 

TMM(PEG)12 labeling experiments, displayed 9 % (± 4 %) FRET efficiency.  
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We tested the remaining cysteine point mutations for their ability to FRET with 

the labeled C-terminus. We also constructed a “maximal FRET” control cysteine 

mutation in the two amino acid linker region between the BfpB primary sequence and the 

streptavidin-binding affinity tag, creating BfpBS553C and used the protein lacking the 

native C539 residue, BfpBC539S, as a null FRET control. The BfpBS553C positive control 

had a FRET efficiency of 49 % (± 11 %) while the BfpBC539S negative control was not 

statistically different from wild type (1 % ± 0.7 %). In addition to BfpBT309C only two 

BfpB residues permitted efficient energy transfer from the C-terminal label: BfpBS422C 

and BfpBS457C (Figure 13). FRET acceptor labeling was confirmed by robust TAMRA 

fluorescence emission in each of the BfpB-CSM constructs except BfpBC539S. Curiously, 

S490C was labeled by TAMRA-maleimide at levels similar to wild type despite not 

being labeled by TMM(PEG)12, although no FRET was observed in either S490C or 

C539S constructs. Estimates of the efficiency of labeling BfpB molecules in the FRET 

experiments were performed by comparing BfpB-CSM acceptor fluorescence emission 

with a standard curve of emission intensities using known concentrations of TAMRA-

maleimide labeled BfpB (Table 9). 
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Figure 13. FRET following in vitro labeling of BfpB cysteine mutants. The engineered 
and single endogenous cysteine residues in BfpB were labeled with TAMRA-maleimide, 
and the BfpB C-terminus was labeled with streptavidin-Alexa Fluor 488. For each 
construct, FRET efficiency (as a percentage) was calculated from three independent 
labeling experiments. The primary y axis (left) shows FRET efficiency (black bars), 
while the secondary y axis (right) shows acceptor fluorescence (in arbitrary units; RFU, 
relative fluorescence units) (gray bars). Error bars show standard deviations. Asterisks 
indicate FRET signals significantly different from the wild-type BfpB baseline, as 
determined by ANOVA. 
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Mutated	
Residue	

Estimated	
Labeling	
Efficiency	 (%,	
N)2	

S41C	 42.3%	
T202C	 43.3%	
S268C	 42.5%	
T309C	 41.3%	
S328C	 31.8%	
S342C	 41.9%	
S410C	 42.2%	
S422C	 32.2%	
S457C	 30.1%	
S490C	 28.6%	
C539	(WT)	 41.6%	
S553C	 32.0%	
Table 9. Labeling efficiency of BfpB CSM. Efficiency is presented as the ratio of moles 
TAMRA-maleimide (calculated from a standard curve) to moles BfpB averaged over 3 
FRET experiments. 

	

 

Flow Cytometry Confirms That T4P Secretins Have Extracellular C-termini While 

Other Secretins Do Not 

Given the surprising result of our in vitro FRET experiments, we tested the 

hypothesis that the C-terminus of BfpB is extracellular by performing flow cytometry on 

intact cells expressing wild type BfpB-Strep labeled with SA-488. As controls, we cloned 

into the same pASK-IBA3 strep expression vector genes for the periplasmic DsbA 

protein and the OM protein intimin truncated at residue 557. The C-terminus of intimin 

extends through the pore of the OM beta barrel and residue 557 is predicted to fall seven 

amino acids beyond the OM based on the crystal structure of intimin (139). Thus, we 

utilized intimin557 as a positive control OM protein with a short extracellular C-

terminus. We also cloned into pASK-IBA3 pilQ, which codes for the T4aP secretin of P. 
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aeruginosa; escC, the T3S secretin from EPEC; gspD, the T2SS secretin from E. coli; 

and epsD, the T2S secretin from V. cholerae. The T3S and T2S secretins require a pilotin 

to localize to the OM, and their C-termini are known to interact with the pilotin in the 

periplasm. Flow cytometry on cells expressing these constructs labeled with SA-488 

revealed two distinct classes of secretins (Figure 14). The percentage of positive cells 

expressing either BfpB or PilQ labeled with SA-488 was similar to the positive control, 

intimin557. In contrast, a very low percentage of positive cells was observed for the 

negative control, DsbA labeled with SA-488. EscC, EpsD, and GspD, secretins from T3S 

and T2S systems, labeled with SA-488 were all similar to DsbA. 

 

Figure 14. Flow cytometry of BfpB and PilQ in situ reveals an extracellular C terminus 
for T4P secretins. Cells expressing either DsbA (negative control), intimin557 (positive 
control), BfpB, PilQ (P. aeruginosa, T4P), EscC (EPEC, T3S), GspD (enterotoxigenic 
E. coli, T2S), EpsD (V. cholerae, T2S), or BfpBΔIPS, each with an N-terminal Strep tag, 
were labeled with SA-488 in triplicate experiments and analyzed by flow cytometry for 
surface fluorescence. Results are expressed as a percentage of positive cells for each 
sample. 
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The Distal C-terminus of BfpB Reduces Cell Permeability but is Dispensable for 

BFP Function  

To account for the finding that the C-terminal tag of BfpB is exposed to the 

extracellular environment while preserving an even number of TM strands, we 

hypothesized that the last 16 residues of BfpB form an IPS allowing the tag to pass 

through the pore of each BfpB monomer. We further hypothesized that this structure-

function relationship prevents entry of small molecules through the OM. We therefore 

constructed two C-terminal deletion mutants of BfpB: in BfpBΔIPS the distal 16 residues 

were deleted while in BfpBΔTMBS16 the distal 42 residues were deleted to exclude the 

IPS and the last predicted TM beta strand. The former robustly complemented the bfpB 

mutant UMD923 and produced stable protein detected on Western blot, while the later 

did neither (Figure 15). We then performed flow cytometry on cells expressing 

BfpBΔIPS with a C-terminal Strep tag. Unlike the wild type BfpB, the deletion mutant 

was not significantly different from the negative control (Figure 14). We also engineered 

the S41C and T309C mutations in BfpB𝛥IPS and prepared BfpBΔIPS with and without 

cysteine mutations for FRET. However, all three proteins completely degraded during 

purification and therefore we were unable to perform the experiment.  

We tested the hypothesis that the IPS provides resistance to cell permeability by 

measuring the rates of ampicillin consumption in cells expressing the pASK-IBA3 vector, 

wild type BfpB or BfpBΔIPS. We reasoned that an increased rate of ampicillin 

consumption indicated increased permeability because the beta lactamase protein is found 

in the periplasm. Indeed, we found that ampicillin was consumed at a significantly faster 
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rate by cells expressing BfpBΔIPS than by those expressing wild type or no BfpB (Figure 

15).  

 

Figure 15. The intrapore strand of BfpB reduces outer membrane permeability. 
(A)Whole-cell lysates were immunoblotted for BfpB. Lane 1, wild-type strain E2348/69; 
lane 2, bfpB mutant UMD923; lane 3, UMD923 complemented with plasmid pWS15 
carrying a gene encoding BfpB-Strep; lane 4, UMD923 complemented with plasmid 
pBfpBΔIPS carrying a gene encoding BfpBΔIPS; lane 5, UMD923 complemented with 
plasmid pBFPΔβ16. (B) The rate of ampicillin consumption was monitored by 
spectrophotometry (OD260) for cells expressing wild-type BfpB (gray squares), 
BfpBΔIPS (black triangles), or the vector-only control (black diamonds). The mean rates 
of change in normalized OD units per hour were −0.015 (vector), −0.022 (wild-type 
BfpB), and −0.030 (BfpBΔIPS) and were significantly different in a generalized linear 
model. 
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Discussion 

This work demonstrates a novel topology for T4P secretins in which the distal C-

terminal fragment is exposed to the extracellular environment. We propose that this 

fragment passes through the central channel of each individual monomer. Furthermore, 

combining all available data, we generated a model topology of BfpB with 16 

transmembrane beta strands. This prediction is based primarily on the novel biochemical 

and biophysical methods described above, coupled with multiple predictions of 

secondary structure and direct inspection of the primary sequence (Figure 14).  

 Previous topology models of secretins were constructed using almost entirely 

secondary structure predictions (140-143). OM proteins lack sequence homology in 

TMBS, making predictions difficult (144, 145). An example of this is displayed in the 

iron transporter FhuA, which was predicted to have 32 strands using secondary structure 

prediction (146). When the crystal structure was solved it revealed a 22-strand topology 

(147). The current model generated from this work represents a substantial advance on 

previous predictions. 

We hypothesized that BfpB formed a typical OM protein beta barrel, and thus, we 

required the predicted topology model to contain an even number of TMBSs and each 

beta strand contain at least 6 amino acids. Finally, we assumed that the N-terminus of 

BfpB was periplasmic, in agreement with crystal structures of the N-termini of secretins 

(93, 148) and biochemical data demonstrating that the N-termini of secretins interact with 

periplasmic proteins within their respective secretion systems (78, 149, 150). 

            This work was made possible through groundwork from a previous graduate 

student in the laboratory. Surface iodination follow by mass spectrometry allowed for the 
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identification of anchor periplasmic and extracellular residues. This coupled with the 

creation of the CSM and solvent accessibility testing of these residues provided the 

necessary tools to determine the sub-cellular location of residues along the length of the 

protein, and generate a topology of BfpB. 

 Labeling to differentiate periplasmic and extracellular residues is not a trivial 

task. The OM is a molecular sieve with permeability restricted based on molecular shape, 

size, and charge. Furthermore, the BfpB multimer itself is sufficient to confer 

permeability to vancomycin, which has a mass of 1.485 kDa (151), and the 

TMM(PEG)12 experiments detailed in the introduction allowed for labeling of both 

periplasmic and extracellular control residues (BfpBS41C and BfpBT309C, respectively). 

While this was helpful to address solvent accessibility, it did not provide any information 

on topology. Furthermore, the labeling efficiency did not correlate with subsequent 

predictions regarding periplasmic or extracellular location (Figure 12).  

I probed the topology of the point mutants by FRET using TAMRA-maleimide as 

the cysteine-reactive moiety bearing an acceptor fluorophore and a donor fluorophore-

coated streptavidin protein (SA-488) that would bind the C-terminal affinity tag. We 

reasoned that since the streptavidin tetramer is 54 by 58 by 48 Å (152), while the 

thickness of the OM in E. coli is approximately 6 to 7 nm (153), the distance between 

donor and acceptor fluorophores if separated across the OM would be >7.5 nm. Since 

FRET efficiency is highly dependent on distance (a function of the inverse sixth power), 

with essentially no energy transfer predicted to occur at 10 nm and a steep efficiency 

curve (154), we predicted very low efficiency FRET across the OM. Previously our lab 

reported that the BfpB dodecameric complex has a maximum external diameter of 20 nm 
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(128), suggesting a maximum distance of 5.2 nm between the centers of neighboring 

monomers. Given the width of streptavidin, we predicted highly efficient FRET between 

acceptor-labeled cysteine residues on the same side of the membrane as the donor 

fluorophore.  

The flow cytometry results strongly support an extracellular topology for the C-

terminus of BfpB, as this labeling was similar to that of cells expressing the intimin 

protein truncated in a known extracellular domain (139) and was consistently different 

from that of the negative control. The substantially lower percentage of positive cells 

expressing the negative control, the periplasmic DsbA protein, confirms that the large 

streptavidin protein cannot cross the OM. 

To account for our finding that the C-terminus is extracellular without violating 

our initial assumptions drawn from typical OM proteins, we propose that the distal C-

terminus of BfpB extends through either the pore of an individual BfpB monomer or the 

central channel formed by the BfpB multimer. We suggest that the former is more likely, 

since the channel would have to accommodate 12 such segments, which would be likely 

to inhibit translocation of the pilus. Additionally, there is precedent for an IPS as seen in 

the C-terminus of intimin (155) or in the opposite configuration relative to the beta barrel, 

the passenger domains of AT proteins (156). 

We predicted that the IPS extends from I538 to K548 (Figure 16), since the 

endogenous cysteine residue C539 did not label with TMM(PEG)12 and gave minimal 

baseline FRET in wild-type BfpB labeled with acceptor and donor fluorophores. We 

therefore concluded that C539 was probably in the monomer pore itself, inaccessible to 

TMM(PEG)12, and near the periplasmic leaflet of the OM to account for the minimal 
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FRET. This strand contains a mixture of polar and nonpolar residues, including one 

positively charged residue (R543) and one negatively charged residue (D546) that could 

help stabilize polar residues in the TMBSs. 

Our flow cytometry data demonstrate that the extracellular location of the C-

terminus is not a feature unique to BfpB but that this arrangement is also found in the 

T4aP secretin PilQ of P. aeruginosa. Unsurprisingly, this feature was not consistent 

among all secretins tested: T3S and T2S secretins bearing a streptavidin binding peptide 

affinity tag did not demonstrate fluorescence greater than that of the negative control. 

These secretins have periplasmic C-termini (92, 93, 157). They also require pilotin 

proteins to localize to the OM and thus further validate the assay (125, 126). We did not 

identify clear features in C-terminal sequences that could distinguish T4P secretins from 

T2S or T3S secretins. PilQ appears to tolerate deletion of the most distal 8 amino acids 

(707 to 714) without adversely affecting function or stability (158). Similarly, I was able 

to delete the IPS from BfpB without a gross adverse impact on function. In contrast, as 

predicted from our 16 TMBS model, deletion of the proposed 16th strand rendered the 

protein too unstable to be detected by immunoblotting. Notably, the BfpBΔIPS protein 

was stable in vivo, but its expression permitted increased ampicillin influx, as predicted 

by our model in which this region plugs the pore in each monomer. 
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Figure 16. Model topology of BfpB with 16 transmembrane beta strands and an intrapore 
segment. The predicted topology of BfpB is presented here from the N terminus to the C 
terminus with the extracellular space at the top of the page and the periplasmic space at 
the bottom, generated in part using the TOPO2 program (S. J. Johns, TOPO2 
transmembrane protein display software [http://www.sacs.ucsf.edu/TOPO2/]). The N-
terminal, lipid-anchored cysteine, C18, is colored gold. Tyrosines and histidines labeled 
exclusively by iodination of purified protein are colored blue, while residues iodinated in 
intact cells are colored red. Residues that were mutated to cysteines and utilized for 
FRET experiments, as well as the endogenous C539, are colored by FRET labeling 
results: light green if FRET negative (neg.) or cyan if FRET positive (pos.). Residues 
colored black indicate that a cysteine mutation resulted in an unstable BfpB protein, 
while residues colored gray indicate that a cysteine mutation produced stable BfpB 
multimers but did not complement the bfpB mutant for autoaggregation. Aromatic 
residues are colored magenta. The 16th strand contains a putative E. coli Bam-stop 
signal, consisting of a terminal Phe (98). Beyond the 16th strand is the intrapore segment 
(IPS), which is predicted to extend from I538 to K548. 
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Using all available experimental data, coupled with secondary structure 

predictions, direct analysis of primary amino acid sequence, and previously reported 

diameters of secretins, we propose that the topology of BfpB comprises 16 beta strands. 

Another alternative taking into account strictly experimental data suggests that a 14-

stranded topology is possible. Because iodination of Y184 in intact cells occurred only 

0.5% of the time we identified the peptide, a value similar to that observed for known 

periplasmic residues, this residue could potentially be periplasmic. This alternative would 

place predicted beta strands one and two in the periplasm. Additionally, FRET 

experiments indicate that T202 is periplasmic. The first residue for which there is strong 

evidence of an extracellular location is Y215, which was iodinated 22% of the time that 

we identified the peptide. Thus, if Y184 is periplasmic, the first beta strand would start at 

F205. The remaining 13 beta strands would follow as they do for the 16-strand model. 

We present the most robust topology mapping of a secretin beta barrel domain 

thus far, having relied on an approach that combined several biochemical labeling 

methods, biophysical measurements, multiple secondary structure predictions, direct 

inspection of the primary sequence, and the compatibility of our model with structural 

data available for both secretins and solved OMPs. However, until the crystal structure of 

BfpB is solved we will not know if this predicted topology is correct. Furthermore, 

additional structures of T2S, T3S, and T4P secretins will determine the structural 

differences between various secretin proteins. 
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CHAPTER 5: DISCUSSION 

The goal of my dissertation work was to obtain more information on specific 

aspects of T4P biogenesis. By gaining more information on form and function of specific 

proteins, and protein-protein interactions, we would expand what is known about the 

mechanism of T4P biogenesis.  This work focused on the steps in biogenesis after the 

processing of the pilin proteins. Specific steps post-processing have been difficult to 

determine because mutations in proteins necessary for pilus expression result only in a 

non-piliated phenotype. The culmination of BFP biogenesis results in pilus extension 

through a pore created by the secretin protein. Using labeling techniques, I was able to 

determine the topology of the secretin protein BfpB (98).  

Pilin monomers are first synthesized as pre-pilin proteins that are embedded in the 

IM. T4P biogenesis requires pilin monomers to be processed by the pre-pilin peptidase 

and then pilin recruitment to the IM subassembly complex (14, 159). Previous data from 

our lab suggested that the major pilin bundlin interacted with BfpC. BfpC is a bitpoic IM 

protein that is required for BFP assembly and is part of the IM subassembly complex 

(103). In Chapter 2, I wanted to further characterize this interaction biochemically and 

found that I could detect an interaction between these two proteins in vivo through FRET 

experiments, and also in vitro through ITC experiments.  

To our knowledge, this is the first time that a specific interaction between a pilin 

protein and a single component of the biogenesis machine has been identified. Previous 

work using 3D reconstruction by EM of the PilMNO complex suggested that PilA 

interacts with the periplasmic domains of PilN (101), however we wanted to 
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biochemically characterize this potential interaction. We hypothesized that this 

interaction is what recruits pilin monomers to the biogenesis machine. Future work is 

planned to test this hypothesis but requires the construction of a number of sophisticated 

molecular constructs. We plan to create fluorescent fusions of pre-bundlin and BfpC as 

we did in Chapter 2. However this will be in the context of the entire bfp operon, in the 

presence BfpPD190A. We will then systematically mutate each of the other bfp genes. We 

hypothesize that the interaction between bundlin and BfpC occurs immediately after pilin 

processing and so the mutation of any other bfp gene will not interfere with this 

interaction.  

Furthermore, we anticipate that even if bundlin is recruited to the IM subassembly 

complex via an interaction with BfpC, it would still make protein-protein interactions 

with other components of the IM subassembly complex. Prior yeast 2-hybrid assays have 

suggested an interaction between BfpC and BfpE, and ITC data has confirmed an 

interaction between BfpC and BfpL. It would also be interesting to determine if the 

recruitment of bundlin to the IM subassembly complex through the interaction with BfpC 

caused bundlin to form contacts with other components of the IM subassembly complex.  

In Chapter 3 I identified a previously undefined periplasmic step in T4P 

biogenesis. Initially we were surprised to find that we could co-elute bundlin with tagged 

BfpU in the absence of a detergent, indicating that this interaction is most likely a soluble 

complex. Using ITC, I determined the binding constant between bundlin and BfpU. I also 

confirmed that the interaction between bundlin and BfpU occurred as a soluble 

periplasmic interaction through a periplasmic prep followed by probing for the presence 

of a bundlin-BfpU complex. Characterization of the interaction between bundlin and 
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BfpU yielded many new details on discrete steps in pilus biogenesis. Due to the sub-

cellular location of BfpU in the periplasm, bundlin monomers must be extricated from the 

IM to participate in this soluble interaction.  

Due to our findings in Chapter 2, we hypothesized that BfpC would be required 

for bundlin to interact with BfpU in the periplasm. When bfpC was mutated, the 

interaction between bundlin and BfpU was blocked. This interaction could be restored 

with complementation of BfpC, indicating that BfpC was required for bundlin to interact 

with BfpU.  

We were now poised to test whether the remaining BFP proteins were required to 

facilitate the interaction between bundlin and BfpU. This investigation grouped BFP 

proteins into two distinct groups, those that are required for extrication of bundlin from 

the IM, and those that are involved thereafter. The interaction between bundlin and BfpU 

requires processing from the pre-pilin peptidase, BfpP; the presence of two proteins in the 

IM subassembly complex, BfpC and BfpL; the extension ATPase, BfpD; and the minor 

pilin, BfpI. Mutations of the genes encoding the aforementioned proteins prevented the 

interaction between bundlin and BfpU, and their subsequent complementation restored 

the interaction. The polytopic IM protein, BfpE; the retraction ATPase, BfpF; the minor 

pilins, BfpJ and BfpK; the secretin-associated protein, BfpG; and the secretin, BfpB; are 

not required for bundlin to interact with BfpU.   

While there are data indicating that a PilMNOP subcomplex exists (85, 100), the 

exact mechanism by which this complex forms, and specifics on the protein-protein 

interactions are lacking. It is known that PilMN binds to PilO and that this complex can 
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interact with both PilP and PilA. Interestingly, PilP requires the presence of PilN to 

interact with PilO (101). As we believe that the C-terminus of BfpC is a homologue of 

PilN, this further suggests a critical role for BfpC in pilus biogenesis. It would be 

interesting to determine if BfpU binds to BfpC, BfpL, or both in EPEC. Stepwise 

addition of these proteins to generate 3D reconstructions ordered the interaction as PilM 

binding to PilN, which then binds to PilO finally binding to PilA (101). However it does 

not appear that they attempted to add PilA prior to PilO. Our data suggest that PilA could 

bind to PilMN in the absence of PilO, as we have seen in EPEC. Most importantly, our 

work supports the importance of PilMNO in the IM subassembly as predicted 

homologues of all of these proteins were required for bundlin extrication from the 

membrane to interact with BfpU. The finding that BfpU interacts with bundlin in the 

absence of BfpC and BfpB also indicates a previously unidentified step in pilus 

biogenesis that has not been visualized using prior pull-down assays and electron 

microscopy.  

To expand this work and show that steps in pilus biogenesis are conserved across 

various organisms, we wanted to determine if we could isolate a similar periplasmic 

interaction in a T4aP system. While BfpU does not share any sequence homology with 

any other T4P biogenesis protein in other systems, we sought to identify a protein with a 

similar role in P. aeruginosa. PilP was selected as the most likely candidate because, like 

BfpU, it associates with the secretin. In addition, the fact that the lipidation site that 

anchors PilP to the IM is not necessary for function (100), indicates that, like BfpU, PilP 

might function in the periplasm. We found that PilP is able to interact with the major 
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pilin PilA in the periplasm, suggesting that BfpU and PilP might function in similar roles 

in EPEC and P. aeruginosa, respectively 

We now view T4P biogenesis as a six-step process: 1) Processing and maturation 

of the major and minor pilins by the prepilin peptidase and DsbA (in gram-negatives), 2) 

Recruitment of the pilin protein to the IM subassembly complex through the interaction 

with PilMN, 3) Extrication of the pilin monomer from the IM, 4) Interaction between 

pilin protein and PilP and incorporation of pilin monomers into the growing pilus fiber 

(requiring PilC?) 5) pilus extension, and 6) pilus retraction.  

While this work has provided greater detail on the steps in pilus biogenesis, 

additional questions have emerged. Initially, we anticipated all proteins in the IM 

subassembly complex would be required for the extrication of bundlin from the IM. 

Instead it was found that BfpE was not required for bundlin extrication. The function of 

PilC does not appear to be clear or even conserved among systems. In N. meningitidis, a 

pilC (pilG in this case)/pilT double mutant is piliated, indicating that PilC is dispensable 

for pilus assembly. However in P. aeruginosa, a pilC/pilT double mutant remains non-

piliated (14). Additional work is necessary to determine the function of BfpE. Its 

universality in T4P systems suggests it plays a key role in pilus assembly. Due to its 

interaction with both ATPases (14, 160), it is possible that BfpE allows for efficient 

transition from pilus extension to retraction. Additionally, it may not be required for 

monomer extrication, but it might improve the efficiency of pilus assembly by acting at a 

later stage.  
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The requirement of BfpI for bundlin extrication was also surprising. While BfpI is 

known to be required for pilus assembly, and is incorporated into the pilus fiber, we 

cannot determine at this point how it functions in promoting extrication of bundlin from 

the IM. We hypothesize that BfpI might be the initiator subunit in the pilus fiber. When 

BfpI is present, it might signal for pilus assembly as a nucleation point and aid in 

extrication of bundlin from the IM. While this hasn’t been seen to date in T4P biogenesis, 

there is precedence in the evolutionarily conserved T2SS. It has been found in Klebsiella 

oxytoca that the minor pseudopilins PulI and PilJ nucleate filament assembly and 

possibly set the assembly machinery in motion (115). Further work is required to 

determine whether BfpI functions in this manner in EPEC.  

Chapters 2 & 3 describe interactions between both BfpC and BfpU with bundlin. 

To further understand the steps in pilus biogenesis, further work is necessary to determine 

the specific binding sites involved in these two protein-protein interactions. BfpC was not 

associated with the bundlin-BfpU complex, indicating that these two interactions are 

independent of each other. Furthermore, BfpC is required for BfpU to interact with 

bundlin, indicating that bundlin interacts with BfpC prior to BfpU. Does BfpC hand 

bundlin off to BfpU? Do they occupy and compete for the same binding site in bundlin, 

or do they bind to different locations of bundlin? It is noteworthy that the affinity of 

bundlin for BfpU is higher than that of bundlin for BfpC. To answer these questions we 

have begun work to determine the crystal structure of these protein complexes. While 

crystallization can be difficult, we have also begun work to determine the binding 

interface using hydrogen-deuterium exchange experiments. Future work will hopefully 
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determine binding interfaces and may give greater detail to the process by which bundlin 

is recruited to the IM subassembly complex and extricated from the IM.  

The final step of pilus biogenesis requires the passage of the pilus fiber through a 

pore created by the secretin multimer. While determining the structure of an OM protein 

is a difficult task, in Chapter 4 I set out to utilize CSM constructs to determine the 

topology of residues along the length of the secretin BfpB. In doing so, we have 

determined the sub-cellular location of specific cysteine residues, and coupled with 

previously generated data, constructed a 16 TMBS topology of BfpB. The FRET data 

suggested that the C-terminus of BfpB was extracellular, as the C-terminal donor 

molecular transferred energy to acceptor molecular bound to the extracellular control 

residue.  

Because this was unexpected, I confirmed this finding with flow cytometry 

experiments that not only confirmed the C-terminus of BfpB was exposed to the 

extracellular environment, but also found that this is a conserved feature in the T4aP 

secretin from P. aeruginosa. Additionally, we hypothesized that the C-terminus, which 

we have named the IPS, is exposed to the extracellular environment due to its function in 

plugging a pore created within each monomer. Deletion of the IPS caused an increase in 

ampicillin entry into the cell. Therefore, we suspect that the IPS functions in restricting 

the passage of small-molecules into the cell through pores in the secretin monomer. This 

feature is unique to T4P secretins as we did not detect labeling of the C-termini in T2SS 

and T3SS secretins.  
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While this work has greatly improved what is known about the topology of BfpB, 

more work is necessary to validate our predicted topology. The topology could be further 

refined through the generation of additional CSM in regions where we have not 

definitively determined a sub-cellular location. While this work is time-consuming, it 

would experimentally confirm our placement of TMBS. More powerful though would be 

a high-resolution cryo electron-microscopy image or crystal structure. We are poised to 

attempt one or both of these experiments as we have excellent collaborators in both fields 

and continued work will hopefully result in a definitive structure of the secretin 

monomer, and multimer complex.  

To further understand the function of BfpU, it would also be interesting to 

understand why our laboratory has previously identified an association of BfpU with 

BfpB at the OM. Does BfpU have two distinct functions? One function is capturing 

bundlin once it is extricated from the IM. Is there another unknown function at the OM? 

Recent work has suggests that high-resolution electron-microscopy images may provide 

detailed images of the sub-cellular complexes required for T4P assembly (91). Higher 

resolution data using a series of protein groups would be necessary to determine when 

and how these proteins are interacting.  

In summation, my thesis work has provided details on specific interactions that 

are necessary for T4P biogenesis. Importantly, we have also confirmed the conservation 

of these interactions in other systems. We surmise that the BFP system and the results 

that we glean from its study will allow for a better understand of T4P systems in other 

important pathogens. More structural data in the future will allow for an even better 

understand on the process of T4P assembly.  
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APPENDIX I: IDENTIFICATION OF A PRE-PILIN PEPTIDASE 

INHIBITOR USING A HIGH-THROUGHPUT SCREEN 

Introduction 

 While planning the experiments discussed in Chapter 2, it became clear that we 

could also use the constructs for additional experiments. Using the previously described 

FRET constructs, we sought to set up a high-throughput screen to identify inhibitors of 

the pre-pilin peptidase, BfpP. In doing so, we hoped to identify a new subset of 

antimicrobials that would inhibit T4P biogenesis but have no effect on bacterial viability.  

 Antimicrobial resistance is a major public health concern with the rise of a 

number of multi-drug resistant organisms. Traditional antimicrobial agents typically 

target pathways that are necessary for survival of pathogens (161). While these are most 

often initially effective, they create an environment for the selection of resistant bacteria.  

Another target option is to inhibit virulence-specific proteins and pathways (7). These 

would be required for disease propagation but not for growth and survival of the microbe. 

This approach could potentially create a new group of antimicrobials with reduced 

selective pressure for resistance. Additionally, targeting virulence mechanisms would 

also better preserve the host microbiome.  

 T4Ps are important virulence factors in a number of pathogenic organisms. The 

previously described pre-pilin peptidase enzymes are highly conserved across all 

organisms that have T4P, T2SS, and archaeal flagellar systems (11, 12, 162). Classical 

aspartic acid protease inhibitors such a pepsin do not inhibit these enzymes, but it is know 

that two aspartic acid residues form the active site of the enzyme (14). Thus, pre-pilin 
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peptidases comprise a unique class of enzymes that are highly conserved among 

pathogenic bacteria and therefore are an ideal drug target.  

 During my rotation in the Donnenberg laboratory, I designed constructs that 

would not only allow for the work discussed in Chapter 2, but could also be used in the 

identification of pre-pilin peptidase inhibitors. The two constructs contained N-terminal 

translational fusions of fluorescent proteins to pre-bundlin and BfpC. One construct 

contained wild type BfpP and the other contained a catalytically inactivated BfpP 

(BfpPD190A). We wanted to take advantage of the interaction between pre-bundlin and 

BfpC coupled with the sensitivity of FRET to identify potential inhibitors of the pre-pilin 

peptidase. Figure 17 illustrates the basic concept of the set-up. We have tried this as 

shown in Figure 17 with mCFP and mCitrine, but have also tried a different fluorophore 

pair (EYFP and mCherry) 
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Figure 17. FRET-based screen for pre-pilin peptidase inhibitors. A, in the absence of 
specific inhibitor, the BfpP pre-pilin peptidase will cleave the mCFP-pre-bundlin fusion 
protein and only background emission from mCitrine-BfpC fusion protein will be 
observed upon mCFP excitation. B, in the presence of a specific pre-pilin peptidase 
inhibitor, FRET from the mCFP-pre-bundlin fusion to the mCitrine-BfpC fusion protein 
will result in increased mCitrine emission after mCFP excitation. 
 

Using the BfpPD190A construct as our maximal FRET control and our wild-type 

BfpP construct in the absence of any inhibitor as our minimal FRET control, we 

hypothesized that in the presence of specific inhibitors of the pre-pilin peptidase we will 

see a shift towards an increase in FRET efficiency through the inhibition of BfpP.  

 Since my rotation in the laboratory, I have continued to try and create a reliable 

system in which we could visualize efficient FRET in the maximal FRET control with 

varied success. Following recommendations from committee members and various 
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others, I have made subsequent modifications to the set-up to try and improve the system. 

While many options have been explored, we are still working towards a reliable set-up. I 

have not exhausted all avenues and new ideas have yet to be explored. A newly funded 

grant in the laboratory will allow future students to continue on this exciting project.  

Material and Methods 

Strains and plasmids 

 Fluorescent plasmids described in Chapter 2 were also used in these experiments.  

Additionally we used an intermediate construct lacking the pre-pilin peptidase (pCDS1). 

bfpP (pCDS31) and bfpPD190A (pCDS32) was also cloned into NcoI/BamHI sites of 

pET30b. A FlAsH-EDT2 tag was also added to the N-terminus of pre-bundlin through 

the addition of a tetracysteine motif Cys-Cys-Pro-Gly-Cys-Cys motif to bundlin in 

pTRC99a (pCDS50).  

In vivo FRET assay 

XL1-Blue cells containing pCDS3 or pCDS4 were grown overnight at 37°C. 

Cells were diluted 1:100 in Neirdhart EZ Rich Media until OD 600 nm reached ~0.6. 

Cells were induced with 1 mM IPTG for 3 hours at 30°C. 500 µL of cells were pelleted 

and resuspended in 200 µL of PBS and plated in triplicate in 96-well clear bottom plates 

(catalog no. 3635; Costar). Fluorescence units were measured on a Molecular Devices 

SpectraMax M2e reader (serial no. DE05539) by exciting the EYFP-prebundlin at 430 

nm with a 10 nm band-pass filter. Emission was measured from 520-680 nm. 
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Membrane Preparation 

 Modifying a previously published protocol for membrane isolation, a 100-mL 

culture was grown as described for in vivo assay (163). Pelleted cells were resuspended in 

1 ml of 200 mM Tris, pH 8.0 and cells were lysed through French press at 20,000 psi 

three times. Lysate was centrifuged at 5000 × g for 10 min. The supernatant was then 

centrifuged at 230,000 ×g for 15 min. The resulting pellet, which contained the total 

membrane fraction, was resuspended in 200 μl of 50 mM Tris, pH 8.0. 

In vitro cleavage assay 

The in vitro pre-bundlin cleavage assay was designed, based on the assay 

developed for PilD of P. aeruginosa (164) , except that pre-bundlin was provided in a 

membrane preparation rather than as purified protein. The 100-μL reaction was prepared 

by combining a 50 μL substrate fraction with a 50 μL enzyme fraction and incubated at 

37 °C for 1 h. The substrate fraction was prepared by combining 5 μL of the pre-bundlin 

containing membrane preparation (~0.5 μg of pre-bundlin), 10 μL 0.5% (w/v) 

cardiolipin, 20 μL of 5× assay buffer (125 mM triethanolamine HCl, pH 7.5, 2.5% v/v 

Triton X-100), and brought up to the total volume with H2O. The enzyme fraction was 

prepared by combining various volumes of BfpP-containing membrane preparation and 

H2O to bring the volume to 50 μL. The cleavage reaction was stopped by the addition of 

100 μlLof 2× Laemmli buffer. Cleavage was visualized via Western blot as described in 

Chapter 2.  
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Results 

Inconsistent in vivo FRET results 

 As can be seen in Chapter 2, the system was capable of producing expected 

results. However we could not consistently see efficient FRET in the maximal control 

system. Various modifications were made to the system to try to increase the 

reproducibility of the system. These included varying temperature and time of induction, 

amount of IPTG added, and OD when IPTG was added. While growth at 30°C rather 

than 37°C seemed to work best, we have not at this time identified a set of conditions that 

produce the highly consistent results required for a high-throughput screen.  

In vitro cleavage assay 

 While previous work in P. aeruginosa has successfully used methods to measure 

cleavage of PilA by PilD in membrane preparations (164), we at this time have not 

visualized cleavage of eYFP-prebundlin. One difference between our setup and work in 

P. aeruginosa is that they used only the pre-pilin and not a fluorescent fusion to the 

protein. While we need a fluorescent output to use in the future for the high-throughput 

screen, we wanted to try and use a smaller tag. Attempts with the FlAsH-tagged pre-

bundlin are at this point inconclusive as using 4-20% Mini-PROTEAN Precast Cells 

(BIO-RAD #4561096) cannot resolve cleaved and uncleaved FlAsH-tagged pre-bundlin 

due to the small size difference. We have also attempted to make modifications to the 

previously published protocol by modifying temperature and length of cleavage reaction 

with no success.  
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Discussion 

 The rational and potential implications of this project are what initially convinced 

me to join the Donnenberg laboratory. At this time we do not have a set of constructs or 

conditions that will work in a high-throughput screen. We initially attempted to create an 

in vivo set up to identify potential inhibitors. We were not able to produce reliable results 

in vivo and decided to move to a cell free system for two reasons. First, others have used 

an in vitro system to measure cleavage of pre-pilin. Second, the use of an in vivo system 

would exclude compounds unable to enter the cell, indicating we might not successfully 

identify potent inhibitors because they were unable to enter the cell. Moving to the in 

vitro system, we followed previously publishes methods but have not visualized 

cleavage.  

 While we have attempted various avenues to create a reproducible set up, I 

believe future work on this project will produce a usable system. While FRET was the 

originally designed output to measure inhibition of cleavage, we can now simplify the 

system. We have confirmed the interaction between bundlin and BfpC in Chapter 2. 

Therefore, BfpC is not necessary for the identification of a pre-pilin peptidase inhibitor. 

With only a fluorescent-tagged pre-bundlin, we could use fluorescence anisotropy (FA) 

instead of FRET. Future work is planned to utilize the FlAsH-tagged pre-bundlin FA 

experiments. In this system, the rotational time of the FlAsH-tagged pre-bundlin (~20.5 

kDa) embedded in the membrane in the presence of an inactivated pre-pilin peptidase 

will be significantly slower than cleaved FlAsH-tag in solution (~0.5 kDa), when the pre-

pilin peptidase is functional. Our problems in visualizing donor fluorescence could be the 

result of improper folding of the fluorophore molecule. The GFP derivative eYFP 
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requires the proper folding of a fairly large protein (~ 27 kDa). It is possible that the 

fusion to pre-bundlin inhibits proper folding of the fluorophore. Conversely FlAsH 

fluorescence requires the binding of a commercially available reagent to a sequence of 6 

sequential amino acids. Therefore, I feel that continued work with the in vitro system 

using the FlAsH-tagged pre-bundlin and FA as an ouput is the most promising line of 

future investigation.  
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