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Novel Roles for Two Proteins Required for Type IV Pilus Expression in 
Enteropathogenic Escherichia coli 

Abstract 

Enteropathogenic Escherichia coli (EPEC) causes diarrhea among infants in developing 

countries. The Bundle Forming Pilus (BFP) is a type IV pilus found on the surface of 

EPEC and essential for pathogenesis.  The machinery for BFP polymerization is encoded 

by an operon of 14 genes.  To examine the role of BfpI, a putative pilin-like protein, and 

BfpL, a protein of unknown function, in expression of BFP, deletions of bfpI and bfpL 

were created in wild type EPEC and a bfpF mutant deficient for an ATPase required for 

pilus retraction.  I found that both bfpI and bfpL mutants were deficient for BFP 

expression and BFP associated phenotypes in a wild type EPEC background.  However a 

bfpF bfpI double mutant still expressed BFP while a bfpF bfpL double mutant did not.  

Western blots of sheared pilus preparations did not suggest that BfpL is a component of 

BFP. Topology studies using C-terminal truncations and a dual-reporter revealed that the 

majority of BfpL lies in the periplasm.  In addition I demonstrated that BfpL interacts 

with the periplasmic face of BfpC, a bitopic inner membrane protein, by yeast 2 hybrid 

assays and confirmed this finding by fluorescence anisotropy.  I examined the rate of 

pilus extension and retraction over time using flow cytometry and found that the bfpF/I 

double mutant expresses more surface bundlin than the bfpF mutant, but when these 

strains were complemented with a vector containing bfpF and placed in conditions 

inducing retraction, the double mutant had less surface expression over time than the 

bfpF mutant.  These data indicate that BfpL is absolutely required for bundle-forming 

pilus biogenesis and associates with the inner membrane subassembly complex, while 

BfpI is not absolutely required for biogenesis and impedes pilus retraction.   
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kindly taught me the ins and outs of flow cytometry; Dr. Joshua Lieberman, my best 
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other students, post-docs, and PI’s I have had the honor to work with at the University of 
Maryland.   

In addition to my lab mates, I would also like to thank the members of my Thesis 
committee.  Dr. Nicholas Carbonetti has consistently provided any advice or assistance 
whenever asked and has at times served as an informal 2nd mentor.  I am also grateful for 
his assistance as a reader of my thesis.  Dr. Mark Shirtliff has also been very helpful 
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particularly when I was encountering trouble with a sucrose flotation gradient, and I am 
grateful for his kindness in being a reader of my dissertation.  Dr. Eileen Barry, who also 
served on my Rotation committee, has provided several helpful suggestions every time I 
have asked, and Dr. David Weber has also given valuable advice with the difficulties I 
encountered during protein purification and refolding.  I would also like to thank Dr. 
Jean-Pierre Raufman, who runs the Department of Gastroenterology T32 Training Grant 
which funded most of this work, and for filling in as an ad hoc examination committee 
member in place of Dr. Weber. 

I have also had the assistance of several collaborators without whom I would not 
have completed my dissertation research.  Dr. Henryk Szmacinski of the Center for 
Fluorescence Spectroscopy provided a great deal of training and assistance in obtaining 
data via fluorescence anisotropy.  Dr. Martin Flajnik has very kindly created a 
monoclonal antibody for one of my proteins.  Dr. Ru Ching Hsia and the staff of the 
Dental School Electron Microscopy provided training and assistance in obtaining the 
Transmission Electron Microscopy images. 

I thank June Green, Joyce Newton, and Sonia McCain, who have been a source of 
constant support from the Molecular Microbiology and Immunology program and from 
the Gastroenterology department, respectively.  I would like to thank the mentors who 
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B. Kaper.  I would also like to thank the remaining two members of my rotation 
committee for their guidance of a young student who knew next to nothing, Dr. Jan 
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mentor from my undergraduate days, without whom I would have never developed an 
interest in research, and who recommended the University of Maryland to me in the first 
place. 
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to whom I am eternally grateful for the love, kindness, and compassion they have shown 
me through good times and bad during my tenure at the University of Maryland.  My 
mother and father, Debra and Leon Sr., my brother Joseph, my grandmother Eleanor, my 
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extended family, together they make Philadelphia my home, wherever I may go.    

 



 

  v

Dedication 

It is to my family that I dedicate this dissertation. 

Ad majorem Dei gloriam, 

Leon G. De Masi, IV. 

 



 

  vi

Table of Contents 

Preface……………………………………………………………..……...……………..iii 

Table of Contents……………………………………………………..……...………….vi 

List of Tables ……………………………………………………………………..……..ix 

List of Figures…………………………………………………..…...………………...…x 

List of Abbreviations……………………………………………..…...…………….….xii 

Chapter 1: Introduction…………………………………………….…………………...1 

 Background and Justification.………………………………….….………………1 

 Enteropathogenic Escherichia coli……………………………….……………….2 

  Overview……………………………………………………………….….2 

EPEC pathogenesis………………………………………………………..4 

  Type IV Pili………………………………………………………………………..7 

  The Type 2 Secretion System…………………………………………..………..10 

  Overview…………………………………………………………...…….10 

  Structure and Function of the Type 2 Secretion System…………………11 

 The Bundle Forming Pilus of EPEC……………………………………………..14 

  Overview…………………………………………………………………14 

  Structure and Function of the Bundle Forming Pilus Components……...16 



 

  vii

  BfpF and Retraction……………………………………………………...20 

  Pilin-like Proteins and BfpL……………………………………………..21 

 Research Overview………………………………………………………………24 

Chapter 2: BfpL is Essential for Type IV Bundle-forming Pilus Biogenesis and 

Interacts with the Periplasmic Face of BfpC ……………………….………………...27 

 Summary…………………………………………………………………………28 

 Introduction………………………………………………………………………29 

 Methods…………………………………………………………………………..32 

 Results ……………………………………………………………………………42 

 Discussion………………………………………………………………………..54 

Chapter 3: BfpI is not Absolutely Required for Type IV Pilus Biogenesis and 

Impedes Pilus Retraction………………………………………………………………57 

  Summary…………………………………………………………………………58 

  Introduction………………………………………………………………………59 

 Methods…………………………………………………………………………..62 

 Results……………………………………………………………………………68 

 Discussion………………………………………………………………………..79 

Chapter 4: Additional Work on BFP Pilin-like Proteins…………………………….83 



 

  viii

 Summary…………………………………………………………………………84 

 Introduction………………………………………………………………………85 

 Methods…………………………………………………………………………..86 

 Results ……………………………………………………………………………91 

 Discussion…………………………………………………………………..……99 

Chapter 5: Dissertation Discussion …………………………………………………..102 

Appendix I……………………………………………………………………………..114 

Reference List………………………………………………………………………….121 



 

  ix

List of Tables  

Table 1) Strains and plasmids used in Chapter 2………………..……………………….33 

Table 2) Primers used in Chapter 2………………………………….…………………...34 

Table 3) Results of yeast 2 hybrid screen………………………………………………..51 

Table 4) Strains and plasmids used in Chapter 3………..……………………………….63 

Table 5) Primers used in Chapter 3……………….……………………………………...64 

Table 6) Strains and plasmids used in Chapter 4…………..………………………..…...88 

Table 7) Primers used in Chapter 4…………….……………………………………..….89 

Appendix I Table 1) Size exclusion chromatography peak elution times, area under peaks 
and corresponding molecular weights calculated from a standard curve for 
folded and unfolded BfpL samples……………………………………..118 



 

  x

List of Figures 

           

Figure 1) Adherence of EPEC to HeLa cells in vitro………………...……………..…….5 

Figure 2) The bfp Operon as Found on the EAF Plasmid…….……………………….…15 

Figure 3) Schematic Representation of the EPEC T4P Biogenesis Machine…...……….18 

Figure 4) Alignment of the N-terminal regions of bundlin (BfpA)………..…………….24 

Figure 5) Auto-aggregation of strains 4 hours post inoculation in DMEM……...………43 

Figure 6) Mean auto-aggregation indexes of cells grown in DMEM at 37oC over  

    Time……………………………………………………………………...44 

Figure 7) Adherence of EPEC strains to HeLa cells……………………….…………….45 

Figure 8) Transmission electron micrographs of EPEC cells grown for 4.5 hours in  

DMEM at 37oC…………………………………………….…………….46 

Figure 9) BfpL is not enriched in sheared pilus preparations with bundlin…………..…48 

Figure 10) BfpL is a type II bitopic membrane protein……………..…………………...50 

Figure 11) BfpL interacts with the periplasmic C-terminus of BfpC………...………….52 

Figure 12) Autoaggregation of strains 4 hours post inoculation in DMEM……...……...68 

Figure 13: Mean autoaggregation indexes of cells grown in DMEM at 37oC over 
time……………..…………………..………………………...…………..70 

Figure 14) Infection of HeLa cells by EPEC strains…………………………….……….71 

Figure 15) Immunofluorescence microscopy EPEC Strains…………………….………72 

Figure 16) Transmission electron micrographs of cells grown for 4.5 hours in  
DMEM at 37oC…………………………………………….…………….73 

Figure 17) Analysis of pilus extension by flow cytometry showing the mean number of 
cells positive for BFP (A) and the mean fluorescence of all cells (B) over 
time………………………………………………………………………76 

Figure 18) Analysis of pilus retraction by flow cytometry showing the mean number of 
cells positive for BFP (A) and the mean fluorescence of all cells (B) over 
time……………………………………………………………………….78 



 

  xi

Figure 19) Alignment of the N-terminal regions of Pilin-like proteins and bundlin 
(BfpA)………………………………………………………………..…..85 

Figure 20) Aggregation of E2348/69 and mutant derivatives in DMEM…………..…....93 

Figure 21) Aggregation of ALN92 with vector containing BFP operon and mutant 
derivatives……………………………………………………………......94 

Figure 22) Mean autoaggregation indexes of cells grown in DMEM at 37oC over 
time………………………………………………………………..…...…95 

Figure 23) UMD965, a double mutant for bfpA and bfpF, expresses BFP-like pili on its 
surface and still adheres to HeLa cells………………………………...…97 

Figure 24) Immunofluorescence Microscopy of mutants with an anti-bundlin 
antibody………………………………………………………………......98 

Figure 25) An updated model of the EPEC T4P Biogenesis Machine……..……..……113 

Appendix I Figure 1) Circular Dichroism analysis of folded and unfolded BfpL 
samples…………………………………………………….……………119 

Appendix I Figure 2) Representative size exclusion chromatography run of purified and 
refolded BfpL…………………………………………………………...119 



 

  xii

Abbreviations List 

A/E       attaching/effacing 

BFP      bundle forming pilus 

DMEM                          Dulbecco’s modified Eagle media 

EHEC       enterohemorrhagic Escherichia coli 

EPEC       enteropathogenic Escherichia coli 

ETEC      enterotoxigenic Escherichia coli 

IM      inner membrane   

IMSC      inner membrane subassembly complex 

LA       localized adherence 

LB       Luria-Bertani 

OM       outer membrane 

T2S       type II secretion 

T3S       type III secretion 

T4P       type IV pilus  

T4aP      type IV pilus class A 

T4bP      type IV pilus class B



 

  1

Chapter I: Introduction  

Background and Justification 

Acute and chronic infantile diarrhea caused by human pathogens is an ongoing 

problem around the globe, particularly in developing countries.  Diarrhea, whether viral 

or bacterial in nature, accounts for as much as 15% of infant mortality rates in the world 

today (21).  Malnutrition plays a role in infant mortality during any diarrheal episode 

(47), and some estimates place the annual death toll at 2-3 million children from diarrhea 

each year (116).  The effect is reciprocal, as intestinal infections worsen malnutrition and 

vice versa (82).  In addition, repeated occurrences of childhood diarrhea have deleterious 

effects on cognitive growth and development (81).   

While the development of vaccines for viral causes of diarrhea has been effective 

and shows promise, as in the case of rotavirus (52), vaccines against bacterial agents have 

been less effective in general, although there are a few exceptions in the case of V. 

cholerae (43,182).  There is widespread resistance in bacteria to available antibiotics, 

reducing the effectiveness of this treatment option (28,100).  Research into prevention 

has thus shifted focus from vaccine and antibiotic development to improvements in 

sanitation and public health.  Towards this end, work on the use of probiotics (93,180), 

and infant breast feeding illustrating its protective effects against enteric infection 

(22,145,149) have shown some promise.  

  The molecular machinery encoding any important virulence factor in an enteric 

pathogen makes a prime target for vaccine or antibiotic development.  Common 

vaccination methods include raising antibodies against a particular virulence factor (167) 

or using an attenuated pathogen missing key virulence factors (13).  However, the 
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specificity of such targets is also a weakness, as vaccines against a virulence factor used 

by an individual pathogenic strain may be specific to that strain only versus the entire 

species.  If antibiotics are used as the primary treatment method, an antibiotic resistant 

form of the pathogen inevitably arises, such as the Staphylococcus aureus resistance to 

methicillin (117).  A compound targeted against a vital component of a molecular 

machine, on the other hand, could be equally effective and have a much broader 

application (18), particularly if this component has common structural homologues in 

other bacterial strains.  Moreover, it would be much more difficult for a pathogen to 

develop resistance to this compound, as a mutation in the targeted protein would not only 

have to remain functional but also not disrupt any additional components.  The design of 

such a vaccine or drug would require a thorough understanding of the molecular machine 

in question, and my research was directed towards this goal in an important virulence 

mechanism of a specific enteric pathogen. 

  

Enteropathogenic Escherichia coli (EPEC) 

EPEC: An overview 

Enteropathogenic Escherichia coli (EPEC) is a gram negative pathogen that 

causes diarrhea predominantly in children under 2 years of age.  It is one of 6 types of 

gastrointestinal E. coli pathogens: EPEC, enterohemorrhagic E. coli (EHEC), 

enterotoxigenic E. coli (ETEC), enteroinvasive E. coli (EIEC), enteroaggregative E. coli 

(EAEC), and diffusely aggregative E. coli (DAEC) (61,104).  Like other E. coli enteric 

pathogens, EPEC colonizes the intestinal epithelia (141).  However, EPEC strains are 
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distinct from ETEC, EIEC, EAEC, and DAEC in that they intimately adhere to cells and 

form a characteristic attaching and effacing (A/E) lesion on the surface.  This lesion 

consists of an actin “pedestal” formed by the host cell directly beneath the adherent 

bacteria.  Also, unlike EHEC, another E. coli pathogen that also forms A/E lesions and 

secretes Shiga toxin, and ETEC, which secretes heat stable and heat labile toxins, 

secretion of lytic toxins is not commonly associated with EPEC pathogenesis. 

EPEC is a common cause of children’s diarrhea in the developing world (53), 

although outbreaks with high mortality rates have occasionally been reported in 

developed countries in the past (26,164).  EPEC appears to induce diarrhea by a series of 

effectors that influence ion secretion, leading to intestinal inflammation and permeability 

which occurs as the cells attach to intestinal epithelia.  There are two varieties of EPEC, 

Typical and Atypical EPEC, with the latter becoming an increasing health problem 

around the world (6,8,144,165).  Typical EPEC uses 3 main adhesins to adhere to human 

cells, the Bundle Forming Pilus (BFP), the EspA filament that is part of a Type 3 

Secretion (T3S) system, and intimin.  While atypical strains express EspA and intimin, 

they lack BFP.  Both types use a variety of effectors secreted by the T3S system into the 

host cell.  

EPEC infection in adults is rare, requiring an infectious dose of 109 cells (60).  

However, in developing nations EPEC may be associated with as many as 30-40% of 

infant diarrheal cases, even exceeding rates of rotavirus infection in some locations (141).  

Cases are primarily acute though protracted diarrhea has also been reported (53).  

Vomiting and low grade fever are common symptoms besides diarrhea.  The most 

common treatment is rehydration and correction of electrolyte imbalances, and in milder 
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cases this treatment is sufficient.  For more severe cases, antibiotics can also be used in 

treatment, in addition to parenteral rehydration or total parenteral nutrition in the most 

extreme circumstances. 

Prevention of EPEC infection is primarily focused on sanitation and nutrition, and 

to date these appear to be the most effective means available in developing countries 

(22,82). Breast feeding infants also has protective effects, and several studies have 

demonstrated that breast milk contains antibodies against many EPEC effectors 

(145,149).  The bacteria stimulate an adaptive immune response in the course of an 

infection, and antibodies are generated against numerous targets such as BFP, as 

demonstrated when patient sera from volunteers recovering from an EPEC infection 

contained antibodies against bundlin (60,149).  However, as yet no vaccine exists for any 

EPEC strain, and much of our knowledge of the immune response to this pathogen is 

based on a murine model for Citrobacter rodentium, which produces the A/E effect and 

contains a T3S system that has numerous homologues for the same system in EPEC.  

There is no actual animal model for EPEC infections.   

 

EPEC Pathogenesis 

Typical EPEC pathogenesis includes several phases. Initially, typical EPEC cells 

adhere to host cells using the three aforementioned adhesins (146).  BFP bind to the 

surface of host cells, acting as a tether and pulling the bacterial cell closer to the host’s 

surface when the pilus is retracted.  These pili also bind to each other, allowing the 

bacteria to form small aggregates.  Typical EPEC adhere to host cells in clusters of a few 

dozen to several hundred bacteria, a phenomenon called localized adherence (LA).  This 
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adherence pattern is distinct from other gastrointestinal E. coli pathogens in that the cells 

cluster into microcolonies on the host, instead of spreading across the cell surface (Figure 

1).   

 

Figure 1)  Adherence of EPEC to HeLa cells in vitro.  This image shows characteristic microcolonies 
(circled) which appear as dense clusters of bacteria on the surface of a single host HeLa cell.  EPEC is the 
only E. coli type that has this adherence pattern on human cells. 

 

Once EPEC adheres, another protein, intimin, is required for intimate attachment 

to the surface of host cells (59).  Intimin is required for intimate adhesion, cytoskeletal 

reorganization, and full virulence in adults (92,151).   This 94 Kda protein is encoded on 

a pathogenicity island named the locus of enterocyte effacement (LEE), specifically by 

the gene eae (103).  Intimin binds to the translocated intimin receptor (Tir) (105) which is 
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inserted into the host membrane by a T3S encoded on the LEE as well (130,131).  This 

binding is an important precursor to the next step in EPEC pathogenesis (106,107).  

Intimin is located on the bacterial surface and binds closely to Tir resulting in intimate 

attachment.   

In addition to intimin’s role in intimate attachment the T3S system also injects 

numerous effector proteins into the host cell. Many of these proteins are also located on 

the LEE.   In many, but not all EPEC strains, Tir is phosphorylated by a host cell kinase, 

ultimately recruiting the Actin related protein (Arp) 2/3 complex through Neural Wiskott 

Aldrich Syndrome Protein (N-WASP) (34,125).  This cascade leads to actin 

polymerization and formation of the characteristic actin-rich pedestal in the A/E lesion 

beneath adherent bacteria.  A series of cytoskeletal proteins is also recruited to the 

pedestal, among them vinculin and cortactin (35,78).  As a result a series of elongated 

cup-like pedestals, each containing an EPEC cell, is produced on the surface of a host 

cell, and these change position over time, moving EPEC along the cell surface (166,173). 

 In addition to Tir, the T3S system injects a series of effectors that modify host 

cell processes (51,72).  These include mitochondrial associated protein (MAP), and a 

series of EPEC secreted proteins (Esp), the best characterized of which are EspB, EspF, 

and EspG.  Each of these proteins is remarkably multifunctional.  MAP, for example, 

binds to EBP50 (183), mimics cdc42 and induces filopodial formation around the 

bacterial binding site (9), and disrupts tight junctions (TJs) (128). EspF has been 

implicated in mitochondrial dysfunction (140), TJ disruption (83), even without the 

formation of an A/E lesion (132), apoptosis (45,147), and actin-pedestal maturation 

(153). There are also a series of non-LEE encoded (Nle) effectors which have been 
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discovered comparatively recently, whose functions range from blocking NF-B 

activation in the case of NleE (139), to blocking apoptosis in the case of NleH (91) and 

disrupting TJs in the case of NleA (191).   

The end result of these effector protein actions is a large scale rearrangement of 

the host cytoskeleton, disruption of microvilli, and disruption of TJs between host cells.   

This ultimately leads to the induction of apoptosis in affected host cells.  EPEC infection 

also leads to downregulation of two important DNA mismatch repair proteins, MSH2 and 

MLH1, and is associated with colorectal cancer (129).   

 

Type IV Pili 

  BFP is a Type IV Pilus (T4P), the most widespread class of pili known (152).  

Type IV pili (T4Ps) are found in multiple bacterial species, from enteric pathogens such 

as EPEC and Vibrio cholerae (66), to Neisseria meningitidis (197), Pseudomonas 

aeruginosa (201), plant pathogens such as Xanthomonas campestris (95), even 

thermophiles such as Thermus thermophilus (70).  They are best characterized in the 

gram negative species N. meningitidis and P. aeruginosa. These structures have 

comparatively recently been discovered in gram positive bacteria (194).   

T4Ps are highly flexible and extremely thin ranging 5-8 nm in diameter, yet 

capable of growing to several micrometers in length.  While the main pilin subunits in 

each bacterial species vary in amino acid sequence and length, all major pilins are 

synthesized as precursors with N-terminal hydrophilic leader peptides ending with a 

glycine (156).  The leader peptide is subsequently cleaved off and the new terminus is N-
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methylated by a prepilin peptidase.  The first 20-25 amino acids of the processed pilin are 

hydrophobic and the 5th residue is nearly always a glutamate. 

 T4P systems are subdivided into two classes by amino acid sequence similarity 

and length (44).  The Type IV pilus class A (T4aP) has a 5-6 amino acid long leader 

sequence and a mature pilin length averaging 150 amino acids.  The type IV pilus class B 

(T4bP) like BFP has a leader sequence of 15-30 amino acids and a mature length of 

approximately 190 amino acids.  T4aPs are present in many gram negative bacteria and 

have a broad host range, and this class is the type studied in species such as N. 

meningitidis, P. aeruginosa, X. campestris, etc.  The machinery components necessary 

for expression of a T4aP are encoded on multiple segments throughout a bacterial species 

genome.  In contrast the T4bP has been found exclusively on enteric bacteria colonizing 

the intestine such as EPEC, ETEC, and V. cholerae, and the components of T4bP systems 

are encoded on contiguous operons.   

Regardless of class the general structure of type IV pilins consists of an N-

terminal -helical spine followed by a C-terminal half folded into a globular head 

domain.  Although the actual assembly process remains poorly understood, pilin subunits 

are polymerized into a helical structure with the N-terminal spine buried in the filament 

core.  Portions of the globular head domain are exposed on the pilus surface.  T4Ps may 

intertwine with one another or remain individual fibers depending upon the species, 

though the formation of pilus bundles is common. A T4P can be retracted by generating a 

force thousands of times greater than the weight of an individual bacterium (9). 
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 The T4P biogenesis machinery includes a conserved set of proteins found in all 

T4P expressing bacteria, termed core proteins (152).  These proteins have homologues in 

Type II secretion (T2S) systems and their structure and function will be discussed in 

detail in the following section. The core proteins consist of the major pilin subunit and 

several subunits referred to as minor pilin proteins or pilin-like proteins depending upon 

the bacterial species.  These proteins contain an N-terminal motif similar to the leader 

peptides and mature N-termini of the main pilin subunit.  Among the other core proteins 

are a prepilin peptidase that processes both the major pilin and pilin-like proteins, an 

outer membrane (OM) secretin (in Gram-negatives), a polytopic integral membrane 

protein, and an ATPase that powers T4P assembly.  Many systems also include an 

ATPase that powers pilus retraction. The remaining proteins in each system appear to be 

unrelated by sequence homology but may have similar functions in pilus biogenesis. 

 Despite the conserved biogenesis machinery considerable functional diversity 

exists between classes of T4Ps.  Often an important virulence factor, T4aPs are 

responsible for twitching motility (15,27,133), biofilm formation (195), bacterial 

transformation (203), or mediating secretion of proteins which modulate virulence in 

hosts (86).  T4bPs in contrast are primarily used for adherence to host cells lining the 

intestine, though they are also involved in biofilm formation (138).  The genes encoding 

various portions of the machinery also differ in being absolutely required for pilus 

biogenesis; for example while some proteins are absolutely required for any pilus 

expression on the surface of cells, several other genes in Neisseria meningitidis are not 

(36,202).   

 



 

  10

The Type 2 Secretion System 

Type 2 Secretion Systems: An Overview 

 Much of our knowledge about T4P assembly and structure is based on research 

about the T2S system, as much of the structural data derived from crystal structures of 

various components of one system are believed to apply to the other.  The T2S and T4P 

systems have many structural homologues and similarities between the two systems have 

been known for years (115). The core components of both systems, such as the main 

pilus subunit and major pseudopilus, share considerable functional homology and 

remarkably few differences between the T2S and T4P machines account for their 

capacity to process very different substrates. The key distinction between the two systems 

is the actual substrate: the T2S extrudes fully folded proteins likely driven through the 

pore by a pseudopilus while the T4P system substrate is itself a pilus.   

The components of T2S will be listed using the General Secretory Pathway (Gsp) 

nomenclature found in ETEC.  These components are found in all T2S systems and can 

be conceptualized into 3 distinct subcomplexes: the inner membrane (IM) sub-assembly 

associated with at least one cytoplasmic ATPase; the OM sub-assembly that consists of a 

transmembrane pore; and the translocated substrate.    The IM complex consists of a well 

conserved polytopic IM protein, GspF, which has homologues in the archaeal flagella 

system and Gram-positive competence systems (150), GspL, a bitopic IM protein that 

also interacts with GspM (1,2,171), another bitopic IM protein that is primarily 

periplasmic with a short cytoplasmic sequence (172). The cytoplasmic domain of GspL 

also interacts with GspE, a hexameric ATPase powering the system (1,32,33). In 
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addition, the IM complex includes GspC, a membrane anchored periplasmic protein that 

interacts with the secretin of the system (114,127). 

  The OM complex consists of a dodecamer formed by a secretin, GspD, (73,161), 

and a pilotin, GspS, which directs the secretin to the OM and stabilizes the complex, but 

is not present in all T2S systems (87).  The pseudopilus is primarily composed of GspG, 

the major pseudopilin (64,175) and a set of minor pseudopilins, GspH, I, J, and K 

(206,207).  All pseudopilins share N-terminal sequence homology and are processed by a 

prepilin peptidase GspO (17,63).  When overexpressed, the major pseudopilin forms 

pilus-like structures on the surface of bacterial cells (110).  

 

Structure and Function of Type 2 Secretion Systems 

  The initial step in T2S involves the pseudopilus subunits, the major pseudopilin 

GspG and minor pseudopilins GspH, I, J, and K, which are translocated across the IM via 

the Sec-dependent pathway (68).  A short, positively charged segment at the N-terminal 

region of each pseudopilin is cleaved off by the prepilin peptidase GspO (17,63).  The 

peptidase is an aspartic acid protease with its proteolytic residues in cytoplasmic loops 

and 8 putative transmembrane helices (119).  The enzyme is bifunctional and also N-

methylates the cleavage product (188).  The pseudopilins GspI, J, and K appear to be 

incorporated as a trimer at the tip of the pseudopilus (62,113) with GspK at the top and 

GspI/J forming the base.   How GspH and the GspG monomers are added to the 

pseudopilus remains unknown, though the minor pseudopilin complex appears to 

promote efficient pseudopilus assembly (38). All 5 pseudopilin have markedly different 

globular structures but share common features: an N-terminal alpha helix (the first half of 
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which is hydrophobic) followed by a variable region and a somewhat conserved -sheet 

that varies in length with each pilin protein.   

 T2S biogenesis requires the insertion of the IM proteins, GspC, F, L, and M, into 

the IM.  These proteins create a complex together and appear to protect each other from 

proteolysis (134,162,171).  GspC contains a short cytoplasmic segment, a transmembrane 

helix, and two periplasmic domains, a homology region (HR) and PDZ domains (24) 

although the PDZ domain is not universal across all T2S systems (114).  The HR domain 

of GspC interacts with the N-terminal regions of the OM secretin GspD (112), which 

may influence formation of the IM complex (127).   GspF is the only polytopic protein in 

the complex, consisting of 2 cytoplasmic domains sharing some sequence homology and 

3 transmembrane helices (3).  

The GspL component recruits pseudopilins to the IM complex (170) and also 

recruits the ATPase, GspE, to cytoplasmic face of the IM (4,172). GspM contains a short 

cytoplasmic sequence, a transmembrane helix, and a ferredoxin fold in its periplasmic 

domain that could serve as a binding site for another protein (5).  GspM interacts directly 

with GspL through contacts in the transmembrane domain and periplasm (171,172). 

GspE is a member of a large ATPase family (163) providing the necessary energy 

through ATP hydrolysis for the secretion apparatus to function and, unlike most other 

proteins of its type (33), contains zinc.  The protein contains two Walker boxes, A and B 

(154), and forms a hexamer for functionality (88,174).   

 The secretin GspD is part of a large superfamily of secretins (31,42,124), and 

forms a dodecameric ring structure in the OM approximately 200 Å in height and 150-
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160 Å in width.  The completed secretin multimer forms a gated central pore that secreted 

exoproteins pass through.  Although variations exist, some common themes of secretin 

structure have emerged. The complex contains a large chamber on its periplasmic face 

that appears to serve as a docking site for secreted exoproteins (160), and a smaller 

chamber on the extracellular face separated by a periplasmic gate.  There is another 

smaller gate closing the top of the extracellular chamber.  The periplasmic chamber is 

surrounded by 3 concentric rings at its periplasmic base.   The pilotin GspS, which uses 

the Lol pathway to reach the OM (40), directs secretin monomers to the OM and interacts 

with the carboxy-terminal S domain of GspD (48).   

Despite the amount of research about the structures of the various T2S 

components that has been published, the actual mechanism of secreting a protein through 

the T2S apparatus has not been well established.  However, a theoretical process has been 

proposed. Initially, the target proteins are synthesized in the cytoplasm and translocated 

via the Sec export or Tat export pathways depending on whether the protein is folded in 

the periplasm or cytoplasm respectively (156,200).  Molecular modeling suggests the 

correctly folded substrate interacts with a part of the secretin complex, GspC, or the 

pseudopilus tip complex of Gsp I/J/K.  The binding of the exoprotein then stimulates the 

ATPase activity of GspE, leading to the addition of GspG monomers to the pseudopilus 

(94,181). However, exactly how the system signals the ATPase that the substrate is 

bound, or how the system selects a substrate from the plethora of periplasmic proteins 

present, is unknown. The exoprotein is pushed upward through the secretin pore with the 

pseudopilus acting like a piston, but it is not known how the pseudopilus is retracted.  

The trimer tip at the pseudopilus may interact with the secretin pore and undergo a 
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conformational change that destabilizes the GspG monomers below it, which causes the 

pseudopilus to depolymerize.  It has been found that the degree of expression of the 

equivalent of GspK in the Pseudomonas aeruginosa T2S is inversely proportional to the 

length of the pseudopilus and an interaction between the GspK and GspG equivalent 

subunits destabilizes GspG (65). 

 

The Bundle Forming Pilus of EPEC 

The Bundle Forming Pilus: An Overview 

The adherence of EPEC in high numbers to human cells in vitro was first 

described in 1979 (46).  This adherence phenotype was observed when a 90 kilobase 

plasmid, the enteropathogenic Escherichia coli adherence factor (EAF), was present in 

the bacterial strain (16).  The term Localized Adherence (LA) was first used to describe 

the formation of microcolonies in 1984 (177).  Knutton et. al. (108) was the first to 

demonstrate that LA associated with the EAF was separate from A/E lesion formation.  A 

T4P associated with this plasmid was discovered soon after and named BFP, and 

antibodies against this pilus were found to inhibit LA (75).  The gene encoding the main 

pilus subunit was identified as a locus where TnphoA insertions into EAF created a series 

of LA deficient EPEC mutants (55). 

BFP is the most extensively studied T4P in E. coli pathogens.  In EPEC, the 

molecular machinery required for surface expression of BFP is encoded on a contiguous 

14 gene operon found on the EAF plasmid (185,187).  13 of the 14 genes, all except for 

bfpH, must be expressed for normal BFP expression and function (11).  bfpH itself 
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appears to be a pseudogene. The operon begins with bfpA which encodes pre-bundlin, the 

main pilus subunit precursor, and ends with a set of pilin-like proteins and a protein of 

unknown function (Figure 2).  Expression of the bfp operon is controlled by perA (192), 

an AraC-family transcriptional activator (77).   

 

Figure 2) The bfp Operon as Found on the EAF Plasmid. A reconstruction to scale of the genetic 
organization of the gene operon that encodes the T4bP of EPEC.  Genes are arranged, left to right, in the 5’ 
to 3’ order as found on the plasmid.  Letters denote individual genes, e.g. A stands for bfpA, G stands for 
bfpG, etc.  Figure adapted from Anantha et al., 2000 (11). 

 

The BFP biogenesis machinery can be divided into the same distinct 

subcomplexes as the T2S system.  The subunits involved include a set of components 

classified as core proteins found in all T4P systems (152) which are homologous to 

counterparts in T2S.  These core proteins include members of an inner membrane 

subassembly complex (IMSC) such as a polytopic IM protein, BfpE (23), and an ATPase 

which powers pilus extension, BfpD (136,185,187).  There is also an OM secretin, BfpB 

(90,123,158), which is itself a lipoprotein and can assemble into a dodecamer and reach 

the OM without the assistance of specific pilotin proteins.  Another core protein is the 

main pilus subunit precursor, pre-bundlin or BfpA (55), which is cleaved by a prepilin 

peptidase in the system, BfpP, (209) to create a processed form that is the primary 

component of the pilus (157).  The remaining core proteins are the pilin-like proteins 

BfpI, J, and K, so named because like minor pilins in other T4P systems (90,111) they 

share the same prepilin peptidase cleavage site as bundlin (159).   
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 There are also components of the BFP assembly apparatus that are not universally 

found throughout T4P systems, some of which also have homologues in T2S systems.  

There is a bitopic IM protein, BfpC, which is part of the IMSC (136), and may recruit 

bundlin to the IMSC (136,205). Remarkably, despite the absence of sequence similarity 

in other T2S or T4P systems, X-ray crystallography reveals that the cytoplasmic domain 

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

PilM (205).  There is a putative ATPase which powers pilus retraction, BfpF (10,20,109), 

which also appears to be a member of the aforementioned subassembly complex. A 

soluble protein found in both the cytoplasm and periplasm, BfpU, is essential for pilus 

biogenesis (179).  There is also an OM protein, BfpG, which forms a complex with BfpB 

but is not a lipoprotein (49,178).  No pilotin has been found in this system (196). 

 

Structure and Function of the Bundle Forming Pilus Components 

EPEC pilus biogenesis is believed to start with the Sec-dependent translocation of 

pre-bundlin and the pre-pilin-like proteins across the inner membrane (12,68).  The 

subunits are then processed by BfpP, the prepilin peptidase (159,211), which cleaves pre-

bundlin and the pilin-like proteins at a specific N-terminal cleavage site, removing a 

small leader sequence and adding a methyl group to the nascent N-terminal leucine 

residue.  Simultaneously with pre-bundlin processing by BfpP at the cytoplasmic face of 

the IM, the globular head domain of bundlin is stabilized by DsbA, a periplasmic 

oxidoreductase that is not a component of the BFP system.  DsbA catalyzes a disulfide 

bond in the C-terminus of bundlin critical to preventing degradation (210).  The 
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simultaneous and independent action of BfpP and DsbA on pre-bundlin indicates that 

prior to incorporation into the pili, pilins are integral transmembrane proteins. 

 As in T2S, the actual process of incorporating a bundlin monomer into the pilus 

remains poorly understood.  The current model of BFP (Figure 3) has bundlin subunits 

incorporated into a 3-start left handed helix with the N-terminal -helices of each subunit 

buried in the filament core and the C-terminal globular domains exposed on the surface 

of the pilus (157). It is known that the GspL subunit of the T2S system in Vibrio cholerae 

recruits the processed pseudopilins to the ATPase of IMSC (4,170) and its N-terminus 

appears to be a structural homologue of the N-terminus of BfpC (205), thus BfpC may 

perform the same function in BFP.  Like minor pseudopilins of the T2S system, the 

processed pilin-like proteins BfpI, J, and K may form a complex together (159).   
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Figure 3) Schematic Representation of the EPEC T4P Biogenesis Machine.  This figure is not drawn to 
scale.  A complex consisting of a dodecamer of BfpB (yellow) and G (blue ovals) is thought to form the 
OM pore through which BFP fibers extend and retract. The BFP fiber is pictured in green (157). Both BfpG 
and BfpU (blue cubes) are found in the periplasm and are recruited to the OM by BfpB. BfpU is also found 
in the cytoplasm and in association with the IMSC. The IMSC consists of two alphahelical transmembrane 
proteins, the bitopic BfpC (green) and the polytopic BfpE (red). This complex recruits two hexameric 
cytoplasmic ATPases to the IM, BfpD (purple) that energizes pilus extension, and BfpF (grey) which is 
required for pilus retraction. There are three pilin-like proteins, BfpI, BfpJ, and BfpK, which have a pre-
pilin peptidase cleavage site (triangles) and BfpL, a protein of unknown function. This figure was 
generously provided by Joshua Lieberman, Ph.D., and modified from a slide provided by Michael 
Donnenberg, M.D. 

 

 BfpE is a polytopic IM protein and the equivalent of GspF. However, in contrast 

to its counterpart evidence suggests that BfpE has 4 transmembrane segments, with two 

periplasmic domains, a small cytoplasmic domain, and both termini in the cytoplasm 

(23).  The extension ATPase BfpD provides the energy necessary to extract each pilin 

molecule and incorporate it into the pilus (2), which, according to a model membrane 

created by Lemkul et. al. with a P. aeruginosa major pilin subunit, may require the 
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hydrolysis of as many as 8 ATP molecules per major pilin subunit (120).  The ATPase 

activity of BfpD is slightly increased when in the presence of the cytoplasmic N-termini 

of BfpE and BfpC (136).  As BfpD hydrolyzes ATP, this likely causes large domain 

rearrangements (176) in BfpD, which could therefore promote binding of BfpD bound 

with ADP to BfpE.  However, it is unknown how this force transduction extracts bundlin 

from the IM and either assembles the monomers into a pilus or pushes the pilus towards 

the OM.  

 Once assembled, the pilus must be extruded through the membrane as more 

bundlin monomers are incorporated into the structure at its base.  The BfpB secretin plays 

a crucial role in pilus biogenesis, as without a functional secretin multimer T4P 

biogenesis fails, a phenotype that manifests itself in EPEC as the loss of autoaggregation 

in the bfpB deletion mutant (2,33). Unlike most T2S systems, BfpB does not require a 

pilotin to sort to the OM, instead the Lol pathway is required for stability (123).  

Secretins are thought to serve as the exit pore for pilus fibers as the fibers extend and 

retract (19,41,112).  As with any secretin, conformational changes are required to permit 

transport (160,161), and significant changes would be required to accommodate the 

dynamic T4P fibers (123).  Hwang et. al. have suggested that the BFP machinery drives 

these conformational shifts, allowing passage of the assembled pilus (97), though exactly 

how this occurs remains unknown. 
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BfpF and Retraction 

  Like its counterpart BfpD, BfpF is a putative ATPase that localizes to the 

cytoplasmic face of the IM.  However it is a homologue of PilT, the retraction ATPase in 

N. meningitidis (10), and no homologues are found in T2S systems.  BfpF appears to 

localize to polar regions of cells expressing BFP (159).  Mutants deficient for bfpF do not 

disaggregate in culture (109) and may be hyperpiliated, though this observation has not 

been quantitatively examined. However, these phenotypic characteristics are consistent 

with a lack of pilus retraction in a bfpF mutant.  Retraction of BFP is essential for tight 

junction disruption and efficient delivery of bacterial host effectors during the course of 

EPEC pathogenesis (208). 

 It is thought that the extension and retraction ATPases in T4P act antagonistically 

against one another during pilus biogenesis (37,101).  It is not known how the activities 

of each ATPase are regulated to favor extension or retraction of the pilus in any system, 

however it has been demonstrated in Myxococcus xanthus that dynamic switching of the 

two ATPases across the cell causes extension or retraction, depending upon which 

ATPase is predominant at the polar regions (30).  Components of the OM complex may 

also play a role in regulating retraction, such as the PilC proteins of N. meningitidis (137) 

though no equivalent protein has been found in BFP. 

Further, since expression of the retraction ATPase is not required for actual pilus 

polymerization, a double mutant for the retraction ATPase and an accessory protein not 

absolutely necessary for pilus biogenesis will still express T4P on the surface even if 

pilus assembly is inefficient (36).  Such double mutants are important tools to determine 

which proteins are absolutely necessary for the actual polymerization process.  This 
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strategy has been used to demonstrate that pilin-like proteins in N. meningitidis (202) and 

P. aeruginosa (74) are not absolutely required for pilus biogenesis although their 

expression is required for normal T4P function (29).  An ongoing analysis of double 

mutants for bfpF and other BFP subunits indicates that BfpE, BfpB, BfpU, and BfpG are 

absolutely required for pilus assembly.    However, this system probably does not apply 

to systems that lack a known retraction ATPase, such as both T4bP systems of ETEC and 

V. cholerae. 

 

Pilin-like Proteins and BfpL 

Pilin-like proteins, also called minor pilins or pseudopilins in other T4P or T2S 

systems respectively, are so named because they contain the same cleavage sequence as 

the main pilin subunit and are processed by the prepilin peptidase (25,159).  Crystal 

structures of the minor pseudopilins from the T2S of V. cholerae (206,207) and P. 

aeruginosa (69), and a minor pilin of N. meningitidis (90),  reveal a fold similar to Type 

IV main pilin subunits.  This apparent structural homology between the major pilin and 

pilin-like proteins of each system exists despite a lack of sequence homology after the 

peptidase cleavage site and an N-terminal -helix.  While deletion of any single gene 

encoding a pilin-like protein results in a loss of piliation on the surface of EPEC, pilus 

expression is not always lost in other bacterial strains.  For example, in N. meningitidis, 

mutants deficient for the minor pilin PilX still express pili but cannot adhere to human 

cells (89), as does a ComP deficient mutant of N. meningitidis which exhibits a loss of 

competence in DNA transformation (204).   
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As mentioned above, creating a series of double mutants for the retraction 

ATPase of T4P and another protein in the system will demonstrate whether the protein of 

interest is absolutely required for pilus biogenesis, and in Neisseria meningitidis this 

method revealed that none of the pilin-like proteins is absolutely required for pilus 

expression (36,202).  However, even though piliation is possible in double mutants in 

Neisseria species these pili are not fully functional. Most retraction mutants are not 

capable of twitching motility, adherence to a surface (102), or other pilus associated 

functions even if they are piliated, though there are exceptions in N. meningitidis (36).  

Instead, each of the genes dispensable in the absence of pilus retraction may be used to 

properly attenuate expression of the pilus for its various functions (29).  The same may be 

true of the pilin-like proteins in BFP even though no research has been published about a 

retraction ATPase/pilin-like protein mutant in EPEC. 

Pilin-like proteins have been found as integral components in T4P of Neisseria 

gonorrhoeae (90) and Pseudomonas aeruginosa (74).  However, to date research 

demonstrating that the pilin-like proteins specific to EPEC, BfpI, J, and K, are 

incorporated into BFP has not been published.  Moreover, BFP do not appear to have the 

multiple functions of the T4aP found in Neisseria species as it appears to be used only for 

biofilm formation, autoaggregation and adherence.  In the absence of pilus retraction in a 

bfpF mutant, pilus extension is unopposed even if rendered inefficient by mutation of an 

accessory pilus assembly gene, thus BFP expression and associated phenotypes should be 

observed (36). It has been reported that BfpI, J, and K, are processed by the prepilin 

peptidase (159). As pilin-like protein homologues in the T2S of V. cholerae interact with 

each other (206) and in P. aeruginosa all four pilin-like homologues form a complex with 
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one another at the tip of the pseudopilus (62), it is possible that BfpI, J, and K associate 

with one another.    

At the end of the bfp operon is a protein of unknown function, BfpL, which does 

not appear to have true sequence homologues in any known T4P system regardless of 

class. The only known sequence homologue is found in Escherichia albertii 

(http://www.ncbi.nlm.nih.gov, accessed May 31st, 2012).  However, it is possible that 

BfpL could be a structural homologue of another protein.  Recently, the cytoplasmic N-

terminal BfpC (N-BfpC) crystal structure was solved (205).  Surprisingly, it resembled 

the amino terminus of T2S component EpsL (N-EpsL) despite a complete lack of 

sequence conservation between N-BfpC. To a lesser extent N-BfpC shares a common 

fold with the cytoplasmic T4aP component PilM.  Thus, the lack of sequence similarities 

belies the fact that these proteins are functional homologues.  

Prior studies have indicated that a bfpL mutant fails to make BFP and that BfpL 

fractionates predominantly with the IM (159). Furthermore, in the absence of BfpL, less 

BfpJ could be detected, while mutations of bfpI, bfpJ or bfpK were associated with a 

decreased abundance of BfpL. These results were considered to be strongly suggestive of 

an interaction between BfpL and these pilin-like proteins, a hypothesis supported by the 

T2S pseudopilin complexes reported in later publications.  However, the function of 

BfpL is unknown.  Intriguingly, BfpL bears some similarity to pilin-like proteins, 

including a single stretch of hydrophobic amino acids near the N-terminus predicted to 

represent a transmembrane domain and several amino acids nearly identical to a prepilin 

peptidase cleavage site (Figure 4). 
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Figure 4) Alignment of the N-terminal regions of bundlin (BfpA). The pilin-like proteins BfpI, BfpJ, 
and BfpK; and BfpL. BfpL shares 3 of the 6 amino acids (underlined and in gray) in the prepilin peptidase 
cleavage site found in bundlin, BfpI, BfpJ, and BfpK (in gray). Protein names are in Bold. The predicted 
membrane topology (pred) of each protein as determined by HMMTOP version 2.0 is also shown (193). An 
uppercase I indicates an amino acid predicted to reside in the cytoplasm, a lowercase i indicates a predicted 
inner tail, an uppercase H denotes a transmembrane helix, a lowercase o denotes an outer tail, i.e. in the 
periplasmic region, and an uppercase O denotes a periplasmic domain. 

 

Research Overview 

No conclusive data about the function of BfpI or BfpL have been published.  The 

overall goal of this project was to further define the functions of both these proteins in 

BFP biogenesis.  In the course of my research I wanted to determine whether BfpI is in 

fact a pilin-like protein.  Were this to be the case, it would not be absolutely essential for 

pilus polymerization and would presumably be integrated into the pilus.  While BfpL was 

in large part uncharacterized, I believed it would be another pilin-like protein considering 

the sequence homology it shared with bundlin and the pilin-like proteins. No work 

focusing on a mutant deficient solely for BfpI expression had been published, neither has 

any research been published focusing on BfpL.  The only real data available prior to this 

work examined the BFP apparatus as a whole, rather than these two specific proteins 

(97,159).  

Initially I thought this would be a straightforward matter of creating mutants 

deficient for each protein and examining them, purifying both proteins, generating 

antisera against each fusion construct, and then using the antibodies to determine their 
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location within wild type EPEC.  I also hoped to examine interactions between soluble 

forms of each protein with any other subunits of the BFP apparatus.  While creating the 

mutants was comparatively easy, getting soluble samples of each protein has proved to be 

very problematic.  The initial protein expression constructs provided far too little protein, 

with samples detectable only by Western blotting.  I solved the expression problem by 

creating a synthetic gene sequence for each protein encoding the exact same amino acid 

sequence but with every codon changed to a sequence best expressed in E. coli.  

However, both of the fusion constructs were completely insoluble.  I tried various 

methods of induction times and temperature, and various cell lysis methods to obtain 

soluble samples of protein.  None of these alternative methods worked.  Ultimately, I 

settled on purifying each protein from inclusion bodies, and refolding the protein in 

glutathione buffer.  The method I used is detailed in Chapters 2 and 3. 

Despite the difficulties in protein purification I have made several discoveries 

about the functions of both BFP components.   Chapter 2 details my findings regarding 

BfpL, and the resulting paper, which has been submitted to the journal Microbiology with 

the title “BfpL is Essential for Type IV Bundle-forming Pilus Biogenesis and Interacts 

with the Periplasmic Face of BfpC.”  The finding in the paper’s title was contrary to our 

expectations, and the results described therein strongly suggest that BfpL is an important 

component of the IMSC.  It is therefore probable that BfpL is a structural homologue for 

one of the IM components of T2S such as GspM, despite having no sequence homology. 

Chapter 3 describes my research into BfpI.  Because of the difficulties in protein 

purification, I was not able to examine specific interactions with other components of the 

system.  I did determine that this protein is a pilin-like protein incorporated into the pilus. 
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Moreover, I created a novel method to examine the expression of BFP on the surface of 

cells over time using flow cytometry.  This method allowed me to test the hypothesis that 

BfpI facilitates pilus extension and the alternative hypothesis that BfpI hinders pilus 

retraction. To my knowledge, these hypotheses have never before been tested 

experimentally. The data presented in this chapter will be submitted to a journal at a later 

date. 

Finally I present in Chapter 4 some additional data from the BFP system that are 

not part of my publications and present my conclusions on my work while discussing 

future directions in Chapter 5.  My research contains important advances in our 

understanding of the T4P system in EPEC and in other bacterial species.  Given the 

widespread prevalence of T4P in bacterial pathogens as a virulence factor, and its 

structural homology to the T2S system, it is important for us to fully understand how this 

machine works.  I am very grateful to the assistance I have received in my research from 

my mentor and laboratory coworkers, and I hope this work becomes an important step in 

deepening our understanding of pilus biogenesis. 



 

  27

Chapter 2: BfpL is Essential for Type IV Bundle-forming Pilus 
Biogenesis and Interacts with the Periplasmic Face of BfpC 

 This chapter describes my research into BfpL, a protein of unknown function 

encoded at the end of the BFP operon.  It consists of a paper submitted to Microbiology 

for publishing on May 30th, 2012.  Aside from some minor formatting changes for this 

dissertation, such as the Reference List moved to the end of this dissertation instead of 

after the figures as in the actual submission, the removal of Figure 1, which appears as 

Figure 4 in Chapter 1, and a modification of Figure 7 to better illustrate the adherence of 

EPEC, the text and figures are unchanged from the submitted paper.   This document was 

submitted as “BfpL is Essential for Type IV Bundle-forming Pilus Biogenesis and 

Interacts with the Periplasmic Face of BfpC.”  I am the first author on this paper, Michael 

Donnenberg, MD, is the primary and corresponding author, and there are two co-authors: 

Henryk Szmacinski, Ph.D and Wiebke Schrieber, Ph.D.  
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Summary  

Enteropathogenic Escherichia coli (EPEC) causes diarrhea among infants in developing 

countries. The Bundle Forming Pilus (BFP), a type IV pilus found on the surface of 

EPEC, is essential for full virulence of typical EPEC strains. The machinery for BFP 

assembly and function is encoded by an operon of 14 genes.  Here we investigate the role 

in pilus biogenesis of BfpL, a small protein with a single N-terminal predicted 

transmembrane domain reminiscent of pilin-like proteins. We confirmed that a bfpL 

mutant lacks BFP and associated auto-aggregation and localized adherence phenotypes. 

Furthermore, we found that a double mutant unable to express both the putative retraction 

ATPase BfpF and BfpL also lacks BFP and associated phenotypes, distinguishing BfpL 

from pilin-like proteins. Western blots of sheared pilus preparations did not suggest that 

BfpL is a component of BFP. Topology studies using C-terminal truncations and a dual-

reporter revealed that the majority of the BfpL protein lies in the periplasm. Further we 

demonstrated through Yeast 2 hybrid assays and confirmed by fluorescence anisotropy 

that BfpL interacts with the periplasmic face of BfpC. Thus BfpL is not a pilin-like 

protein, but part of an inner membrane subassembly complex that is believed to extract 

bundlin, the main pilus subunit, from the inner membrane to be incorporated into BFP. 
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Introduction 

Type IV pili (T4Ps), the most widespread class of pili known, are produced by 

numerous Gram-negative and Gram-positive bacteria (155) and archaea (71,143).  They 

are closely related to Type II Secretion (T2S) systems (152). T4Ps are highly flexible and 

extremely thin, ranging 5-8 nm in diameter, yet capable of growing to several 

micrometers in length. For many bacterial pathogens T4P play important roles in disease, 

functioning as adhesins and colonization factors (20,168,186,189,190). T4P systems are 

subdivided into two classes by amino acid sequence similarity and length of the main 

pilus subunit or pilin (44). In comparison to type IVa pilins, type IVb pilins have longer 

leader sequences, are larger and more complex, and have been found predominantly on 

bacteria colonizing the intestine. Current models indicate that pilin subunits are 

polymerized into a left-handed three-start helical structure with the N-terminal spine 

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

surface. However, the actual assembly process remains obscure. T4P from some species 

intertwine with one another while those from other species remain individual fibers.  

Enteropathogenic Escherichia coli (EPEC) is a common cause of diarrhea in 

children under the age of 2 years in the developing world (53). Typical strains of EPEC 

adhere to host cells in clusters, a phenomenon called localized adherence (LA) that 

requires a T4bP called the bundle-forming pilus (BFP) (55). BFP are encoded by the 14 

gene bfp operon (185,187). The proteins encoded by this operon include several that are 

common to all Gram-negative T4P systems: the pilin, known as bundlin for BFP (157); 

BfpP, a prepilin peptidase that removes the T4P signal sequence and N-methylates the 

nascent amino terminus of bundlin (210); BfpI, BfpJ, and BfpK, referred to as pilin-like 
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proteins, which contain T4P signal sequences and are also processed to their mature 

forms by BfpP (159); BfpB, the secretin, a lipoprotein that is presumed to form the OM 

pore through which the pili extend (158); BfpD, a hexameric ATPase required for pilus 

extension (205); BfpF, a putative ATPase required for phenotypes attributed to pilus 

retraction (10,20); and BfpE, a polytopic inner membrane (IM) protein (23).   

In addition to the above proteins, which all have recognizable sequence 

similarities to proteins from other T4P biogenesis systems, several other proteins are 

required for BFP biogenesis, but appear to be specific. BfpG and BfpU are found 

primarily in the periplasm, but both are recruited to the OM by BfpB (49) and BfpU can 

also be detected in the cytoplasm (179). BfpC is a bitopic IM protein that interacts closely 

with BfpD, BfpE and BfpF (136). Recently, the cytoplasmic N-terminal BfpC (N-BfpC) 

crystal structure was solved, which shares a common fold with the cytoplasmic T4aP 

component PilM and, surprisingly, resembled more strongly the amino terminus of T2S 

component EpsL (N-EpsL) despite a complete lack of sequence conservation between N-

BfpC and either protein (205). Thus, the lack of sequence similarities belies the structural 

conservation among these proteins. As BfpC and BfpE recruit the ATPase BfpD to the 

membrane, BfpC is also a functional homologue of EpsL (4,170). In addition to 

interactions of N-EpsL with the ATPase, cross-linking experiments indicate that EpsL 

interacts with EpsG, the main T2S pilin-like protein, possibly acting as a scaffold to link 

the two (79).  

At the end of the bfp operon is a protein of unknown function, BfpL, which does 

not appear to have homologues in any known T4P system. Prior studies have indicated 

that a bfpL mutant fails to make BFP and that BfpL fractionates predominantly with the 
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IM (159). Furthermore, in the absence of BfpL, less BfpJ could be detected, while 

mutations of bfpI, bfpJ or bfpK were associated with a decreased abundance of BfpL. 

These results were considered to be strongly suggestive of an interaction between BfpL 

and these pilin-like proteins. Intriguingly, BfpL bears some similarity to pilin-like 

proteins, including a single stretch of hydrophobic amino acids near the N-terminus 

predicted to represent a transmembrane domain and several amino acids nearly identical 

to a prepilin peptidase cleavage site (Figure 4). 

Recently experiments in Neisseria gonorrhoeae, N. meningitidis and 

Pseudomonas aeruginosa (36,74,202) demonstrated that pilin-like proteins are only 

essential for T4P biogenesis when the putative retraction ATPase protein is also present. 

Thus, T4P are made by bacteria that have null mutations in the genes for pilin-like 

proteins if the gene for the retraction ATPase is also mutated. Synthesis of T4P only in 

the absence of pilus retraction has been interpreted as evidence that pilin-like proteins 

play an ancillary role in biogenesis, either facilitating extension or hindering retraction. 

To test the hypothesis that BfpL is similar to pilin-like proteins, we constructed in-frame 

deletions of the bfpL gene in both a wild type EPEC background and a bfpF mutant 

background. We examined these mutants for BFP expression by immunofluorescence 

microscopy, transmission electron microscopy, and for associated auto-aggregation and 

LA phenotypes. We examined the localization and topology of BfpL, conducted a series 

of yeast two hybrid assays to screen for interactions between BfpL and other proteins in 

the BFP assembly apparatus, and used fluorescence anisotropy to test the hypothesis that 

BfpL binds to the periplasmic C-terminus of BfpC. 
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Methods 

Bacterial Strains and Plasmids 

All bacterial strains and plasmids used in this study are listed in Table 1. Mutations in 

bfpL were engineered to delete all but the first 5 and last 5 codons separated by an 84 

nucleotide “scar” sequence as described (50). Oligonucleotide primers are listed in Table 

2. Complementation plasmids were created by amplifying each gene including its 

predicted ribosome-binding site with PFX polymerase and cloning into the SacI and XbaI 

restriction sites of the pBAD33 vector. The correct DNA sequences were confirmed in all 

plasmids.  
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Table 1: Strains and plasmids used in this chapter 

Strain or 
Plasmid 

Description, Genotype Reference or 
Source 

Strain   

E2348/69 Wild type EPEC strain, Serotype O127:H6 (122) 

UMD916 E2348/69 bfpF::aphA3  (10) 

UMD955 E2348/69 bfpL This study 

UMD961 UMD916 bfpL This study 

BL21 (DE3) 
pLysS 

F–, dcm, ompT, hsdS(rB
–mB

–) Novagen 

Plasmids   

pPF302 Expression vector for His-bundlin with DsbA signal sequence,  (67) 

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

This study 

pLDPF-L Expression vector for His-BfpL with DsbA signal Sequence This study 

pBAD33 Cloning vector with Multiple Cloning Site (MCS) under 
control of an araC arabinose inducible promoter 

(84) 

pLDBAD-L pBAD33 Complementation vector with bfpL cloned into MCS This study 

pTEB68 Dual reporter vector used for topology studies (23) 

pWS42 Dual reporter vector with codons for BfpL amino acids 1-15 
inserted into multiple cloning site 

This study 

pWS49 Dual reporter vector with codons for BfpL amino acids 1-35 
inserted into multiple cloning site 

This study 

pWS44 Dual reporter vector with codons for BfpL amino acids 1-186 
inserted into multiple cloning site 

This study 

pWS45 Dual reporter vector with codons for BfpL amino acids 1-159 
inserted into multiple cloning site 

This study 

pRPA311 Dual reporter vector with codons for BfpC amino acids 1-164 
inserted into multiple cloning site 

This study 

pRPA312 Dual reporter vector with codons for BfpC amino acids 1-188 
inserted into multiple cloning site 

This study 
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Table 2: Primers used in this chapter 

Primer Name Primer Sequence 

-Red Recomb. BfpL FWD cacagggcttctgtttaaacggtactagttatgttattcttctgggtgtaggctggagct
gcttc 

-Red Recomb. BfpL REV tagcctaaaaaacttacagttctggtggtgctatcccgttttgttgaacatatgaatatcc
tccttag 

BfpL Comp. for pLDBAD-L FWD gaattcaaacggtactagttatgttattcttctgg 

BfpL Comp. for pLDBAD-L REV cccgggctatccgttttgttgaa 

BfpC Dual Reporter FWD ggccatggtaaagaataatcttgg 

BfpC1-164 Dual Reporter REV ccggatccctcgagtttttcctttaatttcttccc 

BfpC1-188 Dual Reporter REV ggctcgagattatatatgatgacaaag 

BfpL Dual Reporter FWD  ccacatgttattcttctggtgtggtttt 

BfpL1-15 Dual Reporter REV tcgagaatggatacaattaatgaaaaaaaaccacac 

cagaagaataa 

BfpL1-35 Dual Reporter REV cgggatccctcgagaataattcggttttgttcatcgag 

BfpL1-86 Dual Reporter REV cgggatccctcgagattatcatatccagacaatttatctt 

 

Expression and Purification of BfpL 

For BfpL purification, the first 19 amino acids, which are predicted to be highly 

hydrophobic, were excluded, codons optimized for E. coli were generated by reverse 

translation and the resulting gene was synthesized commercially (GeneDesign, 

http://genedesign.thruhere.net/gd/, accessed May 22nd, 2012). Expression plasmid 

pLDPF-L was created by cloning optimized bfpL into pPF302 (67), a modified version of 

pET39b+ containing the DsbA signal sequence immediately upstream of an N-terminal 

hexahistidine tag. An overnight culture of E. coli strain BL21 (DE3) containing pLDPF-L 

was diluted 1:50 in 1 L LB containing 50 µg/mL kanamycin and grown in a 30C shaker 
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at 225 rpm until it reached an absorbance at 600 nm of 0.5. Protein expression was then 

induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). The culture was 

incubated for one additional hour in the 30C shaker and pelleted by centrifugation for 10 

minutes at 5000  g. Proteins from inclusion bodies were isolated as described (retrieved 

from Caltech.edu, 

http://www.its.caltech.edu/~bjorker/Protocols/Isolation%20of%20proteins%20from%20.

pdf, May 22nd, 2012), with the following modifications: no DTT was added to any 

solution and the final pellet containing inclusion bodies was resuspended in 8 M Urea, 50 

mM NaH2PO4, 300 mM NaCl pH 8.0. Resuspended protein solutions were applied to a 

QIAGEN nickel-nitrilotriacetic acid (NTA) agarose resin column and washed repeatedly 

with resuspension buffer. Protein was eluted by decreasing the pH of the resuspension 

solution by 0.5 increments to a final pH of 5.0. Samples containing purified denatured 

histidine-tagged BfpL (His-BfpL) were refolded by adding 1 mL of the protein solution 

drop-wise to 200 mL buffer containing 100 mM Tris-HCl pH 8.0, 400 mM L-arginine, 2 

mM Na2 EDTA, 0.5 mM oxidized glutathione, and 5 mM reduced glutathione. Samples 

were slowly stirred at 4oC for 8 hours or overnight. The process was repeated by adding 

successive 1 mL samples of purified denatured BfpL solution until all protein was 

dissolved in refolding buffer. Refolded samples were concentrated to 5 mL using 

Millipore Amicon Ultra-15 Filtration units. 

 

Expression and Purification of the C-terminus of BfpC 

An overnight culture of BL21 (DE3) cells containing pEM87, a plasmid in which codons 

188-402 of bfpC replaced those of bfpA in pPF302 as described above, was diluted 1:100 
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in 1.5 L LB with 50 µg/mL kanamycin. The culture was incubated at 25C and 150 rpm 

until it reached an absorbance at 600 nm of 0.3, then induced with 0.4 mM IPTG and 

incubated for 3 additional hours at 25C. Cells were pelleted by centrifugation at 5,000 x 

g for 10 minutes, then resuspended in wash buffer containing 50 mM NaH2PO4, 300 mM 

NaCl, pH 8.0. Cells were lysed using a French Press at 20,000 PSI, then centrifuged at 

35,000 x g for 35 minutes. The supernatant was applied to a nickel-NTA agarose resin 

column and washed 3 times with wash buffer, then once with wash buffer containing 5 

mM imidazole. Proteins were eluted with wash buffer containing 250 mM imidazole. 

Fractions containing His-BfpC-C were dialyzed twice in wash buffer, then loaded onto a 

Hi Trap high performance chelating column charged with NiSO4. The column was 

attached to an AKTA Prime Fast Protein Liquid Chromatography system and a gradient 

consisting of wash buffer with gradually increasing concentrations of imidazole up to 500 

mM was applied. Fractions containing His-BfpC-C were combined into 1 sample. 

 

Cellular Fractionation and Pilus Shear Preparations 

To confirm the cellular location of BfpL we first isolated membrane and soluble fractions 

in the following manner: 2.5 mL of an overnight LB culture of E2348/69 were inoculated 

in 500 mL Dulbecco’s Modified Eagle Medium (DMEM) and grown in a 37oC shaker for 

4 hours. Cells were harvested by centrifugation at 5,000  g for 10 minutes.  Cell pellets 

were resuspended in 10 mL 50 mM NaH2PO4, 300 mM NaCl, pH 8.0 and lysed in a 

French Press at 20,000 PSI. Lysates were centrifuged twice at 5,000 g for 15 minutes to 

remove cellular debris and unbroken cells and the supernatants were centrifuged at 
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200,000  g for 1 hour. The membrane pellet was resuspended in 1.0 mL 25 mM Tris-

HCl pH 8.0.  For pilus preparation, an overnight culture of UMD916 grown at 37oC was 

diluted 1:50 in 500 mL DMEM and grown for 6 hours at 37oC.  Cells were harvested by 

centrifugation at 5,000 x g for 10 minutes, then resuspended in 100 mL of 0.065M 

Ethanolamine pH 10 (MEB).  The mixture was placed in a Waring 34BL97 Commercial 

Blender and sheared for 5 minutes at setting 4.  The resuspension was centrifuged at 

4,000 x g for 15 minutes, the pellet was washed in 50 mL MEB and the supernatant was 

stored separately.  The pellet and remaining wash was centrifuged again at 4,000 x g for 

15 minutes with the pellet stored at –20oC.  This pellet was later lysed for preparation of 

membrane fractions as described above.  The resulting supernatant was combined with 

the 100 mL MEB sample previously obtained, then centrifuged once again at 4,000 x g 

for 15 minutes.  Ammonium sulfate was added to the supernatant to a concentration of 

50% (wt/vol) and allowed to precipitate overnight at 4oC.  The solution was then 

centrifuged at 27,500 x g for 15 minutes and the supernatant discarded.  The pellet was 

resuspended in 30 mL MEB and centrifuged at 21,700 x g for 30 minutes.  The final 

pellet was resuspended in 1 mL MEB. 

 

Immunoblotting 

Rat polyclonal antisera against purified and refolded His-BfpL was commercially 

generated (Rockland Immunochemicals, Inc.) and affinity purified using a Pierce 

Aminolink Plus Immobilization kit according to the manufacturer’s instructions.   This 

primary antibody was used at a dilution of 1:1000 in commercially available Odyssey 

Blocking Buffer (LI-COR) and 2% Normal Goat Serum (Sigma).  An anti-rat Alexa-
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Fluor 680 conjugate secondary antibody (Invitrogen) was used at 1:2000.  For controls, 

rabbit antisera against bundlin and BfpB peptides, were previously described (49,67) and 

used at dilutions of 1:20,000 in 5% milk + PBS and 1% Tween-20.  An anti-rabbit 

secondary antibody conjugated to an IRDye 800CW fluorophore (LI-COR) was used at a 

dilution of 1:5000 in Odyssey Blocking Buffer (LI-COR) and 2% Normal Goat Serum 

(Sigma). All images were taken with an Odyssey Fc Imager System, with densitometric 

analysis performed using Odyssey Imager Software (LI-COR).  

 

Dual Reporter Membrane Topology Assays 

Codons 1-15, 1-35, 1-86, and 1-149 of bfpL were amplified by PCR (for primers see 

Table 2) and cloned into the XhoI/BamHI or AflIII/XhoI sites of pTEB120 (23), fusing 

them to the dual-reporter ‘phoA-lacZalpha cassette. The resulting plasmids were 

transformed into E. coli strain XL1-blue and transformants were examined for alkaline 

phosphatase and β-galactosidase activities by plating on dual-indicator plates (7). 

Plasmids pRPA311 and pRPA312 encoding BfpC1-164 and BfpC1-188 fused to the dual 

reporters served as cytoplasmic and periplasmic controls, respectively.  

 

Yeast two-hybrid assays 

Transformations of yeast cells were performed using the LiAc-mediated method, and 

quantification of protein-protein interactions used the -Gal quantification assay as 

described in the Clontech Yeast Protocols Handbook (39).  In brief, yeast cells were 

transformed with vectors containing BFP proteins fused to an activation domain or a 

DNA binding domain and plated on minimal media containing X--gal (Clontech).  
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Plates were incubated for 3 days at 30oC then checked for positive or negative colonies 

indicating an interaction.  Positive colonies were plated on –3 and –4 SD media and 

grown an additional 3 days checking for positive colonies in qualitative assays.  In 

quantitative assays, positive colonies were inoculated in –3 SD liquid media and negative 

colonies were grown in –2 SD media overnight at 30oC.  1 mL of each culture was 

centrifuged for 2 minutes at 10,000 x g to obtain a supernatant.  16 L of supernatant 

from each culture was mixed with 48 L of Assay Buffer containing PNP--gal and 

CH3COONa and incubated 60 minutes at 30oC.  136 L of Stop Solution containing 

Na2CO3 was added to halt the reaction, and the OD at 405 nm was recorded by a BioRad 

680 plate reader. 

 

Autoaggregation assays 

For BFP inducing conditions, bacterial strains were inoculated in LB with 50 g/mL 

kanamycin or 20 g/mL chloramphenicol if necessary to retain plasmids and grown 

overnight in a 37oC shaker at 225 RPM. Cultures were diluted 1:50 or 1:200 in 10 ml 

DMEM with or without 0.2% arabinose, and incubated for 4 hours at 220 RPM and 37oC. 

Readings were taken each hour in the following manner. One milliliter of culture was 

removed and its absorbance at 600 nm measured with a spectrophotometer. This value 

was the Before Vortex (BV) reading. The cuvette containing the culture was then 

vortexed for 30 seconds and another reading was taken (After Vortex, AV). AV values 

were adjusted to correct for air bubbles by determining the average AV value from 10 

blank readings of DMEM after vortexing (0.066) and subtracting this value from the AV 



 

  40

readings for each culture to yield the Adjusted After Vortex (AAV) value. The 

autoaggregation index at each time point was determined using the following formula: 

(AAV – BV)/ BV. For micrographs of aggregates, 10 μL of cells were applied to a glass 

slide and examined under 100-fold magnification. Photomicrographs were taken using 

Zeiss AxioCamMRm using AxioVision 4.4 software (2005). 

 

Immunofluorescence 

The protocol used was modified from a previous procedure (67). Bacteria were grown 

under BFP inducing conditions. Fifty microliters of culture were placed in a well of a 

poly-D-lysine 8 well chamber slide and incubated at 37oC until the culture had 

evaporated, then the bacteria were fixed on a 65oC heat block for 15 minutes. Wells were 

washed 3 times with PBS then incubated for 1 hour at room temperature with rabbit anti-

1-bundlin antisera at 1:100 dilution in PBS. Wells were washed 3 more times, then 

incubated for 1 hour at room temperature with goat anti-rabbit FITC conjugated antibody 

(Sigma-Aldrich) diluted 1:300 in PBS. Cells were washed again and the slide was 

examined by fluorescence microscopy (excitation 460 nm). Micrographs were taken 

using the Zeiss AxioVision 4.4 software (2005). 

 

Transmission Electron Microscopy.  

Bacteria were grown under BFP-inducing conditions as above. Ten milliliters of cell 

culture were subjected to microcentrifugation (2,000 g for 15 minutes) and resuspended 
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in 250 μL of DMEM media prewarmed to 37oC. Ten microliters of resuspended cells 

were placed on top of a Formvar-coated 400 mesh copper grid and left to stand for 5 

minutes. The grids were wicked with a small piece of Watman paper to remove excess 

solution, then inverted for 15 - 20 minutes on a 50 μL drop of fixative containing 0.1 M 

Sorenson’s phosphate buffer, 2.5% (vol/vol) glutaraldehyde, 2% (wt/vol.) 

paraformaldehyde, and 0.18 M sucrose. Grids were wicked again then rinsed twice with 

drops of water before being placed in 0.25% phosphotungstic acid for 3 - 5 seconds, then 

wicked and dried in the air. An FEI Tecnai T12 Transmission Electron Microscope was 

used to examine the grids. 

 

Cell Adhesion Assay.  

A HEp-2 cell adhesion assay was performed as described (58).  In brief, HeLa cells were 

grown to confluence in an 8-well chamber slide.  The chambers were washed and filled 

with DMEM media, then inoculated with bacterial strains grown per protocol and 

incubated for 3 hours.  Cells were fixed, washed with PBS, then stained with 10% 

Giemsa stain. 

 

Fluorescence Polarization 

To study the interaction between BfpL and BfpC, BfpL was labeled with fluorophore 

Alexa Fluor 647 using a commercially available kit. Briefly 100 mL of phosphate 

buffered saline (PBS) containing BfpL (~140mM) was incubated with an amine-reactive 



 

  42

form of Alexa Fluor 647 (A10475, Invitrogen). After incubation the labeled product was 

dialyzed 3 times for 1 hour at 4OC and once overnight at 4OC in 45 mL PBS with a Slide-

A-Lyzer 2 mL MINI Dialysis Device (Thermo-Scientific) to remove the unreacted dye. 

Interactions between labeled BfpL and BfpC, also dialyzed in PBS, were studied by 

fluorescence polarization.  Fluorescence polarization measurements were recorded using 

an Aminco-Bowman Series 2 spectrofluorometer (AB2, Thermo Fisher Scientific) with 

motorized Glann-Thompson polarizers in excitation and emission light paths. Alexa 

Fluor 647 was excited at 630 nm and polarization measured at an emission wavelength of 

670 nm. Measured fluorescence polarizations were corrected for different sensitivities to 

two orthogonal polarizations using an L-format configuration and the G-factor (121,126).  

 

Results 

BfpL is required for BFP expression and associated phenotypes in the context of 

other Bfp proteins 

Wild type EPEC strain E2348/69 grown in DMEM media (conditions favoring 

BFP expression) form large aggregates (Figure 5A). In contrast, a bfpL deletion mutant 

formed no aggregates after 4 hours incubation (Figure 5C). The auto-aggregation 

phenotype was partially restored with a complementation vector containing the missing 

gene after induction with 0.2% arabinose (Figure 5D).  
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Figure 5) Auto-aggregation of strains 4 hours post inoculation in DMEM. A) Wild type EPEC strain 
E2348/69; B) UMD916, the bfpF mutant; C) UMD955, the bfpL single deletion mutant; D) UMD 955 
complemented with a plasmid containing bfpL and grown in the presence of 0.2% arabinose; E) UMD961, 
the bfpF bfpL double mutant; F) UMD961 complemented with a plasmid containing bfpL and induced with 
0.2% arabinose. 

 

Aggregate formation was quantified by measuring the auto-aggregation index. 

This index is a measure of the increase in optical density that occurs after aggregates are 

disrupted by vortexing. After 4 hours incubation under BFP inducing conditions, wild 

type EPEC cells and the complemented mutant grown in arabinose had significantly 

higher auto-aggregation levels than did the bfpL mutant or the complemented strain 

grown in the absence of arabinose (Figure 6A). However, the index of the complemented 
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bfpL mutant was significantly lower than that of E2348/69 cells even at 4 hours, 

indicating that complementation was not complete. Failure of complete complementation 

may be due to expression of BfpL from pLDBADL at levels that differ from those of 

wild type.  

 

Figure 6) Mean auto-aggregation indexes of cells grown in DMEM at 37oC over time. Bars represent 
standard error. A) Closed squares: E2348/69, wild type EPEC; open squares: UMD955, the bfpL deletion 
mutant; open triangles: UMD955 complemented with a bfpL plasmid but with no arabinose added; open 
diamonds: UMD955 complemented with a bfpL plasmid and induced with 0.2% arabinose. The index of 
the complemented single mutant is significantly greater (P<0.05) than UMD955 at 4 hours, but 
significantly less than E2348/69 at 4 hours (P<0.05). B) Closed squares: E2348/69, wild type EPEC; open 
squares: UMD916, the bfpF mutant; open triangles: UMD955, the bfpL deletion mutant; open diamonds: 
UMD961, the bfpF bfpL double mutant; cross (X): UMD961 complemented with a bfpL plasmid but with 
no arabinose added; plus signs (+): UMD961 complemented with a vector containing bfpL and induced 
with 0.2% arabinose. The index of UMD916 is significantly greater than those of all strains at 4 hours 
(P<0.05), while that of the complemented double mutant is significantly greater than UMD955, UMD961, 
or complemented UMD961 without arabinose at 4 hours (P<0.05), and significantly less than UMD916 or 
E2348/69 at the same time point (P<0.05). 
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Wild type EPEC formed typical microcolonies on the surface of HeLa cells 

(Figure 7A), while the bfpL mutant did not form any microcolonies, adhering as rare 

single cells (Figure 7B). Complementation restored the wild type phenotype (Figure 7E).  

 

Figure 7) Adherence of EPEC strains to HeLa cells. Examples of microcolonies are circled. A) wild type 
EPEC strain E2348/69l. B) The single bfpL mutant, UMD955. C) UMD955 with a bfpL containing plasmid 
and 0.2% arabinose added as inducer. D) A bfpF mutant, UMD916. E) The bfpF bfpL double mutant, 
UMD961. F) UMD961 with a bfpL containing plasmid and 0.2% arabinose added as inducer. 
 
 

Immunofluorescence microscopy with an antibody against bundlin confirmed that 

wild type EPEC cells express bundlin on the surface. Immunoreactivity was not seen in 

the bfpL mutant (data not shown). In addition, transmission electron microscopy (TEM) 

allowed a direct examination of BFP expression. These long, thick, intertwined fibers 

were found in E2348/69 cells (Figure 8A) and complemented mutant strains induced with 

0.2% arabinose (Figure 8E) but were not present in the bfpL mutant strain without the 

complementation plasmid (Figure 8C).  
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Figure 8) Transmission electron micrographs of EPEC cells grown for 4.5 hours in DMEM at 37oC. 
Dark thick, bundled fibers correspond to BFP. Thin, individual fibers might represent the E. coli Common 
Pilus or another body. A) wild type strain E2348/69;  B) a bfpA mutant, UMD901 C) the bfpL single 
mutant, UMD955; D) the bfpF mutant, UMD916; E) UMD955 complemented with a plasmid containing 
bfpL and induced with 0.2% arabinose; F) the bfpI bfpF double mutant, UMD961; G) UMD961 
complemented with a plasmid containing bfpL and induced with 0.2% arabinose. 

 

Deletion of the bfpL gene in a bfpF mutant reveals that bfpL is absolutely required 

for BFP expression 

Studies in other T4P systems have revealed that some proteins previously thought 

to be required for T4P expression are in fact dispensable when pilus retraction is 

prevented by mutation of the gene encoding the retraction ATPase (36,137,202). This 

finding has been interpreted as evidence that the protein in question either facilitates pilus 

expression or hinders retraction. In EPEC, pilus retraction is mediated by the putative 

ATPase BfpF (10,208). While the bfpF mutant retained the ability to form aggregates 

after 4 hours incubation in DMEM (Figure 5B), no aggregates were seen in a bfpF bfpL 

double mutant (Figure 5E). The bfpF phenotype was partially restored when the double 
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mutant was complemented with a plasmid containing bfpL and induced with 0.2% 

arabinose (Figure 5F). Furthermore, the auto-aggregation index of the complemented 

bfpF bfpL double mutant was slightly but significantly higher than that of the double 

mutant strain at four hours (Figure 6B), although it was still significantly lower than 

those of wild type EPEC or the parent bfpF mutant strain. The bfpF mutant formed 

microcolonies on the surface of HeLa cells (Figure 7D), but the bfpF bfpL double mutant 

did not display this phenotype (Figure 7C). Immunofluorescence with the anti-bundlin 

antibody did not reveal bundlin on the surface of the double mutant. Surface bundlin was 

detected by immunofluorescence in the bfpF mutant, and the double mutant 

complemented with bfpL (data not shown). These findings were confirmed using TEM 

when BFP were detected on a bfpF mutant (Figure 8D), but not on the bfpF bfpL double 

mutant (Figure 8F). BFP were found only when the double mutant was complemented 

with bfpL (Figure 8G). Together, these results indicated that BfpL is absolutely required 

for BFP biogenesis. 

 

BfpL localizes to the inner membrane of EPEC 

A prior study indicated that BfpL could be detected primarily in the IM fraction of 

EPEC cells. However, the possibility that BfpL is incorporated into BFP was not 

investigated. Western blots of EPEC lysates separated into soluble fractions (containing 

cytosolic and periplasmic compartments) and insoluble fractions (containing both 

membranes and insoluble material) by ultracentrifugation confirmed that BfpL is present 

exclusively in the insoluble fraction (data not shown). No BfpL could be detected even in 

a concentrated soluble fraction. Fractionation controls confirmed that BfpB, the OM 
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secretin protein, is also preferentially localized to the insoluble fraction, while GroEL, a 

cytoplasmic protein, is found as expected primarily in the soluble fraction. To distinguish 

between membrane localization and incorporation into BFP, cells were separated into a 

shear fraction containing BFP and an insoluble membrane fraction from sheared cells. 

Prior experience indicates that it is difficult to obtain a pure preparation of BFP and 

contamination with various non-pilus proteins is expected. However, these preparations 

are enriched in bundlin (54). Densitometric analysis from 4 independent experiments 

revealed a 1:1.65 ratio of BfpL in sheared pilus fractions compared to membrane 

fractions , similar to the 1:1.34 ratio of BfpB, but distinct from the 2.19:1 ratio of bundlin 

(Figure 9).  These experiments do not support the hypothesis that BfpL is incorporated 

into the pilus.  

 

Figure 9) BfpL is not enriched in sheared pilus preparations with bundlin. The mean relative intensity 
of sheared pili fractions divided by membranous fractions from four independent immunoblots for bundlin, 
BfpB, and BfpL.  Bars represent standard errors. The insert shows a representative western blot used for 
densitometric analysis. Equivalent dilutions of membrane (M) and shear preparation (S) samples were 
loaded onto gels and immunoblotting was performed using antisera raised against the indicated proteins. 
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Examination of the amino acid sequence of BfpL predicts a single transmembrane 

domain, but the absence of predominantly positively charged amino acids on either side 

of this region (199) leaves the topology of the protein ambiguous (Figure 4). We 

therefore created a series of plasmids from which fusions of full-length and C-terminally 

truncated derivatives of BfpL with a dual reporter could be expressed. This system relies 

on the simultaneous expression of the alpha fragment of β-galactosidase and alkaline 

phosphatase lacking its signal sequence to report cytoplasmic and periplasmic 

localization, respectively (7). Like the periplasmic control plasmid encoding a fusion of 

BfpC1-188 to the dual reporters, all BfpL fusions were blue on indicator plates, 

demonstrating alkaline phosphatase activity (Figure 10). Only the cytoplasmic control 

plasmid encoding the BfpC1-164 fusion was red, indicating alpha-complementation with 

the omega fragment of β-galactosidase and cytoplasmic localization. These data are 

consistent with an inner membrane topology for BfpL in which only the first five residues 

are cytoplasmic and the majority of the protein is localized in the periplasm. 

 

Figure 10) BfpL is a type II bitopic membrane protein. Strains expressing BfpC from amino acids 1-164 
and 1-188 fused to dual beta-galactosidase and alkaline phosphatase reporters and similar fusions of BfpL 
from amino acids 1-15, 1-35, 1-86, and 1-149 were streaked on LB Agar plates containing X-Phos and 
Red-Gal. 
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BfpL interacts with the periplasmic C-terminus of BfpC 

Yeast 2 Hybrid screens with BfpL and proteins or soluble protein fragments 

encoded by the bfp operon revealed an interaction between BfpL and the periplasmic C-

terminus of BfpC (BfpC-C), a bitopic IM protein. No interactions were found in 

screening assays between BfpL and any other Bfp protein or fragment tested, which 

included bundlin, the N-terminus of BfpB, the N-terminus of BfpC, BfpD, the N-

terminus, first and second periplasmic loops of BfpE, BfpG, BfpI, BfpJ, BfpU (Table 3). 

The results of a quantitative assay, which included a selection of proteins that were 

negative on initial screening, were consistent with these results (Figure 11A). The only 

interaction that yielded alpha-galactosidase activity substantially greater than that of the 

negative controls was between BfpL and BfpC-C; alpha-galactosidase activities in 

interactions between BfpL and the N-terminus of BfpC, BfpG, BfpI, and BfpU were 

similar to those of the negative controls.  
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- Extension ATPase 
Cytosolic Face 

 Peripheral IM BfpD 

- Secretin Outer Membrane/ 
Periplasmic Face

BfpB-N-
Terminus 

- Unknown  Cytoplasm, 
periplasm 

BfpU 

- Pilin-like protein Unknown BfpJ 

- Pilin-like protein Unknown BfpI 

- Unknown  Periplasm BfpG 

- Unknown, Bitopic 
IM Protein 

IM/ Cytosolic 
Face 

BfpC-N-
Terminus 

+ Unknown, Bitopic 
IM Protein

IM/ Periplasmic 
Face

BfpC-C-
terminus

Protein or 
Fragment 

Location Function Interaction (+/-)

Bundlin Pilus/ IM Pilin - 

BfpE; N-
terminus, 1PPL 

and 2PPL 

 IM/Cytoplasmic 
face, 1st and 2nd 

periplasmic loops

Unknown, 
Polytopic IM 

protein

- 

Table 3: Results of yeast 2 hybrid screen 
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Figure 11) BfpL interacts with the periplasmic C-terminus of BfpC.  A) Quantification of protein-
protein interactions in a yeast 2 hybrid assay.  Interacting proteins are listed along the x-axis.  Light gray 
columns represent interactions between BfpL encoded on the pGADT7 activating domain plasmid and a 
given partner protein on the pGBKT7 binding domain plasmid, while dark grey bars columns indicate the 
reverse.  Data are combined from two experiments, with bars representing standard error. B) Fluorescence 
polarization of BfpL-Alexa Fluor 647 in presence of various concentration of the C-terminus of BfpC. 
Excitation was at 630 nm and polarization measured at emission wavelength of 670 nm. Points represent 
the average polarization of two readings at the given concentrations of BfpC added with error bars 
representing one standard deviations.  The line is a fit to data points using logistic function with arrow 
indicating the BfpC concentration for midpoint of polarization changes. 

 

To confirm and quantify the interaction between BfpL and BfpC-C, we used fluorescence 

polarization, which relies on the faster rotation of individual molecules compared to the 

same molecules in complex and increased polarization of emitted light. A titration curve 

can be generated from measurements of polarized fluorescence, and the binding process 

can be quantitatively evaluated based on highly predictable mathematical models 
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(121,126). We measured BfpC concentration-dependent BfpL fluorescence polarization 

(Figure 11B) and found the polarization value increased from 217 milipolarization (mP) 

units for BfpL-Alexa Fluor 647 to a maximum value of approximately 260 mP units after 

addition of BfpC. While the change in polarization value is moderate, these values are in 

agreement with polarization models for labeled BfpL (MW ~ 14 kDa, rotational time ~ 6 

ns, lifetime of Alexa Fluor ~ 1.9 ns). Fit of a four parameter logistic curve resulted in the 

midpoint value of 2.43 ± 0.64 µM, which represents the dissociation constant assuming a 

1:1 binding interaction. In another set of polarization measurements, we used Alexa Fluor 

488 for labeling BfpL and obtained a similar midpoint value of 2.25 µM (data not 

shown). Taken together, these measurements confirm that BfpL interacts with BfpC-C. 

 

Discussion  

BFP is an essential virulence factor for typical EPEC pathogenesis (20). Thirteen 

genes encoded by the bfp operon are required for pilus biogenesis and function (11,159). 

We confirmed that a deletion of the bfpL gene, encoding a protein of unknown function 

that has no known homologues in other T4P systems, results in a loss of pilus expression 

and associated function. The wild type phenotype was partially restored when the missing 

gene was complemented. Thus, bfpL expression is required for BFP biogenesis and 

function in the context of all other Bfp proteins. Since the N-terminus of BfpL resembles 

those of pilin-like proteins BfpI, J, and K, we also created a deletion of the bfpL gene in a 

bfpF mutant. If BfpL were a pilin-like protein, we would expect this mutant be able to 

express BFP in the absence of the putative retraction ATPase BfpF (36,74,202). 
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However, contrary to our hypothesis, this double mutant did not express BFP, revealing 

that BfpL expression is absolutely required for BFP biogenesis. These data indicate that, 

despite some similarities, BfpL is not, in fact, a pilin-like protein. 

Prior studies have suggested that BfpL is an IM protein, but did not examine pilus 

shear preps (159). When we did so, we were unable to detect evidence that BfpL is 

incorporated into BFP. Pilin-like proteins have been found as integral components of T4P 

in N. meningitidis (90)and P. aeruginosa (74), thus further distinguishing BfpL from 

pilin-like proteins. Additional analysis using a dual-reporter assay is consistent with a 

bitopic IM topology for BfpL in which the majority of the protein protrudes into the 

periplasmic face. 

Based on the interdependence of BfpL and BfpJ and the dependence of BfpI and 

BfpK on BfpL for their abundance, it had previously been suggested that BfpL might 

interact directly with these pilin-like proteins. However, we did not obtain evidence of 

such interactions using a yeast 2-hybrid screen. Instead, we were only able to detect an 

interaction between BfpL and the C-terminal periplasmic face of BfpC, a bitopic 

component of the IM subassembly complex (136). Given its IM location and topology, 

this interaction is entirely plausible. Indeed, we were able to confirm and quantify 

binding between BfpL and BfpC-C using fluorescence anisotropy. The tentative 

dissociation constant observed may underestimate the actual affinity between these 

proteins, as neither protein appears to be entirely folded based on heterogeneity upon gel 

filtration (data not shown). The BfpC-C/BfpL interaction and the absolute dependence of 

BFP biogenesis on BfpL indicate that BfpL is also an essential component of the IM 
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subassembly complex. However, due to the limits of the 2-component yeast 2-hybrid 

assay, we cannot exclude interactions between BfpL and other proteins. 

It was recently revealed that the cytoplasmic domain of BfpC is a homologue of 

PilM and of the cytoplasmic domain of EpsL (205). The periplasmic domain of EpsL 

interacts with EpsM (172) and the pilin-like protein EpsG (79) while PilM interacts with 

PilN, PilO and PilP (14). Therefore it is tempting to predict that either BfpL, the 

periplasmic domain of BfpC, or both proteins are homologous to EpsM, PilN, PilO or 

PilP. EpsM, PilN and PilO share a simple ferredoxin fold (5,169). Whether periplasmic 

BfpC or BfpL also shares this fold awaits further structural data. The lack of sequence 

similarities has now proven to be poor evidence refuting homology among T2S, T4a, and 

T4b systems. Further investigation will also be required to determine whether either 

BfpC or BfpL interacts directly with bundlin.  
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Chapter 3: BfpI is not Absolutely Required for Type IV Pilus Biogenesis 
and Impedes Pilus Retraction 

This chapter describes my work on BfpI, a putative pilin like protein.  It will form 

the majority of a paper that will be submitted in the next 2 months and the submitted text 

and figures will be presented in a format similar to what appears here.  This chapter 

contains the portions of the project that are complete.  We are collaborating with the 

laboratories of Dr. Michael Sheetz, at Columbia University, and Dr. Glen Armstrong at 

the University of Calgary.  We expect that the additional data from these collaborations 

will enhance this work. 



 

  58

Summary 

  EPEC is a common cause of diarrhea among children under 2 years of age in the 

developing world.  The BFP is a T4P and an important virulence factor for EPEC 

pathogenesis.  The BFP is encoded by a 14 gene operon.  Here we examine the role in 

pilus biogenesis of BfpI, a putative pilin-like protein that shares some N-terminal 

sequence homology with bundlin, the main pilus subunit, and has the same N-terminal 

cleavage site.  We created in-frame deletion mutants of bfpI in both a wild type 

background and in an insertion mutant for bfpF, the retraction ATPase of the BFP 

system.  We find that a bfpI mutant does not express BFP on its surface and lacks the LA 

and autoaggregative phenotypes associated with pilus expression.  In contrast a double 

mutant for both bfpF and bfpI expresses BFP on its surface although its autoaggregative 

phenotype is reduced in comparison to both its bfpF parent strain and wild type EPEC.  

We created a novel method to examine the rate of pilus extension and retraction over 

time using flow cytometry.  In this assay, we find that the bfpF bfpI double mutant 

expresses more surface bundlin than the bfpF mutant in BFP inducing conditions.  When 

these strains are complemented with a vector containing bfpF and placed in a condition 

inducing retraction, we find that the double mutant has less surface expression over time 

than the bfpF mutant.  These results suggest that BfpI is not absolutely required for pilus 

biogenesis and for the first time provide data in support of a role for a pilus-like protein 

in impeding pilus retraction. 
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Introduction  

T4P systems are the most widespread class of pili in bacterial species.  A T4P is 

very flexible and extremely thin, ranging 5-8 nm in diameter but capable of growing 

several micrometers in length (152).  T4Ps have been extensively studied in gram 

negative bacteria but are also found in gram positive Clostridia (194) and archeal species 

(155).  Bacteria use T4P for a variety of functions including adherence to host cells (56),  

twitching motility (15,27,133), biofilm formation (195), bacterial transformation (203), 

and mediating secretion of proteins which modulate virulence in hosts (86).   

All T4P systems contain a set of core proteins that also have homologues in T2S  

systems (152).  These core proteins consist of a main pilus subunit, a prepilin peptidase 

that cleaves the main pilus subunit at a specific site and N-methylates the nascent amino 

terminus, a set of minor pilins or pilin-like proteins containing the same cleavage site as 

the main pilus subunit, an OM secretin multimer, a polytopic inner membrane protein, 

and an ATPase that powers pilus extension.  The pilin-like proteins share with the main 

pilus subunit a processing site near the N-terminus that is cleaved by a dedicated prepilin 

peptidase (152,159).  Further, crystal structures of the minor pseudopilins from the T2S 

of V. cholerae (206,207) and P. aeruginosa (69), and a minor pilin of N. meningitidis 

(90),  reveal folding similar to Type IV main pilin subunits, and several minor pilins were 

revealed as components of the pilus in N. meningitidis (90) and Pseudomonas aeruginosa 

(74).   Minor pseudopilins in the T2S Systems of Vibrio cholerae interact with each other 

(206) and in P. aeruginosa all four pilin-like homologues have been shown to form a 

complex with one another at the tip of the pseudopilus (62). In addition to conserved 
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proteins, there are also a variable number of proteins that are not common to all T4P and 

T2S systems, such as a retraction ATPase or a pilotin for the OM secretin. 

T4Ps consist primarily of a major pilin subunit which is polymerized into a pilus.  

Although the actual assembly process remains poorly understood, pilin subunits are 

polymerized into a three-start helical structure with their N-terminal spine buried in the 

filament core (157).  T4P may intertwine with one another or remain individual fibers 

depending upon the species, though the formation of pilus bundles is common.  In many 

systems, T4Ps can be retracted by generating a force thousands of times greater than the 

weight of individual bacterium (9).   

It is thought that the extension and retraction ATPases in T4P act antagonistically 

against one another during pilus biogenesis (37,101).  While is not known how the 

activities of each ATPase are regulated during biogenesis, it has been demonstrated that 

dynamic switching of the two ATPases across the cell causes extension or retraction 

depending upon which ATPase is predominant (30).  Further, since expression of the 

retraction ATPase is not required for pilus polymerization, a double mutant for the 

retraction ATPase and an accessory protein that is also not absolutely necessary for pilus 

biogenesis will still express T4P on the surface even though pilus assembly may be 

inefficient (36).  This strategy is an important tool to determine which proteins are 

absolutely necessary for the actual polymerization process.  It has been used to 

demonstrate that pilin-like proteins in N. meningitidis (202) and P. aeruginosa (74) are 

not absolutely required for pilus biogenesis although their expression is required for 

normal T4P function (29).  These observations have led to the hypothesis that pilin-like 

proteins either facilitate pilus extension or hinder pilus retraction.  Either way, the 
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absence of the proteins leads to no detectable pili as retraction outcompetes extension, but 

when retraction is blocked pili are observed.  However, the role of pilin-like proteins in 

either extension or retraction has never been directly demonstrated. 

EPEC is a common cause of diarrhea in infants in the developing world 

(141,146).  BFP is a T4P encoded by a 14 gene operon found on the EAF plasmid (146). 

EPEC expressing BFPs initially adhere to the surface of host cells in large clusters, a 

phenomenon called LA.  In the BFP system the pilin is known as bundlin. In addition to 

bundlin, the BFP biogenesis machinery includes BfpB, the secretin (49); BfpC, a bitopic 

inner membrane protein; BfpD, the putative ATPase powering pilus extension (136); 

BfpE, the polytopic inner membrane protein (23), and BfpF, a putative ATPase 

responsible for pilus retraction (10). BfpD and BfpF are recruited to the inner membrane 

by BfpC and BfpE (136). BfpP is the prepilin peptidase responsible for processing 

prebundlin (11,146).  At the end of the operon are a set of pilin-like proteins, BfpI, J, and 

K.  

It has been reported that BfpI, a putative pilin-like protein, is processed by the 

prepilin peptidase and may form a complex with other pilin-like proteins in the system 

(159). However, the role of BfpI in BFP biogenesis is not well characterized.   Here, we 

test that hypothesis that BfpI is a pilin-like protein that either facilitates pilus extension or 

hinders pilus retraction.  
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Methods 

Bacterial Strains and Plasmids 

Bacterial strains and plasmids used in this study are listed in Table 4. Unless otherwise 

noted strains are derivatives of wild-type EPEC strain E2348/69.  EPEC deletion mutants 

were generated according to the lambda-red recombinase protocol described by Datsenko 

and Wanner (50), leaving only the first 5 and last 5 codons of each gene intact and 

separated by an 84-nucleotide “scar” sequence.  Oligonucleotide primers used to 

construct each mutant are listed in Table 5.  A complementation plasmid was created by 

amplifying the complete bfpI gene from E2348/69 with PFX polymerase and cloning into 

the SacI and XbaI restriction sites of the pBAD33 vector (Table 4).  The correct DNA 

sequences were confirmed in all plasmids.  A plasmid to improve expression of bfpI in 

recombinant E. coli was created using GeneDesign (GeneDesign, 

http://genedesign.thruhere.net/gd/, accessed May 22nd 2012) by reverse translating the 

amino acid sequence of BfpI from E2348/69 lacking the first 32 amino acids, which are 

predicted to be highly hydrophobic.  This optimized gene was cloned into pET30b+ 

(Novagen) at the NcoI and BamHI restriction sites (Table 1).  A bfpF complementation 

vector for pilus retraction studies was created by cloning an N-terminal peptide of bfpE, 

which produces a bfpF mutant phenotype when overexpressed in wild type EPEC (134), 

downstream of a lacIq promoter into the SalI and HindIII sites so that it would be 

convergently expressing in a previously created pBAD24 plasmid containing bfpF under 

the control of an araC promoter. 
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Table 4: Strains and plasmids used in this chapter 

Strain or 
Plasmid  

Description or Genotype  Reference or Source 

Strain   

E2348/69 Wild type EPEC strain, serotype O127:H6 (122) 

UMD916 E2348/69 bfpF::aphA3  (10) 

UMD951 E2348/69 bfpI This study 

UMD963 UMD916 bfpI This study 

BL21 (DE3) 
pLysS 

F–, dcm, ompT, hsdS(rB
–mB

–) Novagen 

Plasmids   

pET30b+ Expression vector for N-terminal 6xHis and S-tag 
fusion protein  

Novagen 

pLD30b-I Expression vector for His-BfpL with N-terminal S-tag 
Sequence, BfpL gene cloned into NcoI/BamHI sites of 
Multiple Cloning Site (MCS) on pET30b+ vector 

This Study 

pBAD24 Cloning vector with MCS under control of an araC 
arabinose inducible promoter 

(84) 

pBAD33 Cloning vector with MCS under control of an araC 
arabinose inducible promoter 

(84) 

pLDBAD-I pBAD33 complementation vector with bfpI cloned 
into MCS 

This Study 

pJAL-F1 pBAD24 with bfpF inserted in MCS (206) 

pLDBADF-
CLE 

pLDJAL-F1 with lacIq, lacIq promoter, and bfpE 
fragment encoding amino acids 192-211 convergent to 
bfpF 

This Study 
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Table 5: Primers used in this chapter 

Primer Name Primer Sequence 

-Red Recomb. BfpI FWD gaatatgtaagtaaaaattatggttcgtctatgtttatattgagagtgtaggctgga
gctgcttc 

-Red Recomb. BfpI REV caattaatgaaaggccgctttcttttcttatcataaaacatccacccgcatatgaata
tcctccttag 

BfpI Comp. for pLDBAD-I FWD gaattctaaaaattatggttcgtctatgtttatattga 

BfpI Comp. for pLDBAD-I REV agatcttcataaaacatccacccggaaattat 

LacIq and BfpE insertion - FWD aagcttgtggtgaatgtgaaaccagtaacg 

LacIq and BfpE insertion - REV gatttaatctgtatcaggctgaaaatcttctctcatcc 

 

 

Autoaggregation assays 

Bacterial strains were inoculated in LB with 50 g/mL kanamycin or 20 g/mL 

chloramphenicol if necessary and grown overnight in a 37oC shaker at 225 RPM.  

Cultures were diluted 1:50 or 1:200 in 10 ml DMEM with or without 0.2% arabinose, and 

incubated for 4 hours at 220 RPM and 37oC.  Readings were taken each hour and an 

index was calculated in the following manner.  One milliliter of culture was removed and 

its absorbance at 600 nm measured with a spectrophotometer.  This value was the Before 

Vortex (BV) reading.  The cuvette containing the culture was then vortexed for 30 

seconds and another reading was taken (After Vortex, AV).  After Vortex (AV) values 

were adjusted to correct for air bubbles by determining the average AV value from 10 

blank readings of DMEM after vortexing (0.066) and subtracting this value from the AV 

readings for each culture to yield the Adjusted After Vortex (AAV) value. The 

autoaggregation index at each time point was determined using the following formula: 
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(AAV – BV)/ BV.  For micrographs of aggregates, 10 μL of cells were applied to a glass 

slide and immediately examined under 100-fold magnification.  Photomicrographs were 

taken using Zeiss AxioCam MRm and AxioVision 4.4 software (2005). 

 

Immunofluorescence 

The protocol used was modified from a previous procedure (67).  Bacteria were grown 

under BFP inducing conditions for 4 hours. Fifty microliters of culture were placed in a 

well of a poly-D-lysine 8 well chamber slide and incubated at 37oC until the culture had 

evaporated, then the bacteria were fixed on a 65oC heat block for 15 minutes.  Wells were 

washed 3 times with PBS then incubated for 1 hour at room temperature with rabbit anti-

-bundlin antisera at 1:100 dilution in PBS.  Wells were washed 3 more times, then 

incubated for 1 hour at room temperature with goat anti-rabbit FITC conjugated antibody 

(Sigma-Aldrich) diluted 1:300 in PBS.  Cells were washed again, then the slide was 

examined by fluorescence microscopy (excitation 460 nm).  Micrographs were taken 

using the Zeiss AxioVision 4.4 software (2005). 

 

Transmission Electron Microscopy 

Bacteria were grown under BFP-inducing conditions as above.  Ten milliliters of cell 

culture were subjected to microcentrifugation (2,000  g for 15 minutes) and resuspended 

in 250 μL of DMEM media prewarmed to 37oC.  Ten microliters of resuspended cells 

were placed on top of a formvar-coated 400 mesh copper grid and left to stand for 5 

minutes.  The grids were wicked with a small piece of Watman paper to remove excess 
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solution, then inverted for 15 - 20 minutes on a 50 μL drop of fixative containing 0.1 M 

Sorenson’s phosphate buffer, 2.5% (vol/vol) glutaraldehyde, 2% (wt/vol) 

paraformaldehyde, and 0.18 M sucrose.  Grids were wicked again then rinsed twice with 

drops of water before being placed in 0.25% phosphotungstic acid for 3 - 5 seconds, then 

wicked and dried in the air.  A Tecnai T12 Transmission Electron Microscope was used 

to examine the grids. 

 

Cell Adhesion Assay 

A HEp-2 cell adhesion assay was performed as described (58).  In brief, HeLa cells were 

grown to confluence in an 8-well chamber slide.  The chambers were washed and filled 

with DMEM media, then inoculated with bacterial strains grown per protocol and 

incubated for 3 hours.  Cells were fixed, washed with PBS, then stained with 10% 

Giemsa stain. 

 

Flow Cytometry for Quantifying Bundlin Surface Expression 

Bacteria were grown under BFP-expressing conditions as above.  At given time points an 

aliquot of cells was collected, then centrifuged for 1 min at 10,000 x g, discarding the 

supernatant.  To measure the loss of surface bundlin due to pilus retraction, after 

collection of a final aliquot at 37oC cells were removed from 37oC to 25oC at 2.5 hours  

and incubated an additional 1.5 hours. Prior observations had indicated that cells 

disaggregate at room temperature (20). Cells were washed once with PBS, then 

resuspended in 100 L PBS and incubated on a 65oC heat block for 30 minutes for 
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fixation.  Cells were centrifuged again for 3 minute at 10,000 x g, then resuspended in 

200 L PBS containing a 1:1000 dilution of a rabbit affinity purified anti-1-bundlin 

antibody and incubated overnight in a rotator at 4oC.  Samples were centrifuged and cell 

pellets were washed 3 times with PBS, then incubated for 1 hour with PBS containing a 

1:1000 dilution of a goat anti-rabbit antibody conjugated to an Alexa Fluor 647 

fluorescent dye (Invitrogen).  Cells were centrifuged again, washed 3 times with PBS, 

then resuspended in 1 M Syto-16 green fluorescent nucleic acid dye (Invitrogen) and 

incubated for 30 minutes at 25oC.  Samples were centrifuged and pellets were washed 

once with PBS, then resuspended in 1 mL of PBS and analyzed with a BD Biosciences 

LSR-II Cell Sorter.  Analysis was performed using the attached software.
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Results 

BfpI is required for BFP expression in the context of all other bfp genes  

Wild type E2348/69 cells grown in DMEM form large aggregates that are visible 

to the naked eye, a phenotype that requires functional BFP (1) (Figure 12A).  A bfpI 

deletion mutant in which all but the first five and last five codons were replaced with an 

84-nucleotide scar sequence formed no visible aggregates after 4 hours incubation 

(Figure 12C).  The autoaggregation phenotype was partially restored with a 

complementation vector containing bfpI after induction with 0.2% arabinose, although 

the aggregates appeared to be smaller in size than wild type (Figure 12G).  

 

Figure 12) Autoaggregation of strains 4 hours post inoculation in DMEM. A) Wild type EPEC strain 
E2348/69; B) UMD916, the bfpF mutant; C) UMD951, the bfpI single deletion mutant; D) UMD963, the 
bfpF bfpI double mutant; E) UMD 951 complemented with a plasmid containing bfpI and grown in the 
absence of inducer; F) UMD963 complemented with a plasmid containing bfpI and induced with 0.2% 
arabinose; G) UMD951 complemented plasmid induced with 0.2% arabinose; H) UMD963 complemented 
with a plasmid containing bfpF and induced with 1mM IPTG. 
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Aggregate formation was quantified by calculating an autoaggregation index.  

This index measures the increase in optical density that occurs after aggregates are 

disrupted by vortexing.  At 3 and 4 hours incubation under BFP inducing conditions, wild 

type EPEC cells and the complemented mutant grown in arabinose had significantly 

higher autoaggregation levels than the bfpI mutant or the complemented strain grown in 

the absence of arabinose (Figure 13A).  While the index of the complemented bfpI 

mutant was significantly lower than that of E2348/69 cells even at 3 hours, there was no 

difference at the 4 hour time point.  However, the smaller aggregate size and significantly 

lower index at the 3 hour time point indicates that complementation was not complete.  

The vector only restored aggregate formation when induced with concentrations of 

arabinose of 0.2% or greater (data not shown), indicating that the concentration of BfpI is 

critical for proper function of the BFP machine.  
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Figure 13) Mean autoaggregation indexes of cells grown in DMEM at 37oC over time. Bars represent 
standard error.  A) Closed squares: E2348/69, wild type EPEC; open squares: UMD951, the bfpI deletion 
mutant; open diamonds: UMD951 complemented with a bfpI plasmid but with no arabinose added; open 
triangles: UMD951 complemented with a bfpI plasmid and induced with 0.2% arabinose.  The 
complemented single mutant is significantly greater (P<0.05) than UMD951 at 3 and 4 hours, but 
significantly less than E2348/69 at 3 hours (P<0.05).   B) Closed squares: E2348/69, wild type EPEC; Open 
squares: UMD916, the bfpF mutant; open triangles: UMD951, the bfpI deletion mutant; open diamonds: 
UMD963, the bfpF bfpI double mutant; cross (X): UMD963 complemented with a bfpI plasmid but with no 
arabinose added; open circles: UMD963 complemented with a bfpI plasmid and induced with 0.2% 
arabinose; plus signs (+): UMD963 complemented with a bfpF plasmid but with no IPTG to induce; minus 
signs (-): UMD963 complemented with a bfpF and induced with 1mM IPTG.   The index of UMD963 is 
significantly less than those of E2348/69 and UMD916, and is statistically indistinguishable from that of 
UMD951.  The indexes of UMD916 and the double mutant complemented with bfpI are significantly 
greater than that of E2348/69 at 4 hours (P<0.05) 

 

Previous studies have indicated that LA also requires BFP (55,76). In a cell 

adhesion assay, wild type EPEC formed typical microcolonies on the surface of HeLa 

cells (Figure 14A).   A bfpA deficient mutant that does not express BFP adhered poorly 
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and only as individual cells (Figure 14B), as did the bfpI mutant (Figure 14C).   However, 

complementation restored the LA phenotype to the bfpI mutant (Figure 14D).  

 

Figure 14) Infection of HeLa cells by EPEC strains.  Microcolonies on cells are circled. A) E2348/69, 
positive control; B) UMD901, bfpA deficient mutant, negative control; C) the bfpI single mutant, UMD951; 
D) UMD951 complemented with a plasmid containing bfpI and induced with 0.2% arabinose; E) the bfpF 
mutant, UMD916; F) the bfpF bfpI double mutant, UMD963; G) UMD963 complemented with a plasmid 
containing bfpI and induced with 0.2% arabinose. 
 
 

Immunofluorescence microscopy with an antibody recognizing bundlin confirmed 

that wild type EPEC cells express bundlin on the surface (Figure 15A-C).  

Immunoreactivity was not seen in the bfpI mutant (Figure 15D-F).  Transmission electron 

microscopy (TEM) allowed a direct examination of BFP expression.  These intertwined 

fibers were found on the surface of wild type cells (Figure 16A) and complemented 

mutant strains induced with 0.2% arabinose (Figure 16E) but were not present on a bfpA 

mutant strain (Figure 8B) or the bfpI mutant strain without the complementing plasmid 

(Figure 16C). These data confirm previous observations in a different EPEC strain that 

BfpI is required for BFP biogenesis in the presence of an otherwise fully functional Bfp 

machine (159).   
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Figure 15) Immunofluorescence microscopy EPEC Strains. Wild type strain E2348/69 (Panels A-C), 
bfpI mutant (D-F), bfpF mutant (G-I),  bfpF bfpI double mutant ( J-L), a bfpF bfpI double mutant 
complemented with a plasmid containing bfpF and induced with 1mM IPTG (M-O), and a bfpF bfpI double 
mutant complemented with a plasmid containing bfpI and induced with 0.2% arabinose (P-R). Cells were 
treated with a primary antibody against bundlin and a secondary anti-rabbit FITC antibody. Panels A-E, 
phase contrast; panels F-J, fluorescence; panels K-O, merged images of the phase contrast and fluorescence 
images created using Adobe Photoshop 5.0, with the fluorescence image colorized to a bright green.   
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Figure 16) Transmission electron micrographs of cells grown for 4.5 hours in DMEM at 37oC. Dark 
thick, bundled fibers correspond to BFP, thin, individual fibers are the E. coli Common Pilus or another 
body. A) E2348/69, positive control; B) the bfpF mutant, UMD916; C) the bfpI single mutant, UMD951; 
D) the bfpF bfpI double mutant, UMD963; E) UMD951 complemented with a plasmid containing bfpI and 
induced with 0.2% arabinose; F) UMD963 complemented with a plasmid containing bfpF and induced with 
1mM IPTG. 

 

Deletion of the bfpI gene in a bfpF mutant reveals that BfpI is not absolutely 

required for BFP expression 

 In other T4P systems the extension and retraction ATPases act against one 

another simultaneously, alternately extending or retracting the pilus (30,101).  Disabling 

pilus retraction by mutating the retraction ATPase reveals that certain proteins in the 

system are not absolutely required for pilus extension as pili are expressed on the cell 

surface of double mutant cells (36,137,202).  This finding suggests that these dispensable 

proteins instead facilitate pilus extension and/or hinder pilus retraction.  BfpF mediates 
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pilus retraction in EPEC (10).  To determine whether bfpI is absolutely required for pilus 

expression, we engineered a complete deletion of the bfpI gene in a previously created 

bfpF mutant.  Unlike the bfpI single mutant, this double mutant formed aggregates 

(Figure 12D), although they were appreciably smaller than those formed by wild type 

EPEC or the bfpF mutant (Figure 12B).  The latter forms abnormally shaped aggregates 

that fail to disaggregate. Similarly, the aggregates formed by the bfpI bfpF double mutant 

did not disperse over time when removed from 37oC. In addition, the bfpI bfpF double 

mutant could still form microcolonies on the surface of HeLa cells (Figure 14F).  The 

autoaggregation index of the bfpF bfpI double mutant was not significantly different than 

the original bfpI mutant strain, indicating that these aggregates are too small to register in 

this assay (Figure 13B).  However, when complemented with a plasmid containing bfpI, 

the double mutant formed abnormally shaped aggregates indistinguishable from those of 

the bfpF mutant (Figure 12F) and had an aggregation index similar to that of the bfpF 

mutant, significantly greater than both its parent strain and the original bfpI mutant.  This 

indicates a full restoration of the bfpF mutant phenotype.  Complementation of the double 

mutant with a plasmid containing bfpF produced the opposite effect, as no aggregates 

were seen (Figure 12H) and its aggregation index was similar to that of the bfpI mutant.  

Immunofluorescence with the anti-bundlin antibody confirmed that the double mutant 

expressed bundlin on its surface (Figure 15J-L) as did the bfpF mutant (Figure 15G-I).  

Bundlin was also surface expressed when the mutant was complemented with a plasmid 

containing bfpI but not when complemented with bfpF (Figure 15M-R).  These findings 

were confirmed using TEM when BFP were found on the bfpF mutant (Figure 16B), the 

bfpF bfpI double mutant (Figure 16D), but not on the double mutant complemented with 
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bfpF (Figure 16F).  Together, these results show that BfpI is required for efficient 

formation of BFP, but BFP can be formed without BfpI in the absence of pilus retraction.  

In addition, these results suggest that BfpI plays a role in autoaggregation. 

 

BfpI impedes pilus retraction 

Our results and those of others suggest that pilin-like proteins such as BfpI either 

facilitate pilus extension, hinder retraction or perform both functions.  Therefore we 

sought to measure surface bundlin expression in wild type EPEC, bfpF, and bfpI mutant 

strains to determine the role of BfpI in pilus extension and retraction. To quantify bundlin 

expression on the surface of EPEC cells, bacteria were grown in DMEM, then examined 

by flow cytometry after incubation with an anti-bundlin antibody.  Wild type EPEC 

showed a large increase in surface bundlin expression 2.5 hours after inoculation in 

DMEM relative to 2 hours (Figure 17A).  Surface expression reached a peak at 3 hour 

when bundlin expression was detected in 90.86% (+/- 3.03%) of cells, and fell slightly at 

3.5 hours.   In contrast the bfpF mutant, thought to be hyperpiliated (20), was initially 

indistinguishable in surface bundlin expression from wild type EPEC at 1.5 and 2 hours, 

but surface expression was much less than wild type at the 2.5 hour time point and 

beyond.  Although the bfpF mutant reached peak expression at 3.5 hours when 27.47% 

(+/-9.62%) of cells were positive, the percentage of positive cells was similar to levels at 

2.5 and 3 hours.  Interestingly, the bfpF bfpI double mutant showed greater surface 

expression of bundlin in comparison to the bfpF mutant at 2.5-3.5 hours, with a marked 

increase in expression from 2 to 2.5 hours and reaching a peak of 61.16% (+/- 7.23%) 

positive cells at the 3.5 hour time point.  Similar trends were observed when mean 
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fluorescence intensity rather than the percentage of positive cells was analyzed (Figure 

17B).  As the lack of BfpI does not impair the expression of bundlin on the surface of 

cells, these data suggest BfpI does not facilitate pilus extension. 

 

Figure 17) Analysis of pilus extension by flow cytometry showing the mean number of cells positive 
for BFP (A) and the mean fluorescence of all cells (B) over time.  Results are from 3 experiments, with 
bars representing standard error. Closed blue squares: E2348/69. Open red triangles: UMD916, the bfpF 
mutant.  Open green squares: UMD963, the bfpF bfpI double mutant. 
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To determine the role of BfpI in pilus retraction, it was necessary to develop a 

highly regulated bfpF complementation vector was cloned into the bfpF and bfpF bfpI 

strains.  This vector contains the bfpF gene under the control of an arabinose inducible 

promoter and convergently a gene fragment encoding a short peptide from BfpE 

downstream of a lacIq promoter.  This bfpE gene fragment reproduces a bfpF mutant 

phenotype when overexpressed in wild type EPEC (136).  Using this vector it was 

possible to allow BFP expression in both the bfpF single and bfpF bfpI double mutants 

and then compare the loss of surface expression over time when BfpF was induced.  Cells 

were inoculated in DMEM and grown as before for 2.5 hours, then transferred from 37oC 

to 25oC at 2.5 hours and left stationary, preventing further pilus extension, at which time 

BfpF synthesis was induced by adding 0.2% arabinose.    Wild type EPEC, which were 

not transformed with a plasmid, immediately showed a decrease in bundlin expression 

from 3 hours onward, decreasing from 80.8% positive cells at 2.5 hours to 32.9% positive 

at 4 hours (Figure 18A).  In contrast, both the bfpF and bfpF bfpI mutants did not show 

any decrease, instead slowly increasing from 30.0% and 23.8% at 2.5 hours respectively 

to 40.87% and 35.10% at 4 hours.  Both complemented versions of these strains showed a 

similar rate of decrease in bundlin expression between the 2.5 and 3 hour time points, 

with the complemented bfpF mutant decreasing 32.51% to 19.71% and the 

complemented bfpF bfpI double mutant decreasing from 23.87% to 14.01%. However, at 

3.5 and 4 hours the complemented bfpF mutant showed no further decrease, while the 

complemented bfpF bfpI double mutant fell slightly over this same time period to 

12.29%.  These data suggest that retraction of BFP is more efficient in the absence of 

BfpI.  
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Figure 18) Analysis of pilus retraction by flow cytometry showing the mean number of cells positive 
for BFP (A) and the mean fluorescence of all cells (B) over time.  At 2.5 hours the cells were switched 
from 37C to 25C and arabinose was added to the samples containing the complementing plasmid to 
induce bfpF expression and initiate retraction. Results are from 3 experiments, with bars representing 
standard error. Closed blue squares: E2348/69, wild type EPEC. Closed red squares: UMD916, the bfpF 
mutant.  Closed green squares: UMD963, the bfpF bfpI double mutant.  Open burgundy triangles: 
UMD916, the bfpF mutant, complemented with a plasmid containing bfpF under an araC promoter and a 
convergently transcribed dominant-negative fragment of bfpE.  Open dark green triangles: UMD963, the 
bfpF bfpI double mutant, complemented with the same plasmid. 
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Discussion 

 We confirmed that bfpI expression is required for surface expression of BFP, an 

important virulence factor in EPEC pathogenesis, in the context of the intact BFP 

machinery (20).  BfpI is named as a pilin-like protein since the amino acid sequence of 

BfpI shares with bundlin the same prepilin peptidase cleavage site and like bundlin is 

processed by the prepilin peptidase (159).   A deletion mutant for bfpI did not display the 

autoaggregative and LA phenotypes associated with BFP expression nor was any BFP 

found on the surface of this mutant.   These phenotypes could be partially restored with 

complementation.  In other bacteria species expressing T4P, pilin-like proteins or minor 

pilins are not absolutely required for pilus biogenesis (74,202).  Thus, we expected that a 

double mutant unable to express BfpI and the retraction ATPase, BfpF, would behave the 

same way as similar double mutants in N. meningitidis, i.e. the bfpF bfpI double mutant 

would still express BFP.    We found that while the aggregative phenotype was reduced 

compared to wild type, the double mutant could still form small aggregates and adhere in 

small microcolonies to HeLa cells, both characteristic of BFP expression.  Moreover, pili 

were seen on the surface of this mutant via TEM, and a bfpF or bfpI mutant phenotype 

could be restored in the double mutant by complementation with bfpI or bfpF 

respectively.   Interestingly there was a reduction of the apparent size of the aggregates 

formed by the double mutant in comparison to the bfpF mutant and the double mutant 

had a significantly lower aggregation index than the single mutant. These observations 

suggest that BfpI may play a direct role in aggregation, as has been suggested for the 

PilX pilin-like protein of N. meningitidis (89). 
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 Although our data suggests that BfpI is a pilin-like protein, a definitive conclusion 

could be drawn with a crystal structure of the protein (90).  While we were able to obtain 

purified soluble samples of BfpI and are currently purifying a monoclonal antibody, the 

method used precluded any examination of the proteins structure via Nuclear Magnetic 

Resonance, X-ray crystallography, etc., as the protein was not properly folded.  Other 

pilin-like proteins have been reported as integral components of T4P (74,90) A specific  

antibody, used as the primary antibody in immunogold TEM, would also provide 

definitive proof that BfpI is incorporated into the pilus.    

 As pili are still expressed in a bfpF bfpI double mutant, we wanted to examine the 

dynamics of pilus expression and retraction in these strains to determine if BfpI 

facilitated extension or inhibited retraction.  We created a novel assay to track the 

expression of bundlin on the surface of cells over time using flow cytometry.  In our 

initial studies using these 3 strains, we found that the bfpF mutant did not have excess 

surface expression of pilin, contrary to expectations (20),  instead more bundlin was 

present on the surface of the double mutant than the bfpF mutant.  This result is not 

consistent with a role for BfpI in facilitating pilus extension.  Taking into account the 

aggregation and adherence phenotypes of the double mutant, this result provides further 

evidence that BfpI plays a direct role in BFP autoaggregation and LA.    

Since we found no evidence in support of a role for BfpI in facilitating pilus 

extension, we therefore examined the rate of loss of surface bundlin in these strains using 

an innovative system in which we could tightly control bfpF expression.  We found that 

loss of bundlin is more complete in a bfpF bfpI double mutant in comparison to a bfpF 
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mutant.  This result provides the first evidence that pilin-like proteins hinder pilus 

retraction. 

 Taken together, these data suggest that BfpI has a novel role in BFP assembly and 

function.  While BfpI appears to play a role in pilus interactions, resulting in 

autoaggregation and LA, these phenotypes are reduced but not eliminated in the absence 

of BfpI.  However, our data indicated for the first time that BfpI appears to inhibit 

retraction of the pilus.  Exactly how BfpI performs this function remains to be 

determined.  If, like other pilin-like proteins, BfpI has a tertiary structure similar to that of 

a major pilin subunit, it is possible that BfpI causes the pilus to assume a wider diameter 

at its integration point(s) in BFP, akin to a knob on a cylinder.   The presence of BfpI 

would make it more difficult to extrude the assembled pilus through the OM secretin 

pore, but would also retard pilus retraction.  This model would be consistent with the 

higher level of surface bundlin we observed in the bfpF bfpI double mutant in comparison 

to the bfpF mutant.  Thus, BfpI would act as the pawl of a molecular ratchet, retarding 

pilus retraction until BFP binds to its target and cannot grow any further.  At that point, 

the net retraction force generated by BfpF would outweigh the extension forces of the 

BFP system and the pilus would be withdrawn despite the presence of BfpI.  Evidence 

from solving the crystal structure of BfpI that it is a structural homologue of bundlin with 

larger dimensions perpendicular to the pilus axis would provide important confirmatory 

data.  Alternatively, this widening of the pilus may be caused by a complex formed from 

the pilin-like proteins rather than BfpI alone, as demonstrated in the T2S pseudopilus 

(62),  Thus, any possible interactions between BfpI and the other pilin-like proteins, BfpJ 

and K, would have to be investigated. 



 

  82

Acknowledgments 

 We are grateful for the assistance of Dr. Ferenc Livac with flow cytometry 

analyses, which were performed at the University of Maryland Greenbaum Cancer Center 

Shared Flow Cytometry Facility, and to Ru-Ching Hsia of the University of Maryland 

Core Imaging Facility with transmission electron microscopy. 

 



 

  83

Chapter 4: Additional Work on BFP Pilin-like proteins 

This chapter describes additional work done on the BFP system but will not be 

published in the two papers that make up chapters 2 and 3 of this thesis.  Rather, this 

work will likely form the basis of research projects that will be continued at a later date.  

Specifically, this research will focus on the remaining pilin-like proteins, BfpJ and K, and 

on a unique double mutant deficient for expression of bundlin and the retraction ATPase, 

BfpF. 



 

  84

Summary 

 Enteropathogenic Escherichia coli (EPEC) is a common cause of infantile 

diarrhea in developing nations.  The Bundle Forming Pilus (BFP) is a Type IV Pilus 

(T4P) encoded on a 14 gene operon and an important virulence factor in EPEC 

pathogenesis.  Here I report that deletions in two of the genes in this operon, bfpJ and 

bfpK, eliminate the autoaggregative phenotype associated with BFP expression in both a 

K12 cpxA mutant background, which can express BFP when transformed with a plasmid 

containing the entire bfp operon, and in a wild type EPEC background.  The bfpJ mutant 

does not express bundlin, the main pilus subunit, on its surface.   Further, a double mutant 

deficient for expression of bundlin and BfpF, a retraction ATPase, still expresses the 

aggregative phenotype.  This mutant shows pilus structures on its surface, raising the 

possibility that at least one other subunit of the BFP system can form a pilus.   
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Introduction 

The BfpJ and BfpK proteins in EPEC are described as pilin-like proteins because 

of the sequence homology shared between the two and bundlin at the N-terminus. 

Specifically, BfpI, J, K and bundlin have an identical 6 amino acid motif at the prepilin 

peptidase cleavage site (Figure 19).  It is known that both BfpJ and BfpK are processed 

by the prepilin peptidase (159), as is BfpI and the equivalent of pilin-like proteins in other  

T2S and T4P systems (17,148).   Further, BfpJ and K may form a complex together with 

BfpI (159), and similar complexes are also found in T2S systems (62,113,206).   

Together, the minor pseudopilins  may prime assembly of the rest of the pseudopilus in 

T2S (38).  Further, the equivalent pseudopilins in some species do not directly interact 

with each other unless in complex with a 3rd pseudopilin (118).  As yet, no such complex 

has been directly demonstrated in the BFP system. 

 

Figure 19) Alignment of the N-terminal regions of Pilin-like proteins and bundlin (BfpA).  Names of 
each protein are given at left, with BfpA representing bundlin.  The consensus sequence at the bottom 
indicates in red and capital letters where all 4 amino acid sequences match, and in blue and lower case 
letters where at least 2 out of 4 sequences match.  The prepilin peptidase cleavage site is GLSLIE, with the 
proteins cleaved after the glycine in each case.  Figure made using Multalin 
(http://multalin.toulouse.inra.fr/multalin/, accessed June 12th 2012). 

 

 The Cpx signaling pathway of E. coli is a stress response two-component pathway 

activated by a variety of stimuli including misfolded proteins in the periplasm (96), 

protein overexpression (184), and an altered lipid composition of the membrane (135).  
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This pathway is also involved in expression of BFP in EPEC (142,198).  Moreover, a 

constitutively active cpxA mutant in a K12 background expresses sufficient quantities of 

BFP when expressing a plasmid vector containing the entire BFP operon to allow 

autoaggregation (123).  This system allows for considerably easier mutagenesis of bfp 

genes in comparison to chromosomal mutagenesis, and the use of BFP fusion constructs. 

 It has been demonstrated that pilin-like proteins adopt a similar tertiary structure 

to major pilin subunits in both T2S and T4P systems (69,90,206,207).  While 

overexpressing the main pseudopilus subunit in T2S causes the formation of T4P-like 

structures on the surface of cells (110), no work has been published demonstrating that 

pilin-like proteins or the minor pseudopilins can do the same.  A double mutant for the 

main pilus subunit and the retraction ATPase of the system might allow evaluation of this 

possibility. 

   

Methods 

 

Bacterial Strains and Plasmids   

Bacterial strains and plasmids used in this study are listed in Table 6. Unless otherwise 

noted strains are derivatives of wild-type EPEC strain E2348/69 or the cpxA mutant 

ALN92 (142) containing the entire BFP operon on plasmid pKDS302, referred to as wild 

type in text.   EPEC deletion mutants were generated according to the lambda-red 

recombinase protocol described by Datsenko and Wanner (50) leaving only the first 5 

and last 5 codons of each gene intact and separated by an 84-nucleotide “scar” sequence, 
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and in ALN92 mutants by QuikChange Site-Directed Mutagensis (Stratagene) in the 

pKDS302 plasmid,  again leaving only the first 5 and last 5 codons of each gene.  The 

one exception is UMD965, which was made using bfpF mutant UMD916 by allelic 

exchange as previously described (209). Oligonucleotide primers used to construct each 

mutant are listed in Table 7.  A complementation vector was created by amplifying the 

complete bfpI gene from E2348/69 with PFX polymerase and cloning into the pCR-

Blunt-II-TOPO plasmid (Invitrogen) or the SacI and XbaI restriction sites of the pBAD33 

vector (Table 6).  The correct DNA sequences were confirmed in all plasmids.   
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Table 6: Strains and plasmids used in this study 

Strain or 
Plasmid 

Description or Genotype  Reference or 
Source 

Strain   

E2348/69 Wild type EPEC strain, Serotype O127:H6 (122) 

UMD901 bfpA mutant with Cysteine to Serine mutation at position 129 
(bfpA, C129S) 

(57) 

UMD916 E2348/69 bfpF::aphA3 (10) 

UMD953 E2348/69 bfpJ This Study 

UMD957 E2348/69  bfpK This Study 

UMD959 E2348/69 bfpJ This Study 

UMD965 E2348/69 bfpF::aphA bfpA-C129S This Study 

Plasmids   

pBAD33 Cloning vector with Multiple Cloning Site (MCS) under control 
of an araC arabinose inducible promoter 

(84) 

pTRC99a Cloning vector with MCS under control of an lacI IPTG 
inducible promoter 

(185) 

pKDS302 pTRC99A with entire BFP operon cloned in MCS (185) 

PLD302-J pTRC99A with entire BFP operon cloned in MCS; bfpJ This Study 

pBlunt-II-
Topo 

Cloning vector for insertion of a blunt end PCR fragment into a 
MCS, fragment under control of a lacI IPTG inducible promoter 

Invitrogen 

pLDTOPO-
J 

pBlunt-II-Topo Complementation vector with bfpJ cloned into 
MCS 

This Study 

pLDBAD-J pBAD33 Complementation vector with bfpJ cloned into MCS This Study 

pLDBAD-
K 

pBAD33 Complementation vector with bfpK cloned into MCS This Study 
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Table 7: Primers used in this study 

Primer Name Primer Sequence 

-Red Recomb. BfpJ FWD cttttacaataatttccgggtggatgttttatgataagaaaagaagtgtaggctggagctg
cttc 

-Red Recomb. BfpJ REV ataagcgacagtcccttttgctgacgtccttcaaaaatcatatccacccatatgaatatcc
tccttag 

-Red Recomb. BfpK FWD catcagggcaaaattgtgacagaggtggatatgatttttgaaggagtgtaggctggag
ctgcttc 

-Red Recomb. BfpK REV aaaaaaaaccacaccagaagaataacataactagtaccgtttaaacagcatatgaatat
cctccttag 

BfpJ Comp. for pLDBAD-J FWD gagctcatttccgggtggatgttttatga 

BfpJ Comp. for pLDBAD-J REV tctagatcaaaaatcatatccacctctgtcacaattttgc 

BfpK Comp. for pLDBAD-K FWD gagctcgtgacagaggtggatatgatttttga 

BfpK Comp. for pLDBAD-K REV tctagactagtaccgtttaaacagaagccc 

 

Autoaggregation assays 

Bacterial strains were inoculated in LB with 50 mg/mL kanamycin or 20 mg/mL 

chloramphenicol if necessary and grown overnight in a 37oC shaker at 225 RPM.  EPEC 

cultures were diluted 1:50 or 1:200 in 10 ml Dulbecco’s Modified Eagle Media (DMEM) 

lacking phenol red with or without 0.15% arabinose, and incubated for 4 hours at 220 

RPM and 37oC.  ALN92 cultures were diluted 1:200 in 10 mL LB with or without 1mM 

IPTG and grown for 6 hours at 220RPM and 30oC.  Readings from EPEC cultures were 

taken each hour and an index was calculated in the following manner.  One milliliter of 

culture was removed and its absorbance at 600 nm measured with a spectrophotometer.  

This value was the Before Vortex (BV) reading.  The cuvette containing the culture was 

then vortexed for 30 seconds and another reading was taken (After Vortex, AV).  After 

Vortex (AV) values were adjusted to correct for air bubbles by determining the average 
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AV value from 10 blank readings of DMEM after vortexing (0.066) and subtracting this 

value from the AV readings for each culture to yield the Adjusted After Vortex (AAV) 

value. The autoaggregation index at each time point was determined using the following 

formula: (AAV – BV)/ BV.  For micrographs of aggregates from EPEC and ALN92 

cultures, 10 μL of cells were applied to a glass slide and immediately examined under 

100-fold magnification.  Photomicrographs were taken using Zeiss AxioCam MRM and 

AxioVision 4.4 software (2005). 

 

Cell Adhesion Assay 

A HEp-2 cell adhesion assay was performed as described (58).  In brief, HeLa cells were 

grown to confluence in an 8-well chamber slide.  The chambers were washed and filled 

with DMEM media, then inoculated with bacterial strains grown per protocol and 

incubated for 3 hours.  Cells were fixed, washed with PBS, then stained with 10% 

Giemsa stain. 

 

Immunofluorescence 

The protocol used was modified from a previous procedure (67).  Bacteria were grown 

under BFP inducing conditions for 4 hours. Fifty microliters of culture were placed in a 

well of a poly-D-lysine 8 well chamber slide and incubated at 37oC until the culture had 

evaporated, then the bacteria were fixed on a 65oC heat block for 15 minutes.  Wells were 

washed 3 times with PBS then incubated for 1 hour at room temperature with rabbit anti-

-bundlin antisera at 1:100 dilution in PBS.  Wells were washed 3 more times, then 
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incubated for 1 hour at room temperature with goat anti-rabbit FITC conjugated antibody 

(Sigma-Aldrich) diluted 1:300 in PBS.  Cells were washed again, then the slide was 

examined by fluorescence microscopy (excitation 460 nm).  Micrographs were taken 

using the Zeiss AxioVision 4.4 software (2005). 

 

Transmission Electron Microscopy 

Bacteria were grown under BFP-inducing conditions as above.  Ten milliliters of cell 

culture were subjected to microcentrifugation (2,000 x g for 15 minutes) and resuspended 

in 250 μL of DMEM media prewarmed to 37oC.  Ten microliters of resuspended cells 

were placed on top of a formvar-coated 400 mesh copper grid and left to stand for 5 

minutes.  The grids were wicked with a small piece of Watman paper to remove excess 

solution, then inverted for 15 - 20 minutes on a 50 μL drop of fixative containing 0.1 M 

Sorenson’s phosphate buffer, 2.5% (vol/vol) glutaraldehyde, 2% (wt/vol) 

paraformaldehyde, and 0.18 M sucrose.  Grids were wicked again then rinsed twice with 

drops of water before being placed in 0.25% phosphotungstic acid for 3 - 5 seconds, then 

wicked and dried in the air.  A Tecnai T12 Transmission Electron Microscope was used 

to examine the grids. 

 

Results 

BfpJ and BfpK are required for BFP expression in EPEC and in ALN92 

 Wild type E2348/69 cells grown in DMEM media, and ALN92 containing an 

intact BFP operon on pKDS302, form large aggregates of cells that are visible by 
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microscopy (Figure 20A and 21A).  In both EPEC and ALN92 backgrounds, a bfpJ 

deletion mutant lacking all but the first 5 and last 5 codons could not form aggregates 

(Figure 20B and 21D).  A bfpK deletion mutant also missing all but the first 5 and last 5 

codons likewise could not form aggregates in an EPEC background (Figure 20C).  The 

autoaggregation phenotype in ALN92 was restored in the bfpJ mutant with a 

complementation vector containing bfpJ after induction with 1mM IPTG (Figure 21E), 

while in EPEC the aggregative phenotype was restored in the bfpK mutant with a 

complementation vector containing bfpK after induction with 0.15% arabinose although 

the aggregates appeared to be smaller in size than wild type (Figure 20G).  However, the 

aggregative phenotype could not be restored in the EPEC bfpJ mutant with a 

complementation vector containing bfpJ induced with concentrations of arabinose 

ranging from 0.001% to 1% arabinose (Figure 20D).  Strangely, a “spinning cell” 

phenotype was also observed whereby approximately 1 in 10 cells would spin in place 

(Figure S1 Video).  We hypothesized that our mutagenesis created a polar mutant in this 

strain, thus we repeated the lambda-red recombinase mutagenesis protocol with wild type 

EPEC again, naming this new bfpJ mutant UMD959, but this new mutant behaved in 

exactly the same manner as UMD953 when complemented with a vector containing bfpJ 

(data not shown). Moreover, no bundlin could be detected on the surface of this 

complemented mutant by immunofluorescence (Figure 24D-F).  Potential reasons for this 

failure of complementation will be addressed in the Discussion. 
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Figure 20) Aggregation of E2348/69 and mutant derivatives in DMEM.  All images taken 4 hours post 
inoculation.  A) E2348/69, the wild type EPEC strain.  B) UMD953, a bfpJ deletion mutant.  C) UMD957, 
a bfpK deletion mutant.  D) UMD953 complemented with a vector containing bfpJ and 0.2% arabinose, 
showing no aggregates. E) UMD957 complemented with a vector containing bfpK and induced with 
0.002% arabinose.  F) UMD957 complemented with a vector containing bfpK and induced with 0.02% 
arabinose.  G) UMD957 complemented with a vector containing bfpK and induced with 0. 2% arabinose.   



 

  94

 

Figure 21) Aggregation of ALN92 with vector containing BFP operon and mutant derivatives.  
Images were taken 6 hours post inoculation in LB with 1mM IPTG A) ALN92 containing an unaltered BFP 
operon on the pKDS302 plasmid with no arabinose added.  B) ALN92 containing an unaltered BFP operon 
on the pKDS302 plasmid with 0.02% arabinose added.  C) ALN92 containing an unaltered BFP operon on 
the pKDS302 plasmid with 0.5% arabinose added.  D) ALN92 containing a bfpJ deletion in the BFP 
operon on pKDS302.  E) ALN92 containing a bfpJ deletion in the BFP operon on pKDS302 complemented 
with a vector containing bfpJ. 

 

 Aggregate formation was quantified by determining an autoaggregation index that 

measures the increase in optical density seen after aggregates are disrupted by vortexing.  

We could not quantify aggregate expression in the ALN92 background because the 

bacterial cultures were too turbid for an adequate measurement.  In EPEC, wild type 

E2348/69 and the complemented bfpK mutant grown in 0.15% arabinose had a 

significantly greater autoaggregation index at 3 and 4 hours than the bfpK mutant (Figure 

22A).  While the index of the wild type strain was also significantly greater at 3 hours 

than the complemented mutant, there was no significant difference at the 4 hour time 

point.  Further, the size of the autoaggregation index in the complemented mutant was 

dependent on the amount of arabinose added to DMEM (Figure 20E-G), suggesting that 



 

  95

the amount of BfpK is rate limiting to pilus polymerization or function.  Taken together, 

these data suggest that both pilin-like proteins are required for pilus expression. 

 

Figure 22) Mean autoaggregation indexes of cells grown in DMEM at 37oC over time. Bars represent 
standard error.  A) Closed squares: E2348/69, wild type EPEC.  Open squares: UMD957, a bfpK deletion 
mutant.  Open triangles: UMD957 with a complementation vector containing bfpK but with no arabinose 
added.  Open diamonds: UMD957 with a complementation vector containing bfpK with 0.15% arabinose 
added.  B) Closed squares: E2348/69, wild type EPEC.  Open squares: UMD901, a bfpA mutant.  Open 
triangles: UMD916, a bfpF  mutant.  Crosses: UMD965, a bfpA/bfpF double mutant. 
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Arabinose inhibits aggregate formation in Luria Broth 

  The bfpI, bfpJ, and bfpL mutants in the ALN92 background initially did not show 

any aggregate formation when complemented with their respective mutated genes under 

control of an araC promoter and induced with concentrations of arabinose above 0.02% 

(data not shown).  We theorized that the amounts of arabinose used to induce the 

complementation vector were instead inhibiting aggregate formation.  We observed a 

dose-dependent decrease in aggregate size when inoculating wild type ALN92 with 

arabinose (Figure 21A-C).  This effect was not seen in the EPEC background with 

E2348/69 inoculated in DMEM (data not shown). These data suggest that arabinose 

inhibits autoaggregation in the ALN92 background. 

 

A double mutant for bundlin and bfpF expresses pili 

 Surprisingly, a double mutant for bfpF and for bfpA, with only a single amino acid 

substitution eliminating a cysteine-cysteine disulfide bridge essential for bundlin folding 

(209), forms small aggregates when grown in DMEM (Figure 23A).  Despite this 

phenotypic observation, the double mutant had a significantly lower autoaggregation 

index compared to wild type EPEC at 3 and 4 hours and was indistinguishable from a 

single bfpA mutant with the same amino acid substitution (Figure 22B).  The double 

mutant could still adhere to HeLa cells in small numbers (Figure 23B).  Examining this 

strain via transmission electron microscopy (TEM) revealed pili similar to BFP on the 

surface of cells (Figure 23C).  However, this strain was negative for fluorescence when 

stained with an anti-bundlin antibody (Figure 24J-L), indicating that these pili are not the 
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made of bundlin.  These data suggest that a resembling BFP but lacking any bundlin can 

be made by EPEC. 

 

Figure 23) UMD965, a double mutant for bfpA and bfpF, expresses BFP-like pili on its surface and 
still adheres to HeLa cells.  A) Phase contrast microscopy image of small aggregates taken 4 hours post 
inoculation in DMEM.  B) Adherence of UMD965 to HeLa cells showing a small microcolony (circled). 
Insert in this image is an enlarged photo of the circled microcolony.  C) TEM image of pili on the surface 
of a UMD965 cell.  The pilus structures have white arrows pointing to them. 
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Figure 24) Immunofluorescence Microscopy of mutants with an anti-bundlin antibody. Wild type 
EPEC E2348/69 (Panels A-C) bfpJ deletion mutant UMD959 (Panels D-F), UMD959 complemented with 
a construct containing bfpJ and induced with 0.2% arabinose mM IPTG (G-I), and a bfpA/F double mutant, 
UMD965 (J-L). Cells were treated with a primary antibody against bundlin and a secondary anti-rabbit 
FITC antibody. Panels A, D, G, J phase contrast; panels B, E, H, K fluorescence; panels C, F, O, L merged 
images of the phase contrast and fluorescence images created using Adobe Photoshop 5.0, with the 
fluorescence image colorized to a bright green.   
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Discussion 

  BFP are an important virulence factor for EPEC pathogenesis (20).  We confirm 

here that bfpJ and bfpK, 2 pilin-like proteins, are required for the aggregative phenotype 

in a K12 (ALN92) and EPEC background respectively, and that a bfpJ mutant in an 

EPEC background lacks bundlin on its surface.  These data support the finding that bfpJ 

and bfpK are 2 of the 13 genes in the BFP operon necessary for pilus expression in EPEC 

(11,159).  While we were able to restore the wild type phenotype of the bfpJ mutant in 

the ALN92 background and in the EPEC background for bfpK mutant via 

complementation, we could not do so in a bfpJ mutant in the EPEC background despite 

generating two separate deletion mutants for bfpJ.  This is likely due to the difference in 

mutagenesis techniques.  While mutations in the ALN92 background consisted of a gene 

deletion with no residual nucleotides, the lambda-red recombinase technique introduces 

an 84 nucleotide scar sequence to the genome while excising the target sequences.  A 

stop codon is within this scar.  Thus, it is likely that this mutation strategy has unknown 

polar effects in the wild type EPEC genome and another protocol leaving no nucleotide 

scar sequence should be attempted to better determine BfpJ’s role in pilus biogenesis. 

 Initially complementation of ALN92 mutants with a vector containing the gene of 

interest downstream of an araC promoter also failed, as no aggregates were produced in 

any mutant.  We theorized that this was due to the presence of arabinose in LB instead of 

a problem with the vector, as in the case of both the bfpL and bfpI  mutants from Chapters 

2 and 3 of this thesis, respectively, the complementation vectors were capable of partially 

restoring the wild type phenotype.  Incubation of ALN92 containing the complete bfp 

operon and various concentrations of arabinose revealed that arabinose itself was 
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inhibiting aggregation in this background.  While this effect was not seen in the wild type 

EPEC background, it suggests that high concentrations of certain sugars may interfere 

with BFP expression and its associated phenotypes depending on bacterial host factors.  

Indeed, the receptor for BFP has been established as N-acetyllactosamine (98,99).  These 

same reports also established that LacNac inhibits localized adherence (LA) in EPEC and 

triggers pilus retraction.   

 Research about a double mutant for the main pilus subunit and the retraction 

ATPase of a T4P system has not been published in any organism.  The bfpA/bfpF double 

mutant was initially made as a test of the suicide vector system previously described (57) 

for any possible problems in mutagenesis of UMD916, a bfpF insertion mutant 

containing a kanamycin cassette, as a possible alternative to the lambda red recombinase 

system.  We expected no aggregation from this mutant.  Instead, the mutant formed small 

aggregates and expressed pili on its surface, structures which were not positive for 

immunofluorescence with an anti-bundlin antibody.  This precludes the possibility that 

these structures are BFP.  Therefore they consist primarily of another subunit in the BFP 

system or may be another type of pili.   

The likeliest explanation for these pilus-like appendages is that they consist of one 

or more of the pilin-like proteins.  This possibility is suggested by the following data 

from available research: first, that the pilin-like proteins are also processed by the prepilin 

peptidase and may form a complex together (159), second, that T2S minor pseudopilins 

also form a complex necessary for T2S secretion (62,113,206), and third, that it has been 

shown that pilin-like proteins in other T4P systems adopt a similar structure to main pilus 

subunits (69,90,206,207).  However this has not been demonstrated in EPEC and it 
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cannot be assumed that BfpI, BfpJ, or BfpK will fold in such a manner.  To definitively 

show that the pilin-like proteins constitute this structure, further investigation is required 

via immunofluorescence with antibodies against one or more of the proteins.  

Immunogold TEM using a gold conjugated anti-BfpI, -BfpJ, or –BfpK antibody would 

provide additional evidence. 
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Chapter 5: Dissertation Discussion 

The goal of my dissertation was to elucidate the role of a pilin-like protein, BfpI, 

and a protein of unknown function, BfpL in the biogenesis and function of BFP, a T4P of 

typical EPEC and an important virulence factor.  My thesis also contains preliminary 

work investigating the other pilin-like proteins of EPEC, BfpJ and BfpK.  Taken together, 

the data presented herein provide important insights into the function of two proteins 

necessary for expression and function of BFP in typical EPEC. 

In my second chapter, I presented data indicating that BfpL is required for pilus 

expression in a wild type EPEC background, and that a deletion of the gene encoding 

BfpL, removing all but the first five and last five codons, causes a loss BFP associated 

phenotypes and BFP expression on the cell surface.  These results were expected as bfpL 

was previously characterized as one of the 13 genes in the 14 gene BFP operon necessary 

for BFP expression (11).  I expected BfpL to behave as a pilin-like protein based on its 

N-terminal sequence homology with bundlin and BfpI, J, and K, and on the fact that it is 

encoded immediately downstream of the genes encoding the pilin-like proteins.  Pilin-

like protein genes in other T4P are commonly found clustered together in this manner 

(152).  A double mutant for bfpL and bfpF, which encodes the retraction ATPase of the 

BFP system, should have expressed pili on the surface if this was the case.  This 

mutagenesis strategy is a common technique in T4P systems to establish which proteins 

are absolutely required for pilus biogenesis and which are dispensable in the absence of 

pilus retraction (36,74,202). However, by deleting bfpL in a bfpF mutant, I found that 

contrary to expectations BfpL is instead absolutely required for pilus biogenesis.  This 

result distinguishes BfpL from pilin-like proteins. 
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BfpL has previously been described as a predominantly inner membrane (IM) 

protein (159).  However, the fractionation method used did not examine whether BfpL is 

present in the pilus itself. Thus I examined preparations of sheared BFP and found that, 

unlike bundlin, BfpL is not enriched in these samples.  This is additional evidence that 

BfpL is not a pilin-like protein, which are integral components of the pili in other T4P 

systems (74,90).  I also determined using a dual reporter assay that BfpL is positioned in 

the inner membrane such that the protein is predominantly periplasmic.   

Next I performed a series of yeast 2 hybrid transformations to screen for any 

possible interactions between BfpL and other proteins in the BFP system.  It has been 

theorized that BfpL forms a complex with the pilin-like proteins (159).  However, I did 

not detect any interactions between BfpL and other BFP components, with the exception 

of the interaction between BfpL and the periplasmic C-terminus of BfpC (BfpC-C).  

Given the similar membrane topologies of these proteins this interaction is entirely 

feasible. I confirmed that BfpL binds to BfpC-C by fluorescence anisotropy. The 

dissociation constant between the two proteins may actually be lower than what I report 

as BfpL is not completely folded as revealed by size exclusion chromatography (see 

Appendix I, Table 1 and Figure 2).  BfpC is a key bitopic IM protein and a member of the 

IM subassembly complex (136).  It was recently revealed that the N-terminus of BfpC is 

a structural and functional homologue of EpsL, a bitopic IM protein in T2S, and the PilM 

protein of the Neisseria meningitidis T4P system, despite having no sequence homology 

(205).  This result has important implications for the function of BfpL in BFP assembly, 

as although BfpL also has no sequence homologues in any T4P or T2S system, together 
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with BfpC-C it may form a structural homologue for EpsL or EpsM, another bitopic IM 

protein in T2S that interacts with EpsL (5,171). 

I was, however, unable to obtain any data about the structure of BfpL.  Initially I 

cloned the bfpL gene from E2348/69 into pET30b+ to create a His-BfpL fusion, but 

expression of BfpL could only be detected via western blot with an anti-His antibody 

(data not shown).  I greatly increased expression by reverse translating the BfpL amino 

acid sequence to a DNA sequence optimal for expression in E. coli. However, the protein 

was entirely insoluble.  I confirmed that the solubilized and refolded protein did have 

secondary structure by circular dichroism (see Appendix I, Figure 1), but it is likely that 

the refolded protein exists in a molten globule state with many conformations instead of 

one fixed structure.  Attempts to analyze the tertiary structure by nuclear magnetic 

resonance (NMR) and x-ray crystallography did not provide any results.   

A purification method using a soluble form of BfpL that does not need refolding 

would solve this problem and may elucidate any functional homologues in other TFP 

systems.  Moreover, the yeast 2 hybrid system is limited to 2 component binding, and 

thus does not preclude the binding of BfpL to other proteins in an existing complex.  A 

yeast 3 component system could be used to screen for such interactions, or alternatively a 

co-immunoprecipitation with our BfpL antibody.  However, the latter method may prove 

difficult given the low expression of BfpL in EPEC.  Further, my antibody may have 

lower affinity for BfpL as it was raised against a refolded His-BfpL fusion and not the 

native protein. 
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In my third chapter I presented data that deletion of all but the first 5 and last 5 

codons of the gene encoding BfpI, described as a pilin-like protein because it shares the 

same N-terminal cleavage site as bundlin and is processed by the prepilin peptidase 

(159), also causes a loss of BFP expression and associated phenotypes.  It is thus required 

for pilus biogenesis in the context of the entire Bfp machinery. I expected a double 

mutant for bfpF and bfpI to still express BFP, like similar double mutants in other T4P 

systems, and this was indeed the case as the double mutant had an aggregative phenotype 

consistent with BFP expression. Immunofluorescence (IFM) and Transmission Electron 

Microscopy (TEM) revealed the presence of pili on the surface.  Although the bfpF bfpI 

double mutant had a reduced aggregative phenotype and its autoaggregation index was 

indistinguishable from a bfpI mutant, it still formed small aggregates and could still 

adhere to HeLa cells.  These data strongly suggest that BfpI is not absolutely required for 

pilus biogenesis and provides confirmation that it is also a pilin-like protein.  

With the aid of Dr. Martin Flajnik, I have been trying to obtain a monoclonal 

antibody against BfpI for use in both Western Blot and Immunogold Transmission 

Electron Microscopy analyses.  While we do not have presentable data at this point, we 

anticipate that BfpI will be an insoluble protein like bundlin based on preliminary 

western blots with a rabbit polyclonal antibody raised against a BfpI peptide (data not 

shown).  Definitive evidence that BfpI is incorporated into the pilus can be obtained by 

immunogold TEM showing a gold-conjugated secondary antibody in conjunction with 

anti-BfpI antibody binding to BFP. 

Because of the importance of BfpI in pilus expression in the presence of the 

retraction ATPase, I thought that the protein could enhance pilus extension, impede pilus 
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retraction, or both. Both hypotheses would explain why a bfpI mutant is deficient for 

pilus expression if the pilin-like protein isn’t actually part of the polymerization 

apparatus.  To test these hypotheses, I created a novel method to examine the expression 

of bundlin on the surface of cells by flow cytometry.  My initial assay tracked bundlin 

expression in wild type EPEC, a bfpF mutant, and the bfpF bfpI double mutant over time 

as they grew in DMEM.  Although a bfpF mutant has been reported as hyperpiliated (20), 

I found that the opposite was the case by this assay.  Further, the bfpF bfpI double mutant 

expressed bundlin to a greater degree that the bfpF mutant.  This result suggests that BfpI 

does not enhance pilus extension over time. In addition, this result provides further 

evidence that BfpI is involved in aggregation and adherence, as the double mutant forms 

much smaller aggregates than the bfpF mutant despite having more surface expression of 

bundlin. 

 I next examined the alternative hypothesis, that BfpI plays a role in inhibiting 

pilus retraction.  I tracked the loss of bundlin expression in the same strains as before, this 

time by initiating retraction using a tightly regulated BfpF expression plasmid while 

simultaneously halting pilus extension by changing the incubation temperature from 37oC 

to 25oC at a specific time point.  To induce retraction in the bfpF deficient strains prior to 

the desired moment, I used a complementation vector with bfpF under the control of an 

araC promoter.  In initial experiments, I could detect no surface bundlin in the bfpF bfpI 

double mutant containing this plasmid even prior to arabinose induction (data not 

shown). This result suggests that a small amount of BfpF was expressed by this vector 

sufficient to preclude BFP expression by the double mutant. Therefore I modified the 

vector to further inhibit BfpF function by expression from a convergent transcript of a 
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cytoplasmic fragment of BfpE previously shown to confer a dominant negative bfpF 

phenotype (136). Using this novel strategy, I found that the double mutant and bfpF 

mutant initially lose surface bundlin at a similar rate after the temperature switch. 

However, the surface expression of bundlin by the bfpF mutant stabilizes at later time 

points, while that of the double mutant continues to fall.  This stabilization is likely due to 

the fact that the temperature switch does not eliminate all pilus assembly and extension, 

instead it shifts the balance in the wild type and bfpF mutant to favor retraction over 

extension.  However, the lack of stabilization in the double mutant suggests a more 

complete retraction of the pilus. Thus, we provide the first evidence to support the 

hypothesis that a pilus-like protein inhibits T4P retraction.  

These results strongly suggest a novel role for pilin-like proteins in pilus assembly 

and function.  In other T4P systems pilin-like proteins are used for additional roles 

besides aggregation (89), such as DNA uptake (204), and twitching motility (29).  The 

pilin like protein homologues in T2S systems appear to form the tip of the pseudopilus 

(62,113) and to prime pseudopilus assembly (38).  Exactly how BfpI impedes pilus 

retraction remains to be determined.  If the processed and folded structure of BfpI is 

similar to a major pilin subunit as are those of other pilin-like proteins, then BfpI could 

cause assembled BFP fibers to assume a wider diameter at the site at which it is BfpI’s 

integrated, equivalent to a bump on an otherwise smooth cylinder.  Alternatively, this 

widening of the pilus may be caused by a complex formed from all the pilin-like proteins 

instead of just one protein. In this case, lack of BfpI expression would disrupt formation 

of the entire complex. As I did not investigate any potential binding partners for BfpI 

other than BfpL, any possible interactions between BfpI and the other pilin-like proteins 
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in BFP, BfpJ and K, awaits further investigation using the yeast 2 hybrid assay or another 

technique. 

Although the presence of BfpI would make it more difficult to push the fully 

polymerized pilus through the OM secretin, BfpB, it would also retard any retraction of 

the pilus.  It is also possible that this protein, or the pilin-like proteins in complex, bind 

with the periplasmic face of BfpB and force the secretin pore to adopt a wider 

conformation, allowing passage of the pilin-like proteins.  This interaction could be more 

efficient in one direction and thus would not be favored as the pilus is retracted.  In this 

proposed model, BfpI acts as the pawl of a ratchet and prevents any pilus retraction until 

BFP binds to its target as the secretin pore is now too narrow to accommodate its 

passage.  After binding, the growth of the pilus is blocked and the retraction force is now 

great enough to overcome extension, leading to pilus depolymerization.   

 Generating a 3-dimensional model of BfpI, such as by solving the crystal 

structure of the protein, could greatly support this hypothetical model.  However, while 

we were able to obtain purified soluble samples of BfpI to create a monoclonal antibody, 

my purification method precluded any examination of the proteins structure via Nuclear 

Magnetic Resonance, X-ray crystallography, etc.  Despite dilution and mixing for several 

days in a refolding buffer, the protein remained unfolded.  I tried several different growth 

conditions and lysis methods to improve solubility of the protein, but no alternative was 

successful.  It is possible that fusion to a different purification partner could produce 

different results.  Also, BfpI may need to form a complex with another protein to be 

soluble, thus purifying it with a peptide from a known binding partner could solve this 

issue, although a putative partner would have to be identified first. 
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In my fourth chapter, I described additional experiments I performed during the 

course of my dissertation research.  The initial goal of my thesis was to investigate all the 

pilin-like proteins and BfpL.  Thus I created a series of deletion mutants for three of 

proteins, BfpI, J, and L, in both a wild type EPEC background and a cpxA mutant made 

from a K12 background provided to our lab by Tracy Raivio (96).  This mutant expresses 

abundant BFP when transformed with a plasmid containing the entire BFP operon 

(123,198), thus it is easier to mutagenize the operon because the plasmid here is much 

smaller than the 90kb EPEC Adherence Factor plasmid.  The aggregative phenotype 

associated with BFP expression was lost in the cpxA mutant background for a bfpJ 

mutant and could be restored by complementation. 

 I abandoned further experiments in this K12 background after discovering that 

arabinose, which I used to induce the complementation vector transformed into each 

mutant to complement their respective missing genes, actually inhibited aggregate 

formation in this background.  Although I could complement mutations with another 

vector, this vector was also under control of an IPTG-inducible promoter, the same found 

on the plasmid encoding the BFP operon.  Thus I could not control when the 

complementing vector was induced.  For this reason I made a bfpK mutant only in an 

EPEC background.  While the inhibitory effect of arabinose was not seen in the wild type 

EPEC background, it suggests that some sugar moieties may interfere with BFP 

expression and its associated phenotypes if present in high enough concentrations.  

Published research establishes the receptor for BFP as N-acetyllactosamine (LacNac)  

(98,99).  These same reports also established that LacNac inhibits localized adherence 

(LA) in EPEC and triggers pilus retraction. 
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The aggregative phenotype associated with BFP expression were also lost for 

both bfpJ and bfpK mutants in an EPEC background.  I could restore the wild type 

phenotype in the bfpK mutant, and the degree of aggregation seen in the mutant was dose 

dependent.  With my complementation vectors for both the bfpI and bfpL mutants, the 

wild type phenotype was only restored when a concentration of 0.2% arabinose was used 

to induce the vector.  Although BfpK is also a pilin-like protein, this evidence suggests 

that differences exist between it and BfpI.   

Although I could not restore the wild type phenotype in the bfpJ mutant, 

complementation revealed a startling phenotype when the vector was induced by 

arabinose as the cells would spin in place.  Repeating the mutagenesis procedure to create 

another bfpJ mutant produced identical results.  This phenomenon does not occur as a 

result of BFP as bundlin is not present on the surface of these complemented mutants.  

This effect was not seen in the cpxA mutant background, and the disparity is likely due to 

the difference in mutagenesis techniques.  While mutations in the ALN92 background 

consisted of a gene deletion with no residual nucleotides, the lambda-red recombinase 

technique introduces an 84-nucleotide scar sequence to the genome while excising the 

target sequences.  The gene sequences for bfpI, J, and K actually overlap in their start and 

end codons, and this is the reason why all the deletion mutants in the EPEC background 

retain the first 5 and last 5 codons.  However, the lack of complementation indicates that 

this mutation strategy appears to have unintended effects in the bfpJ mutation site, 

perhaps due to the introduction of a stop codon. Another protocol leaving no nucleotide 

scar sequence should be attempted. 



 

  111

I created a bfpA bfpF double mutant as a test for a different mutation method, 

specifically creation of a mutant by a suicide vector (57).  The suicide vector replaces the 

bfpA gene with a mutated variant that has a serine in place of a cysteine at position 129, 

disrupting a disulfide bond essential for bundlin’s folding.  I expected the mutant to 

behave as a BFP deficient strain since the main pilus subunit was absent.  Very 

surprisingly, the mutant formed small aggregates, although this could not be quantified 

by examining its autoaggregation index.  This phenotype is not due to bundlin expression 

and as the mutant was negative for immunofluorescence with an anti-bundlin antibody 

Further, this double mutant has pili on its surface.  Like BFP, these pili form bundles. The 

immunofluorescence data precludes the possibility that these structures are BFP.    

The likeliest explanation for these pili is that they consist of one or more of the 

pilin-like proteins.  This explanation is suggested by the pilus morphology and by several 

published reports of pilin-like protein homologues in T4P and T2S systems. The pilin-

like proteins are processed by the prepilin peptidase and may complex together (159). 

Secondly, T2S minor pseudopilins also form a complex necessary for T2S secretion 

(62,113,206).  Thirdly, pilin-like proteins in other T4P systems and T2S minor 

pseudopilins adopt a tertiary structure similar to those of main pilus subunits 

(69,90,206,207).  To definitively show that the pilin-like proteins are forming a pilus in 

this double mutant, further investigation is required via immunofluorescence with 

antibodies against one or more possible candidates.  Immunogold TEM with a gold 

conjugated  secondary antibody and anti-BfpI, -BfpJ, or –BfpK antibodies would provide 

more convincing data. 
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In summation, the data presented in this dissertation contains important 

advancements in our understanding of BFP polymerization and T4P systems in general.  I 

establish that, despite the absence of sequence homology with any T2S or T4P subunit, 

BfpL is absolutely required for pilus polymerization and associates with a key member of 

the IM in a manner similar to the GspL and GspM interaction.  This result has important 

implications as it suggests that the T2S and T4P systems may be far more similar 

structurally than previously thought. I also demonstrate that BfpI is a pilin-like protein 

that impedes retraction of BFP, providing evidence in support of a long-standing but 

unproven role for pilin-like proteins in T4P systems.  These data allow me to refine the 

model of BFP biogenesis presented in the introductory chapter such that BfpL is now 

associated with the IMSC (Figure 25) by binding to BfpC, and BfpI is now inserted into 

the pilus and increases its diameter. 
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Figure 25) An updated model of the EPEC T4P Biogenesis Machine.  This figure is 
not drawn to scale and is modified from Figure 3 of the Introduction.  The colors of each 
protein are unchanged from the previous figure.  BfpL, revealed to be primarily 
periplasmic, has now been moved to the IMSC where it associates with the periplasmic 
face of BfpC.  BfpI is now inserted into the pilus structure above the BfpB dodecamer 
and creates a wider diameter in the pilus than the bundlin subunits.  BfpJ and K are left in 
their positions from the original figure.  
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Appendix I 

Introduction 

 This appendix contains data which will not be published about the purification of 

BfpL before and after it was refolded.  It contains data collected from a series of size 

exclusion chromatography runs with refolded and unfolded samples of purified BfpL 

obtained using the protocol described in the Methods section of Chapter 2, which is 

reprinted here for reference.  It also shows a sample Circular Dichroism (CD) run with a 

refolded and unfolded BfpL sample to demonstrate that the refolding protocol listed in 

Chapter 2 is in fact successful. 

 As my initial yeast 2 hybrid screens revealed an interaction between BfpL and the 

C-terminus of BfpC (BfpC-C), I needed a protocol to confirm an interaction between 

these two proteins besides quantification in the yeast system.  A previous postdoc in our 

lab, Ekaterina Milgotina Ph.D, had created a protein expression vector containing an N-

terminal His-tag fusion with BfpC-C. However, this protein proved unstable in solution, 

rapidly breaking down and precipitating at low salt concentrations required for 

Isothermal Titration Calorimetry, our common method of investigating a protein-protein 

interaction.  Thus, I decided to try size exclusion chromatography as an alternative, which 

separates a protein mixture based on size (85).  However, two proteins which bind in 

solution will elute faster than each individual protein, as they form a complex which 

quickly moves through the column. 

 At the suggestion of my committee member, Dr. Weber, I checked my purified 

BfpL sample by CD (80) which reveals whether a protein sample contains proper 

secondary structure in solution or is unfolded.  This was a preliminary step for using the 
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BfpL sample in other assays like nuclear magnetic resonance (NMR) to obtain some idea 

of the folding of BfpL.  While the CD runs were successful, consistently showing 

secondary structure, I obtained no structural data via NMR or X-ray crystallography.   

 

Methods 

Expression and Purification of BfpL. 

For BfpL purification, the first 19 amino acids, which are predicted to be highly 

hydrophobic, were excluded, codons optimized for E. coli were generated by reverse 

translation and the resulting gene was synthesized commercially (GeneDesign, 

http://genedesign.thruhere.net/gd/, accessed May 22nd, 2012). Expression plasmid 

pLDPF-L was created by cloning optimized bfpL into pPF302 , a modified version of 

pET39b+ containing the DsbA signal sequence immediately upstream of an N-terminal 

hexahistidine tag. An overnight culture of E. coli strain BL21 (DE3) containing pLDPF-L 

was diluted 1:50 in 1 L LB containing 50 µg/mL kanamycin and grown in a 30C shaker 

at 225 rpm until it reached an absorbance at 600 nm of 0.5. Protein expression was then 

induced with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG). The culture was 

incubated for one additional hour in the 30C shaker and pelleted by centrifugation for 10 

minutes at 5000 g. Proteins from inclusion bodies were isolated as described (retrieved 

from Caltech.edu,  

http://www.its.caltech.edu/~bjorker/Protocols/Isolation%20of%20proteins%20from%20.

pdf, May 22nd, 2012)), with the following modifications: no DTT was added to any 

solution and the final pellet containing inclusion bodies was resuspended in 8 M Urea, 50 
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mM NaH2PO4, 300 mM NaCl pH 8.0. Resuspended protein solutions were applied to a 

QIAGEN nickel-nitrilotriacetic acid (NTA) agarose resin column and washed repeatedly 

with resuspension buffer. Protein was eluted by decreasing the pH of the resuspension 

solution by 0.5 increments to a final pH of 5.0. Samples containing purified denatured 

histidine-tagged BfpL (His-BfpL) were refolded by adding 1 mL of the protein solution 

drop-wise to 200 mL buffer containing 100 mM Tris-HCl pH 8.0, 400 mM L-arginine, 2 

mM Na2 EDTA, 0.5 mM oxidized glutathione, and 5 mM reduced glutathione. Samples 

were slowly stirred at 4oC for 8 hours or overnight. The process was repeated by adding 

successive 1 mL samples of purified denatured BfpL solution until all protein was 

dissolved in refolding buffer. Refolded samples were concentrated to 5 mL using 

Millipore Amicon Ultra-15 Filtration units. 

 

Ultra Violet Circular Dichroism 

Protein samples were dialyzed in 20mM Sodium tetraborate (Borax) buffer overnight at 

4oC.  Measurements from samples were recorded using a J-810 series spectropolarimeter 

(Jasco), with readings taken from 190 nm to 260 nm. 

 

Size Exclusion Chromatography 

10 mM protein samples of refolded and unfolded BfpL were loaded onto a Sephacryl S-

100  column (GE Healthcare Life Sciences) equilibrated with 50 mM NaH2PO4, 300 mM 

NaCl, pH 7.4 (size exclusion buffer) using an AKTA Prime FPLC.  Size exclusion buffer 

was run over the column at a rate of 0.4 mL/min and fractions were collected at 10 
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minute intervals, with data on the peak UV expression over time analyzed by the AKTA 

Primeview Evaluation 1.0 program.   

 

Results 

Insolube BfpL is partially refolded in glutathione buffer 

 BfpL purified from insoluble inclusion bodies was refolded over 3 days in buffer 

containing oxidized and reduced glutathione.  When examined by circular dichroism, 

refolded BfpL produced spectra common to a protein sample containing both -helices 

and -pleated sheets, and distinct from unfolded BfpL and Borax buffer (Figure 1).  Size 

exclusion chromatography of refolded BfpL samples revealed the presence of 2 peaks 

corresponding to 40.59 Kda and 17.00 Kda in size (Table 1 and Figure 2).  However, this 

larger peak was also present in unfolded BfpL samples, corresponding to 42.43Kda, 

suggesting it is an aggregate.  A second peak was present in unfolded BfpL samples but 

its elution time corresponded to a size of 9.38Kda.  These results suggest that both a 

refolded monomer and an unfolded but soluble aggregate are present in refolded BfpL 

samples. 
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Table 1: Size exclusion chromatography peak elution times, area under peaks and 
corresponding molecular weights calculated from a standard curve for folded and 
unfolded BfpL samples.  All values are means of 3 trials plus/minus one standard 
deviation. 

BfpL Re-folded 
Protein 

Peak 1 Peak 2 

Time (min) 121.68 +/- 6.00 147.77 +/- 2.81

Area (mAU*min) 308.18 +/-114.48 184.38 +/- 12.88

Height (mAU) 19.1 +/- 7.30 9.97 +/- 0.66

Calculated Weight 
(Kda) 

40.59 17.00

BfpL Unfolded Protein Peak 1 Peak 2 

Time (min) 120.49 +/- 7.23 168.72 +/- 2.10

Area (mAU*min) 200.88 +/- 36.76 178.17 +/- 52.84

Height (mAU) 11.87 +/- 1.79 8.69 +/- 4.17

Calculated Weight 
(Kda) 

42.43 9.38
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Figure 1) Circular Dichroism analysis of folded and unfolded BfpL samples.  This is a representative 
run of purified and refolded BfpL.  Red squares: Folded BfpL sample.  Green triangles: Unfolded BfpL.  
Blue diamonds: 20mM Na2B4O7 (Borax) buffer, in which the protein samples were dialyzed before 
analysis. 

 

Figure 2) Representative size exclusion chromatography run of purified and refolded BfpL.  This 
figure represents a standard plot seen when purified and refolded BfpL is loaded onto a Sephacryl S-100 
column and allowed to elute.  Instead of one peak, 2 separate peaks appear, suggesting the presence of an 
unfolded aggregate.  The blue line is the UV signal in mAU of the protein solution at a given time point, 
with peaks corresponding to protein eluting. The red hash marks correspond to the collection fraction taken 
at the given time point. 
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Discussion 

 I have presented data that the refolding protocol used in my dissertation was at 

least partially effective in refolding insoluble BfpL purified from inclusion bodies.  The 

refolded protein appears to assume a conformation that has secondary structure and is 

markedly different from unfolded BfpL.  Further, it elutes at two time points in gel 

filtration, the later time point corresponding to the theoretical size of a BfpL monomer.  

This refolding method was used after 2 attempts to use soluble but unfolded BfpL in 

generating a polyclonal antibody, both of which failed.  It was also used after failed 

attempts to increase the solubility of BfpL in bacteria by altering growth and induction 

conditions, and using periplasmic shock to purify BfpL.  However, despite the 2-3 days 

spent in refolding buffer, an unfolded protein aggregate is still present in the solution.  As 

a result the protein has no fixed folded state, and this explains why I was unable to obtain 

data by X-ray crystallography and NMR spectroscopy, since both techniques require 

purified, folded protein.   
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