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Single Particle Localization and a Novel Topology of the Enteropathogenic 

Escherichia coli Type IV Pilus Outer Membrane Secretin 

Abstract 

Type IV Pili (T4P) are filamentous surface appendages required for adherence, motility, 

aggregation, and transformation in a wide array of bacteria and archaea.  The bundle-

forming pilus (BFP) of enteropathogenic Escherichia coli (EPEC) is a prototypical T4P 

and confirmed virulence factor.  T4P fibers are assembled by a complex biogenesis 

machine that extrudes pili through an outer membrane (OM) pore formed by the secretin 

protein.  Secretins are a superfamily of proteins that assemble into multimers and support 

the transport of macromolecules by four evolutionarily ancient secretion systems: T4Ps, 

type II secretion, type III secretion, and phage assembly.  We determined the role of the 

lipoprotein transport pathway in targeting the BfpB secretin protein of the EPEC T4P to 

the OM.  We demonstrated that concurrent mutation of genes encoding both the secretin 

and retraction ATPase can result in viable cells and find that these cells display 

paradoxically low levels of cell envelope stress response activity.  To study the sub-

cellular distribution of BfpB, we used Photo-activated Localization Microscopy to 

localize single BfpB molecules fused to photo-activated mCherry.  Contrary to findings 

in other T4P systems, we find that BFP components predominantly have an uneven 

distribution throughout the cell envelope and are only found at one or both poles in a 

minority of cells.  Furthermore, we have used an array of biophysical and biochemical 

techniques to construct a model topology of BfpB.  We provide evidence that the N- and 

C-termini of this protein have a trans configuration with respect to the OM.  We propose 

that BfpB and all secretins constitute a novel structural class of OM proteins.   
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Although I cannot thank all the people who made this work and this process both 
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contributions to my growth as a scientist and survival as a student.   
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my MD/PhD interviews and telling my parents I had found the lab where I would do my 
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by creating a positive and supportive environment.  Indeed, it is my friends and 
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infinite support I have learned what it is to do really excellent science.  I am deeply 
indebted to Dr. Ekaterina Milgotina, who raised me from a pup; Courtney Sturey, who 
contributed directly to and is extending the results of a number of key experiments in this 
manuscript; Wensheng Luo, our lab guru and “uncle” with whom I shared many cups of 
tea discussing cysteine labeling and other techniques; Paula Fernandes, who created 
strains I have used regularly; Qin Dan, who made sure we never lacked for material or 
treats; Dr. Karen Scanlon; Dr. Shahista Nisa; Leon DeMasi; Tracy Mandichak; and the 
many other students and post-docs with whom I have had the honor to work.   

In addition to my colleagues, I was very lucky to have a supportive thesis committee.  Dr. 
Mark Shirtliff took me in as a homeless MD/PhD student for a laboratory rotation and 
taught me about biofilms, proteomics, and confocal microscopy.  Dr. Patrik Bavoil was a 
constant source of support and resource for bacterial outer membrane proteins; he was 
kind enough to serve as a reader of this thesis.  Dr. James Kaper added advising me to his 
duties as chair of Microbiology and Immunology and also served as a reader, sharing his 
expansive knowledge of infectious E. coli.  Dr. Robert Bloch ventured somewhat afield 
of the world of muscle cells – strange things with nuclei – to share his expertise in the 
study of membrane proteins and cell biology.  Lastly, I wish to thank Dr. Nicholas 
Carbonetti for filling in as an ad hoc member of my examination committee on short 
notice.  Their encouragement and guidance has been invaluable.   
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It would be difficult to overstate the contribution of our collaborators, without whom 
much of this work never would have been possible.  Drs. Nick Frost and Tom Blanpied 
opened their lab and taught us about exciting and emerging super-resolution microscopy 
techniques.  Drs. Stefani Thomas and Austin Yang of the Proteomics Core Facility 
performed the mass spectrometry and provided crucial analysis to identify mass-labeled 
residues.  Stefanie Vogt and Dr. Tracy Raivio contributed key reagents and feedback that 
allowed us to gain insight into how our system interacts with the cell stress response.  Dr. 
Michael Hoppert contributed a lovely, single particle averaged model structure of the 
BfpB multimeric complex.  Akina Hoshino and Dr. Iris Lindberg gave us access to their 
fluorescence plate reader, on which I spent more hours than I’d like to consider.  
Additionally, Dr. Ru-ching Hsia and her staff in the Dental School Electron Microscopy 
Facility, Dr. Henry Szymancyk in the Center for Fluorescence Spectroscopy, and Dr. 
Brian Peters all provided crucial training along the way. 

I am pleased to recognize Dr. Terry Rogers, Jane Bacon, and Nancy Malson who saw 
enough in me to admit me to the MD/PhD program; ensured that I was on track; and 
consoled me in the dark and frustrating hours of graduate school.  Similarly, June Green 
was a constant and positive presence and, with Dr. Nicholas Carbonetti, ensured that I 
was a successful graduate student.   

I have had the immense pleasure of learning with and from truly outstanding and 
impressive student-colleagues.  Although I have been impressed by so many, and 
commiserated and celebrated with most of the students in my programs, a few warrant 
special recognition: Aparna Kishor, Kyle Wilson, Nicholas Johnson, Lauren Hittle, Mark 
Pelletier, Aaron Hess, Caitlin Doremus, Carlita Phillips, Carly Page, and Anna Seekatz.   

I also wish to remember the many people outside of my immediate graduate sphere who 
have been so important in my development.  Dr. Norm Hansen is a pre-eminent 
biochemist and I am grateful for the friendship we have forged since I completed my 
undergraduate experience; I will always feel him over my shoulder when I run 
experiments.  I wish that my grandfather, Dr. Samuel Lieberman, and my first laboratory 
mentor, Dr. Mohammed Shahabuddin, were still alive and could see me conclude this 
journey as they were both so crucial to its initiation.  Dr. Selma Jerônmio is my birthday 
buddy and one of the finest examples of a Physician-Scientist I have.  Dr. Carolina 
Barrilas-Mury taught me the discipline of the Laburai and the Zen of Science; I am 
forever indebted to her and to her post-doc at the time, Dr. Sanjeev Kumar.  As an 
undergraduate, Drs. David Mosser, Ann Smith, Rick Stewart, Kaci Thompson, Steve 
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seen me through more than I can recount (or would care to!).   
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CHAPTER I: INTRODUCTION 

Background & Justification 

Infectious diarrhea is an important cause of morbidity and mortality, particularly 

in developing countries where gastrointestinal infections are the second leading cause of 

death and result in 2-3 million pediatric deaths annually (106)  Additionally, repeated 

bouts of early childhood diarrhea have been linked to shortfalls in growth and cognitive 

development (77).  With few exceptions, effective vaccines for bacterial causes of 

diarrhea have remained elusive, unlike for viral etiologies such as rotavirus.  The rapid 

spread of antibiotic resistance and acquisition of multi-drug resistance has become 

commonplace in both nosocomial and community-acquired bacterial infections and poses 

a major public health threat to rich and poor nations alike (24,110).  While improvements 

in sanitation and public health, along with poverty reduction and long-term economic 

stability nationally are the most important preventive measures to reduce morbidity and 

mortality due to early childhood diarrheas (6,77), vaccines and antibiotic drug 

development constitute important components of the public health armamentarium.  

Developing chemotherapies for diarrheagenic bacteria based on a detailed biochemical 

understanding of conserved molecular machines common throughout the microbial world 

may offer effective, possibly broad-spectrum treatments and novel drug targets (10).  

Indeed, efforts to develop antibacterial compounds that target molecular machines, 

including virulence factors, are already underway, with promising results (59,112).   

The design and development of such compounds can be aided by a detailed 

understanding of the architecture of the molecular machines bacteria use to establish 

infections in the host.  Although many molecular machines increase infectivity, they are 
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not required for bacterial cell viability.  Indeed, elaboration of secretion systems and pili 

is an energetically costly process for bacteria.  A recent molecular dynamics simulation 

study estimated that hydrolysis of three ATP molecules is required for the addition of a 

single turn to a pilus likely to contain thousands of such repeats (107).  Additionally, 

assembling such machines is potentially damaging to the membrane, and often 

necessitates or induces the activation of cellular stress response pathways such as Cpx, 

Bae and E (148).  Pathogenic bacteria must strike a balance between the requirements 

for specialized mechanisms to establish a niche in the hostile environment of the host 

tissue and the energetic costs of constructing and maintaining such molecular machines.  

Therefore, targeting virulence pathways for drug development has become a popular goal 

(10,59,193).   

A molecular machine is a multi-protein complex with highly ordered tertiary and 

quaternary structure.  Tightly coordinated protein-protein interactions are not only 

required for machine function, but are also vulnerable targets for chemotherapies.  

Targeting machine inhibitors to the interface between any set of interacting machine 

proteins is analogous to multi-drug therapy.  Just as a pathogen is less likely to resist two 

antibiotics simultaneously, a molecular machine is unlikely to accommodate a change in 

one component without either losing machine function or evolving a compensatory 

change in the interacting partner(s).  Thus, if a bacterium develops an altered drug target, 

that altered protein may no longer support machine function and have reduced virulence.  

Additionally, many components of important bacterial machines have no mammalian 

homologues (145).  Therefore, machine-specific inhibitors are unlikely to interact with 

human proteins and induce adverse advents.  For these reasons, a structural understanding 
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of conserved molecular machines that act on different substrates in different bacteria may 

offer a range of both broad- and narrow-spectrum drug targets (112).  A goal of my thesis 

research was to gain a better understanding of a bacterial protein that is a component of 

several types of molecular machines essential for pathogenic processes induced by many 

Gram-negative bacteria. 

Enteropathogenic Escherichia coli 

Escherichia coli stands out among the multitude of bacterial pathogens because of 

its high incidence and potential severity.  At least eight E. coli pathovars are capable of 

causing disease in humans (57).  Gastrointestinal disease is caused by six pathovars: 

enteropathogenic E. coli (EPEC), enterohemorrhagic E. coli (EHEC), enterotoxigenic E. 

coli (ETEC), enteroinvasive E. coli (EIEC), enteroaggregative E. coli (EAEC), and 

diffusely aggregative E. coli (DAEC) (57,100).  Of the two remaining pathovars, 

uropathogenic E. coli (UPEC) are the most common cause of urinary tract infections 

(159), are significantly more prevalent in females than in males (63,86), and UPEC 

strains are increasingly becoming drug resistant (86,159).  The eighth recognized 

pathovar is meningitis-associated E. coli (MNEC) (57,100).   

EPEC is distinguished from the other enteric pathovars by virtue of a distinctive 

histopathology characterized by effacement of the intestinal microvilli (119) and a 

distinctive pattern of aggregation in focal clusters (164).  Unlike other pathovars, EPEC 

does not produce Shiga toxin, Heat-labile toxin (LT) or Heat-stable (ST) toxin (94,108).  

EPEC infection is particularly correlated with infectious diarrhea in young children in the 

developing world (47,72,109).  Children less than 2 years old who are not breast-fed are 

at the greatest risk for EPEC infection (47,109).  Moreover, atypical EPEC (aEPEC) have 
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emerged as a significant pathogen in both developed and developing countries 

(29,125,133,158).  Diarrhea associated with both typical and atypical EPEC infection can 

be both severe and persistent (56,58,133).  Furthermore, EPEC infection has been 

associated with human colorectal adenocarcinomas and is hypothesized to promote 

tumorigenesis by downregulating DNA mismatch repair (117).   

EPEC does not appear to induce diarrhea due to secreted toxins but rather through 

a combination of effects including increased intestinal permeability and intestinal 

inflammation, an observation that stands in stark contrast to its congeners EHEC and 

ETEC (100).  ETEC induces diarrhea through the production of two toxins, LT and ST, 

both of which increase secretion of ions and water from the intestinal epithelium by 

perturbing homeostasis of cyclic nucleotides (168).  EHEC produces Shiga toxin which 

inhibits protein synthesis (168) and can induce apoptosis, particularly in epithelial cells 

(98).  In addition to damaging intestinal epithelial cells, Shiga toxin may be transported to 

extra-intestinal sites via the bloodstream.  The kidneys are at particular risk and 9-15% of 

patients infected with Shiga toxin-producing E. coli develop hemolytic uremic syndrome, 

characterized by hemolytic anemia, thrombocytopenia and renal failure (13,14,182,196).   

EPEC strains do not produce Shiga toxin, but typical EPEC strains possess two 

other important virulence systems: a type IV pilus (T4P) and a type III secretion (T3S) 

system.  Typical EPEC strains (tEPEC) produce a type IV bundle forming pilus (BFP) 

encoded on the large (~80 kb) adherence factor plasmid (pEAF) (128,177).  The BFP is a 

confirmed virulence factor (17) and adhesin that mediates the initial stages of adherence 

to the host intestinal epithelium (39,92,199).  aEPEC do not express BFPs.   
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Expression of BFPs is associated with a distinctive pattern of 3D clusters when 

incubated with cells, termed “localized adherence” (LA) (164), and the formation of 

dynamic autoaggregates of bacteria in liquid culture (4).  BFPs are assembled by a 

molecular machine that is both well-conserved and widely distributed throughout the 

bacterial kingdom (145,146).  The T3S system is a distinct molecular machine devoted to 

protein transport and, like the BFP appartus, elaborates filamentous fibers across the 

outer membrane (OM) of Gram negative bacteria.  While BFPs serve as long (>1 µm), 

thin structural fibers (46), the T3S filaments act as molecular syringes through which the 

bacteria are able to inject unfolded proteins that modulate multiple eukaryotic host cell 

activities (52,68,100).  Injected effector molecules are likely driven into the host cell 

using repulsive electrostatic interactions down a “greasy slide” composed of aromatic 

amino acids (153).  These two machines participate in an elaborate “ballet” of 

environmental sensing, machine assembly, substrate transport, and regulatory feedback 

networks to facilitate EPEC adherence to the human gastrointestinal tract, persistence and 

pathogenesis amidst the complex and highly competitive microbiome. 

Attachment to the Host Gastrointestinal Tract 

Attachment is a critical step in bacterial pathogenesis, particularly for bacteria 

such as EPEC that colonize the human gastrointestinal epithelium.  To accomplish this 

task, EPEC relies on multiple interacting systems to facilitate adherence.  The principal 

attachment mechanisms are BFP fibers, EspA filaments and the needle complex of the 

T3S which can serve as weak adhesins, and the strong Intimin-Tir interaction, which are 

discussed below (39).  Initial attachment consists of BFP elaboration and microcolony 

formation (39,55).  After initial attachment, EPEC bacteria can attach intimately to host 



 

6 
 

cell membranes in a process known as Attaching and Effacing (A/E) which is mediated 

by the T3S apparatus encoded by the chromosomal Locus of Enterocyte Effacement 

(LEE) pathogenicity island (119,124).  Intimate attachment is characterized by the T3S 

apparatus injection of Tir, which serves as the receptor for the EPEC OM protein intimin 

(101).         

To facilitate intimate attachment to host cells, Tir is injected by the T3S machine, 

inserted into the host cell membrane, and tyrosine-phosphorylated (101); this 

phosphorylation event is one of the mechanisms for actin pedestal formation in vivo (52), 

although other effector molecules play a role (64).  Many effectors have multiple 

functions, such as EspF, which is directly targeted to and disrupts mitochondria, 

interferes with tight junctions, induces membrane remodeling via its interactions with 

SNX-9, and alters the host cytoskeleton via interactions with N-WASP (52).  The 

additive effect of the numerous T3S system-translocated effector molecules is a 

subversion of host cell function resulting in several observable phenotypes.  In addition to 

pedestal formation and mitochondrial disruption (136,137), EPEC-infected cells in vitro 

display decreased transepithelial resistance (TER), dysfunction of tight junctions (TJs) 

and increased cell monolayer permeability, blockade of NF-B signaling, reduced pro-

inflammatory response to infection (11,52,120,127), and downregulation of DNA 

mismatch repair proteins MLH1 and MSH2 (117).   

The efficiency of intimate attachment depends upon the initial stage, as has been 

demonstrated by analysis of a series of single, double, and triple mutant EPEC 

phenotypes (39).  Cleary et al (2004) examined the adherence phenotypes of wild type 

E2348/69, an outbreak-associated strain currently considered archetypal tEPEC (108), 
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and a series of isogenic mutant strains with disruptions of bfpA encoding the pilus 

subunit, espA, specifying the T3S filament subunit, or eae, the gene coding for intimin, 

and combinations of each mutation.  Wild type EPEC adhered robustly to the brush 

border polarized monolayers of Caco-2 cells within 10 min of infection and these bacteria 

expressed all three candidate adhesins.  After 3 h of infection the bacteria exhibited LA, 

having formed microcolonies.  However, by 6 h the only EPEC cells that remained were 

those associated with A/E lesions (39).  Bacteria lacking BFP adhered poorly to Caco-2 

monolayers, but could form intimate attachments provided the EPEC strain also 

expressed both functional T3S machines and functional intimin.  The authors 

demonstrated the temporal organization of EPEC adherence to epithelial cells in vitro.  

Efficient colonization requires BFP for high avidity adherence to the epithelium while the 

T3SS-mediated Tir-intimin association is required to maintain the prolonged attachment 

required to produce disease (181).  

Regulation of BFP and T3S Elaboration and Function 

Multiple sensory and regulatory systems regulate expression and function of the 

BFP and T3S machines and a detailed review is beyond the scope of this manuscript.  

However, a key point is that these two major attachment mechanisms of EPEC are 

coordinately regulated.  The pst operon responds to inorganic phosphate (Pi) starvation 

and positively regulates elaboration of both the BFP and T3S machinery via the per 

operon (61).  The gene products of the per operon, PerA, PerB, and PerC, directly 

augment transcription of BFP genes (185) and of a second transcriptional activator, Ler.  

Ler expression is influenced by other factors as well, including quorum sensing (172) and 

the LEE-encoded GrlA (31). Ler in turn augments transcription of the T3S structural 
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components and effector molecules (121).  Furthermore, Ler downregulates the 

transcription of genes responsible for elaborating the EPEC capsule, “unmasking” the 

intimin receptors on the surface of the cells (171).  Not only are the BFP and T3S systems 

coordinately regulated in this fashion, but there is also significant cross-talk between the 

two systems.  A recent report demonstrated that retraction of BFPs is required for 

efficient translocation of T3S effectors and actin pedestal formation (199) (see Appendix 

II), illustrating that BFP dynamics play a key role in optimizing T3S activity.  Finally, the 

bacterial envelope stress pathway (Cpx) plays a central and somewhat paradoxical role in 

balancing transcription of BFP and T3S components.   

T4P machines can sustain forces of 100 pN during the rapid process of pilus 

retraction, during which BFP fibers undergo changes in quaternary structure (16).  On the 

basis of these force-induced structural changes, the notion of the BFP as a sensory 

organelle has been advanced (93).  Such rapid changes in cell surface molecules likely 

exert considerable strain on the cell envelope.  Similarly, simultaneously building many 

molecular machines that span both the inner membrane (IM) and OM, such as those that 

elaborate T4P or the T3S, may also induce significant cell envelope stress.  Indeed, the 

accumulation of very high levels of T4P subunits in the periplasm of Neisseria 

gonorrhoeae was cytotoxic (195).  Not surprisingly, Cpx pathway activation antagonizes 

the transcription of T3S structural components and effector molecules, decreasing the 

pool of available substrates (116).  In the case of the BFP system, full activation of Cpx 

represses transcription of BFP genes and inhibits pilus expression (192).  However, 

complete inactivation of the Cpx pathway in EPEC eliminates elaboration of BFPs (130) 

apparently due to insufficient levels of periplasmic chaperone proteins such as DegP, 
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CpxP, and DsbA (192).  In an earlier study, DsbA was shown to be required for pilus 

biogenesis (200).  Curiously, only some laboratory strains of Escherichia coli can support 

pilus biogenesis: the cloned bfp operon is sufficient to confer BFP-expression on HB101 

(177) but not on MC4100, unless the Cpx pathway is constitutively active in the case of 

the latter (147).   

The BFP and T3S systems of EPEC represent a complex network of tightly 

regulated activities that occur with a precise timing to support pathogen attachment to the 

host epithelium.  Furthermore, there is a strong and coordinated link between functional 

BFP machines, initial attachment, timely T3S effector translocation, intimate attachment, 

and host cell changes that presumably lead to symptoms in an infected human.  Since 

both the BFP machinery and the T3S are evolutionarily conserved systems across Gram 

negative bacteria (68,145), the structural components and regulatory networks controlling 

the function of these systems are attractive therapeutic targets.    

Structure of Type 4 Pilus Biogenesis Machines 

While some T4P, including the BFP of EPEC, mediate initial adhesion to host 

cells (33,54,199), these surface appendages mediate diverse cellular processes in other 

bacteria, including twitching and social motility (25,99) and horizontal gene transfer 

(7,85).   T4P fibers are long, thin, flexible, polymeric, three-start helical filaments 

approximately 85 Å in diameter (46,149).  The fibers are composed of the pilin structural 

protein, although some contain pilin-like proteins (46), and are both assembled and 

disassembled by a complex biogenesis machine consisting of 10-18 proteins (145,146).  

T4Ps are common to many Gram negative pathogens, including Vibrio cholerae (83), 

Pseudomonas aeruginosa (25), Neisseria meningitidis (32), Francisella tularensis (33), 
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Legionella pneumophila (176), and enteropathogenic Escherichia coli (54).  T4Ps are 

subdivided into T4aP and T4bP based on key differences in the pilin monomer and 

genetic organization (122).  T4b pilins generally have a larger, more complex structure, a 

relatively long leader sequence, and are N-methylated on small hydrophobic residues 

instead of on the N-terminal phenylalanine typical for T4a pilins.  The genes encoding 

T4bP biogenesis machines are generally contiguous while those encoding T4aP machine 

components are in unlinked operons.  Furthermore, T4bP predominate in enteric bacteria 

and mediate aggregation phenotypes more often than the T4aP systems (122).   

T4P machinery proteins share significant sequence similarity and structural 

homology to components of type two secretion (T2S) systems, DNA uptake systems 

(7,145), and filamentous phage assembly systems (111,161).  T4P proteins also are 

orthologous to proteins involved in archeal flagellum assembly (145).  Furthermore, T4Ps 

have recently been detected in Gram positive pathogens of the genus Clostridium 

(188,189) and in archaea (65,131).  The sequence and structural similarities across such a 

wide range of organisms strongly suggest an ancient and shared evolutionary history 

(145,146).   

All T4Ps consist of a mature pilin that is cleaved and, in Gram negative bacteria, 

N-methylated by a devoted pre-pilin peptidase (178). Gram negative T4P biogenesis 

machines contain a core set of conserved proteins thought to assemble into a 

supramolecular biogenesis machine that spans both the IM and OM (91).  These proteins 

include a polytopic IM protein, at least one cytoplasmic nucleotide binding protein 

energizing pilus dynamics, pre-pilin-like proteins and the OM secretin protein 

(46,145,146).   
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As a T4bP, all the components of the BFP machine are encoded in a single, 14-

gene operon (177).  All except one of these gene products are required to elaborate BFPs.  

Of the remaining 13, 11 are structural components of the machine.  The first gene in the 

operon, bfpA, encodes pre-bundlin, which is cleaved and modified to form bundlin, the 

mature structural subunit of the pilus (149).  The second gene, bfpG, encodes a small 

soluble protein found in the periplasm.  Both BfpG and the product of the fifth bfp gene, 

BfpU, are known to associate with the OM in the presence of BfpB (50), which is 

encoded by the third gene in the bfp operon.  The fourth gene in the operon encodes 

BfpC, a bitopic IM protein that associates with the products of the sixth and seventh bfp 

genes, the hexameric ATPase BfpD and the highly conserved, polytopic IM protein BfpE 

(48).  BfpE is proposed to contain four transmembrane alpha-helical domains on the basis 

of studies utilizing genetic fusions to biochemical reporters (22).  However, this finding 

is at odds with the crystal structure of the amino terminus of a homologue EpsF, 

suggesting that this class of proteins may have diversified to have multiple topologies (1).  

BfpE also associates with a second hexameric ATPase, BfpF, encoded by the eighth gene 

in the operon (48).  BfpF mediates pilus retraction, a function induced at least partly by 

BFP binding to N-acetyllactosamine (90).  The ninth gene in the bfp operon encodes the 

pre-pilin peptidase which has the dual role of cleaving the leader sequence from pre-

bundlin and N-methylating the maturing bundlin protein (201).  The tenth gene, bfpH, 

appears to be a pseudogene as neither its transcript nor gene product can be detected and 

deletion of bfpH does not appear to have any phenotype (5,151).  The genes bfpI, bfpJ, 

and bfpK all encode pilin-like proteins that are found in the IM and, although required for 

BFP function, have unknown roles in the BFP biogenesis machine (151).  The final gene 
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of the operon encodes BfpL, which has no homologues but is required for BFP function.  

A schematic of the BFP biogenesis machine is presented in Figure 1.   

 

Figure 1: Schematic Representation of the BFP Biogenesis Machine 

 

Fig. 1.  A schematic representation of the BFP biogenesis machine.  The BfpB complex is 
thought to form the OM pore through which BFP fibers extend and retract.  The BFP fiber is 
pictured in green and yellow (149).  In the presence of BfpB, the two soluble proteins BfpG (blue 
ovals) and BfpU (pale blue cubes) associate with the OM.  Both BfpG and BfpU are found in the 
periplasm.  BfpU is also found in the cytoplasm and in association with the IM sub-assembly.  
The IM sub-assembly consists of two alpha-helical transmembrane proteins, the bitopic BfpC and 
the polytopic BfpE.  This complex recruits two hexameric cytoplasmic ATPases to the IM, BfpD 
that energizes pilus extension, and BfpF which is required for pilus retraction.  There are three 
pilin-like proteins: BfpI, BfpJ, and BfpK.  Each pilin-like protein has a pre-pilin peptidase 
cleavage site (triangles) and is found in the IM.  BfpL is a protein of unknown function and lacks 
a pre-pilin peptidase cleavage site.  This figure was modified from a slide graciously provided by 
Dr. Michael Donnenberg.  
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Sub-cellular Localization of T4P and T2S Machines 

The sub-cellular localization of T4P and T2S components has been the subject of 

some debate.  Although T4P in Myxococcus xanthus and Pseudomonas aeruginosa have 

been shown by transmission electron microscopy (TEM) and fluorescence microscopy to 

exit the cell primarily at a pole (30,45,85,140), the case is much less clear for other T4P.  

Moreover, Cowles and Gitai (2010) detected T4P with non-polar origins in P. 

aeurginosa.  In the case of BFP fibers, TEM has not revealed an exit location, perhaps 

because of the extensive, overlapping, and complex meshwork formed by these 

interacting fibers.  Studies with fluorescent fusion proteins have been complicated by 

gene dosage effects.  Lybarger et al. (2009) described polar localization patterns when 

T2S proteins were expressed in trans but peripheral foci of fluorescence when expressed 

in their native stoichiometry from their wild type locus.  Buddelmeijer et al. (2008) 

observed a similar effect of the PulS pilotin on the localization of the PulD secretin in the 

T2S machine of Klebsiella oxytoca.  Furthermore, all localization studies of T4P or T2S 

components with fluorescent fusion proteins to date have been restricted in resolution by 

the limits of diffraction and no previous studies of T2S and T4P protein localization 

studies have imaged single fluorescent molecules.  Given the small size of bacteria, 

diffraction-limited resolution and bulk excitation of fluorescent probes dramatically limit 

the ability to localize the pilus biogenesis machine and its components.  Recent advances 

in fluorescent imaging have made sub-diffraction limit imaging possible (15,84).  These 

so-called super-resolution techniques reveal unprecedented detail of bacterial cell 

biology. 
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Secretin Protein Superfamily 

The well-conserved secretin proteins are not only essential for T4P biogenesis but 

also form the OM ring structure found in T2S machines (21,156), T3S machines (12), 

and the filamentous phage assembly system (111).  Thus, the secretin protein superfamily 

can be divided into five distinct sub-families: secretins of the T2S, T3S, filamentous 

phage assembly systems, T4aP and T4bP biogenesis machines.  Secretins play a crucial 

role in T4P biogenesis machines; 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 (5,150).  Secretins are thought to serve as the exit pore for pilus fibers as 

they extend and retract (12,43,104).  In many T4P systems, retraction is driven by a 

devoted hexameric ATPase (4,151).  In the case of the Neisseria gonorrhoeae T4P, 

deletion of genes encoding both the secretin (pilQ) and the retraction ATPase (pilT) 

resulted in cell toxicity and membrane blebbing, which was attributed to pili assembling 

without an exit pore, accumulating in the periplasmic space, and pushing against the OM 

(195).  Suprisingly, a pilQ pilT double mutant strain of Neisseria meningitidis is viable 

(32).  The reason for this discrepancy is not apparent. 

Many secretins require a small lipoprotein, many of which are canonical pilotin 

proteins, for targeting to the OM while four secretins have been experimentally verified 

as lipoproteins themselves and do not require a pilotin or similar small lipoprotein 

(104,134,190).  In the T2S of Klebsiella oxytoca, the pilotin was shown to interact with 

the distal C-terminal 28 amino acids of the secretin, PulD (134); a similar result was 

obtained for the MxiC-MxiD pilotin-secretin interaction in the T3S of Shigella flexneri 

(141).  Pilotins and other OM lipoproteins are acylated and transported to the OM by the 



 

15 
 

Lol-sorting pathway (41) and are required for secretin multimer stability (12).  A recent 

report (180) showed that lipidation of the N. meningitidis small lipoprotein, PilW, is 

required for both the stability of PilW and efficient assembly of the PilQ secretin 

complex.  The Lol pathway acylates an N-terminal cysteine of lipoproteins following 

signal peptide cleavage and transport from the cytosol by the Sec apparatus (186).  By 

default, the Lol machinery transports lipoproteins to the OM, unless a “Lol-avoidance 

signal” is present at the +2 position following the signal peptidase cleavage site (197).  

This Lol-avoidance signal is usually an aspartic acid residue (197), but less commonly 

may be a tyrosine, phenylalanine, tryptophan, glycine or proline (169).  Unlike non-

lipoprotein secretins with cognate pilotins, the BfpB secretin of EPEC is itself a 

lipoprotein as it is palmitoylated in vivo (150), and no pilotin can be identified in the BFP 

machine components (166).  Furthermore, BfpB has a serine residue at the +2 position 

which permits Lol transport to the OM.  All four experimentally verified lipoprotein 

secretins, BfpB, TcpC (23), XpsD (89), and HxcQ (190) are palmitoylated in vivo and 

each contains a domain that is rich in both serine and glycine residues and has been 

assumed to link the N- and C-terminal domains (173,190). 

Common Structural Features of Secretin Proteins   

Ultrastructure 

Secretins are reported to form homomultimers of 12-15 monomers and several 

ultrastructures have been solved by electron microscopy (EM) (21,42,104,138,156).  The 

EM structures reveal that all secretins are multimeric, partially gated pores approximately 

50-100 Å in diameter.  In addition, all secretins are comprised of a large periplasmic 

vestibule and a C-terminal domain rich in predicted -strands.  Furthermore, multiple 
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conformations for the secretin pore are likely required to permit substrate transport; at 

least some of these conformations have been observed directly (43) or inferred (155,156).  

Finally, in almost all cases rotational symmetry has been observed.  While 12-fold 

rotational symmetry appears to be the most common, factors of 12, 14-fold, and 15-fold 

symmetry have also been observed (104).  Interestingly, one report identified a strong 4-

fold rotational symmetry and suggested a “tetramer of trimers” for the PilQ secretin of 

Neisseria meningitidis (44).  It therefore seems likely that different secretin-utilizing 

systems display variations in the architecture of this pore complex, while retaining 

several key features in common.  In each secretin-containing system, the mature multimer 

supports the transport of fully folded macromolecules across the OM, be the substrate a 

pilus fiber, a T3S needle filament, an assembling phage, or a T2S system substrate.   

More detailed structures of secretin molecules – either monomers or complexes – 

have remained elusive.  The multimer is too large to resolve by NMR, and membrane 

proteins are notoriously difficult to crystallize due to the detergents required to solubilize 

the proteins from their native state.  Some groups have tried to refold OM proteins from 

inclusion bodies or perform complex buffer exchanges to find detergents that allow 

crystallization with some successes (143,144).  However, the paucity of structures for 

OM proteins reflects the difficulty of such approaches.  Recently solved crystal structures 

of the periplasmic N-termini of three secretin molecules has revealed conserved structural 

features that appear to underlie substrate transport, despite the considerable variability of 

secretin N-termini across the superfamily.  The N-terminal structures of GspD, the T2SS 

secretin of ETEC (105); of EscC, the secretin of the EPEC T3S apparatus (175); and 
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HofQ, the secretin of the Aggregatibacter actinomycetemcomitans required for DNA 

uptake demonstrate several sub-domains within the N-terminus (183).     

Domain Architecture 

The N-termini of secretins are remarkably hypervariable, presumably reflecting 

the diverse substrates and components of the secretion system with which they interact.  

Nonetheless, bioinformatic analyses of a limited set of secretins reveal that these 

molecules contain up to four domains within their N-termini, labeled N0 through N3.  

The filamentous phage and T4P secretins have the N0 and N3 domains, but lack N1 and 

N2.  T3SS secretins lack only N2 while all four domains are present in the T2SS secretins 

(104,156).  Intriguingly, T4aP secretins appear to contain an uncharacterized domain 

proximal to the N0 domain (104).  The structures of the secretin N-termini reveal a 

lobular organization with the N0 and N1 domains constituting a compact, periplasmic 

lobe connected to the N2 domain by a hinge (104).  Curiously, when the two structures 

are superimposed, the N0 domain is rotated by ~145 degrees (104).  Further 

experimentation will reveal whether this rotation reflects the significant conformational 

changes required to accommodate transport of macromolecules through the secretin pore 

or if this is a static structural feature that differs among secretin-containing machines.  

The most recently solved structure, the N-terminus of HofQ, provided little evidence for 

either hypothesis as the proteins packed in a spiral structure unlikely to be found in nature 

(183).     

The divergence of the sequence and structure of the N-termini of secretin 

molecules likely serves the diversity of substrates transported by their different parent 

systems.  However, all secretins have a C-terminal domain that is rich in predicted trans-
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membrane beta strands and is thought to form a trans-membrane beta barrel (12,156).  

Curiously, only the lipoprotein secretins, which do not interact with a pilotin chaperone 

for OM targeting, contain an L2 linker region that has been proposed to divide the N- and 

C-terminal domains (190).  Non-lipoprotein secretins appear to interact with their cognate 

pilotins via a small domain at the distal C-terminus that becomes folded in the presence 

of the pilotin but is otherwise disordered (134).  However, the structure and topology of 

the secretin domains remain largely uncharacterized. 

Predicted Topology of Secretins 

Despite the progress made towards defining the atomic structures of the N-termini 

of secretins in two of the five sub-families (GspD of T2S and EscC of T3S) and the pore 

ultrastructure, little progress has been made towards understanding the structure of the C-

terminal “secretin domain” (Pfam structural domain 00263, http://pfam.sanger.ac.uk/) 

presumed to form a beta barrel structure in the OM.  In lieu of atomic data, several 

attempts have been made to map the topology of secretin molecules through a 

combination of in silico prediction methods, biochemical labeling coupled with 

observation by EM (21,67), mutational analysis to identify the gating domains (174), and 

sites of protease sensitivity (34).  While three of these research efforts have resulted in 

predicted topologies of the secretin domain, each is fraught with uncertainties.   

The topology models for XcpQ (P. aeruginosa, T2S) and PilQ (N. meningitidis, 

T4aP) predicted 13 trans-membrane beta strands (TMBSs) (21,67), while the pIV protein 

of the E. coli filamentous phage assembly was predicted to have 11 TMBSs (174).  The 

predicted odd number of TMBSs in all three cases is quite striking; to date, all known 

OM beta barrels have an even number of beta strands (27,102,194).  If secretins do 
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contain an odd number of TMBSs then this class of proteins either constitutes a unique 

class of outer membrane -barrel with an odd number of transmembrane strands or 

secretin monomers do not form -barrels at all.  If secretin monomers do not form 

individual -barrels, they could either form one very large barrel in which all monomers 

donate strands as in the multidrug efflux pump TolC (103) or they may not form a -

barrel at all.  To date, only two OMPs have been characterized that do not form -barrels: 

the octomeric polysaccharide transporter Wza (53) and VirB10 of the type IV secretion 

system (35). 

Robust Tests are Required to Determine Topology of OM Proteins 

Despite significant efforts by several research groups to merge predictions of OM 

-barrel protein topology with biochemical data, each study has been plagued by a lack 

of sufficiently robust tests to distinguish periplasmic and extracellular residues.  Instead, 

previous studies of both secretin- and non-secretin OMPs have primarily attempted to 

define the membrane spanning regions and have fallen prey to several faulty 

assumptions.  First, mutations disrupting protein stability or function do not necessarily 

disrupt TMBSs; second, solvent accessibility in predicted large loops is not equivalent to 

definitive extracellular labeling; and, third, predictions of TMBSs cannot be relied upon 

too heavily.  Furthermore, topology predictions may be further complicated by the 

observed plasticity of transmembrane beta sheet orientations in both model lipid bilayer 

systems (20), and in vivo (126).  Without selectively labeling periplasmic or extracellular 

residues, the evidence provided for topology is correlative but not definitive.   
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Topology studies of non-secretin OM proteins 

Only a handful of studies have examined the topologies of non-secretin OMPs 

and all have encountered similar challenges.  None has subjected the proposed OMP 

topologies to sufficiently robust experimental tests.  The techniques utilized have 

included some used to study the topology of secretins, such as accessibility to proteases 

to define extra-membranous loops (19).  Other studies have tested the predicted topology 

of OMPs by genetically inserting epitope tags (80,132) or deletion of predicted TM or 

loop regions (62,80,154).  Finally, one recent study applied atomic force microscopy 

(AFM) to study the OM in Roseobacter dentrificans and the authors were able to identify 

topological features of trimeric porins with known atomic structure (97)95), suggesting 

that AFM may be an underutilized but highly effective tool for mapping OMP topology.   

Each of these studies combines predicted topologies of OMPs with biochemical 

data to determine a final model.  Given the significant uncertainties in predicting TMBSs, 

it is of the utmost importance that the biochemical tests of different topology models 

rigorously address whether an extra-membranous portion of the protein is extracellular or 

periplasmic to successfully conclude which model represents the actual topology.  

Findlay et al (2005) manually incorporated and edited the output of two topology 

prediction programs to develop a putative model for the Chlamydia trachomatis Major 

Outer Membrane Protein (MOMP).  The need to adjust the in silico predictions because 

one TMBS was predicted to fall in a variable domain (VD) thought to be exposed to the 

extracellular environment highlights a critical theme of determining OMP topology: 

predictions must be tested and cannot be the sole basis for a model.  The manually 

refined topology model was tested by creating genetic deletions of the 5th TMBS, the 5th 
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and 6th TMBS, and each of the four VD regions for a total of six mutant constructs.  The 

deletions of the putative TMBSs were found to be unstable while the mutations of the 

four VD regions were stable (62).  While these data are some of the strongest in support 

of an OMP topology, they are not definitive.  Although the VS regions are very likely to 

be solvent exposed, their extracellular location was not confirmed.  Furthermore, the 

instability of the protein following the deletion of putative TMBSs, while suggestive, 

does not establish with certainty that these regions are in fact trans-membrane.  Birkelund 

et al (2009) explored an exciting technique to isolate and identify protease-accessible 

regions of proteins in their study of the C. trachomatis L2 outer membrane complex by 

two-dimensional polyacrylamide gel electrophoresis (2D-PAGE), mass spectrometry 

(MS), peptide sequencing, and fractional diagonal chromatography (COFRADIC).  

However, the results of these protease-accessibility studies do not reveal topology, only 

solvent accessibility. 

In their study of the PorT outer membrane transport protein of Porphyromonas 

gingivalis, Nguyen et al (2009) attempted to determine the PorT topology by methods 

similar to those used to study the topology of several secretins which are discussed below 

(62,67).  Briefly, 12 hexahistidine regions were inserted into the primary sequence of 

PorT by site-directed mutagenesis of an expression vector-encoded porT gene.  These 

mutant constructs were then assayed for transport function.  The authors observed that 

mutants totally deficient in transport function had hexahistidine insertions in predicted 

TMBSs, while those mutations which partially ablated transport were in periplasmic turns 

or just before the first putative TMBS.  Mutations that had no effect on substrate transport 

were found to be in predicted extra-cellular loops or immediately adjacent to the signal 
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peptide cleavage site (132).  It is important to note that one of the insertions which did 

not affect function was in a periplasmic turn, thus undermining the consistency of the 

authors’ argument.   

The assertion that insertions ablating function are in TMBSs ignores alternative 

hypotheses and often conflicts with experimental data.  Despite the coincidence with 

predicted trans-membrane segments, mutations ablating transport function do not 

necessarily imply a location in the TMBS; rather, these insertions may affect other 

essential functional regions, such as substrate-interacting segments of the protein.  

Furthermore, the authors present data on mutant protein stability that undermine their 

topology arguments.  Two of the three insertions in putative TMBSs result in an unstable 

protein, while one is present at a level similar to wild type or slightly higher.  

Additionally, one insertion mutant that was “permissive” for substrate transport was not 

detected by western blot and two more “permissive” insertion mutants were expressed at 

levels much lower than wild type (132).  The arguments of these authors would have 

been more powerful if they had been able to successfully perform hexahistidine labeling 

by gold-conjugated Ni-NTA or detect surface-exposed regions with a fluorescent anti-

hexahistidine antibody coupled with flow cytometry.  Although such experiments might 

not have worked at all, or might not have been conclusive for all the tested insertions as 

in the study of PilQ by Frye et al (2005), data on at least a few epitopes would have 

provided highly robust biochemical validation of the topology model in the context of 

both in silico predictions and the other data in the study. 

The study of AlgE, the P. aeruginosa protein mediating alginate secretion, by 

Hay et al (2010) followed the same intellectual model as previous studies in the 
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assumption that non-functional insertion mutations fall within a TMBS (132,154).  This 

assumption dates back to a study by Rehm et al (1996) who performed this work using a 

decapeptide that disrupted protein stability when inserted into putative TMBSs but not 

putative extracellular loops.  In the study of AlgE, Hay et al (2010) observed that 

insertion of a FLAG tag in eight out of nine putative extracellular loops preserved protein 

stability and function.  A single insertion into the loop proposed to mediate alginate 

transport was not tolerated, resulting in undetectable levels of protein by western blot.  

The authors did not attempt FLAG-tag insertions in putative TMBSs (80).  Although the 

authors use the results of their alginate assay in the presence of different FLAG tags to 

support their predicted topology model, they did not attempt to confirm that any of these 

loops were actually extracellular.  Similar to the study by Nguyen et al (2009) that used a 

hexahistidine tag, the FLAG tag is commonly used for antibody labeling and 

fluorescence microscopy or flow cytometry.  A simple study of anti-FLAG antibody 

binding in the presence or absence of membrane permeablization may well have revealed 

a definitive topology for AlgE.   

The use of AMF to map the outer membrane of a Gram negative bacterium at 

high resolution (97) stands in stark contrast to other OMP topology studies due to the 

technique utilized.  In this study, the authors were able to image the outer membrane and 

identify trimeric and non-trimeric porins throughout the membrane.  Importantly, the 

authors were able to use the AMF tip to “nanodissect” the peptidoglycan layer away from 

the membrane sections, exposing the inner leaflet of the OM.  The authors were able to 

identify prominent periplasmic turns in the major trimeric porin of their system, OmpF, 

for which an atomic structure is available.  The authors revealed the organization of these 
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trimers and identified clusters of aromatic residues in the periplasmic turns of OmpF (97), 

a finding in agreement with previous observations that aromatic amino acids are 

preferentially found at the hydrophobic-hydrophilic interface (75).  A critical finding 

from this paper is that the OM is not a solid barrier with porins providing occasional 

“holes” for the passage of small solutes.  Rather, the authors confirm the long-standing 

wisdom that the OM is a “molecular sieve.”  This observation has two profound 

implications for the prediction and study of OMP topology.  First, small-molecule 

labeling of solvent-exposed regions of OMPs is highly unlikely to be selective for 

extracellular versus periplasmic exposure, a view supported by Dr. Hiroshi Nikaido 

(personal communication).  Second, predictions of OMP topology should take into 

account the dense packing of these molecules and ensuing intermolecular interactions 

that may not only permit unexpected amino acids in the trans-membrane segments, but 

that may also require hydrophilic interactions between proteins within the OM.   

Topology modeling of secretins 

Model topologies have been constructed for three secretins: XcpQ, PilQ, and pIV.  

Efforts to model the topologies of secretin proteins have encountered similar obstacles as 

those discussed above.  However, three model topologies for secretins have been 

proposed.  The topology of XcpQ was based on a contemporary but since out-dated 

prediction method (21,75).  The authors constructed 22 insertion mutants of XcpQ, in 

which 2, 4, or 5 amino acids were inserted and then each mutant assayed for 

functionality, cytotoxicity, and complex formation.  Of the seven insertion mutations in 

the C-terminal secretin domain, two that disturbed complex formation and functionality 

were located in regions predicted to form TMBSs.  A third insertion disturbed 
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functionality but only modestly reduced complex formation and was located immediately 

adjacent to a predicted TMBS.  Four insertions did not disrupt function and were not 

located in a predicted TMBS (21).  Although these results are suggestive of topology, the 

resulting model cannot be viewed as definitive. 

The topology of PilQ (67) was determined through a combination of biochemical 

analyses, in silico prediction methods, and alignment with the previous topology of XcpQ 

(21).  Although the authors of this study compared several computational predictions, 

they relied almost exclusively on the 1997 algorithm from Gromiha et al. (75), both 

directly to predict the TMBSs of PilQ, and indirectly by aligning PilQ with the predicted 

TMBSs of XcpQ, which relied on the same prediction algorithm (21).  The authors made 

several important observations about the structure of secretins through their experimental 

data; however, the results do not support the predicted topology.   

The authors used two primary experimental approaches to determine protein 

topology: antibody accessibility and Ni-NTA gold labeling of three hexahistidine 

stretches inserted into the protein by genetic methods and detected by EM.  Two of the 

four polyclonal antibodies used to determine extracellular accessibility covered large 

regions of the C-terminus (>200 amino acids), while the remaining two antibodies 

covered the N-terminus.  Antibody labeling experiments could confirm that the N-

terminus was periplasmic, but yielded little further information about fine topology of the 

C-terminus.  Ni-NTA gold labeling allowed the authors to define the location of small 

basic repeats (SBRs) that were in the periplasm and formed lateral projections of the PilQ 

complex.  Further, the authors were able to experimentally confirm a loop region as 

periplasmic by Ni-NTA gold labeling; but this region is located between predicted TMBS 
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strands 9 and 10: a loop that is extracellular according to the in silico prediction (67).  In 

this case, the biochemical data and the predicted topology are at odds.  The only logical 

option is to reject the proposed topology, due to the uncertainties in predicting TMBSs in 

general, and the high quality of the biochemical data, as well as the circular reasoning 

that led to the accepted topology model. 

The recent study of the filamentous phage assembly protein IV (pIV) identified 

amino acid substitutions that altered the “leakiness” of the pIV secretin by an antibiotic 

susceptibility assay.  This study identified two gating regions, each predicted to be 

extracellular, spanning 39 (GATE1) and 14 (GATE2) amino acids, respectively (174).  

The identification of two gating regions is consistent with a recent high resolution cryo-

EM map of the T2S secretin from V. cholerae that identified an internal and an external 

gate (156).  The TMBS prediction algorithm used in this study relied on an updated and 

more sophisticated algorithm that was trained on known OMPs and able to predict 

TMBSs with an accuracy of 73% (74).  This paper carefully defined several important 

domains of the secretin complexes, perhaps most importantly the localization of the 

GATE1 and GATE2 domains.  However, the prediction of TMBSs and thus the proposed 

topology of pIV – as was the case with XcpQ and PilQ – must be viewed cautiously 

given a) the limited TMBS prediction accuracy in the most current methods; b) that the 

PilQ topology prediction was circular, relying heavily on the XcpQ model and an older 

prediction algorithm; and c) the contradiction of the PilQ Ni-NTA gold labeling and EM 

experiment which identified a predicted extracellular loop as periplasmic.  These studies 

of the topology of both secretins and other OM proteins highlight the tremendous 

difficulties in defining topologies for OMPs either by in silico or biochemical methods.   
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Research Overview 

In the context of the challenging environment of the outer membrane, I sought to 

map the topology of BfpB, the outer membrane secretin of the type IV pilus biogenesis 

machine in EPEC.  In my attempts to selectively assay extracellular and periplasmic 

localization of residues of interest, I was forced to develop – and frequently discard (see 

Appendix I) – a series of techniques in collaboration with my colleagues and mentors in 

the Donnenberg laboratory.   While we had hoped this work would be a straightforward 

undertaking, it has proved to be an enormous challenge due to many of the same 

limitations hindering previous models of OMP topology.  I have made significant 

advances and generated novel findings related to the topology of this T4bP secretin that 

we believe may be extrapolated to the entire superfamily.  A definitive topology is not 

currently complete.  However, the final set of experiments required to complete a 

definitive topology has been outlined.  The results and future steps of this project are 

presented in chapter III.  Perhaps the most critical lesson in this undertaking is that in 

order to resolve the topology of an outer membrane protein, it is vital to combine 

secondary structure prediction – ideally from several sources – with biochemical and 

biophysical data; these results must be combined in a flexible algorithm that treats the 

experimental data as “constraints” which limit the possible locations of TMBSs in the 

primary sequence. 

While I spent a significant proportion of my efforts mapping the topology of 

BfpB, I was also able to study several other properties of the biology of this machine 

component.  The resulting paper, “Outer Membrane Targeting, Ultrastructure and Single 

Molecule Localization of BfpB the Enteropathogenic Escherichia coli Type IV Pilus 
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Secretin” has been submitted to the Journal of Bacteriology and is currently under 

revision.  These results, including some not included in the paper, are presented in 

chapter II of this manuscript.  In this section, I present the suspected mechanism for outer 

membrane targeting of the lipoprotein secretin, BfpB.  Once BfpB reaches the outer 

membrane, it forms a multimeric complex.  I present the single particle averaged 

ultrastructure of the BfpB complex derived from transmission electron microscopy 

(TEM) images, and discuss the sub-cellular distribution of single BfpB molecules in the 

outer membrane at sub-diffraction resolution.  Additionally, I discuss the critical effect of 

gene dosing and expression context on cellular localization.  Finally, I present intriguing 

data highlighting the role of cell stress pathways in supporting the elaboration of the BFP 

secretion system, which plays a critical role in initiating adherence to the host epithelium.   

Taken together, these studies advance our understanding of T4P biology and the 

structure of the critical secretin proteins.  Secretins are attractive drug targets due to their 

conserved role in multiple secretion systems.  These proteins must also interact with other 

components of the machines in which they play the role of portal to the extracellular 

space.  In chapter IV, I highlight efforts I undertook to elucidate protein-protein 

interactions in this complex.  As is often the case with scientific projects, these studies 

raise as many as or more questions than they answer.  Furthermore, this body of work 

demonstrates that the scientific endeavor is truly a team effort; I am grateful for the 

participation of many colleagues and collaborators who have helped me struggle with 

these challenging questions of biology that takes place in a very peculiar membrane.  I 

hope that this work paves the way for a deeper understanding of the fascinating T4P 
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biogenesis and T2S secretion machines and, perhaps, the development of novel 

antibiotics to replace our depleted stock.    
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CHAPTER II: OUTER MEMBRANE TARGETING AND CELL ENVELOPE 

STRESS, SINGLE PARTICLE LOCALIZATION, AND ULTRASTRUCTURE OF 

BfpB  

Introduction 

In these studies I have attempted to reconcile some of the unresolved questions related to 

the BfpB secretin of the EPEC T4bP including its basic architecture, the role of the Lol 

sorting system in targeting BfpB to the OM, the effect of simultaneous mutations 

eliminating the secretin and the retraction ATPase on pilus biogenesis and the subcellular 

localization of the protein. I used a combination of genetic and functional techniques and 

applied Photo-activation Localization Microscopy (PALM) to capture the distribution of 

single molecules of BfpB in fixed cells.   

Materials and Methods 

Strains, plasmids and growth conditions.   

The strains and plasmids used in this study are listed in Table 1.  Bacterial strains 

were cultured in Luria-Bertani (LB) broth at 37C, except for ALN92 which was grown 

at 30C.  In EPEC strains, BFP expression was induced as previously described (167), by 

growing strains in Dulbecco’s Modified Eagle Media (DMEM) lacking phenol red.  

Antibiotics were added at the following concentrations to select for or maintain plasmids: 

ampicillin, 200 µg mL-1; chloramphenicol 20 µg mL-1, kanamycin  50 µg mL-1. 

UMD946 was constructed by Dr. Paula J. Fernandes, by deleting codons 121-128 

(the Walker A box) of bfpF replacing these residues with a scar sequence, using the 

method of Datsenko and Wanner (51), PCR template pKD4 and primers Donne664 and 
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665 (Table 2). The mutation was confirmed by sequencing and complementation to 

confirm that the mutation is non-polar.  UMD947 was created by electroporating into 

UMD946 (pKD4) the 5.6 kb BamHI fragment from the non-polar bfpB insertion mutant 

UMD923, containing bfpB sequence flanking the Kan resistance gene and replacing the 

native bfpB gene by one-step inactivation.  No FRT recombination sites are present in 

this fragment and there was no further recombination, leaving this strain resistant to 

kanamycin.  

Table 1. Strains and plasmids used in Chapter II. 

Strain or plasmid                       Description/genotype                          Reference or source 

Strains 

E2348/69 

 

Serotype O127:H6 EPEC strain isolated from 

an outbreak in the UK 

 

(108) 

UMD901 E2348/69 bfpAC129S (200) 

UMD923 E2348/69 bfpB::aphA-3 (5) 

UMD946 E2348/69 bfpFΔ121-128  This study 

UMD947 UMD 946 bfpB::aphA-3 This study 

NH4 E2348/69 hsrD (87) 

ALN92 MC4100 λRS88 (spy-lacZ) cpxA101 zii::Tn10 (130) 

XL1Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 

relA1 lac [F´ proAB lacIqZ∆M15 Tn10 (TetR)] 

Stratagene 

BL21-AI slyD-  F- ompT hsdSB(rB- mB-) gal dcm 

araB::T7RNAP-tetA slyD::cat 

(50) 
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DH5 supE44 ΔlacU169(φ80 lacZΔM15) hsdR17 

recA1 endA1 gyrA96 thi-1 relA1 

(162) 

XL10gold TetR(mcrA)183 (mcrCB-hsdSMR-mrr)173 

endA1 supE44 thi-1 recA1 gyrA96 relA1 lac 

Hte [F´ proAB lacIqZM15 Tn10(TetR) Amy 

CamR] 

Stratagene 

 

Plasmids 

  

pKD4 Flip-recombinase vector for One-Step method (51) 

pASK-IBA3 Strep-tag expression vector IBA 

pBAD24 AmpR, L-arabinose-inducible expression vector (78)  

pmOrange Cloning vector containing mOrange  Clonetech 

pmCherry3 Cloning vector containing PAmCherry3 (179) 

pAD07 bfpU-His gene cloned into pBAD24 (50) 

pWS15 bfpB-Strep gene cloned into pASK-IBA3 (50) 

pJAL-B2 pASK-IBA3::bfpB-mOrange This study 

pKDS302 pTRC99a carrying IPTG-inducible BFP operon (177) 

pEM116 pKDS302 with XhoI and SacII sites inserted 5’ 

to bfpC 

This study 

pEM119 pKDS302::mOrange an N-terminal fusion of 

mOrange to bfpB  

This study 

pJAL-B5 mOrange with a 3’ stop codon cloned into the 

XhoI and SacII sites pEM119 

This study 



 

33 
 

pJAL-B6 pJAL-B5 with stop codon of bfpB and XhoI site 

removed by QuikChange mutagenesis 

This study 

pJAL-B8 PAmCherry with a 3’ stop codon cloned into 

XhoI and SacII sites pEM119 

This study 

pJAL-B9 pJAL-B8 with stop codon of bfpB and XhoI site 

removed by QuikChange mutagenesis 

This study 

pJAL-F1 bfpF cloned into pBAD24 (199), see Chapter 

4 

pJW15 Lux reporter (116)  

pACYC184 pSC101 derived cloning vector (36) 

pNLP27 degP promoter cloned into pJW15 This study 

pNLP27-Cm CamR cloned into pNLP27, KanS This study 

 

Table 2.  Primers used in Chapter II. 

Primer Name                                        Sequence                                    Reference        

Donn664 5'-GAATACATTAAAATTGATGGGGAAGAA 

AAGAGGTTTGCTTTTAGTTAGTGGTGTAG 

GCTGGAGCTGCTT-3' 

This study 

Donn665 5'-AATATCACCGTATTTCTGAACATAAT 

ATGTCAGCAAAGCATAGATTGTTGTCAT 

ATGAATATCCTCCTTA-3' 

This study 

bfpB C18S Fw 5’- CGCTCCTGGCATCTTCGTCGGGTAATG This study 
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GATTTATAAAGATAATCTTGG-3’ 

bfpB C18S Rv 5’-CCAAGATTATCTTTATAAATCCATTAC 

CCGACGAAGATGCCAGGAGCG-3’ 

This study 

bfpB S19D Fw 5’-CCGCTCCTGGCATCTTGCGACGGTAAT 

GGATTTTATAAAGATAATCTTGG-3’ 

This study 

bfpB S19D Rv 5’-CCAAGATTATCTTTATAAAATCCATT 

ACCGTCGCAAGATGCCAGGAGCGG-3’ 

This study 

pWS15 iPCR Fw 2  5’-TTAATTATGAGCTCGCTTGGAGTCACC 

CGCAG-3’ 

This study 

pWS15 iPCR Rv 2 5’-TATATTTAGAGCTCGCCAGATGCCTT 

GAGATCAATAATTC-3’ 

This study 

mOrange Fw 2 5’-GAGATGGGAGCTCGTGAGCAAGGGA 

GAGGAG-3’ 

This study 

mOrange Rv 2 5’-CTATATATTCGAATTACTTGTACAGCT 

CCATGCC-3’ 

This study 

Donn-1312 5’-CTCAAGGCTTCTGGCGAATGATACTC 

GAGCTGCGCTCCCGCGGCATAAAGAATA 

ATCTTGGCG-3’ 

This study 

Donn-1308 5’-CGCCAAGATTATTCTTTATGCCGCGGG 

AGCGCAGCTCGAGTATCATTCGCCAGAAG

CCTTGAG-3’ 

This study 

Donn-1305 5’-GCGATGGCTCGAGGTGAGCAAGGG 

CGAGGAG-3’ 

This study 
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Donn-1311 5’-CTATATACCGCGGGAGCGCAGGCCCG 

ACTTGTACAGCTCGTCCATGCC-3’ 

This study 

mOrange Fusion 

Fw 

5’–GCGAATGATACTCGAGCTCGTGAGCAA 

GGGCGAGGAGAATAACATGG-3’ 

This study 

mOrange Fusion Rv 5’–ATTATTCTTTATGCCGCGGATCATTCGC 

CAGAAGCCTTCTTGTACAGCTCGTCCAT-3’ 

This study 

mCherry Fusion Fw 5’–GCGAATGATACTCGAGCTCGTGAGCAA 

GGGCGAGGAGGATAACATGG-3’ 

This study 

pJALB6&9 QC Fw 5’-TCAAGGCTTCTGGCGAGCTCGTGAGC 

AAGG-3’ 

This study 

pJALB6&9 QC Rv 5’-CCTTGCTCACGAGCTCGCCAGAAGCC 

TTGA-3’ 

This study 

DegP5’Eco 5’-GGAATTCCCGCCATCGGCTGGCCTA 

TGT-3’ 

(147) 

DegP3’Eco 5’-CGGATCCGAGAGCCAGTGCACTCAGT 

GCT-3’ 

(147) 

CamRNcoIF 5’-TTTTCCATGGTAAATACCTGTGACGG 

AAGAT-3’ 

This study 

CamRNcoIR 5’-TTTTCCATGGTATCACTTATTCAGGCG 

TAGC-3’ 

This study 
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Western Blotting   

Western blotting for bundlin, BfpB and BfpU was performed as previously 

described (50,60,167).  SDS-PAGE gels were run according to the manufacturer’s 

instructions (Bio-Rad, Hercules, CA) and transferred at 21 V for 80 min at 4C to 

Immobilon polyvinylidene fluoride (Millipore, Bedford, MA #IPFL0010) and blocked 

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

temperature with rabbit-anti-bundlin (1:2000), rabbit-anti-BfpB (1:15,000) or mouse-

anti-BfpU (1:15,000) in 5% milk/PBS-Tween, washed 3 times for 5 min in PBS-Tween 

and probed for 1 h at room temperature with IRDye (680 nm or 800 nm)-conjugated anti-

rabbit or anti-mouse secondary antibodies (Li-Cor Biosciences, Lincoln, NE).  The blots 

were washed again 3 times for 5 min in PBS-Tween at room temperature and scanned 

with an Odyssey Western system (Li-Cor Biosciences). 

Quantitative Western Blotting was performed to determine the stoichiometry of 

BfpB to BfpU and the quantity of each protein per EPEC CFU.  Wild type EPEC strain 

E2348/69 was grown overnight at 37C in Luria Broth with shaking and then diluted 

1:100 in DMEM and grown for 5 h at 37C.  Several one mL aliquots were taken and 

centrifuged at 4C at 13,000 × g in a benchtop refrigerated centrifuge.  The pellet was 

resuspended in 100 µL of Laemmli buffer and boiled for 10 min.  Simultaneously, serial 

dilutions of the culture were prepared and 100 µL from the 10-5 and 10-6 dilutions were 

plated on LB plates, grown overnight at 37C and the number of CFU were counted the 

next day.  Four volumes of whole cell lysate (10, 5, 2.5, and 1 µL) were loaded on an 

SDS-PAGE gel, along with a range of purified BfpU (35 ng to 1500 ng) and BfpB (40 ng 

to 2500 ng) mixed together.  BfpU and BfpB were purified as previously described and 
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concentrations determined using the extinction coefficients and the measured A280 

(50,167).  Western blotting was performed as described above and blots were 

simultaneously probed with anti-BfpU and anti-BfpB, and then with both anti-mouse and 

anti-rabbit secondary antibodies.  For each BfpB- and each BfpU-reactive band the 

integrated intensity was measured using the Odyssey software.  Using the integrated 

intensities, standard curves were generated and the numbers of BfpB and BfpU molecules 

per CFU of EPEC were calculated.   

Autoaggregation Assays   

The autoaggregation phenotype requires expression of functional BFP (5) and serves as a 

proxy metric for functional BFP machines.  Autoaggregation assays were performed as 

previously described (48) with minor modification: over-night cultures were diluted 

1:100 in DMEM with appropriate antibiotics and inducer (anhydrotetracycline [AHT] at 

2 µg 100 mL-1; arabinose at 0.2%) and grown at 37C.  The autoaggregation index was 

determined as previously described (4) at three, four, and five hours post-inoculation.  

Each experiment contained three biological replicates of individual colonies and each 

experiment was performed three times.  Differences between strains at each time were 

determined by pair-wise ANOVAs in Microsoft Excel using data from all nine times.  E. 

coli cpxA* laboratory strain ALN92 carrying pKDS302 or its derivatives, pJAL-B6 and 

pJAL-B9, were grown overnight at 30C in Luria Broth, diluted 1:100 in medium 

containing antibiotics and 0.1 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) and 

observed microscopically for autoaggregation at 4-6 h post-induction.   
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Construction of DegP-Luciferase Reporter and Reporter Assays   

The DegP-Lux reporter plasmid, pNLP27-Cm, was made by Stefanie Vogt in the 

laboratory of Dr. Tracy Raivio by cloning the degP promoter sequence into pJW15 using 

the primers DegP5’Eco and DegP3’Bam, creating pNLP27 (Price and Raivio, 

unpublished).  The chloramphenicol resistance cassette was amplified from pACYC184 

using primers CamRNcoIF and CamRNcoIR and cloned into the NcoI site of pNLP27 

rendering this plasmid KanS and CamR, creating pNLP27-Cm.  The final reporter 

plasmid, pNLP27-Cm, was passaged through the EPEC hsdR mutant NH4 to improve 

transformation efficiency and then electroporated into the strains used in this study.   

I performed luciferase reporter assays as previously described (116,192).  In four 

independent experiments, quadruplicate colonies were grown over-night and diluted at 

1:100 in DMEM with antibiotics and buffered with 0.1 M Tris, pH 7.5.  For each culture, 

200 µL was transferred to a clear 96-well plate (Nunc, Rochester, NY, #439454) and to a 

96-well white-walled, opaque bottom luminometry plate (Dynex Technologies, Chantilly, 

VA #7417) and the cells were grown at 37C, shaking at 225 rpm.  The A595 and 

luminescence (400 msec) were determined from these plates for samples and for 

medium-only wells.  The plates were then covered, placed at 37C with 225 rpm orbital 

shaking. The final measurement was determined by the following formula: 

RLU	
2.5 400msec	luminescence luminescence	blank

	 	 	
 

Thus, giving the cell-density adjusted relative luminescence units in counts per second 

(cps) per culture.  The relative luminescence units (RLUs) for the four cultures for each 

strain were averaged and plotted (error bars represent SEM).   Single-factor, pair-wise 
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ANOVAs were performed as described for the autoaggregation assay except that 12 data 

points were used for each strain at each time point. 

Generation of Fluorescent Fusion Proteins   

Inverse PCR was performed on pWS15 to create a SacI restriction site 

immediately upstream of the stop codon.  The fluorescent protein mOrange was 

amplified from pmOrange (Clontech, Mountain View, CA) with primers mOrange Fw 2 

and mOrange Rv 2 and cloned into the newly generated SacI site and the BstBI site 

already present in the vector backbone to create pJAL-B2.  The pJAL-B2 plasmid was 

confirmed to complement the bfpB null EPEC strain, UMD923.  The plasmid pEM116 

was created by performing QuikChange on pKDS302 with primers Donn-1312 and 

Donn-1308 to create an XhoI and SacII site between bfpB and bfpC.  The mOrange gene 

was cloned into these sites using the primers Donn-1305 and Donn-1311 creating 

pEM119.  To create fusions of bfpB-mOrange and bfpB-PAmCherry3 in the context of 

the native BFP operon, both fluorescent protein genes were amplified with primers 

mOrange Fusion Fw or mCherry Fusion Fw and mOrange Fusion Rv.  The PCR products 

were spliced into pEM119 digested with XhoI and SacII by the In Fusion method 

(Clontech), replacing the mOrange gene fused 5’ to bfpC in pEM119 so that the gene 

products would produce a functional C-terminal fusion with BfpB and contain a stop 

codon before reinitiating bfpC.  The two resulting plasmids, pJAL-B5 carrying mOrange 

and pJAL-B8 carrying PAmCherry3 were then subjected to QuikChange site-directed 

mutagenesis to remove the bfpB stop codon and XhoI sites using primers pJALB6&9 QC 

Fw and Rv.  The resulting plasmids, pJAL-B6 and pJAL-B9, carry an in-frame 

translational fusion of BfpB with either mOrange or PAmCherry3 with the same two 
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amino acid linker as found in pJAL-B2, but in the native bfpB locus in the BFP operon.  

These two plasmids were each found to be sufficient to direct the expression of functional 

pili when expressed in ALN92.  All three BfpB fusion protein constructs were confirmed 

by sequencing. 

Microscopy & Image Analysis   

For epifluorescence microscopy, overnight cultures of DH5 (pJAL-B2) were diluted 

1:250 into LB with ampicillin and 2 µg 100 mL-1 AHT, and grown for 3 h at 37C with 

shaking.  Bacteria were spotted onto a poly-L-lysine coated slide under cover glass and 

observed in an LSM510 Meta (Zeiss) confocal microscope.  Fluorescent proteins were 

excited with a 543 nm HeNe laser with an HFT477/543 beam splitter and emission was 

collected with a 560-605 band pass filter.  ALN92 (pJAL-B6) and UMD923 (pJAL-B2) 

were prepared in the same manner, except that UMD923 (pJAL-B2) was diluted into 

DMEM and ALN92 (pJAL-B6) was diluted 1:50 and grown at 30C with 0.1 M IPTG. 

For Photo-activated Localization Microscopy (PALM), ALN92 (pJAL-B9) was 

grown as above.  After 3 h of growth in the presence of inducer, the cell culture was 

centrifuged at for 5 min at 13,000  g at 25C and resuspended in one-fifth volume of 

filter-sterilized PBS.  A droplet of 75 µL of concentrated cell culture was placed on a 

coverslip coated overnight with poly-L-lysine (0.05% wt/v) and allowed to settle for 30 

min in the dark at 25C.  Excess fluid was removed and 75 µL of freshly prepared, filter-

sterilized 4% paraformaldehyde at pH 7.4 was added for 45 min to fix the bacteria to the 

cover slip.  Adhered cells were washed in filtered PBS and imaged using an Olympus 

IX81 inverted microscope with a 100X/1.45 PLAN Apo oil immersion objective 

essentially as previously described (66).  A total of 15,000 frames were collected per field 
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of view at a rate of 100 Hz during excitation at 561 nm.  Molecules were activated by 405 

nm excitation initially set at ~50 µW, and gradually increased over the course of the 

imaging to maintain a low density of activated molecules (~3 per frame).  Molecules 

were localized by fitting a two dimensional elliptical Gaussian function to a 9 x 9 pixel 

array at the peak, and the distribution of localized molecules was analyzed in Matlab.  

Molecular density was calculated within 40 nm square pixels, and the distribution of 

BfpB-PAmCherry was analyzed in the resulting plots. 

We observed monopolar, bipolar, envelope, and indeterminate patterns of BfpB-

PAmCherry distributions by eye and identified four bacteria that represented each 

category.  To classify the distributions objectively, we analyzed the images in ImageJ and 

developed an algorithm that assigned the representative bacteria to their predicted classes 

with high fidelity.  Only bacteria whose entire outline could be seen were included for 

analysis.  We used linescan analysis to assign each bacterium as having a non-envelope 

or envelope distribution of BfpB-PAmCherry molecules and to further categorize those 

envelope distributions as bipolar, monopolar, or non-polar.  Four-pixel wide lines were 

drawn along the long axis down the center of each bacterium and along the short axis at 

the approximate midpoint of the cell length.  The proximal and distal 10% of the 

longitudinal linescan was taken to represent the cell poles and that of the short axis the 

non-polar envelope, while the middle 80% of each linescan was used to represent the cell 

interior.  The fluorescence intensity per pixel for each of these six regions was 

determined for each bacterium, representing the fluorescence intensity of the boundary 

pixels at the poles and longitudinal midline as well as the cell interior.  If the average 

fluorescence intensity per pixel of the four cell boundary regions was at least 1.6-fold 
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greater than the average fluorescence intensity of the cell interior sections, the 

distribution of molecules in that bacterium was classified as envelope and considered for 

further analysis.  If the fluorescence intensity per pixel for either cell pole, but not both 

poles, was at least 1.5-fold more than the average fluorescence intensity of the 

longitudinal midline boundary regions, that bacterium was classified as having a 

monopolar distribution.  These cut-off values were selected because they assigned the 

reference bacteria to their predicted classes with the highest concordance.  If both ends of 

the long axis were 1.5-fold greater than the short axis ends, the bacterium was classified 

as bipolar.  Non-envelope distributions were not considered in the final analysis because 

BfpB is an outer membrane protein that has never been found in the cytoplasm (150,166), 

and therefore non-envelope distributions are either artifacts of imaging or optical slices 

through the membrane of the bacterium likely to confound the analysis.   

Excel was used for multivariable correlation analysis.  Cell length, cell width, and 

the ratio of length-to-width were treated as independent variables.  The measurements 

tested as dependent values were: 1) the ratio of fluorescence intensities at one pole to the 

other; 2) the ratio of the total polar intensity to the total non-polar membrane intensity; 3) 

the ratio polar and non-polar envelope fluorescence to the fluorescence of the cell 

interior; 4) distribution class of non-polar, monopolar, or bipolar; or finally as 5) 

distribution class of non-polar or any polar.   

Electron Microscopy   

Electron microscopy and single-particle averaging of BfpB structures was performed by 

Dr. Michael Hoppert.  Carbon support films of approximately 10-15 nm in thickness 

were prepared by indirect sublimation of carbon onto freshly cleaved mica.  
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Homogeneous preparations of BfpB were diluted in 10 mM Tris-HCl-buffer (pH 7.0) to a 

final concentration between 10 and 30 µg ml-1.  The samples were then prepared for 

electron microscopy by using 4% (w/v) uranyl acetate as negative staining solution 

essentially as described (187).  The carbon film was partially floated off the mica by 

introduction into a sample drop, then transferred to a drop of washing solution (double 

distilled water) and then completely floated off on a drop of negative staining solution, 

where it was adsorbed onto a 400 mesh specimen grid.  The staining solution was 

completely removed, resulting in a shallowly stained specimen.  Electron microscopic 

imaging was performed with a Philips EM 301 transmission electron microscope at 

calibrated magnifications.  The resulting images were grouped into projection forms 

essentially as described (26) and processed by modified Markham rotational analysis 

(88,118).  Image processing of electron micrographs was performed with Scion Image 

(Scion Corp.).  
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Results 

Quantitative Western Blotting Reveals Relative Stoichiometry of BfpB and BfpU in 

Wild Type E2348/69. 

The number of molecules of BfpB per CFU of wild type EPEC was determined 

through five independent trials of quantitative western blotting (Fig. 2) using the Odyssey 

system (Li-Cor Biosciences).  As a standard against which to measure the quantity of all 

Bfp components, we also measured the number of BfpU molecules per cell, as a mouse 

monoclonal antibody against BfpU is available (167). BfpU was quantified in 

quadruplicate. On average, there were 6.27 x 104 (+/- 1.41 x 104) molecules of BfpB and 

5.91 x 104 (+/- 2.76 x 104) molecules of BfpU per CFU.  The average ratio of BfpB 

molecules to BfpU molecules per CFU was 1.30 (+/- 0.43), with a range of 0.57 to 2.42.  

Assuming a dodecameric structure for BfpB based on the EM structure reported below, 

these data suggest 5.22 x 103 (+/- 1.17 x 103) BfpB multimers per CFU, assuming all 

BfpB molecules are subunits of multimers.  This calculation yields an estimate of 0.11 

(+/- 0.04) intact BfpB multimers per molecule of BfpU monomer, or 12.9 (+/- 3.85) 

BfpU molecules per secretin multimer.  The ratio of BfpU molecule to BfpB multimer 

had a range of 4.95 to 21.19.  There was significantly more variability in the number of 

BfpU molecules detected than was the case for BfpB.  The variations in BfpU 

concentrations did not appear to correlate with the abundance of BfpB.   
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Figure 2: Representative Quantitative Western Blot for BfpB and BfpU 

Stoichiometry 

 

Fig. 2.  Representative quantitative Western blot for BfpB and BfpU stoichiometry.  Lane 1: 
Marker; Lanes 2 – 5: EPEC whole cell lysates, 10 µL, 5 µL, 2.5 µL, 1 µL; Lane 6: Empty; Lanes 
7-13: Protein standards were loaded as two-fold serial dilutions containing both purified 
recombinant BfpB from 621 ng – 9.7 ng and BfpU from 148 ng – 2.2 ng.  BfpB-reactive bands 
appear in the top panel, BfpU-reactive bands appear in the lower panel.  The double asterisk 
indicates the 50 kDa marker band while the single asterisk indicates the 15 kDa marker band.  
The predicted molecular mass of purified recombinant BfpB is 56 kDa and that of BfpU is 16.5 
kDa. 
 

The Lol-sorting Pathway is Required for BfpB Stability. 

To test the hypothesis that the Lol-sorting pathway is required for BfpB transport to the 

outer membrane, two separate site-directed point mutations were generated in the bfpB 

coding sequence in the complementing plasmid, pWS15.  The first amino acid after the 

predicted signal peptide cleavage site, Cys18, was mutated to a serine, generating the 

plasmid pJAL-B10, which codes for BfpBC18S.  In addition, a Lol-avoidance signal was 

created by mutating Ser19 to an aspartic acid residue, generating pJAL-B11, which codes 

for BfpBS19D.  Each of these mutants was assayed for its ability to restore the 

autoaggregation defect in the bfpB deletion mutant.   

As expected, the wild type BfpB construct was able to restore autoaggregation in 

the bfpB strain while the empty vector could not (Fig. 3A and 3B).  The plasmid coding 

for the mutated Lol lipidation target, BfpBC18S was unable to restore autoaggregation at 
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any time assayed (Fig. 3C).  Surprisingly, the Lol-avoidance signal mutant, BfpBS19D was 

able to restore autoaggregation by 4 h post-inoculation (Fig. 3D).  Although the BfpBS19D 

protein is able to complement the bfpB deletion mutant, autoaggregation occurred later 

than when this strain was complemented with wild type BfpB (Fig. 3F).  The BfpBS19D-

expressing strain was not statistically different from the negative control at 3 h post- 

inoculation, was different from both the positive and negative controls at 4 h, and was not 

statistically different from the wild type BfpB control at 5 h. In contrast, the BfpBC18S-

expressing construct was equivalent to the negative control at all time points (Fig. 3F).  

To determine whether the altered proteins were expressed, we performed 

immunoblotting.  We were unable to detect the BfpBC18S construct, suggesting that it is 

unstable, while both the wild type BfpB and BfpBS19D are readily detected at 4 h post- 

inoculation (Fig. 3E).   
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Figure 3: BfpB Residue C18 is Required for Protein Stability while S19D Lol-

Avoidance Signal can be Overcome 

 

Fig. 3.  Residue C18 is required for BfpB stability while the S19D Lol-avoidance signal can be 
overcome.  Phase-contrast images of bfpB mutant strain at 3.5 h post-inoculation (p.i.) 
complemented with A) null cloning vector (pASK-IBA3), and vector encoding B) wild type BfpB 
(pWS15), C) BfpBC18S (pJAL-B10), D) BfpBS19D (pJAL-B11).  E) Western blot of whole cell 
lysates from cultures at 4 h p.i. using anti-BfpB antiserum.  Asterisk indicates 50 kDa marker.  
Arrowhead indicates BfpB monomer band.  F) Quantitative Autoaggregation Index (AI) 
determined at 3, 4, and 5 h p.i. into DMEM for each strain.  Diamonds indicate null vector 
control, squares correspond to wild type BfpB, triangles indicate BfpBC18S, and crosses (x) 
indicate BfpBS19D.  
 

A bfpB bfpF double mutant is viable in BFP-inducing conditions and expresses 

bundlin at levels similar to those of wild type. 

In N. gonorrhoeae, the absence of the T4aP secretin and retraction ATPase leads 

to apparent expression of intracellular pili and is incompatible with viability (195).  
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Curiously, the equivalent double mutant strain of N. meningitidis is viable (32).  The 

cause of the different phenotypes resulting from T4aP gene deletion in these two closely 

related organisms is unclear.  To test the hypothesis that the equivalent bfpB bfpF double 

mutation in EPEC is cytotoxic, strain UMD947 was created as described in the Methods.  

That this mutant was viable is not surprising, given the absence of BFP expression on LB 

plates (71).  Importantly, complementation of UMD947 with a plasmid encoding BfpB 

resulted in a strain that could form autoaggregates, but could not disaggregate, a 

phenotype consistent with the bfpF mutation.  In contrast, complementation of UMD947 

with a plasmid encoding BfpF resulted in a strain that could not form autoaggregates, as 

expected from a bfpB mutation.  Thus, the phenotypes of the double bfpB bfpF mutant 

were consistent with its genetic defects (Fig. 4).  UMD947 was then grown in BFP-

inducing conditions along with wild type E2348/69, the bfpB mutant (UMD923), the 

bfpF deletion mutant (UMD946), and with each strain complemented for the relevant 

mutation(s) in trans.  These strains were assayed for their growth rates in BFP-inducing 

conditions and growth curves were constructed from the OD600 values determined after 

vortexing to disrupt autoaggregates (Fig. 5).   
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Figure 4: Double Mutant bfpB bfpF Cells Have a bfpF Phenotype when 

Complemented for bfpB but a bfpB Phenotype when Complemented for bfpF 

 

Fig. 4. Double mutant bfpB bfpF cells have a bfpF phenotype when complemented for bfpB but a 
bfpB phenotype when complemented for bfpF.  A) Auto-aggregation curves of wild type EPEC 
(triangles); bfpB mutant strain UMD923 (diamonds); bfpF mutant strain UMD946 (squares); and 
the bfpB bfpF double mutant strain UMD947 (circles).  B) Typical aggregates of the bfpB mutant 
complemented with BfpB-Strep at 4.5 h p.i. and active disaggregation (C) after 10min at 25C.  
D) Typical aggregates of the bfpB bfpF double mutant complemented with BfpB-Strep at 4.5 h 
p.i. and no disaggregation (E) after 10 min at 25C.  F & G) The uncomplemented single bfpB 
mutant (F) and double bfpB bfpF mutant (G) strains never produce aggregates. 
 

Surprisingly, no strain showed evidence of growth defects in DMEM (Fig. 5).  

While all the non-complemented strains displayed growth rates similar to wild type 

E2348/69, two strains did not grow nearly as well: the bfpB bfpF double mutant 

complemented for bfpB and the bfpF mutant complemented for bfpF.  These results 

strongly suggest that the bfpB bfpF double mutation is not cytotoxic to EPEC.  The 
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reduced growth rate in some of the complemented strains may be the result of Bfp protein 

expression at aberrant levels. 

 

Figure 5: The bfpB bfpF Double Mutant Strain is Viable in BFP-Inducing 

Conditions 

 

Fig. 5.  The bfpB bfpF double mutant strain is viable in BFP-Inducing conditions.  Growth curves 
for: wild type EPEC (triangles); bfpB mutant strain UMD923 (diamonds); bfpF mutant strain 
UMD946 (squares); and the bfpB bfpF double mutant strain UMD947 (circles).  Strains 
complemented with BfpB-Strep, BfpF, or null cloning vectors had similar growth curves (not 
shown). 
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We performed immunoblotting to determine whether the viability of the bfpB 

bfpF strain was due to degradation of bundlin, the major pilus subunit.  Bundlin was 

detected in all strains tested, except the negative control, bfpA mutant strain UMD901 

(Fig. 6A).  To determine whether any evidence of intracellular T4P expression by the 

bfpB bfpF double mutant could be detected, cells from wild type E2348/69 and the 

isogenic bfpB, bfpF, and bfpB bfpF double mutant strains were observed by TEM.  No 

membrane abnormalities were observed (not shown).  Not only does the bfpB bfpF strain 

thrive in BFP-inducing conditions, but it is also free of membrane abnormalities.  

Furthermore, altered expression levels of bundlin do not account for this viability. 
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Figure 6: Neither Bundlin Degradation nor degP Activation Account for Viability of 

the bfpB bfpF Double Mutant  

 

Fig. 6.  Neither bundlin degradation nor degP activation account for viability of the bfpB bfpF 
double mutant.  A) Representative western blot for bundlin in whole cell lysates of wild type 
EPEC strain E2348/69 (Lane 2), bfpA mutant strain UMD901 (Lane 3), bfpB bfpF double mutant 
strain UMD947 (Lane 4), bfpB bfpF double mutant complemented for BfpB (Lane 5), bfpB bfpF 
double mutant complemented for BfpF (Lane 6), bfpB mutant strain UMD923 (Lane 7) and bfpF 
mutant strain UMD946 (Lane 8).  *20 kDa.  **15 kDa.  The arrowhead indicates the bundlin 
band.  5B) Luminescence data from degP-lux reporter assay from three independent experiments 
each performed in quadruplicate.  Error bars represent SEM.  Diamonds indicate wild type EPEC 
strain E2348/69, squares indicate bfpA mutant strain UMD901, triangles indicate bfpB mutant 
strain UMD923, crosses (x) indicate bfpF mutant strain UMD946, and asterisks indicate bfpB 
bfpF double mutant strain UMD947.   



 

53 
 

In BFP-inducing conditions degP transcriptional activation in the bfpB bfpF double 

mutant is similar to that of wild type. 

Given that reduced expression of bundlin does not account for the ability of EPEC 

cells to tolerate a double mutation of bfpB and bfpF, we hypothesized that the envelope 

stress response pathway was upregulated in UMD947 and protected the cell envelope 

from damage.  BFP proteins encounter periplasmic Cpx pathway effectors like DegP and 

DsbA once they cross the IM (116); indeed, some low level of Cpx activity is required 

for pilus biogenesis (116,192,200). To assess the activity of the cell envelope stress 

response system in wild type and various mutant strains, we constructed a luciferase 

reporter for degP transcriptional activation, pNLP27-Cm that is compatible with the 

mutants.   

Strains carrying the degP-lux reporter plasmid were grown in BFP-inducing 

conditions in quadruplicate independent cultures and assayed for cell density (OD595) and 

luciferase activity at 2 h, 4 h, 6 h, and 8 h post-inoculation.  The luminescence was 

normalized by cell density and the experiment was performed four times (Fig. 6B).  

Surprisingly, the bfpB bfpF double mutant exhibited degP-lux activation that was 

indistinguishable from that of the wild type strain at 2 h.  At 4 h, various strains showed 

differing levels of degP-lux activity, except for the bfpA and bfpB mutants.  At 6 h and at 

8 h, however, the bfpB bfpF strain had degP-lux levels that were similar to both the bfpB 

and the bfpF single mutants.  Interestingly, the level of degP-lux activation in the bfpB 

single mutant was much greater than that of the other strains tested, peaking at 2 h and 

reflecting an early spike in cell envelope stress when this mutant is first inoculated into 

BFP-inducing medium.  Thus, the viability and lack of detectable intracellular BFP 



 

54 
 

formation by the bfpB bfpF double mutant is not due to higher levels of compensatory 

Cpx envelope stress activation. 

Photo-activated Localization Microscopy Reveals that BfpB is Not Found 

Predominantly at the Bacterial Poles. 

T4P are polar in some, but perhaps not all species and the location of these 

structures may influence their function.  To test the hypothesis that BFP components 

localize to the cell pole, we fused either the gene for photoactivateable mCherry 

(PAmCherry) or mOrange to the 3’ end of bfpB and examined the cellular distribution of 

the fusion proteins with Photo-activated Localization Microscopy (PALM) or traditional 

epifluorescence.  These fluorescent proteins were chosen because mCherry was 

successfully fused to the PulD of Klebsiella oxytoca in a previous report (28) and 

mOrange, like mCherry, is a derivative of DsRed (170).  Indeed, we found that the bfpB-

mOrange fusion could complement the bfpB mutant in trans and restore autoaggregation, 

while the bfpB-mOrange and bfpB-PAmCherry fusions in the context of the entire BFP 

operon could confer the capacity to autoaggregate on the ALN92 laboratory strain of E. 

coli, which carries a constitutively activated cell envelope sensor in the form of the cpxA* 

mutation.  ALN92 was previously demonstrated to support BFP elaboration and 

autoaggregation from the cloned BFP operon due to the cpxA* mutation; the Cpx 

pathway is important for efficient BFP expression and adherence to host cells (130).     

When BfpB-mOrange was expressed in trans, either in a laboratory strain of E. 

coli or in the bfpB null mutant, intense foci of fluorescence were observed at one or both 

cell poles (Fig. 7A, B).  A small amount of fluorescence could also be detected around 

the cell periphery.  However, when BfpB-mOrange was expressed in the context of the 
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other BFP proteins from the bfp operon in ALN92, we observed a more diffuse pattern of 

fluorescence around the cell envelope; in some bacteria, fluorescence was exclusively 

observed at the poles (Fig. 7C).   

 

Figure 7: Genetic Context of BfpB-mOrange Alters Distribution in Epifluorescence 

Imaging  

 
 
Fig. 7.  Genetic context of BfpB-mOrange alters distribution in epifluorescence imaging.  
Traditional epifluorescence imaging of DH5 expressing BfpB-mOrange (A), the bfpB mutant 
strain UMD923 expressing BfpB-mOrange in trans (B), and ALN92 expressing BfpB-mOrange 
from the complete bfp operon (C).  Bright polar foci of fluorescence are exclusively seen when 
BfpB-mOrange is expressed in trans and without the other BFP proteins, while when expressed 
from the context of the intact operon, a diffuse peripheral pattern is seen with occasional polar 
foci of fluorescence.   
 

 The results from the epifluorescence imaging illustrate the concept that expression 

of BfpB-mOrange in the context of the native operon gives strikingly different results 

from expression of the protein in trans.  For finer resolution and quantification of the 

distribution of BfpB molecules, we used PALM to localize single BfpB-PAmCherry 

molecules with high precision.  We examined ALN92 expressing BfpB-PAmCherry from 

the BFP operon in fixed cells.  We imaged 427 bacteria in three independent experiments.  

Briefly, single molecules of BfpB-PAmCherry were imaged by oblique illumination of 

fixed cells, using low intensity UV photoactivation to maintain sparse density of 
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activated molecules.  Individual molecules were identified and localized as described 

(66), and molecular density was plotted in 40 nm pixels.  We observed that the 

distribution of BfpB-PAmCherry molecules appeared to fall into one of four categories: 

bipolar, monopolar, envelope, or indeterminate and we selected four model bacteria for 

each class.   We used a linescan analysis to estimate the average fluorescence intensity at 

four regions of interest: the envelope at the longitudinal midline of the cell; the first and 

last 10% of the cell length, which we defined as the cell poles; and the cell interior.  

Bacteria whose margins could not be clearly seen were excluded from the linescan 

analysis, leaving 276 bacteria for further classification.   

To objectively classify the distribution of molecules in a bacterium, we generated 

a set of rules that utilized these data to assign the model bacteria to their predicted 

classes.  We reasoned that since BfpB is an outer-membrane protein that is not detected 

in the cytoplasmic fraction (150,166), localization of molecules in the apparent interior of 

the cell occurred primarily when the portion of the cell membrane closest to the coverslip 

was in the focal plane.  To select cells in which the focal plane crossed the center of the 

z-axis of the cell, we excluded any bacteria from further analysis if the average 

fluorescence at the boundary of the cells, including at the longitudinal midline of the 

bacterium and at the poles, did not exceed the average interior fluorescence by more than 

1.6-fold.  For the remaining 141 cells, we determined whether the intensity at either pole 

was at least 1.5-fold greater than the average fluorescence of the boundary pixels at the 

longitudinal midline of the cell.  These two cut-off values gave the highest concordance 

between assignment of model bacteria by eye and by our algorithm.  In this way, we were 

able to assign bacteria to monopolar, bipolar, or non-polar classes.  In contrast to the 
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results observed by fluorescence microscopy when BfpB-mOrange was expressed in 

trans, 80.1% (n = 113) of all included bacteria displayed a non-polar distribution of 

BfpB-PAmCherry molecules characterized by a distribution of molecules along the 

boundary of the cell.  12.8% (n = 18) had a concentration of molecules at a single pole 

and 7.1% (n = 10) had a bipolar distribution of molecules (Fig. 8).   

 

Figure 8: Distributions of Single BfpB-PAmCherry Molecules Localized using 

PALM 

 

Fig. 8.  Distributions of single BfpB-PAmCherry molecules localized using PALM.  Single 
molecules of BfpB-PAmCherry expressed from the complete bfp operon in ALN92 cells were 
imaged by PALM and classified as bipolar, 7.1% (A), monopolar, 12.8% (B), or non-polar, 
80.1% (C) distributions.  Bacteria with a low ratio of fluorescence at the cell envelope relative to 
the cell interior were classified as non-envelope (D) and were not included in the cell polarity 
analysis.  Two unanticipated distributions of BfpB-PAmCherry molecules were also observed: 
non-polar foci of fluorescence (E) and banding at oblique angles to the longitudinal axis, 
suggesting a helical distribution of molecules (F).  Note that the bacterium pictured in (C) has 
bilateral peripheral clusters suggestive of a helical distribution.  For all images, the gray value 
indicates the number of molecules per pixel and was normalized to the brightest pixel in each 
image.     
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We reasoned that physical and temporal changes in the bacterial life cycle may 

modulate the location of BFP components within the cell.  Therefore, we performed a 

multivariable correlation analysis to determine if particular distributions were associated 

with physical parameters of the bacteria (Table 3).  Of the relationships tested, only one 

approached statistical significance: the ratio of the total polar fluorescence to the total 

non-polar membrane fluorescence was positively associated with the ratio of cell length 

to cell width (r = 0.266, p = 0.074).   

Table 3. Multivariable Correlation of Fluorescence Distribution with Cell 

Parameters 

 Putative Dependent Variables (Coefficients of Correlation ± SEM) 

D
ep

en
de

nt
 V

ar
ia

bl
es

 

 Pole A : 

Pole B 

Pole B : 

Pole A 

Poles : 

Non-polar 

membrane 

Envelope 

(yes / no) 

Total 

Membrane 

: Interior  

Non-polar 

vs any 

polar 

Length 0.0 0.0 0.0 0.0 0.0 0.0 

Width 0.0 0.0 0.0 0.0 0.0 0.0 

Length

:Width 

0.50 

±1.5 

0.90 

±1.1 

16.32 

±9.1*      

3.53    

±6.8 

0.19  

±0.49 

0.1        

±0.34 

*r = 0.266, p = 0.074 

 

Additionally, we observed two novel distributions of BfpB-PAmCherry.  In 8.5% 

(n = 12) of the imaged bacteria, we noted foci of fluorescence away from the poles.  

Furthermore, in 2.8% (n = 4) of the imaged bacteria, we saw banding of BfpB-

PAmCherry with lines of molecules apparently oriented at an oblique angle to the long 
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axis as might be expected of a helical distribution.  Example images are seen in Figs. 8C 

and 8F.  Taken together, these results illustrate in unprecedented detail the sub-cellular 

localization of a T4P secretin more complex than previously demonstrated.  Furthermore, 

these studies extend the previously reported importance of gene dosage effects when 

studying the distribution of bacterial secretion systems with fluorescent fusion proteins 

from T2SS to T4P (115).  

Electron Microscopy and Single Particle Averaging Reveal BfpB is a Dodecameric 

Gated Pore. 

We purified BfpB-Strep to homogeneity by affinity chromatography on a Strep-

Tactin column as previously described (50).  Electron microscopy and image analysis 

of negatively stained preparations revealed two different BfpB projection forms 

exhibiting rotational symmetry (Figs. 9A1, A3, 1B1, B3, 1D1, D3) and a third projection 

form with bilateral symmetry (Fig. 9A2, B2, D2). These three forms may be interpreted as 

”front”, ”back” and “side” views of the complex, with outer and inner diameters of 

approximately 20 and 18 nm, respectively.  It is not clear which of the front or back 

views represents the periplasmic or outer face of the complex.  Markham rotational 

analysis of a front or back view of a single particle reveals that rotation by angles of n x 

30° around the central axis of the particle meets the periodicity of the structure, which 

accounts for a twelve-fold rotational symmetry.  Other angles result in a blurred image 

(not shown).  Twelve bright spots on the ring-like projection form and twelve dark spots 

of staining salt clearly indicate the presence of twelve protein masses.  This is illustrated 

for the front view in Fig. 9E.  Here, the darkest and lightest areas of the original image 

are colored blue and red, respectively.  The dark stain is accumulated in small grooves, 
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located between protein masses (see Fig. 9F, grooves are marked by arrows, protein 

masses are marked by asterisks).  The distribution of negative staining salt may be easily 

explained by a model as depicted in Fig. 9F.  The H-shaped side view of the complex has 

a trapezoidal outline (Fig. 9D2). The long side of the trapezium measures approximately 

20 nm, corresponding to the diameter of the ring-like front view, the height of the 

complex measures approximately 14 nm. The ring-like projection forms (Figs. 9D1, D3) 

exhibit a central accumulation of dark staining solution, which is indicative of a central 

depression or pore in the complex, as previously suggested (Fig. 9F) (166). A bright mass 

located in the center of the “top view” is indicative of a shallow depression (Fig. 9D1), 

whereas from the “bottom view,” the depression appears to be deeper, i.e. a bright central 

mass is not visible (Fig. 9D3). This interpretation is confirmed by the appearance of the 

side view (Fig. 9 D2), where the blocking mass is located close to the front side of the 

complex. Note that “top” and “bottom” designations are arbitrary; it is unclear which of 

these views is periplasmic and which is extracellular. Besides these prominent views it is 

possible to detect transient forms showing tilted views of molecules (forms 1, 2 and 3, 

Fig. 9C). Additionally, the “bottom” view (Fig. 9 D3) reveals six triangular leaflets 

emanating from the inside of the ring structure and extending towards the center of the 

pore.  A tentative model based upon these data shows two views of the whole complex 

from the outside and from the inside after a quarter of the complex has been removed 

(Fig. 9 G, H). 
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Figure 9: Electron micrograph of pure BfpB preparation after negative staining  

 

Fig. 9.  Electron micrograph of pure BfpB preparation after negative staining.  (A) Examples of 
the prominent projection forms 1 (“front view”), 2 (“side view”) and 3 (“back view”) are 
encircled. Approximately 23% of all particles could be assigned to projection form 1, 53% to 
form 2 and 16 % to form 3.  (B) Galleries of the three prominent projection forms. For form 1 and 
3, rotational symmetry appears to be obvious, whereas form 2 shows bilateral symmetry.  (C) 
Approximately 8 % of all particles on the carbon film could not be assigned to one of the three 
described forms, but are interpretable as “transient” projections of the complex. The gallery 
shows a schematic view of a tilted complex (right column) and respective views of the negatively 
stained BfpB particles. Rotation axis and tilting direction (following the complexes from top to 
bottom) is indicated by the arrow symbol.  (D) The projection forms after image enhancement by 
rotational and translational analysis (1, front view; 2, side view; 3, back view).  (E) Processed 
original image (see D1); darkest and brightest areas in the original image are colored blue and red.  
(F) Model of the bisected complex illustrating the distribution of negative staining salt (blue).  
The protein masses identified as brightest areas in the original image (see E) are marked by red 
asterisks; grooves between these masses are highlighted by arrows.  (G, H) Model of the complex 
from two views (G tilted towards the “back view”; H tilted towards the “front view”) after 
removal of a quarter section of the whole complex. 
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Discussion 

Secretins are outer membrane proteins common to and required for function of 

T4P, T2S and T3S systems. BfpB is a lipoprotein secretin required for biogenesis of the 

EPEC BFP.  We addressed several questions related to BfpB targeting to the OM, 

complex structure, sub-cellular localization and the viability of a double mutant lacking a 

secretin and the retraction ATPase. 

We found that the N-terminal cysteine immediately downstream of the proposed 

signal peptidase II cleavage site in BfpB is necessary for protein function as BfpBC18S 

does not complement a bfpB null mutant strain.  We determined that BfpBC18S cannot be 

detected by western blot, presumably due to instability of the polypeptide and subsequent 

degradation.  Since BfpB has only two endogenous cysteines, C18 and C540, and 

BfpBC540S is stable and able to complement the bfpB null strain (Chapter III), we 

conclude that C18 is the palmitoylated residue of BfpB (150) and that acylation is 

required for stability.  Moreover, we found that a Lol-avoidance signal delayed but did 

not block complementation of the bfpB mutant with BfpBS19D.  Together, these results 

show that the Lol-pathway transports BfpB to the OM but that a Lol-avoidance signal is 

insufficient to block OM targeting.  Given that the Lol-pathway is dedicated to acylating 

lipoproteins and targeting those destined for the OM (186), and that Lol has been shown 

to target T4P lipoproteins to the OM (41,180), we propose that Lol acylates and 

facilitates transport of all lipoprotein secretins to the outer membrane.  Furthermore, 

information targeting BfpB to the OM can override the Lol avoidance signal. 

 Once inserted in the outer membrane, BfpB is presumed to serve as a pore for 

growing pili (43).  Given the disparate results obtained with Neisseria gonorrhoeae (195) 
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and N. meningitidis (32), it was unclear at the outset of this study whether the absence of 

BfpB in association with an inability to retract pili would be severely deleterious to the 

bacteria.  Unlike in N. gonorrhoeae, EPEC bfpB bfpF double mutant cells were viable, 

displayed no growth defect, and neither periplasmic pili nor membrane blebs could be 

detected in such cells.  Complementation with each individual gene verified that the 

double bfpB bfpF mutant had the expected phenotypes. We excluded the possibility that 

bfpB bfpF mutant cells are viable because they degrade bundlin and thus avoid membrane 

damage.  Surprisingly, bundlin was detected at similar levels in the bfpB and bfpF single 

mutants, the double mutant, and the complemented forms of the double mutant.  Since 

bundlin was expressed in BFP-inducing conditions in the double mutant strain, we next 

tested the hypothesis that these cells had an elevated cell envelope stress (Cpx) response 

as a mechanism to protect against damage from periplasmic pili.  To our surprise, a degP-

lux gene reporter assay revealed that the Cpx effector degP was transcribed in the bfpB 

bfpF double mutant at a level similar to or lower than that observed in wild type EPEC.  

Furthermore, all other mutants tested had significantly elevated transcription of degP 

over wild type.  The up-regulation of degP transcription was most pronounced in the 

bfpB mutant strain.  Previous reports suggested that BfpB mediates extrusion of 

periplasmic EPEC proteins, including T3S components (166).  It may be that the inability 

to expel these components from the periplasm triggers an exaggerated stress response.  

Furthermore, the relative reduction in degP activation in the bfpB bfpF double mutant 

suggests that BfpF may play a role in activating this stress response.  Alternatively, it 

may be that, when either the secretin or the retraction ATPase is absent, the cells 

experience more stress on the membrane due to the resulting aberrant machines and 
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activate Cpx.  However, when both BfpB and BfpF are lacking, either the BFP machine 

may not be able to assemble or signaling that activates Cpx may be disrupted, resulting in 

the lack of enhanced degP transcription expected in the double mutant relative to wild 

type and the bfpB mutant.     

BfpB appears to undergo an organized distribution through the cell.  When BfpB-

mOrange was expressed in trans, we observed polar foci; however, when all BFP 

machine components were coordinately expressed from their cloned operon, we saw a 

more diffuse pattern of membrane localization.  We were able to observe the distribution 

of BfpB in unprecedented detail through super-resolution microscopy.   We used PALM 

to localize single functional BfpB-PAmCherry molecules and objectively quantified their 

distribution in ALN92 cells expressing BFP.  We did not find that these molecules 

localized predominantly to the poles.  Instead, the majority of bacteria had an uneven 

distribution of BfpB molecules at the cell periphery.  Although infrequent, we also 

observed clusters of BfpB molecules away from the poles and occasionally a banding 

pattern suggestive of a helical distribution. These observations indicate that BfpB 

distribution is not random.  Cowles and Gitai (2010) discovered that the bacterial actin 

homologue, MreB, was a crucial determinant for the initiation and maintenance of PilT 

retraction ATPase complexes at the poles of P. aeruginosa.  We hypothesize a role for 

the bacterial cytoskeleton in regulating BFP machine protein localization in EPEC.  

Future studies would test this hypothesis using specific MreB inhibitors. Furthermore, 

our studies extend earlier findings that protein stoichiometry is a key determinant of 

machine localization in the membrane from T2S (115) to T4P systems.   
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 The use of emerging methods of super-resolution microscopy, coupled with co-

expression of all BFP components from the cloned operon, provides new and robust 

insight into the distribution of T4P biogenesis machines.  Our PALM results suggest a 

different distribution for the secretin, and by inference the BFP, than for some other T4P 

systems.  The non-polar localization of BFP may be a feature common to T4bP and it 

may be related to function.  The polar localization of T4aP in M. xanthus and P. 

aeruginosa are likely essential for longitudinally directed movement, as observed in 

twitching motility and social gliding (70,140).  However, EPEC may not use BFP for 

motility but rather for cell interactions.  By distributing pili around the cell envelope, 

EPEC cells may be better able to form the BFP-dependent spherical autoaggregates 

characteristic of localized adherence.  More efficient aggregation at the early infection 

time when BFP is most critical (199) may be a considerable advantage to the pathogen as 

it first colonizes the gastrointestinal tract, where it must compete with the commensal 

microbiota.   

The BfpB complex observed by EM represents the first model structure for a type 

IVb pilus secretin assembled by single particle averaging, but in many ways resembles 

other secretin complexes (104).  From the 12-fold symmetry observed through Markham 

rotational analysis, we conclude that the complex is a homododecamer; the six centripetal 

projections in Figure 9D3 suggest a possible configuration of six dimers.  This “hexamer 

of dimers” configuration is supported by recent work in the Donnenberg laboratory by 

another graduate student, Courtney Sturey, who has shown that BfpB can be isolated as a 

dimer following cross-linking with 3,3´-Dithiobis[sulfosuccinimidylpropionate] (personal 

communication).  The long “bottom” part of the trapezium structure seen in transverse 
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views is most likely the periplasmic N-terminus, with a large vestibule for the assembling 

pilus, as has been reported for secretins and their substrates of the T2S, T3S, and T4aP 

machines (43,104,155).  However, experimental evidence is required to confirmation this 

suggestion.  We propose that the contoured sides of the cylinder represent the structured 

N0- and N3- sub-domains suggested to be present in the N-termini of T4bP secretins 

(104,156).  The central density in the complex indicates that there is at least one gate 

occluding the central channel.  Our results underscore the concept that each secretin 

family displays structural variations on a common theme and identify several key features 

of T4bP secretin complexes for the first time: a dodecameric structure, a channel plug, 

and the presence of centripetal projections inside the channel.  It is apparent that 

significant conformational changes would be required to accommodate the dynamic T4P 

fibers; further studies of secretin topology and architecture will elucidate the mechanics 

of pilus and substrate extrusion and the structural differences between secretin families.  

While this ultrastructure is an important first step in understanding the structure of BfpB, 

further studies are required to determine the topology of BfpB. 

The results presented in this chapter identify several key features for a member of 

the T4bP family of secretins.  We confirm the importance of the Lol pathway in 

transporting lipoprotein secretins to the OM and demonstrate that OM targeting of BfpB 

can overpower a Lol avoidance signal. We report for the first time that simultaneous 

mutation of the genes for a T4P secretin and retraction ATPase can result in viable, 

apparently healthy cells that, paradoxically, display less evidence of cell envelope stress 

than does a single secretin mutant.  This observation suggests a possible role for BfpB in 

sensing or suppressing cell envelope stress that may be mediated through BfpF.  The 
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structure of the BfpB complex by TEM and single particle averaging displays similarities 

and intriguing differences in comparison to other secretins.  This underscores the concept 

that differences between secretin families are functionally important.  Finally, new 

insights into secretin cellular localization gained through PALM suggest that pilus 

function may be influenced by sub-cellular distribution of pilus machines. 
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CHAPTER III: TOPOLOGY OF BfpB 

Introduction 

Almost all studies of secretins to date have assumed that these proteins span the 

OM as a transmembrane -barrel for two reasons.  With very few exceptions, OM 

proteins form -barrels, all of which have an even number of -strands 

(27,126,194).  Furthermore, secretins have been predicted to be rich in -strands, 

particularly in the C-terminal secretin domain (12,104).  However, no 

experimental data have confirmed this assumption.  In the absence of atomic level 

data, resolving the fine topology of BfpB is a key step in understanding the 

architecture of the BFP and other T4P biogenesis machines, as well as the general 

structure of all secretins.   

As discussed in the first chapter, elucidating a refined model of the 

membrane spanning secretin domain of the secretin molecules has been 

complicated by the inherent imprecision of in silico prediction methods and the 

intrinsic permeability of the outer membrane.  The best computer algorithms to 

predict TMBSs have an accuracy of 73% to 78% (74,96), while the porin 

channels in the OM allow passage of hydrophilic solutes less than ~600 Da (135).  

Previous models of both secretins (21,67,174) and outer membrane proteins in 

general (19,62,80,132,154) have suffered from three systematic errors in logic.  

First, each model has relied heavily on TMBS computer predictions despite the 

inherent inaccuracy in these modeling methods.  Second, most previous OMP 

topology studies have assumed that solvent exposed loops are extracellular 
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without a method to test this hypothesis rigorously.  Third, most such studies have 

assumed that a mutation disrupting protein stability necessarily is located in a 

TMBS but have often not applied this assumption consistently.  In this context, I 

tried to develope methods that could differentially label specific amino acids 

exposed to either the extracellular environment or the periplasmic environment.  

Figure 10A presents a flow chart of the methods used to define the topology of 

BfpB. 
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Figure 10:  Flowchart of experimental methods used to model the topology of 
BfpB

 

Fig. 10.  Flowchart of experimental methods used to model the topology of BfpB.  A) 
The primary sequence of BfpB is depicted in schematic.  The IM and asymmetrical OM 
are indicated by pairs of vertical lines; a schematic of BpB is shown in the OM as a 
presumed dimer.  The cytoplasmic (C) and extracellular (EC) fractions are indicated.  
The N-terminus (yellow box) is presumed to be periplasmic from previous biochemical 
data (50) and based on data from other secretins.  Therefore, S41 was selected as a 
periplasmic control residue.  The secretin domain (green box) is predicted to contain 

multiple transmembrane -strands (TMBSs, red arrows) while the C-terminus (blue box) 
was presumed to be periplasmic, as solved OM proteins contain an even number of 
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TMBSs, and contains an eight residue streptavidin binding peptide (Strep) affinity tag.  
The topology of the secretin domain was probed with iodination and mass spectrometry 
on intact cells expressing BfpB-Strep or purified protein.  In addition, cysteine point 
mutations were made by site-directed mutagenesis and labeled with TMM(PEG)12.  
BfpBS41C was labeled by this method.  Therefore, TMM(PEG)12 labeling reveals solvent 
accessibility but not topology.  The topology of the C-terminus was probed by labeling 
cells expressing BfpB-Strep with streptavidin conjugated to a fluorescein-like dye 
(DyLight-488) and viewing the cells by fluorescence microscopy.  This C-terminal label 
was used as a reporter in in vitro Förster Resonance Transfer Energy (FRET) assays with 
tetramethylrhodamine (TAMRA)-maleimide as the sulfhydryl bound FRET acceptor.  
Note that proposed in vivo FRET experiments have not yet been performed.  B) 
Overlapping spectra of DyLight-488 (FRET donor/reporter) and TAMRA in buffer, pH 
7.0.  Dotted curves indicate excitation spectra, solid curves represent emission spectra.  
Green lines are DyLight-488 and red lines are TAMRA. 

 

 Previous work in the Donnenberg laboratory strongly suggested that the 

first 171 amino acids of BfpB are periplasmic (50).  Four distinct lines of 

evidence support the hypothesis that BfpB1-171 is in the periplasm, while the 

remainder of the protein forms the transmembrane beta barrel.  First, the 

periplasmic proteins BfpU and BfpG are recruited to the OM fraction in the 

presence of BfpB.  Second, BfpU, BfpG, and BfpB can be cross-linked and co-

purified.  These two pieces of evidence demonstrate a periplasmic domain of 

BfpB.  Third, BfpU and BfpG interact specifically with BfpB1-171 in a Yeast-Two-

Hybrid assay, but do not interact with BfpB172-553 or each other.  Additionally, 

BfpU and BfpB19-171 interact by Isothermal Titration Calorimetry (ITC).  Fourth, 

Daniel et al. (2006) observed that BfpB172-553 was predicted to contain the 

majority of -strands while relatively few were predicted in the first 171 amino 

acids.  This observation lends strong support to the conclusion from the 

biochemical data.  This model has since been supported by the crystal structures 

of the N-termini of secretins (105,175,183) and cryo-EM maps with fitted atomic 
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structures of both the periplasmic vestibule formed by the N-termini and a T2S 

substrate (155,156).  Thus, the existing literature strongly supports the conclusion 

that the N-termini of all secretins form a structural and functional transport 

domain in the periplasm.  Therefore, for this study I assumed a periplasmic 

orientation of the first 171 amino acids of BfpB.   

 Next, I sought to identify amino acids exposed to the extracellular 

environment.  My first approach utilized iodination of surface-exposed residues to 

create a mass label, followed by detection of this mass label by tandem mass 

spectrometry.  Briefly, intact cells were resuspended in IodoGen tubes (Pierce, 

Rockford, IL, #28601) which are coated with an oxidizing agent [1,3,4,6-

tetrachloro-3,6-diphenyl-glycoluril].  Non-radioactive sodium iodide was 

added and the suspension agitated for 15 min at 30C.  The oxidizing agent 

creates a reactive iodous ion (I+) that can undergo electrophilic attack at proximal 

aromatic rings, iodinating primarily tyrosine but also histidine residues.  We 

conducted these experiments using either intact or lysed cells of a laboratory 

strain of E. coli (XL1Blue) expressing BfpB with a streptavidin-binding peptide 8 

amino acid affinity tag (BfpB-Strep, Fig. 10), or BfpB-Strep expressed in the bfpB 

bfpF double mutant strain of EPEC, UMD947 (described in Chapter 2).  Despite 

using several methods to lyse cells and create inside-out vesicles, these 

experiments did not yield any new iodinated residues (see Appendix I).  

Therefore, we performed iodination mass spectrometry experiments on purified 

BfpB-Strep.  Using these results (Table 7, see below) and in silico prediction 
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methods, we constructed a set of possible preliminary BfpB topologies (not 

shown).   

In order to test and refine the model topologies derived from the mass 

labeling-mass spectrometry method, we performed cysteine scanning mutagenesis 

(CSM).  Briefly, we constructed a series of cysteine scanning mutations in BfpB 

(BfpB-CSM) by site directed mutagenesis using the QuikChange method (Agilent 

Technologies, Santa Clara, CA).  These cysteine mutations were engineered at 

sites designed to distinguish between alternative topology models generated from 

the surface iodination data (Table 8).  Two mutations were placed in regions with 

high-confidence topology assignments: S41C served as a periplasmic control on 

the basis of pre-existing biochemical data, and T310C served as an extracellular 

control as it is located between two tyrosine residues, Y297 and Y316, which 

were iodinated in cell-intact conditions.  Of note, the location of T310C precludes 

the possibility of intervening TMBSs between it and both Y297 and Y316.  I 

assayed the topology of the BfpB-CSM constructs by labeling cysteines with one 

of several cysteine-reactive compounds.  First, I used the large (2.36 kDa), 

hydrophobic reagent (Methyl-polyethylene glycol12)3-(polyethylene glycol)4-

maleimide [Pierce #22361, (TMM-PEG)12] to label solvated cysteines and 

assayed for a change in relative mobility (Mr) by SDS-PAGE.  Next, I performed 

Förster Resonance Energy Transfer (FRET) experiments by labeling cysteines 

with tetramethylrhodamine-5-(and-6) C2 maleimide [Anaspec #6065, (TAMRA-

maleimide)] as an acceptor of photons emitted from Streptavidin-DyLight-488 nm 

[Pierce #21832, (SA-488)] bound to the C-terminal Strep affinity tag.  Spectral 
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characteristics of TAMRA-Maleimide and SA-488 are presented in Figure 10B.  

We tried and ultimately rejected three techniques involving cross-linking of intact 

cells expressing BfpB-CSM either to slides coated with maleimide; or a large 

carrier protein activated with a sulfhydryl-reactive cross-linker; or amine-

derivatized beads with a heterobifunctional, amine-to-sulfhydryl crosslinker.  

These three assays will be detailed in Appendix I: Unsuccessful Techniques to 

Probe the Topology of BfpB in vivo.   

 When we initiated this study of BfpB, there were topology models for two 

secretins, XcpQ from Pseudomonas aeruginosa (21) and PilQ from Neisseria 

meningitidis (67).  Both of these models predicted 13 TMBSs.  A more recent 

study by Spagnuolo et al. (2010) predicted 11 TMBSs.  To date, no OMPs with a 

solved atomic structure form -barrels with an odd-number of -sheets.  

However, none of the three studies took account of this unexpected prediction.  

An odd number of TMBSs would leave the C-terminus exposed to the 

extracellular environment.  The BfpB-Strep protein is ideally suited for probing 

the localization of the C-terminus as the affinity tag binds Streptavidin, which has 

a mass of approximately 60 kDa and molecular dimensions of 54 Å x 58 Å x 48 Å 

(82).  Our null hypothesis stated that the C-terminus of BfpB is periplasmic, as is 

the case with all known OM -barrel structures.  Therefore we predicted that in 

purified proteins, FRET would occur between the C-terminal SA-488 label and 

S41C labeled with TAMRA-maleimide but not between the C-terminal label and 

T309C labeled with TAMRA-maleimide.   
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 By combining the results of these assays with several in silico TMBS 

prediction methods we have assembled a putative topology of BfpB with 

surprising results.  These experiments both emphasize and circumvent the major 

biochemical obstacle of OM permeability in selectively labeling extracellular 

(EC) versus periplasmic (PP) residues.  Our methods use immobilized catalysts, 

biophysical methods that show distance-dependent changes in output, and 

biochemical labeling with very large (60 kDa), fluorescently labeled biological 

macromolecules to generate and validate predictions of protein topology.  

Although the results that follow do not yet represent a complete picture of the 

topology of BfpB, I outline logical steps needed to complete this study, in the 

discussion section of this chapter.  There, I also provide not only the best 

prediction of secretin topology to date, which is also the first rigorously validated 

topology for any outer membrane protein in the absence of atomic level data.   

Methods for Defining the Topology of BfpB 

Strains and plasmids used in Chapter III. 

All strains and plasmids used in this study are presented in Table 4.  Bacterial 

strains were cultured in Luria-Bertani broth at 37C.  In EPEC strains, BFP was 

expressed as previously described (167), by growing strains in Dulbecco’s 

Modified Eagle Media (DMEM) lacking phenol red.  Antibiotics were added at 

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

mL-1; kanamycin 50 µg mL-1. 
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Table 4: Strains and plasmids used for topology studies of BfpB 

Strain or plasmid                   Description/genotype                          Reference or 

source 

Strains 

E2348/69 

 

Serotype O127:H6 EPEC strain 

isolated from an outbreak in the UK 

 

(108) 

UMD923 E2348/69 bfpB::aphA-3 (5) 

UMD947 UMD 946 bfpB::aphA-3 This study 

XL1Blue recA1 endA1 gyrA96 thi-1 hsdR17 

supE44 relA1 lac [F´ proAB 

lacIqZ∆M15 Tn10 (TetR)] 

Stratagene 

XL10gold TetR(mcrA)183 (mcrCB-hsdSMR-

mrr)173 endA1 supE44 thi-1 recA1 

gyrA96 relA1 lac Hte [F´ proAB 

lacIqZM15 Tn10(TetR) Amy CamR] 

Stratagene 

DH5 supE44 ΔlacU169(φ80 lacZΔM15) 

hsdR17 recA1 endA1 gyrA96 thi-1 

relA1 

(162) 

 

Plasmids 

  

pASK-IBA3 Strep-tag expression vector IBA BioTAGnology 

(Olivette, MO) 

pWS15 bfpB-Strep gene cloned into pASK- (50) 
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IBA3 

pJAL-B12 bfpBS218C-Strep gene cloned into 

pASK-IBA3 

This study 

pJAL-B13 bfpBS357C-Strep gene cloned into 

pASK-IBA3 

This study 

pJAL-B14 bfpBT310C-Strep gene cloned into 

pASK-IBA3 

This study 

pJAL-B17 bfpBS41C-Strep gene cloned into pASK-

IBA3 

This study 

pJAL-B19 bfpBS540C-Strep gene cloned into 

pASK-IBA3 

This study 

pJAL-B24 bfpBS199C-Strep gene cloned into 

pASK-IBA3 

This study 

pJAL-B25 bfpBS329C-Strep gene cloned into 

pASK-IBA3 

This study 

pJAL-B26 bfpBS418C-Strep gene cloned into 

pASK-IBA3 

This study 

pJAL-B27 bfpBS463C-Strep gene cloned into 

pASK-IBA3 

This study 

pJAL-B28 bfpBS491C-Strep gene cloned into 

pASK-IBA3 

This study 

pJAL-B35 bfpBS423C-Strep gene cloned into 

pASK-IBA3 

This study 
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pJAL-B36 bfpBS411C-Strep gene cloned into 

pASK-IBA3 

This study 

pJAL-B41 bfpBS269C-Strep gene cloned into 

pASK-IBA3 

This study 

pJAL-B42 bfpBS458C-Strep gene cloned into 

pASK-IBA3 

This study 

pJAL-B43 bfpBT203C-Strep gene cloned into 

pASK-IBA3 

This study 

pJAL-B44 bfpBS343C-Strep gene cloned into 

pASK-IBA3 

This study 

pJAL-B45 bfpBS369C-Strep gene cloned into 

pASK-IBA3 

This study 

pCR Zero Blunt Blunt-ended cloning vector Invitrogen 

pJAL-S1 dsbA gene cloned into pCR Zero Blunt This study 

pJAL-S2 eae557 gene fragment cloned into pCR 

Zero Blunt 

This study 

pJAL-S3 dsbA-Strep cloned into pASK-IBA3 This study 

pJAL-S4 eae557-Strep cloned into pASK-IBA3 This study 

 

Cysteine scanning mutagenesis of BfpB was performed by QuikChange 

Lightning as described below.  To prepare DsbA-Strep and Intimin557-Strep 

expression vectors, full length dsbA and eae (codons 1 -557) were amplified from 

E2348/69 genomic DNA graciously provided by Shahista Nisa using primers 
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dsbA_Strep Fwd/Rev and Intimin557_Strep_Fwd/Rev (Table 5), which 

introduced asymmetric BsaI restriction sites on either side of the PCR product.  

The products were cloned into pCR Zero Blunt (Invitrogen, Grand Island, NY), 

creating pJAL-S1 and –S2.  The inserts were excised with BsaI and cloned into 

BsaI-digested pASK-IBA3.  The PCR primers added BsaI restriction sites so that 

the short flanking DNA exactly mimicked the sites flanking bfpB in pASK-IBA3.  

The resulting products were verified by restriction digestion and sequencing.     

Table 5: Primers used in this study of the topology of BfpB 

Primer Name                                        Sequence                                             Reference        

BfpB_S218C_Fwd 5’-TATATTACCGGGTGGTAAATATACAT 

GTAAAAACTCTATCAGTTCGGACAG -3’ 

This study 

BfpB_S218C_Rev 5’-CTGTCCGAACTGATAGAGTTTTTACAT 

GTATATTTACCACCCGGTAATATA -3 

This study 

BfpB_S357C_Fwd 5’-GCAACAAGCGGCACCCCTTGCTTTAC 

AGGATATCTG AATG -3’ 

This study 

BfpB_S357C_Rev 5’-CATTCAGATATCCTGTAAAGCAAGGG 

GTGCCGCTTGTTGC -3’ 

This study 

BfpB_T310C_Fwd 5-CACAGCTTGAAAGACAGGTTTGCATTG 

ATGTCGCGATCTATA -3 

This study 

BfpB_T310C_Rev 5’-TATAGATCGCGACATCAATGCAAACC 

TGTCTTTCAAGCTGTG-3’ 

This study 

BfpB_S41C_Fwd 5’-CTGCATGCTGACACCTGTTTGCTGA This study 



 

80 
 

AGTCGAAGTCG -3’ 

BfpB_S41C_Rev 5’-CGACTTCGACTTCAGCAAACAGGTGT 

CAGCATGCAG -3’ 

This study 

BfpB_C540S_Fwd 5'-CTTCCCGAACAGTCACTCTCATTTCCA 

TAACCCCGAGAATTATTG -3' 

This study 

BfpB_C540S_Rev 5'-CAATAATTCTCGGGGTTATGGAAATG 

ACAGTGACTGTTCGGGAAG -3' 

This study 

BfpB_S199C_Fwd 5’-TATGAGTCTGGCAGGATTGCTTTTTG 

TAACGAGGAAACTAAACG -3’ 

This study 

BfpB_S199C_Rev 5’-CGTTTAGTTTCCTCGTTACAAAAAGC 

AATCCTGCCAGACTCATA -3’ 

This study 

BfpB_S329C_Fwd 5’-AGCAGTGATCTGGCAATGTGCCTGGA 

AGCTTTGCTAAAGC -3’ 

This study 

BfpB_S329C_Rev 5’-GCTTTAGCAAAGCTTCCAGGCACATT 

GCCAGATCACTGCT -3’ 

This study 

BfpB_S418C_Fwd 5’-TGTATCTGAGATAGGGACTGTATTAT 

GCCAGTCATCAAC -3’ 

This study 

BfpB_S418C_Rev 5’-GTTGATGACTGGCATAATACAGTCCC 

TATCTCAGATACA -3’ 

This study 

BfpB_S463C_Fwd 5’-GCTTTCAGAACTTGTTGGCTGTAATAA 

TGGTTTCGATCAGGC -3’ 

This study 

BfpB_S463C_Rev 5’-GCCTGATCGAAACCATTATTACAGCC 

AACAAGTTCTGAAAGC -3’ 

This study 



 

81 
 

BfpB_S491C_Fwd 5’-ATTCCACAACCTTTGTGCAATCATGCA 

TGCTTCGCA -3’ 

This study 

BfpB_S491C_Rev 5’-TGCGAAGCATGCATGATTGCACAAAG 

GTTGTGGAAT -3’ 

This study 

BfpB_S423C_Fwd 5'-TAAGCCAGTCATCAACCTGTACAACA 

GCCAGTACG -3’ 

This study 

BfpB_S423C_Rev 5'-CGTACTGGCTGTTGTACAGGTTGATG 

ACTGGCTTA -3' 

This study 

BfpB_S411C_Fwd 5’–CTTTGAAAGTAGGAAATGACAGAAC 

ATATGTATGCGAGATAGGGACTGTAT-3’ 

This study 

BfpB_S411C_Rev 5’–ATACAGTCCCTATCTCGCATACATAT 

GTTCTGTCATTTCCTACTTTCAAAG-3’ 

This study 

BfpB_S269C_Fwd 5'-GATAAAACTGATACTGGGCTGCGATG 

GTTCGTATTCAAT-3' 

This study 

BfpB_S269C_Rev 5'-ATTGAATACGAACCATCGCAGCCCAG 

TATCAGTTTTATC-3’ 

This study 

BfpB_S458C_Fwd 5'-GTTGCAGTATGGTGTAACGCTTTGCG 

AACTTGTTGGCTCAAATAATG-3' 

This study 

BfpB_S458C_Rev 5'-CATTATTTGAGCCAACAAGTTCGCAA 

AGCGTTACACCATACTGCAAC-3' 

This study 

BfpB_T203C_Fwd 5'-CAGGATTGCTTTTTCAAACGAGGAAT 

GTAAACGCTTCAGTATAAGTATATTA-3' 

This study 

BfpB_T203C_Rev 5'-TAATATACTTATACTGAAGCGTTTACA This study 
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TTCCTCGTTTGAAAAAGCAATCCTG-3' 

BfpB_S343C_Fwd 5'-CGGAGGTGTTCTGGGCTGTGTTTCAAC 

CTCAAA -3' 

This study 

BfpB_S343C_Rev 5'-TTTGAGGTTGAAACACAGCCCAGAAC 

ACCTCCG -3’ 

This study 

BfpB_S369C_Fwd 5'-CTGAATGGGAACGGCGATTCATGCAA 

CCAGGTTTTGC-3’ 

This study 

BfpB_S369C_Rev 5'-GCAAAACCTGGTTGCATGAATCGCCG 

TTCCCATTCAG-3’ 

This study 

dsbA_Strep_Fwd 5'-AAGGATGGTCTCAATGAAAAAGATT 

TGGCTGGCGC-3' 

This study 

dsbA_Strep_Rev 5'-CAAGATGGTCTCAGCGCTTTTTTTCTC 

GGACAGATATTTCACAGTATCAGC -3' 

This study 

Intimin557_Strep_Fwd 5'-AAGGATGGTCTCAATGATTACTCATG 

GTTTTTATGCCCGG-3' 

This study 

Intimin557_Strep_Rev 5'-CAAGATGGTCTCAGCGCTCCCAACC 

TGGTCGACCACC-3' 

This study 

Donn1448  5’-GAGTTATTTTACCACTCCCT -3’ IBA 

Donn1450 5’-AGGGCGCGCTTTCCACG-3’ This study 

Donn1417 5’-TGGTGACATCTGCATCTGTAACTA 

CGATG -3’ 

This study 
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Purification of BfpB, Western Blotting & Auto-aggregation Experiments. 

Both wild type and mutant forms of BfpB were purified as previously described 

(50). Western Blotting and Auto-aggregation experiments were performed as 

described in chapter II, Methods. 

Prediction of TMBS in BfpB. 

Nine programs were used to predict the secondary structure of the secretin domain 

of BfpB.  These were 1) BETApro  (http://betapro.proteomics.ics.uci.edu/) (37); 

2) Consensus Prediction of TMBB Proteins (ConBBPRED, 

http://biophysics.biol.uoa.gr/ConBBPRED/) (8); 3) PRED-TMBB 

(http://biophysics.biol.uoa.gr/PRED-TMBB/) (9); 4) TBBPRED 

(http://www.imtech.res.in/raghava/tbbpred/) (129); 5) JPred3, listed as Method A 

in the text (http://www.compbio.dundee.ac.uk/www-jpred/) (40); 6) 

ProfTMB/Protein Predict, listed as Method B in the text 

(http://www.predictprotein.org) (18); 7) TMBETA-NET, listed as Method C in 

the text (http://psfs.cbrc.jp/tmbeta-net/) (74); 8) B2TMPRED, listed as Method D 

in the text (http://gpcr.biocomp.unibo.it/cgi/predictors/outer/pred_outercgi.cgi) 

(96); 9) TMBPro, listed as Method E in the text 

(http://www.ics.uci.edu/~baldig/tmb.html) (152).   

The resulting secondary structure predictions were combined with 

biochemical data to determine a final topology model.  Putative -Regions (PR) 

were defined as the primary sequence between residues of high-confidence 

topology assignments.  When biochemical experiments were not selective for 

extracellular residues, amino acid topology could often be assigned with high 
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confidence if the labeled residue fell within seven or fewer amino acids of a 

residue identified by a selective method.  The number of possible TMBSs in each 

PR was defined by topology: if the PR fell between an extracellular and 

periplasmic residue, an odd number of TMBSs were required; if the PR fell 

between two cis residues, an even number of TMBSs were required.  The 

maximum number of -strands per PR was assigned by the equation L = (8n – 

1), which assumes five residues are required to span the lipid core of the 

membrane, two amino acids at each lipid-aqueous interface, and one amino acid 

in each turn.  Most TMBSs contain between 7 and 9 amino acids and periplasmic 

turns can be as short as a single amino acid (126,194).  Final TMBS assignments 

in each PR were preferentially made where secondary structure prediction 

methods concurred as to the location of a -strand.  TMBSs that were predicted to 

contain solvent exposed residues were rejected or broken into -strands flanking 

that residue.  Preference was given to TMBSs that started, ended, or were flanked 

on both sides by aromatic amino acid residues (97,126,194).  The topology map 

was drawn with the TOPO2 program (http://www.sacs.ucsf.edu/TOPO2/).     

Iodination. 

The iodination method was modified from a previously published protocol for 

surface iodination of Vibrio cholerae (157).  Either XL1Blue or UMD947 

carrying pWS15 was streaked to isolation and a single colony picked to inoculate 

an overnight culture.  In the morning, cultures were diluted 1:100 and grown to 

OD600 ~0.5.  Expression of BfpB-Strep was induced with 20 µg 100 mL-1 of AHT 

for 3 h.  Cells were pelleted at 14,000 x g for 10 min at 4C, resuspended, pooled 
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in phosphate buffered saline (PBS) and washed twice.  The cell pellet was 

weighed and resuspended in PBS to give a concentration of 0.4 g cells mL-1 and 

approximately 2 – 3 mL of the cell suspension was added to an Iodogen tube 

(Pierce #28601); as many as two or three tubes were used for a single cell 

suspension to accommodate volume.  The tubes were kept in the dark and 50 µL 

of 240 mM NaI was added per 0.1 g of cells (200 µL mL-1 cell suspension at 0.4 g 

mL-1).  The cells were incubated rocking on their sides in this solution for 15 min 

at 30C in the dark.  The contents of each reaction were decanted into a 35 mL 

Nalgene tube and pooled if multiple Iodogen tubes were needed.  The cells were 

then centrifuged at 14,000 x g x 10 min x 4C, resuspended and washed in 25 mL 

PBS.  The final cell pellet was frozen at -80C and BfpB-Strep was purified as 

previously described (50).  For in vitro labeling of purified protein, BfpB-Strep 

was purified first and then 3 mL (300 ng µL-1) were incubated in the Iodogen 

tubes with 150 µL of 240 mM NaI.   In both cases, purified and labeled BfpB was 

separated by SDS-PAGE for in-gel digestion and Liquid Chromatography-Mass 

Spectrometry/Mass Spectrometry (LC-MS/MS). 

In-gel digestion. 

The in-gel digestion was performed by the Proteomics Core Facility at the 

University of Maryland, Baltimore.  Coomassie-stained protein bands were 

excised, cut into 1 × 1 mm pieces and dehydrated with methanol for 5 min. The 

gel pieces were then washed as follows:  1 x 5 min with 30% methanol/70% 

water, 2 x 10 min with water, and 3 x 10 min with 100 mM ammonium 

bicarbonate (NH4HCO3)/30% acetonitrile.  Gel pieces were dried in a SpeedVac.  
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Protein disulfide bonds were reduced with 10 mM tris(hydroxypropyl)phosphine 

(TCEP) in 100 mM NH4HCO3 for 60 min at 56 °C, followed by alkylation with 

55 mM iodoacetamide in 100 mM NH4HCO3 for 45 min at room temperature in 

the dark. The gel pieces were washed with 100 mM NH4HCO3 for 15 min and 

dehydrated with acetonitrile followed by complete drying in a SpeedVac. Gel 

pieces were rehydrated in protease solution (15 ng/µL trypsin, GluC, 

chymotrypsin, or AspN in 50 mM NH4HCO3) on ice for 45 min. Excess protease 

solution was discarded, replaced with 50 mM NH4HCO3 and incubated overnight 

at 37 °C. Digestion buffer was collected and saved.  Peptides were extracted once 

with 50 mM NH4HCO3, once with acetonitrile and twice with 5% formic acid in 

50% acetonitrile; each extraction was performed by incubating at 37 °C for 15 

min with vortexing. All supernatants were combined, dried in a SpeedVac and de-

salted using PepClean C18 Spin columns (Pierce).  De-salted peptides were stored 

at -20 °C prior to LC-MS/MS analysis.   

LC-MS/MS 

Liquid chromatography and tandem mass spectrometry was performed by the 

Proteomics Core Facility at the University of Maryland, Baltimore.  

Chromatographic separation of peptides was performed using an Xtreme Simple 

nano LC system (Micro-Tech Scientific) equipped with a 150 mm x 75 μm C-18 

reversed-phase column (5 μm particles with 300 Å pores).  Mobile phase 

compositions were as follows: A) 2% acetonitrile, 0.1% formic acid; B) 95% 

acetonitrile, 0.1% formic acid.  Samples were injected in 0.1% formic acid using a 

Surveyor Autosampler (Thermo Electron).  A 40 min LC gradient method from 5 
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– 40% solvent B at a flow rate of 0.5 µL/min flow was used to elute the peptides 

into the mass spectrometer.  MS analysis was performed using an LTQ-Orbitrap 

(Thermo Electron) mass spectrometer equipped with a nanospray ionization 

source containing an uncoated 10 μm i.d. SilicaTipTM PicoTipTM nanospray 

emitter (New Objective). The spray voltage was 1.8 kV and the heated capillary 

temperature was 200°C.  MS spectra were acquired in the profile mode at 60,000 

resolution in the Orbitrap mass analyzer.  MS/MS spectra were acquired in the 

linear ion trap using a top 5 data-dependent acquisition method with dynamic 

exclusion enabled (repeat count = 1, 180 sec exclusion duration).  Other mass 

spectrometric data generation parameters were as follows: collision energy 35%, 

full scan MS mass range 400-1600 m/z, minimum signal 500 counts, isolation 

width 3.0 m/z.   

Peptide and Protein Identification.   

MS/MS spectra were searched against a UniProt E. coli database to which the 

sequence of BfpB was added.   Database searches were conducted by the 

Proteomics Core Facility at the University of Maryland, Baltimore using 

Sorcerer™-SEQUEST® (Sage-N Research).  Database search parameters were as 

follows: enzyme – trypsin, GluC, chymotrypsin, or AspN; cleavage – full; 

precursor mass tolerance – 50 ppm; fragment ion tolerance – 0.5 Da; missed 

cleavages – 2; modifications – Cys carbamidomethylation (+57.02), Met 

oxidation (+15.99), and Tyr or His iodination (+126.90).  The quality of peptide 

and protein assignments was assessed using PeptideProphet and ProteinProphet.  
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Proteins with probabilities ≥ 1.0 and ≥ 2 unique peptides were accepted as 

confidently identified proteins. 

Site Directed Cysteine Scanning Mutagenesis. 

Conservative cysteine mutations were made in the primary sequence of BfpB 

mutating codons for either serine or threonine residues in the pWS15 vector 

encoding BfpB-Strep.  Site-directed mutagenesis was performed using the 

QuikChange Lightning method (Agilent) and the primers indicated in Table 5.  

All QuikChange primers were HPLC purified and purchased from either IDT or 

Sigma.  Reactions were run as recommended by the manufacturer with the 

following modifications: 20-60 ng of template DNA was used, annealing 

temperature was 55C and the extension time was 2 min 30 sec.  PCR products 

were digested with DpnI and transformed into XL10gold chemically competent E. 

coli (Agilent) according to the manufacturer’s instructions.  Plasmids were 

purified (Promega, Madison, WI, #A1460) and sequenced to confirm the 

mutation.  Once confirmed, the constructs were electroporated into UMD923 

made chemically competent in-house and assessed for complementation of the 

bfpB null phenotype by auto-aggregation.  BfpB constructs that could not 

complement the UMD923 null bfpB mutation were not used for topology analysis.   

Cysteine Labeling of BfpB-CSM with TMM(PEG)12 in vivo and in vitro. 

TMM(PEG)12 (100 mg, Pierce #22361) was resuspended in 226 µL of dimethyl 

sulfoxide (DMSO) resulting in a 125 mM solution, aliquoted, and stored under 

desiccation at -20C.  For in vivo labeling of BfpB-CSM, XL10gold strains 

carrying BfpB-CSM plasmids were streaked from glycerol stocks onto LB agar 
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plates with ampicillin and grown overnight at 37C.  Single colonies were used to 

inoculate overnight cultures of LB broth with ampicillin, grown with shaking (225 

rpm) at 37C, and in the morning diluted 1:50 into 5 mL LB broth with 

ampicillin.  The OD was monitored and BfpB-CSM expression was induced with 

anhydrotetracycline (20 µg 100 mL-1) when the OD600 reached 0.45 - 0.5.  BfpB-

CSM proteins were expressed for 3 h and then harvested by centrifugation at 2000 

x g for 5 min at 4C.  The cells were washed once in Buffer A (100 mM NaCl, 

100 mM Tris, 1 mM  EDTA, pH 7.0), sedimented again, and resuspended in 3 mL 

Buffer A.  A 1 mL t0 sample was taken and 10 µL of N-ethylmaleimide (freshly 

prepared stock 105 mM, final 1 mM, Pierce# 23030) added.  To the remaining 2 

mL bacterial suspension, 2.6 µL of TMM(PEG)12 were added to the reaction (final 

[TMM(PEG)12] ~ 178 µM).  Cells were rotated at 4C for 2 h and then divided 

into 2 x 1 mL aliquots; each aliquot received 10 µL of N-ethylmaleimide (freshly 

prepared stock 105 mM, final 1 mM) to quench the maleimide reaction.  Samples 

were centrifuged at 2000 x g for 5 min at 4C and the cell pellet was stored 

overnight at -80C.  The next day, cell pellets were resuspended in 25 µL of 1X 

Laemmli buffer, heated at 95C for 10 min, separated by SDS-PAGE, and 

analyzed by western blotting for the presence of unlabeled and labeled BfpB as 

indicated by a 2.3 kDa shift in relative mobility (Mr).  Four independent replicates 

of this experiment were performed. 

Cysteine Labeling with TAMRA-Maleimide and SA-488 in vitro. 

Tetramethylrhodamine-C5-(and-C6) C2 maleimide (TAMRA-maleimide) was 

dissolved in 30 µL of dimethylformamide (DMF) and diluted 1:500 in Buffer A 
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(100 mM NaCl, 100 mM Tris, 1 mM  EDTA, pH 6.8).  The absorbance at 552 nm 

was measured and used to calculate the concentration of maleimide-conjugated 

dye ( = 75190 M-1 cm-1).  TAMRA-maleimide was added to purified BfpB-Strep 

proteins (0.9 µM) with one of three cysteine point mutations – C540S, S41C, or 

T310C – at either a 100:1 (90 µM) or 10:1 (9 µM) ratio for 1 h or 2 h.  The 

reaction was quenched with N-ethylmaleimide (Pierce# 23030) at either 0.9 mM 

or 90 µM and the samples were dialyzed three times for 8 – 12 h into Buffer A at 

pH 7.0 at 4C.  The acceptor-only fluorescence was read on a Molecular Devices 

SpectraMax M2e (Serial No. DE05539) using UV-transparent 96-well plate 

(Costar,  #3635) by exciting at 520 nm with a 530 nm long pass filter and 

collecting emission from 550 to 650 nm in 10nm steps.  SA-488 was added to 

both TAMRA-maleimide-labeled and unlabeled BfpB constructs in a 1:1 ratio 

(0.9 µM) and allowed to incubate for 20 min at 4C.  The sample fluorescence 

was then read by exciting at 465 nm with a 475 nm long pass filter and collecting 

emission from 490 to 650 nm in 10 nm steps.  FRET efficiency was calculated by 

the formula 1
	

 where the numerator is the fluorescence 

intensity of the double labeled sample and the denominator is the fluorescence 

intensity in the donor-only labeled sample.  

Labeling of BfpB-Strep with SA-488 and Fluorescence Microscopy. 

Cultures of DH5 strains carrying pJAL-S3, pJAL-S4, and pWS15 were 

inoculated from single colonies and grown overnight with shaking.  In the 

morning, cultures were diluted 1:100 and grown to an OD600 = ~0.5.  Expression 

of Strep-tag fusion proteins was induced for 3 h with anhydrotetracycline (20 µg 
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100 mL-1).  A small volume of cells (~8 µL) was spotted onto a microscope slide 

and heat fixed at 65C to evaporate the fluid.  A 10 µL droplet of SA-488 (1 mg 

mL-1) was added to the droplet and allowed to incubate at 4C in the dark for 20 

min.  The fluid was then removed and the fixed cells were gently washed twice 

with ddH2O to remove excess label.  The cells were observed at 40X or 63X (oil 

immersion) in a Zeiss Axioskop 20 microscope with an AxioCam MRm digital 

camera.  SA-488 was excited with a 50W Hg arc-lamp (model # 910759) using a 

470/40 nm excitation filter and a 520 long pass emission filter.   

Results 

Multiple in silico Algorithms Predict Different but Overlapping Putative 

TMBSs. 

The prediction of trans-membrane -strands (TMBS) in OMPs is complicated by 

the plasticity and short length (7-12 amino acid residues) of the membrane-

spanning regions, and the divergence of such sequences across different families 

of OMPs (96,123,198).  However, several methods to predict TMBSs in OMPs 

have been developed.  These rely on one of several programming techniques, 

most frequently Hidden Markov Models (HMM) and Neural Networks (NN).  A 

recent analysis (8) concluded that HMMs were the most effective and ranked 

three prediction programs (including Methods B and D in Fig. 11) as the most 

reliable.  The authors of this study constructed a consensus algorithm for the 

prediction of TMBSs in OMPs that combines up to eight different methods 

(ConBBPRED; http://biophysics.biol.uoa.gr/ConBBPRED).  The secretin domain 

of BfpB was defined as residues 163 through 553 on the basis of a previous study 
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which suggested that BfpB171-553 was the likely -barrel domain and on the basis 

of mass labeling mass coupled with spectrometry, which identified H162 as the 

most distal N-terminal residue iodinated in vitro (Table 7, see below).  Bagos et 

al. (2005) concluded that utilizing only the -barrel domains of OMPs resulted in 

the most robust prediction of TMBSs.   

I attempted to predict the secondary structure of the secretin domain of 

BfpB (BfpB163-553) using the consensus ConBBPRED method and eight other 

individual algorithms (Table 6).  Unfortunately, the server hosting ConBBPRED 

failed to run when I attempted to predict TMBSs in the secretin domain of 

BfpB163-553 using all available algorithms and did not predict any TMBSs when I 

used only a subset of the available algorithms.  Therefore, I used the eight other 

single-algorithm methods to predict the topology of BfpB163-553.  Of the eight 

single-method algorithms, BETApro never provided any output1 despite multiple 

attempts to use the web-based interface.  Three did not predict BfpB to be an 

outer membrane -barrel, two of which (PRED-TMBB and TBBPRED) did not 

provide any secondary structure predictions.  The third of these algorithms, 

ProfTMB (http://www.predictprotein.org, Method B in Fig. 11) provided generic 

secondary structure predictions and was therefore included in the analysis of 

predicted TMBSs for BfpB163-553.  Another method (JPred3, Method A in Fig. 11) 

did not distinguish between non-membrane and outer membrane -barrels but was 

also included in the analysis of secondary structure predictions.  The three 

                                                 
1 I do not know why both ConBBPRED and BETApro did not successfully execute.  Both 
algorithms are several years old and may no longer be supported on the host-side as neither 
provided results when an OmpA sequence was used as a test input (Accession # AAW73252).     
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remaining programs, TMBETA-NET, B2TMPRED, and TMBpro (Methods C, D, 

and E in Fig. 11) predicted that BfpB163-553 was likely an OMP -barrel and the 

putative locations of membrane-spanning -strands.  Only Methods A, B, and C 

(Jpred3, ProfTMB, and TMBETA-NET) provided probability estimates of the 

strength of the predicted secondary structure (Fig. 11).   

The five TMBS prediction methods which provided results rarely 

achieved consensus.  There were 11 consensus predictions for TMBS, ranging 

from two to seven amino acids in length.  The minimum number of amino acids 

required to span the OM in a -strand is seven.  Clearly, these predictions must be 

used as a guide in defining topology rather than a reliable prediction method.  

Utilizing these predictions as a guide, we utilized biochemical methods to resolve 

the topology of BfpB. 
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Table 6: Results of Secondary Structure Predictions for BfpB by Multiple 

Algorithms 

 

*ProfTMB is an trans-membrane -barrel specific algorithm embedded within the 
ProteinPredict secondary structure prediction server.  ProfTMB did not classify BfpB as 
an OMP and therefore did not provide secondary structure predictions.  Instead, I utilized 
the general secondary structure prediction algorithm within the ProteinPredict suite which 
did predict secondary structure for BfpB. 
**B2TMPRED relies on user-defined settings for TMBS length.  I set the minimum 
length to 6 residues and the maximum length to 15 residues. 
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Figure 11:  Secondary structure predictions for the secretin domain of BfpB 
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Fig. 11.  Secondary structure predictions for the secretin domain of BfpB.  The primary 
sequence of BfpB163-553 is shown in the top line.  The numbering starts from the N-
terminal methionine.  Secondary structure predictions from five different methods are 
shown below the primary sequence.  Red Hs indicate a predicted helix.  Yellow Es 
indicate a predicted -strand.  In Method E, alternating yellow Ms and Cs indicate a 
predicted -strand; an M indicates that the residue’s side chain faces the membrane while 
a C indicates that the side chain faces the aqueous pore of the -barrel.  An “o” or “i” in 
the Method E prediction indicates an extracellular (outside) or periplasmic (inside) turn, 
respectively.  The green Ls in method B indicate a predicted loop structure.  Predictions 
are from: Method A, JPred3; Method B, Predict Protein; Method C, TMBETA-Net; 
Method D, B2TMPRED; Method E, TMBpro.  Methods A, B, and C provide probability 
estimates reflecting the confidence of the prediction with a range of zero (lowest) to nine 
(highest).  Methods D and E do not provide such estimates.   
 

Iodination Mass Spectrometry Identifies Six Tyrosine Residues Exposed to 

the Extracellular Environment. 

I took the approach of mass labeling with mass spectrometry to identify 

residues of BfpB exposed to the extracellular surface.  In order to label surface-

exposed residues selectively, I utilized the Iodogen Tubes (Pierce) which are 

coated with the Iodogen oxidizing reagent that generates an iodous (I+) 

intermediate that can label exposed tyrosine or histidine residues.  Iodination with 

radioactive iodine has been used to successfully identify surface-exposed residues 

(69,157,165).  In a modification of traditional surface labeling with I125, I labeled 

intact BfpB-expressing cells with non-radioactive iodine, purified BfpB on the 

basis of the Streptavidin-binding peptide (-Strep) affinity tag, and subjected them 

to protease digestion and mass spectrometry for identification of a mass shift 

indicative of iodinated, extracellular residues.  This technique identified six 

iodinated tyrosine residues (Table 7).   
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Table 7: All iodinated residues as detected by LC-MS/MS 

Labeled Residue In situ, intact 

membrane* 

UMD947, 

pilus-

occluded* 

In vitro, 

purified 

protein* 

H37 - - + (1/1) 

Y64 - - + (1/1) 

H74 - - + (1/1) 

H86 - - + (1/1) 

H162 - - + (1/1) 

Y184 + (1/1**) - - 

Y216 + (1/1**) - - 

Y273 - - + (1/1) 

Y297 + (2/2) + (1/1) + (1/1) 

Y316 + (1/1**) - - 

H336 - - + (1/1) 

Y361 + (1/1**) - + (1/1) 

Y453 - - + (1/1) 

Y504 + (2/2) + (1/1) + (1/1) 

*Described by the number of experiments in which the residue was detected out of the 
total number of experiments. 
**Residues Y184, Y216, Y316, and Y361 were detected in the LC-MS/MS analysis of 
protein purified from cell-intact labeling experiments and digested with AspN (Y316) or 
chymotrypsin (Y216, Y316, and Y361).  The AspN and chymotrypsin digests were only 
performed on 1 / 2 cell-intact iodination experiments; they were not detected in similar 
digests of BfpB iodinated in UMD947. 
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In order to resolve whether these residues formed part of the aqueous 

channel formed by the BfpB multimer or were likely to communicate with the 

pilus, I utilized an EPEC mutant unable to retract pili.  The bfpB bfpF mutant 

strain of EPEC, UMD947, complemented with BfpB-Strep has a bfpF mutant 

phenotype and is unable to retract pili (4) (chapter II).  I expressed BfpB-Strep in 

UMD947 grown in BFP-inducing conditions (DMEM lacking phenol red) and 

repeated the iodination mass spectrometry experiment.  I was only able to detect 

two residues, Y297 and Y504.  These two residues were the most commonly 

identified and are therefore probably the most accessible to the extracellular 

environment.  The other four extracellular iodo-tyrosines – Y184, Y216, Y316, 

and Y361 – were only detected when BfpB purified from membrane-intact 

labeling conditions was digested with AspN and chymtotrypsin, which was not 

performed on all such samples.  However, these residues were not detected when 

BfpB was expressed and iodinated in UMD947, in which the pilus is believed to 

occlude the secretin pore.  These data suggest that residues Y184, Y216, Y316, 

and Y361 may not be accessible when the pilus occludes the channel.  These 

residues may therefore interact with the pilus fiber at the extracellular surface of 

the secretin complex, be in the channel, be on the periplasmic face, or might 

simply be in low abundance and could be detected in replicate experiments (Table 

7).   

I further reasoned I could detect both periplasmic and surface-exposed 

residues by labeling purified BfpB.  Residues only labeled in the purified protein 

sample are highly likely to be periplasmic. Residues labeled in both the purified 
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protein and membrane-intact samples are likely to be extracellular.  Similarly, 

residues only detected in the membrane-intact samples are also likely to be 

extracellular even though not detected when the purified protein was labeled.  By 

iodinating purified protein, I was able to detect 11 residues, only three of which 

were detected by the in vivo iodination method (Table 7).  Five of the residues 

unique to the purified protein labeling were in the predicted periplasmic region.  

The most distal of these residues, Y162, was used to biochemically define the 

most proximal possible start of the secretin domain.  While the iodination 

experiments provided crucial information about surface-exposure of 14 amino 

acids distributed throughout BfpB, topology information was still lacking for 

several key regions within the secretin domain (Table 7).  We therefore sought 

additional methods to test and resolve the topology of regions not covered by the 

iodination experiments. 

Cysteine Labeling with TMM(PEG)12 Identifies two Transmembrane -

Strands of BfpB. 

Cysteines are excellent targets for biochemical labeling of proteins due to the 

reactive sulfhydryl group in the side chain which can be selectively labeled by 

several reagents commercially available from Pierce (Rockford, IL).  

Furthermore, conservative point mutations from serine or threonine to cysteine 

residues can be readily made by site-directed mutagenesis; the Donnenberg 

laboratory has significant experience with the QuikChange method (Agilent).  

Wild type BfpB contains two endogenous cysteines: C18 and C540.  C18 is the 

proposed target of palmitoylation by the Lol pathway (chapter II) and is thus 
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highly unlikely to be available to react with sulfhydryl-labeling reagents since the 

sulfhydryl group is involved in a thioether bond with diacylglycerol and likely 

buried in the inner leaflet of the OM.  Topology prediction Methods A, B, and D 

all predict C540 to be buried in a TMBS (Fig. 11) and therefore I predicted this 

residue would also not be solvated and thus unavailable to react with cysteine 

labeling reagents.  To validate cysteine scanning mutagenesis (CSM) as a method 

for probing the topology of BfpB, I made three control cysteine mutations in the 

sequence of wild type BfpB.  Initially, S218C and S357C were selected as 

extracellular control residues for cysteine mutations due to their proximity (<6 

amino acids) to tyrosines iodinated in membrane-intact experiments (Y216 and 

Y361, respectively).  However, neither BfpBS218C nor BfpBS357C were able to 

complement the bfpB null mutant strain of EPEC, UMD923, and restore auto-

aggregation (Table 8).  Of note, as these residues are very likely extracellular 

rather than located in TMBSs, these data argue against prior assumptions that 

mutations resulting in non-functional proteins are necessarily located within 

TMBSs (80,132,154).  As an alternative, T310C was selected as an extracellular 

control because T310 falls between two tyrosine residues identified in the 

membrane-intact iodination experiments, Y297 and Y316.  It is possible for BfpB 

to span the OM once or twice between Y297 and Y316 as they are 19 amino acid 

residues apart.  However, there are only five residues between T310 and Y316: 

too few residues to form a TMBS.  There are 12 residues between Y297 and 

T310: enough to accommodate a single TMBS.  Thus, if T310 is solvent exposed 

it is highly unlikely for the region from Y297 to Y316 to contain any TMBSs and 
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all three residues are likely to be extracellular.  The mutant protein BfpBT310C was 

able to complement the bfpB null mutation and restore auto-aggregation in 

UMD923.  The S41C mutation was selected as a periplasmic control residue 

because S41 is in the N-terminus which was predicted to be periplasmic in an 

earlier study (50) and is very close to H37 and Y64 that were iodinated only in 

purified BfpB.  Finally, I created a C540S mutation as a “sulfhydryl-free” control.  

Both BfpBC540S and BfpBS41C could restore auto-aggregation in UMD923. 
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Table 8: Cysteine Scanning Mutations in BfpB 

Construct 

Name 

Mutation Purpose Monomer 

Stability  

Auto-

aggregation

Solvent 

Accessible 

pWS15 Wild type 

C18, C540 

Wild type 

Ctrl 

++ +++ - 

pJAL-B19 C540S Sulfhydryl-

Free Ctrl 

++ + - 

pJAL-B17 S41C PP Ctrl ++ ++ + 

pJAL-B14 T310C EC Ctrl ++ ++ + 

pJAL-B24 S199C  - - N/A 

pJAL-B43 T203C  ++ + + 

pJAL-B12 S218C  ++ - N/A 

pJAL-B41 S269C  ++ + + 

pJAL-B25 S329C  ++ + + 

pJAL-B44 S343C  ++ + + 

pJAL-B13 S357C  ++ - N/A 

pJAL-B45 S369C  + - N/A 

pJAL-B36 S411C  ++ + + 

pJAL-B26 S418C  ++ - N/A 

pJAL-B35 S423C  ++ + + 

pJAL-B42 S458C  ++ + + 

pJAL-B27 S463C  - - N/A 

pJAL-B28 S491C  ++ + - 



 

103 
 

 In selecting cysteine-labeling reagents, I considered the permeability of 

the OM to small solutes.  Porins permit the passage of polar solutes up to ~600 Da 

(Nikaido and Vaara, 1985).  I hypothesized that a sufficiently large molecule 

should be unable to pass through the OM and therefore we selected the 2.3 kDa 

maleimide-containing compound TMM(PEG)12.  I modified a previously 

published method utilizing TMM(PEG)12 that determined solvent-accessibility of 

purified protein (191) for in vivo labeling and attempted to label wild type BfpB, 

BfpBC540S, BfpBS41C, and BfpBT310C in intact cells.  I then detected BfpB in whole 

cell lysates by western blotting.  Both wild type and BfpBC540S did not label as 

only the 56 kDa monomer was detected, indicating that C540 is not solvent 

accessible.  However, both BfpBS41C, and BfpBT310C were labeled as indicated by 

the presence of bands at 56 kDa representing the unlabeled monomer and 59 kDa 

representing the labeled monomer (Fig. 12A).  These results indicate that either 

TMM(PEG)12 is able to access the periplasm or that S41 communicates with the 

extracellular environment, possibly by forming part of the channel plug.  

Although these data revealed that TMM(PEG)12 labeling did not selectively label 

extracellular residues, this method provided useful data on the solvent 

accessibility of CSM residues in BfpB. 

 I made a panel of 14 additional BfpB-CSM constructs.  Two of these did 

not result in stable protein, while four produced stable proteins which could not 

restore auto-aggregation in UMD923 by in trans complementation of the bfpB 

null mutation.  The remaining eight constructs were tested for solvent 

accessibility by in vivo TMM(PEG)12 labeling.  The 59 kDa band representing 
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labeled BfpB was never present prior to labeling (Fig. 12B).  Seven of the 

constructs were successfully labeled by TMM(PEG)12 after two hours while only 

one, BfpBS491C, was not (Fig. 12C).  From these results, I concluded that both 

S491 and C540 are solvent inaccessible and, together with in silico data that they 

are buried in TMBSs.      

 

Figure 12:  Solvent-accessibility labeling of BfpB-CSM constructs suggests 

the location of two trans-membrane -strands 

 

Fig. 12.  Solvent-accessibility labeling of BfpB-CSM constructs suggests the location of 
two trans-membrane -strands.  Western blot results from TMM(PEG)12 labeling of 
BfpB-CSM.  The 50 kDa marker bands are shown.  A) Results of TMM(PEG)12 labeling 
of control BfpB-CSM constructs.  After 2 h incubation with the reagent, BfpBT310C and 
BfpBS41C consistently showed a second band (solid arrow) of decreased Mr indicating a 
positive label.  Neither wild type BfpB nor BfpBC540S were ever labeled.  B) Prior to the 
addition of TMM(PEG)12, no BfpB construct displayed a labeled band.  C) Of the entire 
panel of BfpB-CSM constructs, all but three were consistently labeled after 2 h with the 
reagent: wild type BfpB, BfpBC540S, and BfpBS491C. 
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Intramolecular FRET Suggests that the N- and C-termini of BfpB are on 

opposite sides of the OM. 

Since the in vivo labeling of BfpB-CSM with TMM(PEG)12 and several other 

methods (Appendix I) could not distinguish between extracellular and periplasmic 

cysteine residues, I took a biophysical approach to study purified BfpB.  FRET is 

a well-validated method to probe molecular distances by externally exciting a 

donor fluorophore and measuring the quenching of fluorescence emission bya 

nearby acceptor fluorophore with an excitation spectrum that overlaps the 

emission spectrum of the donor.  Quenching efficiency is directly related to 

distance by an inverse-6th power relationship (73,79) and can be calculated from 

sample fluorescence intensities by the formula: 1
	

.  FRET 

efficiency reaches a minimum at distances ≥ 100 Å as at this distance the acceptor 

fluorophore is too far away to quench photons emitted from the donor (73,79).   

 I tested the hypothesis that the N- and C-termini of BfpB are on the same 

side of the OM, which implies an even number of TMBSs, by performing FRET 

on purified BfpB-CSM (Fig. 13A).  I took advantage of the Strep affinity tag on 

BfpB, which binds Streptavidin in the low micromolar range (IBA) and the 

observation that the purified BfpB complex is ~140 Å in height (Fig. 9) which is 

in agreement with the EM structures of other secretins (156).  The membrane 

spanning domain is about 70 Å in height (156).  Thus, any FRET that occurs 

between a periplasmic region and extracellular region should be considerably less 

than that between two periplasmic regions.  



 

106 
 

I used tetramethylrhodamine-5-(and-6) C2 maleimide (TAMRA-

maleimide) to label solvent-exposed cysteines with reactive sulfhydryl groups in 

non-reduced preparations of purified BfpB-CSM.  I purified BfpBC540S-Strep as a 

negative labeling control, BfpBS41C-Strep as a periplasmic cysteine control, and 

BfpBT310C-Strep as an extracellular cysteine control.  I labeled the mutated 

cysteine residue in each BfpB-CSM constructs with TAMRA-maleimide, 

quenched the reaction, removed free dye by dialysis, and measured the 

fluorescence with the acceptor only to monitor TAMRA-maleimide labeling.  

Then I added Streptavidin conjugated to the fluorescein-like fluorophore Dylight-

488 (SA-488) in a 1:1 ratio to both the sample of labeled purified protein and to a 

corresponding sample of unlabeled BfpB-CSM and measured the fluorescence in 

a 96-well UV-transparent, clear-bottom plate.   

Minimal background labeling was observed in BfpBC540S-Strep, indicating 

that TAMRA-maleimide labeling was specific for the mutated cysteines.  Almost 

no quenching of donor fluorescence was observed in BfpBC540S-Strep (4.8%).  

Surprisingly, no quenching of donor fluorescence was observed in BfpBS41C-Strep 

while ~30% donor quenching occurred in the BfpBT310C-Strep sample (Fig. 12B).  

This result suggests that the initial hypothesis is incorrect and that the N- and C-

termini of BfpB are on opposite sides of the OM, requiring the protein to span the 

membrane with an odd number of -strands.   
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Fluorescence Microscopy Validates an in trans Configuration for the N- and 

C-termini of BfpB. 

I used fluorescence microscopy to test the surprising result from the FRET study 

of BfpB-CSM that suggested the C-terminus of BfpB was extracellular.  I created 

Strep-tagged constructs of the periplasmic protein DsbA and the OMP Intimin in 

the same expression vector as BfpB-Strep.  Intimin was truncated at G557 which 

is in the extracellular, flexible hinge region identified in the crystal structure of 

the Intimin-Tir interation (114).  I expressed each of these proteins individually in 

E. coli DH5.  I heat fixed the cells to slides, stained with SA-488 and observed 

the cells microscopically.  In two independent experiments, I observed fluorescent 

labeling of E. coli DH5 expressing Intimin557-Strep and BfpB-Strep, but not 

DsbA-Strep.  These results support the FRET data suggesting that the N- and C-

termini are in a trans configuration with respect to the OM. 
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Figure 13:  The C-terminus of BfpB is extracellular 

   

Fig. 13.  The C-terminus of BfpB is extracellular.  A) Diagram of how FRET was used to 
test the hypothesis that the N- and C-termini of BfpB are in a cis configuration.  The C-
terminus is labeled with streptavidin-488 (SA-488) and excited to emit photons in the 
green range.  If BfpB contains an odd number, n, of TMBSs then TAMRA-labeled S41C 
should not quench the SA-488 emission (left panel).  However, if BfpB contains an even 
number, n, of TMBSs, then TAMRA will quench the emission of SA-488 in a distance-
dependent manner.  B) Representative spectra from one of two in vitro FRET 
experiments.  Donor-only emission is given by the dashed line with empty boxes; 
acceptor-only emission is given by the dashed line with filled circles; donor + acceptor 
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emission is given by the solid line with solid triangles.  Left panel: sulfhydryl-free 
control, BfpBC540S.  Middle panel: periplasmic-control, BfpBS41C.  Right panel: 
extracellular-control, BfpBT310C.  C) Fluorescence microscopy of DH5 cells expressing 
the positive control Intimin557-Strep (left column), the negative control DsbA-Strep 
(middle column), or the experimental BfpB-Strep (right column).  The top row of images 
shows fluorescence and the bottom row of images show brightfield, both at 40X.  
Fluorescence exposure was identical for each sample and the results are representative of 
two independent experiments. 
 

A Preliminary Topology Model of BfpB Based on Biochemical Data and in 

silico Predictions. 

A topology of BfpB was constructed by combining secondary structure 

predictions with the results of biochemical labeling that determined solvent 

accessibility and topology of tyrosines, histidines, cysteine point mutations, and 

the C-terminal Strep-tag (Tables 9, 10).  The iodination experiments revealed 

seven segments of the primary sequence of BfpB that fall between a surface-

exposed iodo-tyrosine residue and an iodo-tyrosine or iodo-histidine residue 

labeled only in the purified protein (Fig. 14A).  To start and end on opposite sides 

of the OM, these intra-protein segments must contain an odd number of -strands.  

The results of the CSM solvent exposure experiments (Fig. 14B) reveal two 

solvent inaccessible residues, S491 and C540, suggestive of two TMBSs in the 

distal C-terminus of BfpB.  The other CSMs that maintain protein stability and 

function refine the regions in which TMBSs can occur: membrane-spanning 

segments may not include solvent-exposed residues.  The refined Putative -

strand containing Regions (PRs) are marked in Fig. 14C, along with all labeled 

or mutated residues.  The combination of biochemical constraints and secondary 

structure predictions are presented in Table 10, along with the proposed TMBSs.  
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Note that biochemical labeling results were given precedence in the assignment of 

TMBSs over secondary structure predictions and that experimental data 

sometimes contradicts or excludes possible in silico predictions.  A map of the 

proposed topology (Fig. 14D) was drawn with the TOPO2 program 

(http://www.sacs.ucsf.edu/TOPO2/).   

 

Figure 14:  Proposed topology for BfpB 
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Fig. 14.  Proposed topology for BfpB.  The primary sequence of BfpB is represented in 
schematic in panels A-C and divided into five and a half blocks of 100 amino acid 
residues.  The Strep affinity tag and SA-488 label are shown at the C-terminus.  EC = 
extracellular; PP = periplasmic.  The orange boxes in the N-termini indicate the 
purportedly conserved, periplasmic N0 and N3 domains found in T4bP secretin 
molecules (104,156).  The gold box indicates the poly-serine/poly-glycine region 
previously identified as BfpB216-264 (173).  The target of lipidation, C18, is indicated with 
a blue lightning bolt.  A) All iodinated residues are indicated.  Blue cylinders indicate 
iodinated residues only detected from in vitro labeling of purified protein.  Red cylinders 
indicate residues detected by iodine mass labeling on intact cells.  B) All cysteine point 
mutations are indicated.  Green cylinders indicate solvated residues.  Yellow boxes with 
black outlines indicate residues that are not solvent accessible.  Hollow cylinders with 
black outline indicate residues that disrupt auto-aggregation but not protein stability.  
Filled black cylinders indicate mutations that disrupt protein stability.  C) All residues 
labeled or mutated are indicated.  Putative -strand containing regions (PR) are 
indicated by black lines and numbered (see Table 10).  The question marks indicate that 
residues S411 and S423 were not assigned definitive topology based on experimental 
data.  D) Proposed topology for BfpB containing 13 TMBSs.  Coloring is as above, 
except that cysteine mutations that disrupt aggregation but preserve protein stability are 
labeled in grey, the Strep tag is labeled in purple, and C18 is labeled in yellow.     
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Table 9: Topology of all residues labeled or mutated in BfpB 

Labeled or 

Mutated 

Residue 

Solvation Auto-

aggregation 

Topology 

Conclusion 

Type of Evidence 

H37 Yes N/A PP ML/MS; BCHM 

S41C Yes Yes PP TMM(PEG)12; 

BCHM 

Y64 Yes N/A PP ML/MS; BCHM 

H74 Yes N/A PP ML/MS; BCHM 

H86 Yes N/A PP ML/MS; BCHM 

H162 Yes N/A PP ML/MS; BCHM 

Y184 Yes N/A EC ML/MS 

S199C N/D No   

T203C Yes Yes EC TMM(PEG)12 

Y216 Yes N/A EC ML/MS 

S218C N/D No   

S269C Yes Yes PP TMM(PEG)12; 

ML/MS 

Y273 Yes N/A PP ML/MS 

Y297 Yes N/A EC ML/MS 

T310C Yes Yes EC TMM(PEG)12; 

FRET 

Y316 Yes N/A EC ML/MS 
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S329C Yes Yes PP TMM(PEG)12 

H336 Yes N/A PP ML/MS 

S343C Yes Yes PP TMM(PEG)12 

S357C N/D No   

Y361 Yes N/A EC ML/MS 

S369C N/D No   

S411C Yes Yes ?? TMM(PEG)12 

S418C N/D No   

S423C Yes Yes ?? TMM(PEG)12 

Y453 Yes N/A PP ML/MS 

S458C Yes Yes PP TMM(PEG)12; 

ML/MS 

S463C N/D No   

S491C No Yes TM TMM(PEG)12 

Y504 Yes N/A EC ML/MS 

C540 No Yes, WT TM TMM(PEG)12 

Strep (554-

561) 

Yes Yes EC FRET; FM 

ML/MS indicates mass labeling-mass spectrometry with non-radioactive iodine.  Note 
that these data are used to support the topology conclusion of cysteine mutations 6 or 
fewer amino acids away from the labeled residue. 
BCHM indicates supporting data from a previous biochemical study (50)(48)(48)(Daniel 
et al. 2405-20). 
TMM(PEG)12 indicates solvent accessibility by cysteine labeling. 
FRET indicates Förster Resonance Energy Transfer experiments between C-terminus and 
indicated cysteine mutation. 
FM indicates fluorescence microscopy with Dylight (488 nm)-conjugated Streptavidin 
labeling of the C-terminal Strep-tag (AWSHPQFE). 
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Table 10: Predicted Topology of BfpB 

 
*Estimated by L = (8n – 1) where L is the number of amino acid residues required to 
produce n TMBSs.  This is a maximum because the model assumes a single residue in 
each periplasmic turn and in each extracellular loop, one residue at the aqueous/lipid 
interface at either side of the membrane, and five intervening amino acids required to 
span the hydrophobic core of the membrane.  This is a theoretical limit and unlikely to be 
seen in nature given that extracellular loops are often much larger than a single amino 
acid residue. 
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Discussion 

The topology I have proposed for BfpB is different from my initial assumptions 

about this protein.  Contrary to the assumption that BfpB would have an even 

number of TMBSs like all identified OM -barrels and almost all identified 

OMPs, two lines of evidence support the conclusion that the N- and C-termini are 

in trans.  The C-terminal, 8-amino acid Strep-tag fused to both the C-terminus of 

BfpB and, as a control, the extracellular hinge region of the OM protein Intimin 

can bind the large (60 kDa) streptavidin protein conjugated to DyLight-488 in 

intact cells, while the negative control periplasmic protein DsbA-Strep cannot.  

Furthermore, SA-488 fluorescence is quenched by TAMRA-labeled BfpBT310C, 

but not BfpBS41C or BfpBC540S.  Moreover, these data validate the contention that 

T310 is extracellular, an argument made based on Y316 and Y297 having been 

iodinated in cell-intact conditions and TMBS length requirements.  There are not 

enough amino acid residues to accommodate a TMBS between T310 and Y316 or 

two TMBSs between Y297 and T310, supporting the contention that all three 

residues are highly likely to be extracellular.  Taken together, these results 

provide additional evidence that cell-intact iodination is selective for surface-

exposed tyrosine and histidine residues.  

 To date, all -barrels for which an atomic structure has been solved 

contain an even number of TMBSs.  Yet, the predicted topology of 13 TMBSs for 

BfpB agrees with previous predictions of 13 TMBSs for both XcpQ (21) and PilQ 

(67) and a similar odd number (11) TMBSs for the pIV filamentous phage 

secretin (174).  The evidence I have accumulated suggesting that the C-terminus 
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of BfpB is on the outside of the cell is the first experimental validation of an odd 

numbered TMBS topology for a secretin.  This is surprising, given that the 

pilotins are thought to anchor their cognate secretins to the inner leaflet of the OM 

and have been shown to bind the distal C-terminus of their partner secretin in 

three different secretion systems (49,134,141).  If we accept the experimental 

topology data for the C-terminus of BfpB, there are only two possible ways to 

reconcile these findings: 1) lipoprotein and non-lipoprotein secretins have 

significantly different topologies, where the former has an odd number of TMBSs 

and the latter an even number; or 2) the pilotin is able to access the extracellular 

environment in order to interact with the C-terminus of the secretin.  The second 

explanation, although quite radical, has precedence (139).  In a fascinating study 

of the TIVaP pilotin of M. xanthus, Tgl, Nudleman et al. (2005) observed that the 

mature Tgl protein could be transferred to an isogenic tgl strain which could 

restore pilus biogenesis and the associated motility phenotype.  Astonishingly, 

this transfer was not genetic in nature as no tgl could be amplified from recipient 

cells by polymerase chain reaction and thus the transfer of Tgl was protein-

specific (139).  The authors concluded that the two cells must fuse their outer 

membranes for this transfer to take place.  This phenomenon could be explained if 

the C-termini of secretins interact with cognate pilotins in the extracellular 

environment.  The only evidence supporting the hypothesis that lipoprotein and 

non-lipoprotein secretins could have different structures is the observation of the 

unique poly-serine “linker” domain of unknown function and structure, but 

unique to lipoprotein secretins (190).  However, all previous secretin topology 
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predictions have been proposed for non-lipoprotein secretins and each of these 

studies predicted an odd number of TMBSs.  Thus, these predictions are also at 

odds with the assumption that the pilotin binds to the C-terminus of non-

lipoprotein secretins in the periplasm. 

Until atomic structures are solved for both lipoprotein and non-lipoprotein 

secretins, the structural differences between the two subfamilies will likely remain 

unsolved.  However, the concurrence of my experimental data, previous topology 

predictions, and the possibility of pilotin transfer from cell-to-cell raises the 

intriguing possibility that secretins constitute an entirely novel structural class of 

outer membrane proteins.  Either secretins form (1) an OM -barrel with an odd 

number of -strands or (2) the secretin monomers form an OM -barrel with an 

even number of -strands but the distal C-terminus accesses the extracellular 

environment by passing through a central aqueous channel within the secretin 

monomer or complex in a manner analogous to the passenger domain of the auto-

transporters (81).  Finally, secretins could form (3) an OM structure that is not a 

trans-membrane -barrel at all.   

To date, only four non--barrel OM-spanning proteins have been 

identified: the polysaccharide transporter Wza (53) and the VirB7, VirB9, and 

VirB10 proteins which collectively form the outer membrane complex of the type 

4 secretion system (35).  Wza forms an octomeric OM pore roughly 20 Å in 

diameter formed by eight amphipathic -helices, one donated from each 

monomer in the complex.  The bulk of each monomer projects into the periplasm 

to form a channel for extending polysaccharides (53).  The -helical nature of the 
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Wza channel was unique until the structure of the T4S OM complex was solved.  

The VirB10 protein of the T4S complex shares the OM -helical transmembrane 

structure with Wza, but here the similarities end.   The T4S machine has two 

unique features not seen in other OM structures.  First, the complex is composed 

of three proteins, all required for channel formation, rather than a single protein as 

is the case for all other OM pore complexes.  Second, the central channel-forming 

protein VirB10 spans both the inner and outer membranes (35).  The two 

remaining proteins, VirB7 and VirB9, wrap around this protein in a “-sandwich” 

structure that is rich in -strands but not actually composed of individual -barrels 

(35).  Although genetically distinct from the secretion systems in which secretins 

form the OM pore, these two examples demonstrate that not all OM proteins are 

-barrels.  Indeed, there may be other forms of OM proteins not yet identified. 

An important consideration in building this model is how monomers and 

multimers pack together in the membrane (97).  Through iodination experiments 

in cells with pilus-occluded secretin pores, I identified residues which may not be 

solvent-accessible in the presence of the pilus (Table 7).  Additionally, I identified 

certain cysteine mutations that promote the formation of dimers, tetramers, and 

even trimers of BfpB (not shown).  In the future, these data may enable us to 

understand how secretin monomers interact with each other or possibly even how 

multimers interact with other multimers.  However, a more complete 

understanding of the structure of secretin monomers is first required, considering 

the doubts as to the topology of these molecules.  This study is the first to validate 

experimentally the novel topology of secretin molecules. 
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Despite the robust biochemical and biophysical tests used to build and 

refine the proposed topology for BfpB, there are several important limitations to 

the model.  The first is the inability to assign a definitive topology for S411 and 

S423 due to a lack of proximal residues identified by a method that can select for 

surface-exposed moieties.   In the current model, they are both proposed as 

extracellular.  To confidently assign a topology to these residues, it will be 

necessary to complete the FRET experiments on the entire complement of 

functional BfpB-CSM constructs in vitro and, if possible, in vivo as proposed in 

Fig. 10.  I attempted to do this several times but was stymied by the amount and 

stability of purified protein and the lability of the TAMRA-maleimide dye (not 

shown).  In the future, it may be necessary to express these proteins in XL1Blue 

instead of XL10gold cells and to work with and store TAMRA-maleimide under 

argon to prevent the maleimide group from reacting with water and forming the 

non-reactive maleic acid (Pierce, supplied reagent information).  The second 

important area of concern is the finding that the C-terminus is extracellular.  

Although I have confirmed this result by two different techniques, they both 

relied on the same labeling experiment with SA-488.  Furthermore, the 

microscopy result is qualitative and should be confirmed by a quantitative 

technique.  We are currently developing a method in the laboratory to use Flow 

Cytometry to confirm this result. 

Within the existing model, there are two areas of disputed topology.  The 

PR7, which contains residues S411 and S423, has the least experimentally 

derived topology information out of all the identified PRs.  Additional mutations 
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could be made in this region to refine the topology.  It should be noted that 

although the proposed fourth TMBS, F249-W256, has little support from the in 

silico predictions the location of this strand satisfies the model’s biochemical 

constraint placing S269 and Y273 in the periplasm.  Moreover, this proposed 

TMBS has a pattern of alternating hydrophobic and hydrophilic residues and 

starts and ends with aromatic amino acids; favorable conditions for TMBS.  The 

differences between the predicted -strands and the biochemical data emphasize 

the importance of relying on experimental data and robust tests of topology to 

drive model-building efforts, particularly for OMPs.   

A final piece of the secretin puzzle not resolved for BfpB is the 

identification of the GATE regions identified in the pIV protein by Spagnuolo et 

al (2010).  Rather than trying to define this region by homology, it would be 

useful to subject the mutated BfpB constructs to antibiotic susceptibility testing, 

as was done in the pIV study.  Spagnuolo et al. (2010) were able to propose two 

gating regions of the pIV secretin by identifying mutants with a “leaky” 

phenotype allowing increased drug influx and increased susceptibility to the 

antibiotics used.  A similar analysis for the existing BfpB mutants offers a simple 

but potentially powerful opportunity to define these structurally important 

domains. 

 In conclusion, I have built the first model topology for either a lipoprotein 

secretin or a T4bP secretin.  This model is strengthened by an unprecedented and 

innovative array of biochemical and biophysical experimental data.  My results 

suggest that the structure of the membrane-spanning domains of secretins has an 
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odd number of -strands.  Alternatively they may not form -barrels at all.  

Particularly given this surprising outcome, it will be important to validate these 

results rigorously.  The experiments outlined above provide evidence to help in 

this process.  Furthermore the robust tests of topology I used to selectively 

identify extracellular and periplasmic residues may be used for the study of OMP 

topology in general.       
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CHAPTER IV: ADDITIONAL EXPERIMENTS PROBING THE STRUCTURE 

AND FUNCTION OF THE BFP MACHINE 

Introduction 

Although much progress has been made in understanding how T4P biogenesis machines 

function to build and retract pili, the molecular architecture of these machines remains 

poorly understood.  The machine has been proposed to span both the IM and OM in order 

to transduce the energy of ATP hydrolysis in the cytoplasm to events in the periplasm 

and drive conformational changes in the OM secretin to allow passage of the pilus fiber 

(91).  Understanding how proteins in multiple cellular compartments communicate and 

physically interact with each other and with other virulence systems will likely elucidate 

the mechanism by which T4P machines function and may also reveal chemotherapeutic 

targets.  

 As discussed in chapter III, the N-terminus of BfpB is periplasmic.  Therefore I 

hypothesized that this domain directly interacts with IM components of the BFP machine.  

The possibility of the N-terminus of BfpB interacting with IM machine proteins is 

supported by recent studies that have identified interactions between IM proteins and the 

secretin in both T3S (160,163) and T2S systems (113).  In the BFP machine, BfpE is a 

central component of the BFP biogenesis machine stabilizing the IM subassembly.  This 

polytopic transmembrane protein is one of the most highly conserved members of the 

BFP operon, with homologues in T2S and archaeal flagellar synthesis systems (145).  

Disruption of BfpE not only prevents BFP biogenesis, but also reduces the expression 

levels of other Bfp proteins (151).  The destabilization of other Bfp proteins due to the 

disruption of BfpE was not due to polar effects and strongly suggests BfpE plays a key 



 

123 
 

role in maintaining BFP machine architecture.  BfpE has two periplasmic loops, the 

second of which is 100 residues (22).  I tested the hypothesis that this second loop 

(BfpEppl2) interacts with the periplasmic N-terminus of BfpB to link the outer and inner 

membrane subassemblies using the yeast two-hybrid system.   

Given the observation that BfpB and BfpF may coordinate cell stress responses to 

BFP assembly (chapter II) and that both the BFP and T3S machines are coordinately 

regulated (Introduction), we hypothesized that BFP retraction may be an important link 

between these two systems.  Therefore, I developed an expression construct for BfpF, the 

retraction ATPase of the BFP machine, in which protein expression is under the control 

of the tightly regulated arabinose-inducible promoter, PBAD (78).  The tight regulation of 

expression in the pBAD series of vectors is a considerable advantage in the study of the 

role BfpF plays in pilus biogenesis.  The unregulated promoter in the previously 

published BfpF expression vector (4) does not allow carefully controlled studies of the 

temporal organization of pilus retraction.  Since overlapping regulatory systems modulate 

the expression of BFP and T3S, the expression of either may alter the efficient function 

of the other.  Furthermore, another graduate student in our laboratory, Leon DeMasi, has 

observed that the pilin-like protein, BfpI, is not strictly required for pilus biogenesis as a 

bfpI bfpF double mutant can elaborate BFP, perhaps by altering the rate of pilus 

biogenesis and/or retraction.  An arabinose-inducible BfpF expression vector is a 

valuable tool to test these important hypotheses.   
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Methods 

Strains, plasmids, and growth conditions. 

The strains and plasmids used in this study are listed in Table 11.  Bacterial strains were 

cultured in LB broth at 37C.  In EPEC strains, expression of BFP genes was induced as 

previously described (167), by growing strains in DMEM lacking phenol red.  

Saccharomyces cerevisiae strain AH109 was grown at 30C in YPD, -1, or -2 synthetic 

dropout (SD) medium.  Antibiotics were added at the following concentrations to select 

for or maintain plasmids: ampicillin, 200 µg mL-1; kanamycin, 50 µg mL-1. 

Table 11: Strains and Plasmids used in Chapter IV 

Strain or plasmid                          Description/Genotype                      Reference or source 

Strains 

 

E2348/69 

 

Serotype O127:H6 EPEC strain 

isolated from an outbreak in the UK 

 

(108) 

UMD946 E2348/69 bfpF This study, see Chapter 

II 

BL21 (AI) F- ompT hsdSB (rB
- mB

- ) gal dcm araB 

:: T7RNAP-tetA 

Invitrogen 

AH109 MATa trp1-901 leu2-3 112 ura3-52 

his3-200 gal4∆ gal80∆ 

LYS2::GAL1UAS-GAL1TATA-HIS3 

GAL2UAS-GAL2TATA-ADE2 

URA3::MEL1UAS-MEL1TATA-lacZ 

Clontech 



 

125 
 

DH5 supE44 ΔlacU169(φ80 lacZΔM15) 

hsdR17 recA1 endA1 gyrA96 thi-1 

relA1 

(162) 

 

Plasmids 

  

pRPA102 IPTG-inducible expression vector for 

BfpF 

(4) 

pBAD24 Arabinose-inducible expression vector (78) 

pJAL-F1 pBAD24::bfpF This study 

pKDS302 pTRC99a::bfpA-bfpL (177) 

pET30a His-tag cloning/expression vector Novagen 

pJAL-E3 pET30a::bfpE234-320 This study 

pTEB68 pTRC99a::bfpE-(His)6 (22) 

pJAL-BE2 pTEB68::bfpB-Strep This study 

pCR BluntII TOPO Blunt cloning vector. Invitrogen 

pJAL10 pCR BluntII TOPO::bfpE234-320 This study 

pJAL13 pGADT7::bfpE234-320 This study 

pJAL14 pGBKT7:: bfpE234-320 This study 

pGADT7 Yeast two-hybrid vector containing 

GAL4 activation domain. 

Clontech 

pGBKT7 Yeast two-hybrid vector containing 

GAL4 binding domain. 

Clontech 
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pASADB5 pGADT7::bfpB19-171 (50) 

pASBDB6 pGBKT7::bfpB19-171 (50) 

pGBKT7-Laminin Negative control plasmid for yeast 

two-hybrid containing GAL4 binding 

domain fused to laminin gene. 

Clontech 

pCL1 Positive control for yeast two-hybrid, 

single transformant; contains full 

length GAL4 

Clontech 

pGADT7-T pGADT7::SV40 large T antigen, 

interacts with murine p53 in yeast two-

hybrid, positive control. 

Clontech 

pGBKT7-53 pGBKT7::murine p53, interacts with 

SV40 large T antigen in yeast two-

hybrid, positive control. 

Clontech 

 

Construction of yeast two-hybrid vectors containing BfpEppl2. 

The second periplasmic loop of BfpE constituting bases 700-960 in the bfpE gene was 

amplified with primers Donn1343 and Donn1344 with pTEB68 as template by the 

Polymerase Chain Reaction (annealing temperature 55C).  These primers (Table 12) 

added a 5’ NdeI restriction site and a 3’ BamHI restriction site to BfpEppl2.  The 

amplified product was cloned into pCR BluntII TOPO (Invitrogen) to make pJAL10 and 

then subcloned the NdeI-BamHI fragment into both pGADT7 and pGBKT7 creating 

pJAL13 and pJAL14, respectively.   
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Table 12: Primers used in Chapter IV 

Primer Name                                          Sequence                                               Reference 

Donn1343 5’- CATATGGAAGCCTTACGAATAATAATGAAAA 

CG-3’ 

This study 

Donn1344 5’-GGATCCCAGAACAGTCATTTGTTTCG-3’ This study 

BfpB_Duo 

Fwd 

5’- AAGTCCCATGGGTAAACTTGGCAGGTATTCAC 

TTTTCTTATTGTGTCCGC -3’ 

This study 

BfpB_Duo 

Rev 

5’- CTCTTTCGCCATGGTCTGTTTCCTTTATTTTTC 

GAACTGCGGGTGGCTCC  -3’ 

This study 

Infusion 

bfpF Fwd 

5’-TAGCAGGAGGAATTCGGGAATTCCTGATTCGG 

TGTGATATCATG-3’ 

This study 

Infusion 

bfpF Rev 

5’-GCAGGTCGACTCTAGAGGTCTAGATGCCATAA 

TATTTT 

AGCTAATCAGGTT – 3’ 

This study 

 

Yeast two-hybrid assay.   

The yeast two-hybrid assay was performed using the Matchmaker GAL4 Two-Hydrid 

System (Clontech) according to the instructions of the manufacturer.  Briefly, competent 

AH109 was prepared by diluting an overnight culture in rich growth medium (YPD) and 

growing to an OD600 ~0.4.  The cells were washed in ddH2O and then resuspended in 

Tris-EDTA/Lithium Acetate Buffer.  Then, the cells were aliquoted and mixed with 

polyethylene glycol/Lithium Acetate buffer.  Herring testes carrier DNA (100 µg) was 

added with either binding-domain (pGBKT7) vector construct DNA (50 ng), activation-
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domain (pGADT7) vector constructs (100 ng) or both and allowed to incubate for 30 min 

at 30C.  Cells transformed with a single plasmid were plated on -1 selective dropout 

(SD) agar (minus tryptophan for pGBKT7 constructs or minus leucine for pGADT7 

constructs) while cells transformed with both plasmids were plated on -2 SD agar.  All 

plates contained x--galactose as an additional screening factor.  Colonies were spotted 

onto replicate plates of -4 SD, -3 SD, and -2 SD agar to confirm true positives and true 

negatives.   

Generation of polyclonal anti-BfpEppl2 antibodies. 

Optimal codon usage of BfpEppl2 was determined using GeneRunner.  Synonymous base 

pair changes were made to convert non-optimal codons to Escherichia coli-optimized 

codons.  A codon-optimized version of BfpEppl2 with added 5’ BamHI and a 3’ XhoI 

restriction sites was synthesized by Genscript (http://www.genscript.com) and cloned into 

pET30a, creating pJAL-E3 and transformed into the E. coli laboratory starin BL21 (AI).  

BL21 (AI) cells carrying pJAL-E3 were streaked to isolation and a single colony was 

picked to inoculate an overnight culture.  The overnight culture was diluted in the 

morning 1:100 and grown to OD600 = 0.5. The BfpEppl2-(His)6 peptide was expressed for 

4 h  with 0.2% arabinose and purified under denaturing conditions with 8M urea.  The 

BfpEppl2-(His)6 peptide was purified to homogeneity by gravity-flow chromatography 

on a Ni-NTA agarose Column (Qiagen, Valencia, CA, #30210), dialyzed into 3 M urea 

buffered with 100 mM sodium monophosphate and 10 mM Tris, pH 7.5.  Protein was 

sent to Rockland Immunochemicals, Inc for production of rabbit -BfpEppl2 polyclonal 

antibodies using 200 µg for primary immunization and subsequent boosts.  The final 
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bleed was taken at 10 weeks and found to recognize both purified BfpEppl2(His)6 and 

BfpE in whole cell lysates of wild type EPEC at a dilution of 1:5000. 

Construction of pJAL-BE2. 

To produce a plasmid from which both BfpB and BfpEppl2 could be simultaneously 

expressed, the bfpB-Strep gene was cloned into a BfpE expression vector.  The bfpB-

Strep construct was amplified by polymerase chain reaction (PCR) from pASK-IBA3 

using primers BfpB_Duo Fwd and Rev, which added an NcoI site to either side of the 

bfpB-Strep construct.  PCR conditions were as follows: 95C for 3 min, followed by 15 

cycles of 95C for 1 min, 52C for 1 min, 68C for 1 min; then 15 cycles of 95C for 1 

min, 55C for 1 min, 68C for 1 min; then 68C for 10 min and 4C hold.  Both the PCR 

product and the pTEB68 vector were digested with NcoI for 2 h at 37C.  The PCR 

product was also treated with DpnI and PvuI, each for 2 h at 37C.  The vector and insert 

were ligated and transformed into DH5 max efficiency cells (Invitrogen).  Clones were 

screened by restriction enzyme digest and the correct insert was identified.  The resulting 

plasmid was named pJAL-BE2 and a stock of DH5 (pJAL-BE2) was saved at -80C. 

Construction of pJAL-F1. 

The bfpF gene was amplified from pRPA102 (4) using primers Infusion bfpF Fwd and 

Infusion bfpF Rev, Platinum Pfx polymerase (Invitrogen) and 25 cycles of denaturation 

(95˚C for 1 min), annealing (58˚C for 1 min) and elongation (68˚C for 1 min). The gel-

purified PCR product was spliced using the In Fusion method (Clontech) into pBAD24 

that had been previously digested with EcoRI and XbaI and transformed into E. coli XL-

10gold cells (Agilent). The resulting plasmid, pJAL-F1, was confirmed by sequencing 
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with pBAD-Fwd and pBAD-Rev standard primers at the University of Maryland, SOM 

Biopolymer laboratory and confirmed by digestion with EcoRI and XbaI, which yielded 

the expected approximately 1kb base pair product. The pJAL-F1 plasmid was then 

transformed into bfpF mutant strain UMD946. To confirm BfpF function, UMD946 

containing pJAL-F1 was grown in DMEM containing 0.02% filter-sterilized arabinose 

and observed by light microscopy for autoaggregation and, after 15 minutes at room 

temperature, disaggregation phenotypes. 
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Results 

The N-terminus of BfpB and the second periplasmic loop of BfpE interact in a 

qualitative yeast two-hybrid assay. 

I tested the hypothesis that the second periplasmic loop of BfpE and the N-terminus of 

BfpB interact by yeast two-hybrid analysis.  The initial results of a qualitative yeast two-

hybrid screen were promising (Fig. 15A).  The negative control transformations did not 

grow on -4 SD agar while the positive control and experimental double transformants 

both grew on -4 SD agar and fermented x--galactose.  Based on this initial result, I set 

about constructing two additional tools important in testing a possible interaction 

between these two proteins.  First, I purified a hexahistidine tagged BfpEppl2 peptide for 

antibody production.  Additionally, I developed the pJAL-BE2 vector containing both 

full-length affinity-tagged proteins BfpB-Strep and BfpE-(His)6 for in vivo cross-linking.   

I demonstrated that the polyclonal rabbit antibody specifically recognizes BfpE in wild 

type EPEC and that both BfpB-Strep and BfpE-(His)6 were expressed from pJAL-BE2 

(not shown).  However, the result of an initial quantitative yeast two-hybrid analysis 

performed by Courtney Sturey, another graduate student in the laboratory did not confirm 

the results of the qualitative assay, suggesting that the earlier result was spurious 

(personal communication).  She also attempted to cross-link full length BfpE and BfpB 

and co-elute them using the Strep affinity tag on BfpB.  Although BfpB was detected in 

the eluate, the presence of BfpE was not affected by cross-linking (personal 

communication).   
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Figure 15:  The N-terminus of BfpB and the second periplasmic loop of BfpE 
appear to interact in a qualitative yeast two-hybrid assay  

 
 
Fig. 15.  The N-terminus of BfpB and the second periplasmic loop of BfpE appear to interact in a 
qualitative yeast two-hybrid assay.  Samples are grown on either -2 dropout agar (left) which 
selects for double transformants or on -4 dropout agar (right) which selects for an interaction 
between the tested proteins.  Samples are: 1) pGADT7-T & pGBKT7-Laminin (negative control); 
2) pGADT7-T & pGBKT7-53 (positive control); 3) pGADT7 & pGBKT7-BfpB19-171 (control); 4) 
pGBKT7 and pGAD-BfpB19-171 (control); 5) pJAL-13 & pGBKT7-BfpB19-171 (experimental); 6) 
pGADT7 & pJAL-14 (control); 7) pGBKT7 and pJAL-B13 (control); 8) pJAL-14 and pGADT7-
BfpB19-171 (experimental).   
 

Tightly controlled BfpF expression restores disassociation of autoaggregates in a 

bfpF null mutant.   

Expression of BfpF from pJAL-F1 successfully restored disaggregation in the bfpF null 

mutant, UMD946 (not shown) or in the bfpB bfpF double mutant, UMD947 (Fig. 4).  

Moreover, adding arabinose to aggregates already formed by UMD946 carrying pJAL-F1 

but not expressing BfpF induced dissociation within one hour (not shown).  Thus, as 

expected, the expression of BfpF from pJAL-F1 is tightly controlled by the arabinose-

responsive promoter.  Moreover, pJAL-F1 is able to complement the bfpF null phenotype 
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by either inducing BfpF expression simultaneously with other BFP components or after 

pili have been elaborated and formed autoaggregates.   

 

Discussion 

The initial yeast two-hybrid result suggested an interaction between the N-terminus of 

BfpB and the second periplasmic loop of BfpE.  This observation formed the basis of an 

early specific aim of my research.  However further analysis does not support this 

conclusion.  Preliminary quantitative yeast two-hybrid analysis provides no evidence that 

the experimental samples are significantly different from negative controls.  Furthermore, 

we could not co-purify BfpE and BfpB following in vivo cross-linking in a cross-linking-

dependent manner, despite adequate expression of both proteins.  Therefore, I must 

reconsider the hypothesis that the second periplasmic loop of BfpE interacts directly with 

the periplasmic N-terminus of BfpB.  It is possible that these two proteins require 

additional BFP machine components, such as BfpU or BfpG which have been shown to 

interact with the N-terminus of BfpB (50), to produce a stable interaction.  Alternatively 

the N-terminus of BfpB could interact directly with the periplasmic region of or other 

proteins in order to link the IM and OM subassemblies.  BfpC is another likely candidate 

as a recent report demonstrated a likely interaction between the OutD secretin and the IM 

protein OutC of the Erwinia chrysanthemi T2S (113).    

 The arabinose-inducible expression vector for BfpF, pJAL-F1, is an important 

tool for the study of the retraction ATPase in the BFP biogenesis machine.  My 

observation that pre-formed, static aggregates typical of a bfpF mutant can be induced to 

retract by inducing BfpF expression was extended by our collaborators in a recent report 

(199) (see Appendix II).  In this study, we showed that BfpF is required for efficient 
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translocation of T3SS effectors.  Bacteria unable to retract BFP translocate T3S effectors 

and form actin pedestals at ~1/3 the rates observed in wild type EPEC (199), illustrating 

that BFP dynamics play a key role in optimizing T3S activity.  When retraction capacity 

was restored by addition of arabinose to cells infected with a bfpF mutant complemented 

with pJAL-F1, the rate of actin accumulation increased to that in cells infected with wild 

type bacteria within 7 min (199).  The tight regulation of expression by the arabinose 

promoter allowed our collaborators to examine, for the first time in real time, the effect of 

pilus retraction on phenotypes dependent on the T3SS.  The pJAL-F1 plasmid is currently 

being utilized in our laboratory to study the rates of pilus retraction in several mutant 

strains. 
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CHAPTER V: DISCUSSION 

In this thesis, I have asked several key questions about the cell biology, structure, and 

function of BfpB, the OM pore-forming secretin of the pediatric pathogen 

enteropathogenic Escherichia coli (EPEC) type IV pilus (T4P) biogenesis machine.  Like 

all members of the secretin protein superfamily, BfpB supports the translocation of a 

large, folded multiprotein complex across the OM, in this case the fibers of the bundle-

forming pilus (BFP).  First, I addressed the mechanism by which BfpB is targeted to the 

OM and the protein’s subcellular distribution.  Next, I discovered that double mutant 

EPEC cells unable to retract pili and lacking the BfpB secretin complex are viable in 

BFP-inducing conditions.  Additionally, I showed that these double mutant bacteria have 

a surprisingly low level of cell envelope stress response (Cpx) activation.  Additionally, I 

have developed a model topology for this protein based on robust biochemical and 

biophysical experiments that can distinguish between extracellular and periplasmic 

residues.  Finally, I have tried to identify how BfpB interacts with the inner membrane 

(IM) sub-assembly of the BFP machine by testing a putative interaction with BfpE.  The 

results of these efforts have important implications for the role of BfpB in both the BFP 

machine and the life cycle of an EPEC cell.  Furthermore, the techniques I have 

employed have broad applicability to the study of OM proteins in general and for 

resolving the architecture of this important virulence system.     

 The first set of experiments described in this thesis address the cell biology of 

BfpB.  To understand how BfpB is targeted to the OM, I performed site-directed 

mutagenesis to ablate the suspected target of palmitoylation, C18 (166).  The resulting 

protein was found to be unstable, a result consistent with the hypothesis that C18 
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provides the lipid anchor for BfpB.  I hypothesized that BfpB was lipidated and 

transported to the OM via the Lol lipoprotein sorting pathway.  To test this hypothesis, I 

introduced a “Lol-avoidance signal” by site-directed mutagenesis creating BfpBS19D.  

Surprisingly, this construct was stable and could restore auto-aggregation in the bfpB null 

mutant strain, UMD923, albeit with delayed kinetics.  Although the Lol system appears 

to play a role in OM targeting of BfpB, the inefficient Lol-avoidance signal is a curious 

result.  It is possible that there is additional information in the N-terminus of BfpB to 

overcome the Lol-avoidance signal.  A recent study proposed that the lipid anchor of 

HxcQ, a type two secretion system (T2S) lipoprotein secretin from Pseudomonas 

aeruginosa is self-piloted by virtue of its lipid anchor (190).  This study did not address 

the role of Lol or a Lol-avoidance signal in transport and thus it is possible that Lol is 

required for efficient transport of lipoprotein secretins to the OM.   

 The sub-cellular distribution of T4P systems has been the subject of debate.  

Although a primarily polar localization has been established for T4P of P. aeruginosa 

and Myxococcocus xanthus (30,45,140), the distribution of BFPs in EPEC has not been 

conclusively resolved.   Fluorescence microscopy studies of the distribution of T2S and 

T4P components have been confounded by gene dosage and limited in resolution by bulk 

excitation of fluorescent molecules and the diffraction limit.  I analyzed the distribution 

of BfpB fused to either of two fluorescent proteins, mOrange or photoactivateable 

mCherry (PAmCherry), in several different genetic contexts.  First, I utilized 

epifluorescence microscopy to identify slightly different distributions of fluorescence 

when BfpB-mOrange was expressed in trans in either a laboratory strain of E. coli or in 

the bfpB null mutant strain, UMD923.  In both cases, BfpB-mOrange displayed intense, 
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polar foci of fluorescence (Fig 7).  When BfpB-mOrange was expressed in the context of 

the cloned BFP operon in ALN92, a strain that permits the assembly of functional BFP 

and autoaggregates, I saw a different pattern of fluorescence.  Although I still saw some 

polar fluorescence, BfpB-mOrange was clearly seen around the cell periphery (Fig. 7).  

This finding extends to the T4P systems the observation in T2S that the genetic context 

from which fluorescent fusion proteins are expressed can dramatically influence the 

observed protein distribution (115).  However, these studies were limited by diffraction 

and the fact that I excited an ensemble of fluorescent molecules. 

 I was able to use Photo-Activated Localization Microscopy (PALM) to localize 

individual BfpB-PAmCherry molecules with sub-diffraction limit precision.  I collected 

images of hundreds of bacteria over multiple experiments and was able to classify the 

distribution of BfpB molecules as either non-polar, monopolar, or bipolar in 143 of the 

imaged cells.  Using line scan analysis, I developed an algorithm to objectively assign 

distribution classes for each included cell and concluded that 80% of the bacteria had 

non-polar distributions of BfpB-PAmCherry.  Of the remaining cells, 60% were 

monopolar and 40% were bipolar.  Although not statistically significant, a multivariate 

analysis suggested that polar distributions may correlate with the length-to-width ratio of 

the bacteria, suggesting that stage in cell cycle may play a role in determining sub-

cellular distribution of T4P machine components.  Additionally, I observed two 

unexpected distributions of BfpB-PAmCherry: non-polar foci along the cell periphery 

and an apparently helical distribution of proteins.  These results suggest that the 

distribution of BfpB-PAmCherry, and by extension T4P machines, is likely to be a 

coordinated and carefully regulated bacterial process.  One recent study identified a role 
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for the bacterial cytoskeletal protein, MreB, in regulating the distribution of P. 

aeruginosa T4P (45).  Additionally, two recent studies have shown that type IV (T4S) 

secretion are distributed in helical arrays (2,3).  Therefore, this phenomenon may be 

common to multiple secretion systems.   

The distribution of these machines may have important implications for 

pathogenesis.  The observations that the T4P of M. xanthus and P. aeruginosa are polar 

while the BFP of EPEC appears to be more uniformly and coordinately distributed 

around the cell, suggest that sub-cellular distribution serves a functional purpose.  The 

T4P of M. xanthus and P. aeruginosa both mediate directed motility (70,99), while the 

BFP mediates attachment.  It is tempting to speculate that the presence of T4P at the 

poles may be advantageous for producing sustained motion, while a more uniform 

distribution may increase the probability of high avidity attachment to host tissue.      

Once inserted in the membrane, BfpB forms a dodecameric pore (Fig. 9), as is 

common to all secretins (12,104).  The BfpB OM pore is hypothesized to be the port for 

BFP fibers as they assemble, extend, retract, and disassemble.  The process of retraction 

is energized by the cytoplasmic ATPase, BfpF.  A bfpF null mutant strain has the striking 

phenotype of producing static, oddly shaped autoaggregates.  A double mutant strain of 

EPEC bfpB bfpF, UMD947, has a bfpB null phenotype as it cannot produce any 

autoaggregates (Fig. 4) and does not have BFP when visualized by TEM (not shown).  

However, in trans complementation of this strain with bfpB restores a bfpF phenotype 

while complementation with bfpF has no effect.  This result supports the hypothesis that 

BfpB is the portal by which BFP fibers traverse the OM.  This set of experiments stands 

in stark contrast to an analogous double mutant of Neisseria gonorrhoeae which is non-
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viable in pilus-inducing conditions (195).  Rather, the bfpB bfpF double mutant strain is 

similar to Neisseria meningitidis which appears relatively unaffected by the analgous 

pilQ pilT double mutation and produces intraperiplasmic pilus fibers (32).   

The cytotoxicity observed in N. gonorrhoeae is presumably due to the 

accumulation of periplasmic pilin subunits which resulted in the formation of large 

membrane blebs (195), both of which were absent in UMD947 (not shown).  To 

investigate this surprising difference between EPEC and N. gonorrhoeae, I tested the 

hypothesis that UMD947 did not produce the BFP subunit, bundlin.  However, no 

difference in bundlin expression was detected between wild type EPEC, UMD947, and 

relevant control strains (Fig. 6).  Therefore, I tested an alternative hypothesis that the Cpx 

system was active at higher levels in UMD947 relative to wild type by assaying the 

transcription of degP, a periplasmic effector protein of both the Cpx and E stress 

response pathways, both of which have been implicated in pathogenesis of Gram 

negative bacteria (148).  To our surprise, not only was degP transcription in UMD947 

similar to wild type levels, it was the bfpB single mutant, UMD923, which showed the 

highest activation of degP (Fig. 6).  Since degP activity was also elevated in the bfpF 

single mutant, UMD946, it is possible that BfpB and BfpF interact with cell stress 

response pathways to regulate the level of their downstream effector proteins.  

Furthermore, there was a noticeable difference in the kinetics of degP activation in 

UMD923 and UMD946, where degP transcription peaks within 2 h following BFP 

induction, as opposed to the bundlin mutant where degP transcription peaks at 4 h 

following BFP induction.  Since DegP is a periplasmic effector of both Cpx and E both 

pathways could be involved in maintaining the machine in the cell membranes.  The 
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observation that strains deficient in different BFP proteins activate degP transcription at 

different times suggests either each mutant strain triggers either of these cell stress 

responses at different times or that both pathways are triggered at different points in BFP 

assembly.  Future studies may reveal whether the differences between N. gonorrhoeae 

and N. meningitidis are due to differential activation of bacterial stress response 

pathways. 

To transport fully-folded macromolecules across the OM, secretins must undergo 

conformational changes (43,104,155,156).  To understand the mechanism by which BfpB 

transports pilus fibers, or other secretins transport their substrates, it is necessary to 

elucidate the structure of these proteins.  Without atomic structures, which are 

notoriously difficult to obtain for OM proteins, topology modeling fills an important gap 

in our understanding of secretin architecture.  Almost all OM proteins adopt a -barrel 

conformation with an even number of TMBSs.  Two proteins break this mold: the type I 

capsular polysaccharide transporter Wza and the three-component OM pore formed by 

VirB7, VirB9, and VirB10 in the T4S machine (35,53).  Wza forms an octomer with each 

monomer donating a transmembrane -helix (53) while VirB10 forms an -helical 

transmembrane pore in the OM and IM, but the OM pore is surrounded by VirB7 and 

VirB9 which form a kind of sandwich of -strands (35).  Previously, the Omp85-family 

transporter FhaC was proposed to have an odd number of TMBSs based on selective 

labeling of surface-exposed epitope tags and secondary structure predictions (76).  

However, later crystal structures of this protein demonstrated a 16 TMBS rather than the 

proposed 19 (38,95).       
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The discordance between the predicted topology for FhaC based on biochemical 

labeling and secondary structure predictions and the actual solved structure illustrate the 

uncertainties in modeling the topology of OM proteins.  Despite the difficulties in 

selectively defining surface-exposed residues in OM proteins and in the prediction of 

their secondary structure, I have proposed a model topology for BfpB.  My work 

combines several types of biochemical and biophysical data to define solvent-exposed 

and non-solvated residues, the latter I propose to be buried in a TMBS in accordance with 

secondary structure predictions.  Moreover, my methods allowed me to either selectively 

identify or predict surface-exposed residues.   

The model topology for BfpB is quite surprising.  I have strong experimental 

evidence that the N- and C-termini of BfpB are on opposite sides of the OM.  Therefore, 

if the BfpB monomer forms an OM -barrel, either it has an odd number of TMBSs or 

the C-terminus traverses the OM via the aqueous center of the monomer barrel or through 

the pore complex.  However, secretins break the mold of OM protein architecture and are 

often not predicted to be -barrels at all (Table 6) (194).  If secretins do not form -

barrels, they may constitute a completely novel structural class of OM proteins and 

clearly the topology I have proposed for the secretin domain of BfpB is not entirely 

correct.  However, the trans configuration of the N- and C-termini that I proposed based 

on several lines of evidence is likely true regardless of how the protein spans the OM.  

Elucidating the topology and, eventually, the atomic structure of secretin membrane-

spanning domains is an important step towards understanding how this unique protein 

superfamily mediates the transport of multiple types of fully-folded macromolecules.   
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Secretins do not act alone but rather in concert with complex protein machines 

(104).  To truly understand how secretins function, their interactions with machine 

components must be identified.  Progress has been made towards understanding the role 

of the secretin in the T3S (163) and the interactions with soluble components of the BFP 

machine in EPEC (50).  However, only scant evidence has suggested how T4P or T2SS 

secretins might connect to the IM subassembly of these two related systems (113).  

Therefore, I tested a hypothesized interaction between the periplasmic N-terminus of 

BfpB and the highly conserved polytopic transmembrane protein of the BFP system, 

BfpE.  Despite a promising qualitative yeast two-hybrid screen of these two interaction 

partners, quantitative yeast two-hybrid analysis did not confirm this result.  Moreover, an 

attempt to purify both full-length BfpB and BfpE co-expressed from the same vector 

following in vivo cross-linking was unsuccessful.  A weakly-reactive BfpE band was 

detected in the BfpB-containing eluates regardless of cross-linking.  Furthermore, BfpE 

was not detected in the high molecular weight complex which appears to be a BfpB 

homodimer.  Nonetheless, a link between the N-terminus of BfpB and the IM 

subassembly of the BFP machine is probably necessary for machine function.  Future 

investigations of such a link should consider these largely negative data and generate 

testable hypotheses regarding other IM proteins or multi-protein interactions.
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APPENDIX I: UNSUCCESSFUL TECHNIQUES FOR PROBING THE 

TOPOLOGY OF BfpB IN VIVO  

Introduction 

I had hoped to label extracellular cysteines with TMM(PEG)12, relying on this 

compound’s high molecular weight and relative lipophilicity to exclude it from the 

periplasm.  I suspect that this compound entered cells via the pore whose topology I was 

trying to map since the periplasmic control cysteine mutation, S41C, was consistently 

labeled by this method.  BfpB forms an incompletely gated pore of considerable diameter 

for passage of hydrophilic substrates.  Ironically, I propose that this is the portal by which 

TMM(PEG)12 gained access to the periplasm.  Thus, it is possible that in another system 

this reagent could successfully and selectively label surface-exposed cysteines.  However, 

such a system should be devoid of secretins.  When the TMM(PEG)12 labeling method 

failed to be selective in my system, I was forced to experiment with new techniques to try 

and resolve the topology of BfpB.  Many of these techniques were also unsuccessful, but 

I present them here as a guide to future students of OM proteins. 

 I engaged several methods to try and selectively label either periplasmic residues 

with iodine, or cell surface-exposed cysteine residues.  To accomplish the former, I tried 

several methods of disrupting the membrane to label BfpB contained in vesicles.  

Ultimately, however, I settled on the rather facile answer of labeling purified BfpB with 

excellent results.  Selectively labeling of the cysteine residues proved impossible and I 

ultimately settled on biophysical methods to determine relative distance from the C-

terminus.  However, I believe the theory behind my methods was sound and, in at least 

one case, the technique could be further refined with great success.   
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 In addition to the methods discussed below, I tried two techniques which did not 

yield any information about BfpB topology.  I attempted to label free amine groups in 

arginine and lysine residues and detect these mass-shifted residues by LC-MS/MS with p-

hydroxyphenylglyoxal (Pierce #20100) and with 

mono(lactosylamido)mono(succinimdyl)suberate (MLAMSS, Pierce #23014, 

discontinued).  The former labeling was not viable because the reagent is acid labile and 

acidification is an important step in the sample preparation for mass spectrometry 

analysis.  The MLAMSS labeling was abandoned because the manufacturer stopped 

making this reagent.  Moreover, given that TMM(PEG)12 labeled the periplasmic residue, 

S41, I now suspect these two smaller amine-reactive reagents are not excluded from the 

periplasm in BfpB-expressing bacteria.  The second technique I attempted and will not 

discuss below was immunogold labeling of BfpB-Strep.  I tried to label purified BfpB 

with a polyclonal antibody against the N-terminus of BfpB and with a monoclonal 

directed against the C-terminal Strep-tag (IBA #2-1508-025) and secondary antibodies 

conjugated to gold.  I also attempted to label the N-terminus of BfpB in thin sections of 

wild type EPEC by immunogold.  However, I could not detect specific labeling of the N- 

or C-termini of the purified protein or thin-sectioned cells when viewed by transmission 

electron microscopy.  I therefore concluded that my antibodies likely do not recognize the 

N-terminus of BfpB or the Strep-tag in their native conformations.   
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Methods 

Iodination of BfpB in inside-out vesicles. 

Iodination experiments were carried out on XL1Blue expressing BfpB-Strep essentially 

as described in Chapter 3, except that the cells were first lysed in one of four ways to 

produce inside-out vesicles.  Method A: French Press.  Harvested cells were 

resuspended in 8 mL phosphate buffered saline (PBS) and lysed by two cycles in the 

French Press at 12 kpsi.  Unbroken cells were removed by centrifugation at 6000g x g x 

10min at 4C.  The lysed cells (~8 mL) were split equally between two Iodogen tubes and 

500 µL of 240 mM NaI was added.  The iodination reaction and following purification 

and LC-MS/MS analyses were carried out as described in Chapter 3.  Method B: 

Polymyxin treatment.  Harvested cells were resuspended in 25 mL PBS with 0.8 µg mL-

1 and incubated on ice for 35 min.  The treated cells were washed by centrifuging at 

6000g x g x 10min at 4C and resuspended in an equal volume of PBS.  The cells were 

centrifuged again as above and resuspended in 8 mL PBS.  The sample was split equally 

between two Iodogen tubes and 500 µL of 240 mM NaI was added.  The iodination 

reaction and following purification and LC-MS/MS analyses were carried out as 

described in Chapter 3.  This method was modified from a previously published protocol 

(184).  Method C: Sonication.  Harvested cells were resuspended in 10 mL Buffer A 

(100 mM NaCl, 100 mM Tris, 1 mM EDTA) with 1X protease inhibitor cocktail (Roche# 

11836170001) and sonicated on ice 8 x 30 sec, with 15 sec rests in between each 

sonication.  Unbroken cells were removed by centrifugation at 6000 x g x 5min at 4C.  

The sonicated samples (~8 mL) were split equally between two Iodogen tubes and 500 

µL of 240 mM NaI was added.  The iodination reaction and following purification and 
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LC-MS/MS analyses were carried out as described in Chapter 3.  Method D: Sonication 

with Lysozyme.  Method D was performed exactly as Method C but lysozyme was 

added immediately prior to sonication at a final concentration of 100 µg mL-1 as adapted 

from a previously described method (142). 

Cross-linking of BfpB-CSM in situ with albumin. 

Topology control BfpB-CSM constructs (BfpBS41C, BfpBT310C, and wild type BfpB) were 

expressed in 5 mL cultures of XL10gold cells essentially as described in Chapter 3.  

Human-serum albumin (Sigma #A1653) was dissolved to ~400 µM and the single free 

sulfhydryl in albumin was blocked with iodoacetamide (Sigma #I6125) at a final 

concentration of ~7.5 mM for 35 min in the dark at 25C, both in Buffer IA (100 mM 

ammonium bicarbonate, pH 8.0).  Unreacted iodoacetamide (IA) was washed away from 

albumin using a 10 kDa molecular weight cut-off ultrafiltration column (Amicon 

UFC801024) with Buffer IA.  Albumin was incubated with the heterobifunctional amine-

to-sulfhydryl cross-linker sulfosuccinimidyl 4-[N-maleimidomethyl]cyclohexane-1-

carboxylate (sulfo-SMCC; Pierce #22622).  The entire 2 mg aliquot of sulfo-SMCC was 

added to 2.5 mL of washed 400 µM albumin for 2 h at 4C.  BfpB-CSM expressing cells 

were washed, resuspended and concentrated 2.5-fold.  To each of 2 x 1 mL aliquot of 

bacteria, 350 µL of the sulfo-SMCC-activated albumin was added and allowed to 

incubate at 4C for 2 h or overnight.  An additional 1 mL of bacteria without albumin 

was immediately quenched and stored as a t0 time.  Reactions were quenched with an 

excess of N-ethylmaleimide as described in chapter III.  Whole cell lysates were prepared 

and separated by SDS-PAGE and analyzed for the presence of BfpB by western blotting 

as described in chapter II.  The expected size of the albumin-BfpB complex was 113 kDa 
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(albumin = 67 kDa, BfpB = 56 kDa).  This experiment was also performed with 

simultaneous cross-linking of IA-blocked albumin to BfpB with sulfo-SMCC. 

Cross-linking of BfpB-CSM to amine-derivatized beads. 

BfpB-CSM constructs (wild type BfpB, BfpBS41C, BfpBT310C, and BfpBC530S) were 

expressed as previously described in 10 mL cultures.  The cells were harvested and 

washed and then incubated with amine-derivatized beads conjugated with 

sulfosuccinimidyl-6-[alpha-methyl-alpha-(2-pyridylthio)toluamido]hexanoate (sulfo-LC-

SMPT, Pierce #21568.  Carboxy-Link amine-derivatized agarose beads were incubated 

with sulfo-LC-SMPT (4 mM) for 2 h at 25C.  As a negative control, beads without 

cross-linker were treated in the same way and incubated with half the volume of the 

washed and resuspended cells expressing BfpB-CSM.  The ~0.2 mL sample of bead 

slurry activated with cross-linker were washed in a polypropylene 5 mL column with 

PBS containing 10 mM EDTA, pH 7.2 (PBS-EDTA) and incubated with half the volume 

of the bacterial cell culture, resuspended in 1 mL PBS-EDTA overnight at 4C with 

rotation.  In the morning, both control and experimental samples were quenched with 20 

mM L-cysteine.  The samples were centrifuged and pellets resuspended in high pH 

Buffer A (100 mM NaCl, 100 mM Tris, 1 mM EDTA, pH 8.5) containing 2% sodium 

dodecyl sulfate (SDS).  The cell-bead sample was agitated for 10 min at 250 rpm in a 

30C incubator-shaker and centrifuged at 500 x g x 10 min at 25C.  This process was 

repeated four more times, omitting the agitation for the final three steps.  SDS-micelles 

not bound to the beads were removed by electroelution.  Samples were applied to 5 mL 

polypropylene columns and floated in the inside of a Biorad “Ready Gel Cell” containing 

standard SDS-PAGE running buffer and a 105 mA current was applied for 30 min.  The 



 

148 
 

beads were resuspended every 3-4 min during this time.  The beads were then washed in 

the polypropylene column with high pH Buffer A containing 2% SDS and the 

electroelution repeated for 20 min with periodic resuspension of the beads.  The beads 

were then washed with high pH Buffer A without SDS, collected, and transferred to a 1.7 

mL microcentrifuge tube.  The beads were resuspended in 2X Laemmli buffer, heated at 

95C for 10 min, centrifuged, and the supernatants analyzed for BfpB content by SDS-

PAGE and western blot analysis.  The integrated intensity of each BfpB-containing band 

was measured on the Odyssey system (Li-Cor Biosciences).  This process was also 

attempted with amine-derivatized magnetic beads (Pierce #21352), but these were too 

small to be retained during the electroelution process; thus, the use of magnetic beads 

was abandoned as electroelution was deemed critical in pilot experiments with both 

agarose and magnetic beads.   

Cross-linking BfpB-CSM expressing cells to maleimide coated slides. 

BfpB-CSM constructs (wild type BfpB, BfpBS41C, BfpBT310C, and BfpBC530S) were 

expressed as previously described and after 3 h a one mL aliquot was washed and 

resuspended in Buffer A (pH 7.0, without SDS).  This sample was diluted approximately 

5-fold and applied to maleimide-coated slides (MicroSurfaces #MAL_02) which had 

been equilibrated to room temperature and were marked with a grease pencil to isolate 

spots of bacterial suspension.  The bacteria were allowed to incubate on the slides in a 

moist chamber at 4C for 2 h.  Then, the excess fluid was carefully removed and the spots 

washed thrice with Buffer A.  Excess medium was removed and adherent cells fixed by 

heating the slides at 65C for 10 min.  The approximate “corners” and center of the area 

to which the bacterial suspension was applied were visualized in brightfield with a Zeiss 
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Axioskop 20 microscope with an AxioCam MRm digital camera and 40X or 63X oil-

immersion lenses.    

Results 

Iodination of membrane vesicles containing BfpB from disrupted cells yields no new 

information. 

In order to complement the cell-intact iodination experiments that detected extracellular 

tyrosine residues, I attempted to create inside-out vesicles by four different methods of 

physical and/or chemical lysis.  I hypothesized that inside-out vesicles would expose 

periplasmic tyrosine and histidine residues to the external aqueous environment, react 

with the iodous ion and could be detected by LC-MS/MS.  Even though each method 

would have “outside out” vesicles as well, any new residues detected would be inferred 

to have a periplasmic location.  However, none of these experiments yielded any new 

iodinated residues.  In fact, only one experiment, sonication only, detected any iodinated 

residues at all.  However, Y297 was also detected in the cell-intact iodination and 

therefore in the sonication experiment BfpB was most likely present as part of vesicles in 

which the outer leaflet of the OM faced out.   

Labeling of extracellular cysteine residues by cross-linking to large carrier proteins 

or immobilized substrates activated with cysteine-reactive moieties. 

After observing that BfpBS41C was labeled with TMM(PEG)12, which I had originally 

hoped would be a label selective for surface-exposed amino acids, I hypothesized that a 

sufficiently large or immobilized substrate could label extracellular cysteines.  I first tried 

to cross-link human serum albumin to BfpB-CSM constructs in intact cells using a 



 

150 
 

heterobifunctional amine-to-sulfhydryl, non-cleavable cross-linker.  Such a complex 

would yield a band of approximately 113 kDa by western blot analysis with -BfpB.  

After several fruitless attempts in which I did not detect any BfpB-albumin complexes by 

western blot (Fig. S1A), I abandoned this approach. 

 After the albumin cross-linking failed, I attempted to attach BfpB-CSM constructs 

with extracellular sulfhydryl groups to amine-derivatized beads.  For this process, I used 

a cleavable amine-to-sulfhydryl cross-linker.  After linking cells expressing BfpB-CSM 

to beads, I lysed the cells in buffer containing 2% SDS and washed away both unbound 

cells and membrane fractions.  Then, I cleaved the disulfide bond linking the proteins to 

the beads and subjected the supernatant to SDS-PAGE and western blot analysis.  I 

compared the amount of BfpB recovered from a cell-bead reaction without cross-linker to 

an identical sample with cross-linker added, as well as the amount recovered in the BfpB-

CSM topology controls (i.e., BfpBS41C, BfpBT310C, BfpBC540S, and wild type BfpB).  

Initially, I encountered a great deal of non-specific contamination of BfpB that had stuck 

to the beads, even without cross-linker.  Therefore, I used electricity to elute unbound 

micelles of membrane lipids and SDS.  My initial experiments appeared to work very 

well (Fig. S1B1).  However, when I scaled up this experiment to include all of my BfpB-

CSM constructs, I could not consistently detect significant differences in the controls 

(Fig. S1B2).  Therefore, I was also forced to abandon this approach. 

 Finally, I became aware of maleimide-coated slides available through 

MicroSurfaces, Inc.  I hypothesized that this would be a very simple way to cross-link 

cells with surface-exposed sulfhydryl residues to the surface of slides and that I could 

count the number of cells and detect a difference between the BfpB-CSM topology 
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controls.  After several attempts to do this, I discovered a significant amount of non-

specific bacterial adhesion to the slides in each of the control BfpB-CSM expressing 

strains (Fig. S1C).  Therefore, I abandoned this experiment as well. 

 

Figure S1: Representative results of unsuccessful techniques attempted to probe the 

topology of BfpB 
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Fig. S1. Representative results of unsuccessful techniques attempted to probe the topology of 
BfpB.  A) Representative western blot probed for BfpB of albumin-to-BfpB cross-linking.  Note 
the distinct absence of a 113 kDa band in the lanes where BfpB was exposed to maleimide-
activated cross-linker, particularly for BfpBT310C.  B) The top panel shows initial promising 
results of BfpB-CSM cross-linked to agarose beads in situ.  A low background of binding in the 
presence of cross-linker is detected in wild type, BfpBC540S, and BfpBS41C, the negative controls.  
Note the significant increase in BfpBT310C recovered relative to the sample without cross-linker 
and other control BfpB-CSM constructs.  The second panel is a representative blot of later 
experiments which could not detect significant differences between BfpB-CSM controls, or 
controls with or without cross-linking.  Occasionally a sample would be completely absent with 
cross-linker but recovered without (e.g., BfpBS329C).  C) Bacteria expressing BfpB-CSM 
constructs adhere to maleimide-coated slides in similar numbers in the positive (BfpBT310C) and 
negative control strains.  Bacteria appear as dark, oblong spots while salt crystals appear as very 
bright, irregularly shaped squares or circles.   
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Discussion 

I believe that the iodination experiments in disrupted cells failed for a variety of reasons.  

First, it is difficult to control whether vesicles are inside-out or right-side-in.  

Peptidoglycan normally helps to maintain bacterial cell shape and may have interfered 

with this process.  Although I tried to use chemical disruption of peptidoglycan to enrich 

for inside-out vesicles, I still could not detect any new residues not detected by the cell-

intact labeling method.  Therefore I may not have actually had many vesicles which 

exposed the inner leaflet of the OM.  Additionally, it is possible that the vesicles which 

did form contained the IM and therefore the periplasmic compartment was obscured from 

the reactive iodous ion.  Finally, the complete lack of detected residues in most of these 

experiments suggests that I either did not have enough material for labeling or there was 

too much membrane debris interfering with the reaction.  Perhaps most importantly, 

labeling of purified BfpB-Strep (chapter III) was an effective alternative and obviated the 

need for these experiments. 

 The cross-linking experiments to identify extracellular cysteine residues likely 

failed for several reasons as well.  I believe the albumin reaction is too complex to be 

reliable.  Although the maleimide-reaction is well described and has favorable, first-order 

kinetics, the process of blocking the free cysteine in albumin followed by either a single- 

or two-step cross-linking has too much potential for error.  An additional problem 

encountered in each of the cross-linking experiments is that the cell-surface exposed 

sulfhydryl residues are very close to the membrane and buried in a veritable forest of 

LPS.  Even in the laboratory strain of E. coli I used that makes short-chain LPS, this 

network of negative charges likely repels many labeling reagents of considerable size.  
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Therefore, it is likely very difficult to detect surface-exposed sulfhydryl groups with large 

carriers or to attach cells to slides by virtue of these residues.   

 I find it difficult to accept that the bead cross-linking is not a viable technique for 

probing extracellular residues.  The initial promising results convince me that the theory 

is sound.  I believe there are two major obstacles to making this technique successful.  

First, the sulfhydryl part of the cross-linker is not maleimide but a 2-pyridithiol ring.  

This reagent forms a disulfide bond with free sulfhydryl groups and is therefore subject to 

second order reaction kinetics.  Thus, the efficiency of the reaction is highly sensitive to 

initial concentrations of both cells and cross-linker (beads).  The development of new, 

heterobifunctional amine-to-sulfhydryl cross-linkers that are also cleavable may offer a 

viable solution.  Alternatively, the use of a maleimide-containing non-cleavable cross-

linker may be used if the target proteins conjugated to the beads can be detected by 

ELISA.  I believe this technique has merit and, given more time and resources, is worth 

testing.  The second obstacle plagues all cysteine labeling methods: it is very difficult to 

appropriately store and work with sulfhydryl-reactive reagents, especially maleimide.  

Such reagents should be stored under argon and with desiccation.  Collaboration with 

devoted synthetic or analytical chemistry laboratories may make such work more viable 

in the future.   

I hope that my experience with these techniques may be a guide to future students 

probing the topology of OM proteins.  To them, I would recommend (1) epitope-insertion 

and antibody labeling when such experiments do not ablate protein function; (2) 

iodination of intact cells followed by protein purification and mass spectrometry for 

detection of labeled residues; and (3) biophysical methods such as FRET to determine 
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physical distances between residues.  I would also wish them good luck, patience, and 

very skillful “laboratory hands.”   
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ABSTRACT Enteropathogenic Escherichia coli (EPEC) is an important human pathogen that 
causes acute infantile diarrhea. The type IV bundle-forming pili (BFP) of typical EPEC strains 
are dynamic fibrillar organelles that can extend out and retract into the bacterium. The bfpF 
gene encodes for BfpF, a protein that promotes pili retraction. The BFP are involved in bacte-
rial autoaggregation and in mediating the initial adherence of the bacterium with its host cell. 
Importantly, BFP retraction is implicated in virulence in experimental human infection. How 
pili retraction contributes to EPEC pathogenesis at the cellular level remains largely obscure, 
however. In this study, an effort has been made to address this question using engineered 
EPEC strains with induced BFP retraction capacity. We show that the retraction is important 
for tight-junction disruption and, to a lesser extent, actin-rich pedestal formation by promot-
ing efficient translocation of bacterial protein effectors into the host cells. A model is pro-
posed whereby BFP retraction permits closer apposition between the bacterial and the host 
cell surfaces, thus enabling timely and effective introduction of bacterial effectors into the 
host cell via the type III secretion apparatus. Our studies hence suggest novel insights into the 
involvement of pili retraction in EPEC pathogenesis.

INTRODUCTION
Enteropathogenic Escherichia coli (EPEC) is a major cause of 
acute infantile diarrhea mainly in developing countries (Taylor and 
Echeverria, 1993; Nataro and Kaper, 1998; Chen and Frankel, 2005; 
Marcos and DuPont, 2007). Typical EPEC strains produce proteina-

ceous fibrillar organelles that extend out from the bacterial surface, 
known as bundle-forming pili (BFP), members of the type IV pili (Tfp) 
family. Tfp are expressed on the surface of a variety of other Gram-
negative (e.g., Neisseria gonorrhea, Neisseria meningitidis, and 
Pseudomonas aeruginosa), as well as in Gram-positive (e.g., Clostrid-
ium perfringens) pathogenic bacteria. Ample evidence suggests 
that the Tfp, including those of EPEC, are important virulence fac-
tors. In addition to their role in facilitating the initial attachment of 
the microbe to its host cell surface (Milgotina, 2009), they promote 
cytoskeletal rearrangements and elicit signaling events that assist 
the microbe to adopt an extracellular lifestyle (Kline et al., 2009; 
Boettcher et al., 2010). The ways by which Tfp influence their host 
cells are still poorly understood, however.

Typical EPEC strains harbor a ∼95 kb EPEC adherence factor 
plasmid containing an operon of 14 genes encoding for complete 
and functional BFP (Donnenberg et al., 1992; Giron et al., 1993; 
Iguchi et al., 2009). BFP are postulated to initiate a long-range adhe-
sion of bacteria with the intestinal epithelium. In addition, BFP recruit 
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ease (Guttman and Finlay, 2008). Because BfpF has been implicated 
in the development of the disease (Bieber et al., 1998), we reasoned 
that the bacterial protein may be involved in the breakdown of TJs. 
To test this hypothesis, the TJ barrier functions of EPEC infected and 
untreated MDCK cells were examined by simultaneous monitoring 
of the trans-epithelial electrical resistance (TER; Figure 1A, top 
panel) and cell monolayer permeability to 4 kDa fluorescein isothio-
cyanate (FITC)-dextran (Figure 1A, bottom panel). Infection with the 
T3SS defective EPEC-escV (escV::Tn5kan) or pilin-deficient EPEC-
bfpA (bfpA::TnphoA), which is incapable of microcolony formation, 
resulted in an increase in TER values. In both cases, cell monolayer 
permeability to FITC-dextran penetration was minimal, nearly indis-
tinguishable from untreated control cells. Cell infection with wild-
type EPEC (EPEC-wt) caused a significant reduction in TER and a 
concomitant increase in permeability to dextran. Both these effects 
were particularly apparent after 4 h of infection. EPEC-bfpA has re-
duced capacity of host cell colonization (Donnenberg et al., 1990; 
Hyland et al., 2008), and marginal capability to inject bacterial effec-
tors into the host cell (Mills et al., 2008). We hence hypothesize that 
this change in TER reflects tightening of the epithelial junctions in 
response to bacteria that are either defective in T3SS or have poor 
cell colonization. The effect is probably counteracted by junctional 
disrupting protein effectors that are translocated into the host cells 
upon infection with EPEC-wt.

To further investigate the role of BFP dynamics in TJ disruption, 
we used a newly engineered EPEC strain, in which pili retraction is 
induced in response to arabinose (EPEC-bfpF +BfpFara; see Materi-
als and Methods). Host cell colonization of this EPEC strain is similar 
to that of EPEC-wt (Figure 2B and Supplemental Figure S1), thus 
enabling specific examination of the effects of pili retraction on the 
host cell. Cell infection with EPEC-bfpF +BfpFara− (i.e., BfpF expres-
sion is suppressed) prompted an increase in the TER values, albeit at 
a lower extent than that observed for EPEC-escV. Nevertheless, the 
levels of paracellular penetration of FITC-dextran recorded for this 
EPEC strain were similar to those of EPEC-escV or of untreated con-
trols. In contrast, when cells were infected with the same strain in the 
presence of arabinose (EPEC-bfpF +BfpFara+(T0); i.e., BfpF expression 
was induced), a significant drop in TER, which was apparent after 1 h 
of infection, and an increase in monolayer penetration of FITC-
dextran were observed. Interestingly, an identical response was 
measured when cells were first infected with EPEC in the absence of 
arabinose for 2 h and then exposed to the inducer for the rest of the 
infection time (bfpF +BfpFara+(T2)). Taken together, these observations 
reinforce the notion that BfpF expression is required for TJ dysfunc-
tion induced by EPEC. Because BFP is involved in bacterial adher-
ence, we quantified cell-associated bacteria after 4 h of infection 
(see Supplemental Figure S1). The results did not reveal significant 
differences between the various EPEC strains with respect to their 
capacity to adhere to the host cells. This finding suggests that the 
effects on the epithelial barrier functions were not due to gross dif-
ferences in attachment to host cells.

EPEC naturally infects human enterocytes of the small intestine. 
Hence, similar experiments were conducted on the Caco-2BBe en-
terocytes (Hidalgo et al., 1989; Supplemental Figure S2). Data were 
essentially similar to those obtained with MDCK cells. Addition of 
arabinose [bfpF +BfpFara+ (T0)] stimulated both a decrease in TER and 
an increase in monolayer leakiness, showing levels similar to those 
observed for EPEC-wt. These results are once again consistent with 
the notion that BFP retraction contributes to the capacity of EPEC to 
disrupt the TJs.

TJ barrier dysfunction obtained upon EPEC infection corre-
lates with the dissociation of junctional proteins, such as ZO-1 

other EPEC cells into aggregates; this recruitment results in the pres-
ence of bacterial microcolonies on the cell surface, a phenomenon 
called localized adherence. Bacterial aggregation can also occur in 
tissue culture medium. This process, which is termed autoaggrega-
tion, has been hypothesized to be mediated by the extension of the 
pilus fiber due to biogenesis and subsequent oligomerization of its 
pilin subunits (i.e., bundlin encoded by bfpA). Bacterial aggregates 
can disaggregate and disperse. The dispersion phenotype is facili-
tated by the retraction of the pilus fiber, owing to dissociation of 
pilin subunits and their degradation (Humphries et al., 2010). Two 
genes encoding BfpD and BfpF (putative ATPases) drive pilus exten-
sion and retraction, respectively. Disruption of any of these genes 
leads to anomalies in BFP functions. For instance, a bfpF mutant is 
hyperpilated, and forms bacterial aggregates that fail to disperse 
over time. A bfpD mutant does not express BFP, does not autoag-
gregate, and is deficient in localized adherence phenotype.

BFP is a crucial virulence factor (see next section), and as such 
should be regarded in the broader context of EPEC pathogenesis. 
The EPEC-induced disease is characterized by at least four histo-
pathological hallmarks: 1) intimate adherence of the microbe to 
epithelial cells of the small intestine; 2) the loss of absorptive mi-
crovili (effacement); 3) formation of actin-rich pedestals beneath the 
adherent bacteria; and 4) loss of tight junctions (TJs). It is clear that 
these phenotypes largely depend on the expression of proteins en-
coded by genes harbored within the chromosomal locus of entero-
cyte effacement (LEE). In particular, the association between two 
LEE proteins–intimin, which resides in the bacterial surface, and the 
translocated intimin receptor (Tir), which is translocated into the 
host cell plasma membrane (PM) by the type III secretion system 
(T3SS)–has been rigorously characterized. These molecular associa-
tions promote an intimate link between the bacterium and its host 
cell and the elicitation of signal transduction pathways, which lead 
to actin condensation and to the generation of actin-rich pedestals 
(Rothbaum et al., 1982, 1983; Taylor et al., 1986; Jerse et al., 1990). 
Intimin-Tir association and translocation of additional T3SS protein 
effectors trigger complex signaling cascades that promote signifi-
cant alterations in the actin cytoskeleton, the secretion of ions (e.g., 
Cl− and HCO3

−), mislocalization of aquaporins, and the disruption of 
epithelial TJs. The manipulation of these processes is believed to 
lead to tissue damage and the diarrheal effect (for a review, see 
Guttman and Finlay, 2009).

Experiments performed in humans have clearly suggested that 
the BFP is required for EPEC pathogenesis. In these experiments, 
volunteers ingested a range of inocula of wild type, bfpA, bfpT 
(perA), or bfpF mutant bacteria. Significantly fewer volunteers who 
ingested the mutant bacteria developed diarrhea, and elicitation of 
diarrhea required a 200-fold-higher bacterial dose in the bfpF mu-
tant, relative to the wild- type strain (Bieber et al., 1998). Although 
these data suggest that BFP and its retraction capacity are impor-
tant virulence factors in vivo, the precise effects they have on host 
cells remain unknown. Here to investigate the effects of BFP retrac-
tion on epithelial host cells we used genetically engineered EPEC 
strains, which can retract their pili upon induction with arabinose. 
We found that BFP retraction contributes to timely and efficient ex-
port of bacterial protein effectors into the host cell, where they exert 
key functions in EPEC pathogenesis, including disruption of the 
epithelial barrier and generation of actin-rich pedestals.

RESULTS
BfpF is required for disruption of TJs
A common perception suggests that disruption of epithelial TJs’ 
barrier functions by EPEC infection contributes to the diarrheal dis-
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(Philpott et al., 1996) and occludin (Simonovic et al., 2000) from the 
cell periphery. We used indirect immunofluorescence and confocal 
microscopy to examine the distribution of these junctional proteins 
following EPEC infection (Figure 1B). Polarized MDCK monolayers 
were infected with EPEC-wt, EPEC-bfpF +BfpFara−, or EPEC-bfpF 
+BfpFara+(T0) or were left untreated. Cells were then stained with DAPI 
(to visualize bacteria), and immunolabeled with anti-ZO-1 and anti-
occludin antibodies. Confocal analyses showed the typical honey-
comb-like and continuous staining of the cell-cell junctions in the 
most apical region of untreated cells, and of cells infected with 
EPEC-bfpf +BfpFara−. This pattern of staining became fragmented 
upon cell infection with EPEC-wt or EPEC-bfpF +BfpFara+(T0), sug-
gesting that BfpF expression is required for EPEC-mediated altera-
tions in the TJ structure.

BfpF is essential for timely and effective translocation  
of EspF
EspF has been shown to play a central role in the disruption of epi-
thelial TJ (McNamara et al., 2001; Guttman et al., 2006). We have 
similarly observed that the ability of EPEC to disrupt the TJ of MDCK 
cells is abolished upon infection with EPEC-ΔespF (E. Wircer, unpub-
lished data). We hence reasoned that, upon infection with an EPEC 
strain carrying dysfunctional bfpF, delivery of EspF into the host cell 
is impaired, and consequently the capacity of EPEC to disrupt the TJ 
barrier is reduced. To test this hypothesis, we examined the involve-
ment of BFP retraction in EspF translocation. espF fused to a 
β-lactamase (blaM) reporter was introduced to the genomes of 
EPEC-bfpF and EPEC-bfpF +BfpFara strains. HeLa cells were infected 
with these bacterial strains, and their capacity to translocate EspF-
BlaM into the host cells was measured by tracking the accumulation 
of cleaved CCF2, as described (Mills et al., 2008). The time-depen-
dent product accumulation [P] and its derivative [P’] are presented in 
Figure 2A, top and bottom panels, respectively. The derivative rep-
resents the rate by which product molecules (i.e., cleaved CCF2) ac-
cumulate in the infected cells. Because CCF2 is present in excess 
throughout the entire measurement time (Mills et al., 2008), [P’] is 
proportional to the rate of EspF-BlaM translocation into the cells. 
Figure 2A clearly shows similar dynamics of [P] accumulation for 
EPEC-bfpF +BfpFara- and EPEC-bfpF. Accumulation of product mol-
ecules was negligible following infection with EPEC-wt containing 
the pBAD24 vector. In contrast, upon infection with EPEC-bfpF 
+BfpFara+(T0), [P] accumulation reached higher levels. This observation 
is further strengthened by the derivative analysis of [P] (Figure 2A, 
bottom panel, and Table 1), which revealed two distinct phases of 
infection. The first occurred between 15 and 30 min infection times, 
whereby the average [P’] for EPEC-bfpF +BfpFara– and EPEC-bfpF 
(0.37 and 0.56, respectively) was markedly lower than that of EPEC-
bfpF +BfpFara+(T0) (1.56). Moreover, the difference between the mini-
mal and maximal [P’] values for EPEC bearing inactivated bfpF (∼0.6) 
was small compared with those obtained for the rescued strain (∼2.3). 
These results suggest that, during the early phase of infection, the 
rate of EspF-BlaM translocation was minimal and nearly steady for 

FIGURE 1: Induced BfpF expression perturbs the functions and 
morphology of TJs. MDCK cells cultured on semipermeable supports 
were infected with the indicated EPEC strains, or left untreated, as 
described in Materials and Methods. Infection with EPEC-bfpF +BfpF 
was performed in the absence (EPEC-bfpF +BfpFara−) or presence 
(EPEC-bfpF +BfpFara+) of arabinose. In some experiments, arabinose 
was added to the activation medium 15 min before cell infection and 
throughout the entire infection time (EPEC-bfpF +BfpFara+(T0)). In other 
experiments, cells were initially infected in the absence of arabinose 
for 2 h, and then arabinose was added to the infection medium for 
the rest of the infection time (EPEC-bfpF +BfpFara+(T2)). (A) Barrier 
functions. Changes in the TJ barrier functions were measured by 
tracking the alterations in TER (top panels) and monolayer 
permeability to FITC-dextran (bottom panels). Results are mean ± SE 
of at least three independent experiments, each of which was 
performed in duplicate. Data are normalized to values measured at 
time zero. Two-tailed Student’s t test reveals that infection with EPEC 
expressing intact BfpF resulted in statistically significant reduction in 
TER and increase in cell monolayer permeability after 5 h of infection 

(see Table S4). (B) Junctional morphology. Polarized MDCK 
monolayers were infected with the indicated EPEC strains for 3 h at 
37ºC, or left untreated. Cells were then fixed and costained with DAPI 
(bacteria and nuclei), anti–ZO-1 and anti-occludin antibodies. 
Fluorescence labeling was analyzed by confocal microscopy. Images 
are projections of x–y sections, taken along 2–3 μm from the cell’s 
apex, where bacteria and junctional labeling was best visualized. 
Arrowheads indicate examples of breaks in occludin and ZO-1 
staining. Bar = 10 μm.
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arrowheads with asterisks) or weak (Figure 3A, arrows) in cells in-
fected with EPEC-bfpF +BfpFara−. After 120 min of cell infection, sig-
nificant F-actin staining associated with infection sites was seen in all 
cases. Thus BfpF expression and the subsequent induced pili retrac-
tion seem to be important for facilitating F-actin accumulation under 
EPEC infection sites at early, rather than late, infection times.

Dynamic accumulation of actin and PM fluorescent probes
To further investigate this kinetic effect, we have taken advantage of 
our recently developed quantitative imaging approach (Sason et al., 
2009) to study the effect of BfpF expression on green fluorescent 
protein (GFP)-actin and monomeric red fluorescent protein (mRFP)-
PM accumulation in real time beneath EPEC infection sites. It is of 
note that the accumulation of GFP-actin fluorescence may represent 
specific stages in the construction of actin-rich pedestals, whereas 
the accumulation of mRFP-PM may reflect changes in PM architec-
ture occurring in response to microbe adhesion.

MDCK cells coexpressing GFP-actin and mRFP-PM were infected 
with EPEC-wt, EPEC-escV, and EPEC-bfpF +BfpF in the absence or 
presence of arabinose. The fluorescence of GFP-actin (Figure 3B, 
top) and mRFP-PM (Figure 3B, bottom) at EPEC infection sites was 
recorded by time-lapse confocal imaging. Infection with EPEC-wt 
resulted in the previously noted profile of GFP-actin accumulation, 
peaking after ∼5 min of EPEC attachment (Sason et al., 2009). In 
contrast, GFP-actin accumulation under EPEC-escV was negligible, 
confirming that the observed accumulation is T3SS dependent. In 
the absence of arabinose, EPEC-bfpF +BfpFara− infection resulted in 
a slight but steady accumulation of GFP-actin, which initiated after 
∼8 min and leveled off after ∼13 min of microcolony attachment. In 
contrast, when EPEC infection occurred in the presence of arabi-
nose (EPEC-bfpF +BfpFara+(T0)), the profile of GFP-actin accumulation 
was nearly identical to that observed for EPEC-wt.

EPEC-bfpF +BfpFara– and EPEC-bfpF. In contrast, the translocation 
process was faster in the case of EPEC-bfpF +BfpFara+(T0). The second 
phase was observed between 30 and 60 min of infection, whereby 
all bacterial strains showed an increase in [P’]. The strains unable to 
express BfpF, however, showed significantly lower [P’] values than 
those of EPEC-bfpF +BfpFara+(T0), suggesting that the mutant strains 
had translocated EspF-BlaM at a lower rate than the rescued strain. 
Importantly, the different EPEC strains colonized the cells at similar 
levels (Figure 2B). Therefore, the observed differences in transloca-
tion rates were not contributed by differences in cell colonization. 
Translocation data following EPEC-wt infection are not shown be-
cause high levels of cell detachment were observed after 30 min of 
infection with this strain (see also Shifrin et al., 2002), posing difficul-
ties in data analysis and interpretation. Altogether, these data impli-
cate BfpF, and its retraction capacity, in the exertion of rapid and 
competent translocation of EspF and subsequent loss of TJ.

BfpF contributes to efficient assembly of actin-rich 
pedestals: filamentous (F)-actin staining of fixed cells
The construction of actin-rich pedestals beneath bacterial attach-
ment sites is believed to contribute to bacterial colonization of host 
cells and is a hallmark of EPEC infection (Campellone and Leong, 
2003). To test whether BfpF contributes to the biogenesis of pedes-
tals, MDCK cells were infected with EPEC-wt or with EPEC-bfpF 
+BfpF in the absence (ara−) or presence (ara+) of arabinose for 45 and 
120 min at 37ºC. Bacteria and the actin cytoskeleton were visualized 
by confocal microscopy following cell staining with DAPI and Texas 
Red phalloidin, respectively. After 45 min of infection, condensed 
F-actin staining, which correlated with the DAPI-stained EPEC micro-
colonies, was broadly visualized in cells infected with EPEC-wt or 
with EPEC-bfpF +BfpFara+(T0) (Figure 3A, arrowheads). In contrast, 
F-actin staining at infection sites was either invisible (Figure 3A, 

FIGURE 2: BfpF expression is required for efficient translocationof EspF. HeLa cells were infected with the indicated 
EPEC strains or the pBAD24 vector as control (see Materials and Methods). All bacteria expressed the espF-blaM 
reporter gene. (A) Accumulation of cleaved CCF2 [P] (top panel) and its rate of accumulation [P’] (bottom panel) 
following EPEC infection. HeLa cells were infected with EPEC, and measurement of CCF2 product accumulation was 
carried out throughout the indicated times. Total product [P] and the rate of its accumulation [P’] were calculated, as 
explained in Materials and Methods. The dashed line in the bottom panel separates the two suggested phases of [P’] as 
a function of time (see Results and Table 1). The results are mean ± SE of four to eight measurements. (B) Levels of EPEC 
adherence to HeLa cells. HeLa cells were infected with EPEC for 30 or 60 min, and the number of adhered bacteria was 
determined as described in Materials and Methods and Figure S1. Data presented are mean ± SE of three independent 
experiments.
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cal surfaces by high-resolution transmission electron microscopy 
following 60 (panels A–D) and 120 min (panels E–H) of infection 
(Figure 3D). Cells infected with EPEC-wt revealed typical pedestal 
structures (i.e., protrusions of electron-dense and filamentous cy-
toplasmic staining, likely contributed to by condensed actin fila-
ments beneath intimately attached bacteria). Microvilli effacement 
at these sites was also observed (panel A). Following 60 min of 
infection, two types of bacterial interactions with the cell surface 
were visualized in cells infected with EPEC-bfpF +BfpFara−: In some 
cases, bacteria were associated with host cell protrusions that re-
sembled pedestals, with little, or sparse electron-dense material 
(panel B, arrow); in others, bacteria appeared to settle on top of 
intact microvilli (panel B, arrowheads, and panel C). In contrast, 
EPEC-bfpF +BfpFara+ resided on top of protrusions filled with highly 
electron-dense branched filament staining (panel D), which were 
somewhat smaller in size than those observed for EPEC-wt. Follow-
ing 120 min of infection, pedestal structures were observed in all 
cases (panels E–G), except in cells infected with type III–deficient 
EPEC-escV (panel H).

To summarize, in the absence of arabinose, when BfpF expres-
sion is suppressed, bacteria attached to the apical cell surface may 
form protrusions that contain low levels of condensed actin, possi-
bly representing immature pedestals. Alternatively, bacteria can as-
sociate with the apical surface in a way that does not lead to actin 
condensation beneath them. The latter may reflect their settling on 
top of intact microvilli without inducing effacement. Yet again, how-
ever, these effects seem to be temporal, because following pro-
longed infection times (e.g., 120 min), pedestals and microvilli ef-
facement appeared to be typical, essentially indistinguishable from 
those observed for EPEC-wt. Thus pedestals can be generated 
when BfpF expression is suppressed, albeit at a slower pace.

BfpF is required for efficient tyrosine phosphorylation  
of Tir in polarized epithelial cells
The interaction between Tir and bacteria-associated intimin results 
in the clustering of Tir-intimin complexes and the subsequent phos-
phorylation of Tir on two tyrosines located in the C-terminal cyto-
plasmic region of the protein. One tyrosine, Y474, is the predomi-
nant phosphorylation site, the phosphorylation of which prompts 
the binding of Tir to the adaptor protein Nck and the subsequent 
recruitment and activation of N-WASP and the Arp2/3 complex. 
These events eventually lead to actin polymerization and pedestal 
formation (Campellone and Leong, 2005; Caron et al., 2006). The 

The mRFP-PM probe accumulated under EPEC-wt to a greater 
extent than EPEC-escV, suggesting that some T3SS effectors con-
tribute to its time-dependent accumulation. Infection with EPEC-
bfpF +BfpFara– led to minor accumulation of the probe. Addition of 
arabinose significantly stimulated its accumulation, yet at somewhat 
lower final levels than EPEC-wt. Interestingly, only in cases whereby 
EPEC expresses BfpF (i.e., EPEC-wt, EPEC-bfpF +BfpFara+, and 
EPEC-escV) the early stages (up to ∼5 min following microcolony 
attachment) of mRFP-PM accumulation occurred at similar rates. 
These early stages may represent initial steps in EPEC association 
with the host cell surface via BFP attachment and retraction. At later 
time points, further accumulation of the probe is possibly depen-
dent on subsequent intimate attachments and pedestal formation.

In the experiments described so far, BfpF expression was in-
duced before and during cell exposure to the microbe (T0 condi-
tion; see Figure 1). We next tested the ability of arabinose to pro-
mote the effects after initial EPEC adherence to the cell surface in 
the absence of arabinose. Two basic conditions have been applied 
in these experiments: Either EPEC-bfpF +BfpF microcolonies were 
allowed to interact with the cells in the absence of arabinose during 
the entire infection time (Figure 3C; EPEC-bfpF +BfpFara−), or the 
bacteria were first permitted to associate with the cell surface for 15 
min in the absence of the inducer and then were exposed to arabi-
nose for the rest of the infection time (Figure 3C; EPEC-bfpF +Bfp-
Fara+15’). In the absence of arabinose, GFP-actin and mRFP-PM ac-
cumulated gradually, consistent with the results described earlier in 
the text (Figure 3B). When bacteria were first adhered in the ab-
sence of arabinose and then exposed to the inducer, however, ac-
cumulation of both markers was observed ∼7 min after induction 
(Figure 3C). Similar data were obtained in another independent ex-
periment, whereby arabinose was added 2 min following bacterial 
attachment (Supplemental Figure S3). These results establish a 
strong temporal relationship between expression of BfpF and actin 
accumulation following initial adherence of the bacteria to the host 
cell. Notably again, however, the fact that actin accumulated at sim-
ilar levels under EPEC-bfpF +BfpFara− and EPEC-bfpF +BfpFara+ fol-
lowing longer infection times (e.g., after 16 min; see Figure 3B) sug-
gests that mature actin-rich pedestals may also be formed upon 
EPEC-bfpF +BfpFara− infection.

Effects on the ultrastructure of infection sites
To determine whether pedestal-like structures are indeed induced 
in response to BfpF expression, we visualized EPEC- infected api-

t15—30 t30–60

Strain Average Min Max Average Min Max

EspF-BlaM

bfpF 0.56 0.17 0.83 4.25 1.37 7.17

bfpF +BfpFara− 0.37 0 0.57 3.44 1.07 3.77

bfpF +BfpFara+(T0) 1.56 0.57 2.83 7.99 3.77 11.07

Tir-BlaM

bfpF 5.55 3.41 12.45 43.67 14.76 62.74

bfpF +BfpFara− 4.67 1.84 9.98 40.46 13.9 63.85

BfpF +BfpFara+(T0) 11.65 3.59 22.57 44.98 27.29 52.67

Values for EspF-BlaM and Tir-BlaM were derived from data presented in Figures 2A and 5, respectively. Values are the average, minimum, and maximum of [P’] at 
early (15–30 min) and late (30–60 min) phases of EPEC infection.

TABLE 1: Analysis of EspF and Tir-BlaM [P’] in early and late phases of infection.
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FIGURE 3: Induced BfpF expression is required for efficient production of actin-rich pedestals. (A) Visualization of 
bacteria and F-actin in fixed cells. MDCK cells were infected with the indicated EPEC strains for 45 and 120 min at 37ºC. 
Cells were fixed and stained with DAPI (bacteria and nuclei) and Texas-Red phalloidin (F- actin). Confocal images were 
acquired from the apical region of the cells and processed as indicated in Materials and Methods. Arrowheads point 
toward prominent F-actin accumulations associated with EPEC infection sites. Arrows and arrowheads with asterisks 
indicate weak or barely detectable F-actin accumulations at infection sites, respectively. Bar = 10 μm. (B and C) 
Quantitative time-lapse imaging analysis of GFP-actin (top panel) and mRFP-PM (bottom panel) accumulation at EPEC 
infection sites. Cells were cotransfected with plasmids encoding for GFP-actin and mRFP-PM. Cells were subsequently 
infected under the microscope, and time-lapse live imaging was performed (see Supplemental Movies 6–10). In the case 
where arabinose-mediated BfpF expression was tested, the inducer was added to the activation medium before cell 
infection [(EPEC-bfpF +BfpFara+(T0); (B)]; in another experiment, EPEC microcolonies were allowed to interact with the 
host cell surface for 15 min in medium lacking arabinose, and then the inducer was added until the end of the 
measurement [(EPEC-bfpF +BfpFara+(T15’); (C)]. Fluorescence intensity confined to EPEC attachment sites was 
quantitatively analyzed. The landing of EPEC microcolonies on the cell surface was identified by differential interference 
contrast microscopy, and data acquisition started at that time point (designated as time 0). Results presented in panel B 
are mean ± SE of four experiments. The experiment described in panel C (see Supplemental Movie 10) was repeated, 
but the microcolony was allowed to interact with the cell surface for 2 min in medium lacking arabinose (Supplemental 
Figure S3). (D) Ultrastructure of EPEC infection sites. Filter-cultured MDCK cells were infected with the indicated EPEC 
strains for 60 or 120 min at 37ºC. Cells were fixed and processed for observation by transmission electron microscopy, 
as described in Materials and Methods.
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these forces by generating a unique platform beneath the adherent 
bacteria enriched with cortical actin (Merz and So, 2000; Merz et al., 
2000), various signal-transducing proteins (Howie et al., 2005, 2008; 
Lee et al., 2005), and proteins of the junctional/polarity complex 
(Coureuil et al., 2009). Despite accumulating knowledge, however, 

FIGURE 4: BfpF expression is required for efficient tyrosine 
phosphorylation of Tir in MDCK cells. MDCK cells were infected with 
EPEC for 45 or 120 min at 37°C. Cells were fixed and stained with 
DAPI to visualize bacteria and with anti-PY antibodies. Fluorescence 
was imaged by confocal microscopy, and representative images are 
shown in the top panel. The intensity of PY fluorescence levels 
associated with EPEC microcolonies was quantified, and data are 
presented in the bottom panel. Results are the mean ± SE of at least 
20 infection sites imaged in two independent experiments.

second, Y454, is a minor phosphorylation site that plays a lesser role 
in pedestal biogenesis.

The reduced pedestal observed in EPEC-bfpF led us to hypoth-
esize that Tir is either 1) translocated inefficiently or 2) translocated 
normally but only partially phosphorylated on the critical tyrosines 
due to other effects, such as ineffective clustering by intimin. To in-
vestigate these hypotheses, MDCK cells were infected with EPEC 
and costained with DAPI (bacteria) and anti-phosphotyrosine (PY) 
antibodies, which primarily label phosphorylated Tir. Fluorescence 
images acquired by confocal microscopy and their quantitative anal-
ysis are shown in Figure 4, top and bottom panels, respectively. As 
expected, intense PY staining confined to regions of adherent 
EPEC-wt microcolonies was observed following 45 and 120 min of 
infection. In contrast, a significantly lower PY signal confined to in-
fection foci was observed in cells infected with EPEC-bfpF +BfpFara− 
following 45, but not 120, min of infection. Induced BfpF expression 
(EPEC-bfpF +BfpFara+) resulted in the restoration of intense PY label-
ing, to levels comparable to those observed for EPEC-wt. Infection 
with EPEC-escV did not stimulate the accumulation of the PY signal 
after 45 or 120 min of infection (unpublished data). From these ex-
periments we learn that BfpF is required for eliciting efficient ty-
rosine phosphorylation of Tir and that maximal tyrosine phosphory-
lation of Tir can be achieved in cells infected with EPEC whose BfpF 
expression is suppressed.

BfpF is required for efficient translocation and tyrosine 
phosphorylation of Tir
The delay in tyrosine phosphorylation of Tir may be caused by its 
impaired translocation. To investigate this presumption, the dynam-
ics of Tir-BlaM translocation into HeLa cells following infection with 
any of the three different EPEC-bfpF strains was monitored by track-
ing the accumulation of the cleaved CCF2 product (Figure 5A, top), 
and derivative analysis was performed as before (Figure 5A, bot-
tom, and Table 1). The results show that Tir was translocated 
with similarly slow kinetics by EPEC-bfpF or EPEC-bfpF +BfpFara−. 
In contrast, the translocation rate of Tir was induced upon infec-
tion with EPEC-bfpF +BfpFara+. The effect was apparent at early 
(t15–30), but not late (t30–60) times of EPEC infection.

To test the efficiency of Tir tyrosine phosphorylation, HeLa cells 
were infected with EPEC, cell lysates were subjected to immunopre-
cipitation with anti-PY (4G10) antibodies, and precipitated Tir was 
identified by its molecular weight using immunoblotting with the 
same anti-PY antibodies. As expected, tyrosine-phosphorylated 
Tir (PY-Tir) was detected in cells infected with EPEC-wt but not 
with EPEC-escV (Figure 5B) or EPEC that does not express Tir 
(unpublished data). In cells infected with EPEC-bfpF +BfpFara−, 
PY-Tir levels were reduced compared with EPEC-bfpF +BfpFara+(T0) or 
EPEC-wt. These data, combined with those presented in Figure 4, 
reinforce the notion that BfpF expression is needed to elicit efficient 
translocation and subsequent tyrosine phosphorylation of Tir.

DISCUSSION
Retractable Tfp have been shown to be crucial virulence factors, 
participating in a broad spectrum of fundamental bacterial pro-
cesses, such as twitching motility, DNA transformation, and early 
stages of bacterial attachment to host cells (Milgotina, 2009). After 
mediating initial attachment to the host cell, pili retract. This process 
is driven by a powerful force-generating machinery that results in 
the depolymerization of the pilin subunits (>100 pN per retraction of 
a single pilus, as measured for N. gonorrhoeae [Maier et al., 2002]). 
Similar forces were reported for BFP produced by typical strains of 
EPEC (Gauthier, 2009). The host cell may sense and respond to 
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more efficiently than EspF into cells infected with EPEC-wt (Mills 
et al., 2008).

Bundlin subunits expressed by the typical EPEC strain bind N-
acetyllactoseamine in vitro and in cells, and this association can 
plausibly induce BFP retraction (Hyland et al., 2008; Humphries 
et al., 2009, 2010). Pili retraction by this or any other mechanism, 
would promptly and effectively close the gap between the bacterial 
and the host cell surfaces. This action would facilitate efficient T3SS-
dependent translocation of bacterial effectors across the host cell 
PM and into the host cells (Figure 6B), resulting in effective disrup-
tion of TJs, high tyrosine phosphorylation levels of Tir, and compe-
tent construction of actin-rich pedestals. A study that concurs with 
our hypothesis reveals that the length of Yersinia pestis surface-
adhesin YadA, which binds to a host cell surface receptor, deter-
mines the efficiency with which the bacteria inject their effectors into 
the host cell cytoplasm (Mota et al., 2005).

EPEC seems to generate a specialized protein and lipid domain 
at the bacterium-host cell interaction site. This domain resembles a 
gigantic lipid raft enriched with cholesterol (Allen-Vercoe et al., 
2006), phosphoinositides (PIs; Sason et al., 2009; Campellone, 
2010; Saarikangas et al., 2010), caveolin (Boettcher et al., 2010), 
and elements of the actin cytoskeleton (Caron et al., 2006). It is in-
teresting to note in this context that PI3-kinase, its downstream ef-
fectors PI(3,4,5)P3, and Akt have been shown to be concentrated 
beneath N. gonorrhoeae infection sites. Interestingly, the PI has 
been shown to be translocated to the outer leaflet of the PM and to 
be active in stimulating the expression of PilT (an orthologue of 
EPEC BfpF), pili retraction, and microcolony growth (Lee et al., 
2005). Similar processes may also be relevant for EPEC infection, as 
we have recently shown that EPEC can simulate the recruitment of 
PI3-kinase and PI(3,4,5)P3 beneath its infection site (Sason et al., 
2009). It is possible that during retraction the pili expose hidden 

little is known about how these host cell responses are translated to 
pathogenic effects.

Earlier studies have shown that the EPEC-bfpF mutant and EPEC-
wt display comparable attaching and effacing phenotypes (Anantha 
et al., 1998). In this study, we used an inducible expression system 
and a variety of sensitive dynamic assays to show that BfpF is re-
quired for efficient translocation of EPEC effectors, construction of 
actin-rich pedestals, and the breakdown of TJs. As these effects are 
hallmarks of EPEC pathogenesis, our data may explain previous in 
vivo studies, demonstrating that the ability of a bfpF mutant to 
cause disease is attenuated in a human experimental model (Bieber 
et al., 1998).

How does BFP retraction elicit the observed host-cell responses? 
We propose the following model, which links pili dynamics with ef-
fector translocation and host cell responses to infection (Figure 6). In 
the absence of pili retraction, we presume that bacteria are hyper-
piliated (Figure 6A). The excessive and long pili hinder the close 
contact between the bacterial and host cell surfaces. Thus these 
surfaces are separated by a large space that precludes efficient in-
sertion of the T3SS injectisome and, subsequently, the bacterial ef-
fectors into the host cell. Ineffective EspF translocation (Figure 2A), 
and possibly of other TJ disrupting effectors (for a review, see Gutt-
man and Finlay, 2009), may contribute to the loss of bacterial ability 
to break down the TJ barrier (Figure 1) and to the attenuated EPEC 
disease (Bieber et al., 1998). Ineffective Tir translocation could have 
caused reduced tyrosine phosphorylation levels on host cell–in-
serted Tir (Figures 4 and 5B) and the consequent slower develop-
ment of actin-rich pedestals (Figure 3). Interestingly, whereas the 
EspF translocation rate was reduced throughout the entire infection 
time, the rate of Tir translocation was lower only at earlier phases 
(t15–30) of EPEC-bfpF infection (see Table 1). The greater effect on 
EspF could be explained by the observation that Tir is translocated 

FIGURE 5: BfpF expression is essential for efficient translocation and tyrosine phosphorylation of Tir in HeLa cells.  
(A) Tir translocation. HeLa cells were infected with EPEC-bfpF, EPEC-bfpF +BfpFara−, and EPEC-bfpF +BfpFara+(T0) 
expressing the tir-blaM reporter gene. Experiments were carried out and analyzed as indicated in Materials and 
Methods and Figure 2A. The results are mean ± SE of four to eight measurements. (B) Tir phosphorylation. HeLa cells 
were infected with the indicated EPEC strains or left untreated. Cells were lysed and subjected to immunoprecipitation 
(IP) with anti-PY antibodies followed by SDS–PAGE and immunoblotting (IB) with the same antibodies. PY-Tir is indicated 
with an arrow (top panel). Cell lysates were probed with anti–α-tubulin antibodies (middle panel, indicated with an 
arrow). Densitometric analysis was performed, and the PY-Tir/Tubulin ratio is shown (bottom panel). The results are 
representative of three independent experiments.
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(pJAL-F1) containing an intact bfpF gene un-
der the control of an arabinose-inducible 
promoter was generated as follows. The bfpF 
gene was amplified from pRPA102 (Anantha 
et al., 1998) using primers Infusion bfpF Fwd: 
( 5 ’ - TA G C A G G A G G A AT T C G G G A A -
TTCCTGATTCGGTGTGATATCATG-3’) and 
Infusion bfpF Rev: (5’-GCAGGTCGACTCTA-
G A G G T C TA G AT G C C ATA ATAT T T-
TAGCTAATCAGGTT-3’), Platinum Pfx poly-
merase (Invitrogen, San Diego, CA) and 25 
cycles of denaturation (95ºC for 1 min), an-
nealing (58ºC for 1 min), and elongation 
(68ºC for 1 min). The gel-purified PCR prod-
uct was spliced using the In Fusion method 
(Clontech, Mountain View, CA) into pBAD24 
previously digested with EcoRI and XbaI, 
downstream of the pBAD24 arabinose pro-
moter, and transformed into E. coli XL 10-
Gold cells (Agilent Technologies, Santa Clara, 
CA). The resulting plasmid, pJAL-F1, was 
confirmed by digestion with EcoRI and XbaI, 
which yielded the expected fragment of ∼1-
kb base pair and by sequencing with pBAD-

Fwd and pBAD-Rev standard primers. The pJAL-F1 plasmid was 
then transformed into the bfpF mutant strain, UMD946. We refer 
herein to UMD946 complemented with the arabinose-responsive 
pJAL-F1 plasmid as EPEC-bfpF +BfpFara.

Cells
MDCK cells were cultured as described (Sason et al., 2009). 
We used the Caco-2BBe Tet-off clone (Shen et al., 2006) as a 
model for polarized human enterocytes, which morphologically 
and functionally resemble the enterocytes lining the small intes-
tine (Hidalgo et al., 1989). Cells were routinely maintained in 
DMEM supplemented with 10% (vol/vol) fetal calf serum (FCS), 
l-glutamine, nonessential amino acids, and antibiotics (Biological 
Industries, Beit-Ha’Emek, Israel). Approximately 50,000 cells 
were seeded on a 12-mm Transwell support (Corning, Acton, 
MA) precoated with rat-tail collagen and grown for 19–25 d be-
fore EPEC infection, as described (Turner et al., 1997). HeLa cells 
were cultured routinely in DMEM supplemented with 10% FCS 
and antibiotics.

Induction of BfpF expression
Expression of BfpF was suppressed when EPEC-bfpF +BfpFara 
was incubated in medium lacking arabinose (EPEC-bfpF +Bfp-
Fara−); under these conditions pilus retraction is inhibited. Addi-
tion of arabinose (0.2% wt/vol; EPEC-bfpF +BfpFara+) stimulates 
BfpF expression, and so the presumed capacity of pili retraction. 
Evidence for these phenotypes is provided by time-lapse imag-
ing of bacterial disaggregation in solution (performed as in Anan-
tha et al., 1998, and Supplemental Figure S4A), and EPEC micro-
colony merging on the cell surface of infected cells, as described 
(Supplemental Figure S4B; Supplemental Movies 1–5). Addition 
of arabinose had no effect on any of the examined parameters in 
cells infected with EPEC strains that do not harbor pJAL-F1 
(unpublished data).

Bacterial activation and cell infection
Bacterial activation and cell infection were performed essentially as 
described (Sason et al., 2009). Briefly, bacteria cultured for 18 h at 

epitopes (Biais et al., 2010) that interact with specific lipids and pro-
teins associated with the host cell PM. Another possibility is that 
BFP retraction brings other bacterial surface components (adhesins) 
to contact the host cell surface and modulate the nearby mem-
brane environment. A third scenario suggests that modulation of 
PM organization is generated in response to mechanical forces ex-
erted by the retracting pili on the host cell. This hypothesis is prin-
cipally supported by findings showing that mechanical forces artifi-
cially imposed on the cells, mimicking the forces generated by Tfp 
retraction, stimulate mechanosensitive signaling pathways in the 
cells (Howie et al., 2005). We predict that deciphering the molecular 
basis underlying these pilus-stimulated, mechanosensitive path-
ways in the host cell will lay the groundwork for the development of 
novel antibacterial drugs aimed at combatting a broad range of 
Tfp-producing microorganisms.

Although the foregoing considerations apply to typical EPEC 
strains that express BFP, it is worth noting that in recent years the 
contribution of atypical strains that do not express BFP to human 
disease has been increasingly appreciated (Trabulsi et al., 2002). 
Whether and by what mechanism such strains achieve efficient ef-
fector delivery and equivalent virulence in the absence of pilus re-
traction, or are simply less virulent than typical EPEC strains, remain 
questions for further investigation.

MATERIALS AND METHODS
Bacterial strains and plasmids
EPEC strains used in this study are listed in Supplemental Table S1. 
UMD946 (referred to herein as EPEC-bfpF) is a derivative of the 
wild-type EPEC strain E2348/69, in which the Walker A box was re-
placed with a scar sequence (unpublished data). Walker box motifs 
are required for ATP hydrolysis and, in the case of Tfp systems, are 
presumed to energize the extrusion and retraction of the pilus 
filament. Thus this alteration of BfpF is expected to produce pili 
that cannot retract, yielding bacteria considered to be hyperpili-
ated. EPEC-bfpF bacteria complemented with a plasmid encoding 
for intact BfpF are predicted to have restored BFP retraction capac-
ity, and therefore to be phenotypically similar to the wild-type 
strain. In this study, EPEC-bfpF complemented with a plasmid 

FIGURE 6: A working model linking pili retraction with the effectiveness of bacterial effector 
translocation. The model is described in the Discussion section.
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ing was done with ImageJ (http://rsbweb.nih.gov/ij/) and Adobe 
Photoshop 7.0 (Adobe Systems).

Quantitative analysis of fluorescently immunolabeled 
phosphotyrosine beneath attached EPEC
MDCK cells were first infected with EPEC and then costained with 
DAPI, to visualize cell-associated bacterial microcolonies, and with 
anti-PY mAb 4G10 followed by appropriate secondary antibodies. 
The latter identifies phosphorylated tyrosine labeling, contributed 
to mainly by tyrosine phosphorylation of PM-incorporated Tir. Cells 
were fixed, and confocal images were acquired as mentioned earlier 
in text. Quantitative image analysis of the PY signal beneath at-
tached EPEC was performed as follows: Confocal sections, in which 
the microcolony-associated PY signal was maximal, were projected 
using the “averaged Z-projection” ImageJ macro. The average fluo-
rescence intensity of regions encompassing membrane-associated 
EPEC microcolonies was measured and normalized to regions not 
occupied by bacteria. Data are the average of at least 20 measure-
ments performed in two independent experiments.

Biochemical detection of PY-Tir
HeLa cells cultured on a 10-cm plate were infected with EPEC for 
45 min at 37ºC. Cells were washed with ice-cold (4°C) PBS and 
lysed for 5 min at 4ºC with 150 μl of lysis buffer (20 mM TrisCl, 
pH 7.2, 150 mM NaCl, 5 mM EDTA, 1% wt/vol NP-40, 10% wt/vol 
glycerol) containing phosphatase inhibitors (2 mM Na3VO4, 1 mM 
NaF, 2 mM Na4PO7) and 1 mM phenylmethylsulfonyl fluoride. Cell 
lysates were then centrifuged (5 min, 3000 × g, 4°C) and a 100 μl 
fraction of the supernatant was subjected to immunoprecipitation, 
using anti-PY mAb 4G10 bound to protein G-Sepharose beads 
(GE Healthcare, Uppsala, Sweden) for 1 h at 4°C. After washing the 
beads with ice-cold lysis buffer and PBS, the resulting immuno-
complexes were analyzed by SDS–PAGE and Western blotting 
and subsequently probed with anti-PY (4G10) antibodies. Cell 
lysates were probed with anti-α tubulin antibodies. Protein bands 
were visualized by the EZ-ECL chemiluminescence assay kit (Bio-
logical Industries). Consistent with previous reports (Rosenshine 
et al., 1996; Kenny et al., 1997), PY-Tir was identified as a major 
band of ∼90 kDa.

Time-lapse imaging of live cells
Experiments were carried out essentially as described (Sason et al., 
2009). Briefly, MDCK cells grown on glass-bottom plates (MatTek, 
Ashland, MA) were cotransfected with plasmids encoding GFP-actin 
and an mRFP-PM. The mRFP-PM (provided by S. Grinstein, Hospital 
for Sick Children, Toronto, ON, Canada) consists of mRFP fused to 
the N-terminal 11 amino acids of the Src-family kinase Lyn that is 
both myristoylated and doubly palmitoylated. These lipid moieties 
target the construct to the inner leaflet of the PM, mainly to lipid 
rafts (Sason et al., 2009). Protein expression was allowed for 40–48 
h. EPEC infection was performed under the confocal microscope 
(37°C, 5% CO2, and 97% humidity). Cell imaging and quantitative 
image analyses were carried out as described (Sason et al., 2009). 
Wavelengths of excitation lasers and narrow-band emission filters 
are listed in Supplemental Table S3.

Real-time analysis of EspF- and Tir- BlaM translocation
The procedure was carried out as described (Mills et al., 2008). 
Briefly, EPEC strains were separately conjugated with pCX446 
(espF::blaM) and pCX442 (tir::blaM) by crossing with E. coli SM10 
harboring the appropriate plasmid. Integration of the fusion genes 
into the EPEC chromosome was verified by PCR with primers 

37°C in Luria-Bertani medium were diluted 1:50 (vol/vol) into MEM-
Eagle with Hanks salts (for infection of MDCK cells) or into DMEM 
(for infection of Caco-2 and HeLa cells), and were incubated for 3 h 
at 37°C and 5% CO2 without shaking to induce expression of bfp 
and LEE genes. Cells were infected with preactivated bacteria at a 
multiplicity of infection of ∼100. Infection was carried out in activa-
tion medium supplemented with 5% FCS (for MDCK cells) or 10% 
FCS (for Caco-2 and HeLa cells) at 37°C and 5% CO2.

Monitoring the barrier functions of TJs
TER and FITC-dextran permeability measurements of polarized 
MDCK or Caco-2 cell monolayers were performed as described 
(Sason et al., 2009). Briefly, the apical poles of the cells were in-
fected with 0.5 ml of preactivated bacteria supplemented with 
FCS and 2 mg/ml of 4 kDa FITC-dextran. Prewarmed medium 
(1.5 ml) with FCS was added to the basolateral chamber. Cells 
were incubated in 5% CO2, 37ºC, and 97% humidity. TER was 
measured using the Millicell-ERS system (Millipore, Bedford, MA) 
equipped with a silver/silver-chloride electrode. Measurements 
were performed hourly and at 37ºC. The value of a blank Tran-
swell filter (with no cells, but otherwise treated identically) was 
subtracted from the resistance values of filter-cultured cells. Typi-
cal TER values recorded before cell infection (i.e., at time zero) 
were 90–100 and 160–200 Ωcm2 for MDCK and Caco-2BBe cell 
monolayers, respectively. The fluorescence intensity of a 100 μl 
aliquot taken from the basolateral medium was measured in a 
BMG Galaxy Fluostar microplate reader (BMG Lab Instruments, 
Offenburg, Germany) equipped with a 485/538 nm excitation/
emission filter pair.

Transmission electron microscopy
EPEC-infected cell monolayers were fixed, postfixed, dehydrated, 
embedded in epoxy resin, thin sectioned, and viewed as described 
(Orzech et al., 2000) with minor modifications. Fixation and postfix-
ation reagents were dissolved in 0.1 M cacodylate buffer, pH 7.0. 
The resin used for infiltration and embedding was Agar-100 (Agar 
Scientific, Stansted, Essex, England). Images were captured on a 
Tecnai 12 electron microscope (FEI, Phillips, Eindhoven, The Neth-
erlands) equipped with MegaView 2 CCD camera and AnalySIS 3.0 
software (Soft Imaging System, Münster, Germany).

Indirect immunofluorescence and confocal microscopy
Immunofluorescence labeling of MDCK cells was carried out as 
described (Sason et al., 2009). Briefly, cells were washed three 
times in phosphate-buffered saline (PBS) and fixed with 4% para-
formaldehyde. Following extensive washes, cells were permeabi-
lized, washed with PBS, and incubated with blocking solution 
(0.025% [wt/vol] saponin, 0.6% [wt/vol] fish skin gelatin in PBS) for 
15 min at 37°C. Following washes, cells were incubated with pri-
mary antibodies (see Table S2) in blocking solution for 1 h at 37°C. 
Cells were then washed five times in blocking solution with rigor-
ous shaking for 10 min each, and incubated with appropriate sec-
ondary antibodies (Table S2) for 1 h at 37°C. Cells were postfixed 
with paraformaldehyde. F-actin labeling was performed by incu-
bating permeabilized cells with 0.5 U/ml Texas-Red Phalloidin (In-
vitrogen) in blocking solution for 15 min at 22ºC. Bacteria and cell 
nuclei were labeled with DAPI (100 ng/ml in PBS) for 1 min at 22°C. 
Cells were mounted and visualized using an upright Leica TCS SP5 
laser-scanning confocal microscope, equipped with 63×, NA 1.4 
oil lens (Leica, Wetzlar, Germany). Confocal XY sections were taken 
at z-axis intervals of 0.5 μm. Wavelengths of excitation lasers and 
spectral emission bands are indicated in Table S3. Image process-
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5’-GGCTGTATGGATGATGAGTC-3’ (forward) and 5’-GATAATAC-
CGCGCCACATAG-3’ (reverse) for espF::blaM and 5’- GTTGGG-
TACCATGTTTAGTCCAACGGCAATGG-3’ (forward) and 5’-GATAA-
TACCGCGCCACATAG-3’ (reverse) for tir::blaM. Measurement of 
effector translocation is based on BlaM activity in infected HeLa 
cells. To insure that extracellular BlaM activity does not falsely con-
tribute to the signal, experiments were performed in the presence 
of 0.45 μM BlaM inhibitor protein, which inhibits extracellular BlaM. 
We used EPEC-wt containing the pBAD24 vector as a negative con-
trol. Levels of BlaM activity product [P] were obtained, and the rate 
of product accumulation [P’], which is proportional to the levels of 
effector-BlaM, was derived using the following expression:
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Presented [P’] values are moving averages along three time points. 
The number of cell-adhered bacteria was determined as described 
in Figure 2B.

Statistical analysis
Results are presented as means ± SE. Statistical significance was 
determined by two-tailed Student’s t test. A p value < 0.05 indicates 
a statistically significant difference.
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