
i 
 

 

 

 
 
 
 

THE ROLE OF BACTERIAL AMYLOID FIBRILS IN ESCHERICHIA COLI COMPLEMENT RESISTANCE 

 
 

 
 

A Thesis Submitted  
to the Temple University Graduate Board 

 
 

 
 

In Partial Fulfillment of  
the Requirements for the Degree of  

Master of Science 
 
 

 
 

By  
Steven Biesecker 

August, 2012 
 
 
 
 
Committee Members 
Çağla Tükel, Ph.D. – Advisor, Microbiology and Immunology 
Bettina Buttaro, Ph.D. – Microbiology and Immunology 
Patrick Piggot, Ph.D. – Microbiology and Immunology 
 

 

  



ii 
 

 

 

 

 

 

 

 

© 

by 

Steven Gary Biesecker 

2012 

All Rights Reserved 
  



iii 
 

ABSTRACT 

 

The Role of Bacterial Amyloid Fibrils in Escherichia coli Complement Resistance 

Steven Gary Biesecker 
Master of Science 

Temple University, 2012 
Advisory Committee Chair: Çağla Tükel, Ph. D. 

 
 

 Escherichia coli is a Gram-negative bacterium which is commonly found in the 

gastrointestinal tract of vertebrates. Due to a variety of virulence factors which may or may not 

be present in a specific strain, E. coli may exist as a beneficial human commensal or a pathogen 

capable of causing morbidity and mortality in the host. As a pathogen, E. coli has been divided 

into categories based on its mode of pathogenesis (ETEC, EHEC, UPEC, etc.). Of the E. coli strains 

which cause human disease, many that cause bacteremia have been identified as possessing 

virulence factors which make them more resistant to the complement system. 

 To protect against systemic infections, the human host utilizes a system of soluble blood 

proteins called the complement system. Among its functions, the complement system is able to 

directly kill bacteria through formation of a membrane attack complex (MAC). Other functions 

include opsonizing bacteria to facilitate phagocytosis and assisting clearance of immune 

complexes. In the lytic cascade, there have been three identified pathways for complement 

activation: the classical pathway, the alternative pathway, and the lectin pathway. All three of 

these pathways converge in the lytic complement cascade to result in the formation of the MAC 

pore which destabilizes the membrane and kills the bacterium. 

 In order to combat the complement system, E. coli utilizes certain virulence factors for 

resistance and evasion. Previously identified strategies of complement resistance include 
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modification of the lipopolysaccharide (LPS), expression of certain capsules, recruitment of host 

complment regulatory molecules, resistance genes encoded by resistance plasmids (R-plasmids), 

and elimination of immunogens for evading classical pathway activation. 

 The bacterial amyloid curli is a fibrillar structure in the extracellular matrix of enteric 

bacteria like E. coli. Curli functions in bacterial adherence and the formation of biofilm. In 

addition, it has been recognized as a Microbe-Associated Molecular Pattern (MAMP) recognized 

by the Toll-Like Receptor TLR2/TLR1 complex. Previous studies have provided indirect evidence 

that curli is expressed in vivo during systemic infections. It has also been previously established 

that amyloids are capable of binding to complement component C1q. The present study was 

carried out to investigate the role of the curli amyloid fibril in complement resistance.  

  Curli-producing parental strains and curli-deficient mutant strains of E. coli were 

compared in their survival to human complement serum using in vitro serum sensitivity assays. 

Results showed an increase in the survival of curli-producing E. coli over the curli-deficient 

mutant, suggesting that curli defends against complement killing. In addition, an in vivo mouse 

model of E. coli-induced sepsis demonstrated that curli-producing bacteria survived significantly 

greater in the blood of the mice than curli-deficient bacteria. This provided further evidence that 

curli protects against killing via the complement system. 

 To characterize curli’s mechanism of complement resistance, specific pathways of 

complement activation were blocked in in vitro assays, to ascertain their effects on E. coli. 

Blocking the classical pathway resulted in attenuation of complement bactericidal activity. This 

suggests that, in these assays, the classical pathway was the major contributor to complement 

activation. In addition, the survival of parental and mutant strains of E. coli was equal, which 

supports that curli interacts with the classical complement pathway. Blocking the alternative 
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pathway demonstrated that bactericidal activity was still present, supporting that the classical 

pathway was the main mechanism for complement activation. In addition, there was a 

significant increase in the survival of the curli-producing E. coli. This suggests that curli is not 

involved in protecting the bacteria against alternative pathway activation. 

 Immunostaining and flow cytometry assays were carried out to determine if parental 

and mutant strains of E. coli differentially bind complement components C1q and C3, to further 

characterize the mechanism of complement resistance. Results demonstrated that curli 

increases binding of C1q, while C3 binding remained unaffected. Due to the importance of C1q 

in the classical complement pathway, this suggests that curli directly interacts with the classical 

pathway. Overall, results of this study conclude that curli defends E. coli against complement 

killing by specific inhibition of the classical complement pathway.  
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CHAPTER 1 

INTRODUCTION 

 

Commensal and Pathogenic Escherichia coli 

 Escherichia coli is a rod-shaped, Gram-negative facultative anaerobe which belongs to 

the bacterial family Enterobacteriaceae. Due to its ability to adhere to biotic and abiotic 

surfaces, E. coli is able to successfully inhabit various niches, including the gastrointestinal tract 

of vertebrates, plant surfaces, plastic, and steel (5, 20). Variation of genetic factors contributes 

to a wide array of functional characteristics for each strain of E. coli. On the one hand, E. coli is a 

beneficial colonizer of the human gastrointestinal tract. On the other, it is a human pathogen, 

which can result in morbidity and mortality. In addition to its impact on human health, E. coli is 

an essential tool used in genetics, molecular biology, physiology, and biochemistry (35, 77). 

As a commensal, E. coli is the most prominent facultative anaerobe of the vertebrate 

intestinal microbiota, where it primarily colonizes the caecum and colon (77). E. coli has a 

prevalence of greater than 90% in humans, and is one of the first intestinal colonizers in 

newborn children (52). For healthy, immunocompetent individuals, commensal E. coli does not 

cause disease. It resides in the mucous layer of the intestine and is shed into the lumen where it 

is excreted in feces (77). Commensal E. coli has a symbiotic relationship with its human host. The 

intestine provides E. coli with nutrients in the form of a variety of sugars (7), and protection 

from some environmental stressors, while the bacteria provide the human host with nutrients 

and protection against pathogenic organisms by blocking their colonization (30, 77). 

Conversely, commensal E. coli may cause disease when the intestinal epithelial barrier is 

disrupted in diseases such as inflammatory bowel disease (IBD). In immunocompromised 
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individuals, such as AIDS patients, commensal bacterial strains may cross the intestinal barrier. 

Deficiencies in the immune system, such as a defective intestinal barrier and absence of CD4+ T 

cells, cause a massive influx of bacteria into the sub-epithelial lamina propria and an ensuing 

hyper-inflammatory response, which then can result in septic shock (42, 73). 

In the United States alone, over 6.5 million people acquire extraintestinal E. coli 

infections every year, including more than 100,000 cases of E. coli-related sepsis (65). An 

immunocompromised host, as well as the presence of various virulence genes in E. coli, 

contributes to a number of pathologic conditions, including infections of the gastrointestinal 

tract, urinary tract, central nervous system, and bloodstream (bacteremia) (12, 35). 

The human pathogenic variants of E. coli are divided into several categories based upon 

their mode of pathogenesis. Enteropathogenic E. coli (EPEC), enterohaemorrhagic E. coli (EHEC), 

enteroaggregative E. coli (EAEC), enteroinvasive E. coli (EIEC), diffusely adherent E. coli (DAEC), 

and enterotoxigenic E. coli (ETEC) are frequent gastrointestinal pathogens. Uropathogenic E. coli 

(UPEC) often causes urinary tract infections (UTI). Finally, meningitis may result from infections 

by meningitis-associated E. coli (MNEC) (35) or neonatal meningitis E. coli (NMEC) (12). These 

strains and UPEC strains which may cause extraintestinal infections, such as sepsis and 

meningitis, have also been referred to as extraintestinal pathogenic E. coli (ExPEC) (12, 35). 

 

The Complement System 

Left unchecked, a bacterial infection may progress to septic shock and result in death. 

One of the major defense mechanisms employed by the human host during infections is the 

complement system Complement is a system of soluble blood proteins secreted mainly from 

liver hepatocytes. However, macrophages, monocytes, fibroblasts, mesenchymal cells, and 
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epithelial cells of the urogenital tract also produce components of the complement system (10, 

44, 45, 59). The functions of complement include the opsonization of viruses and bacteria, the 

clearance of immune complexes, and the direct killing of bacterial cells through a membrane 

attack complex (MAC), also referred to as the terminal complement complex (TCC) (61). 

Three distinct pathways have been identified for the activation of the complement 

cascade: the classical pathway, alternative pathway, and lectin pathway. Although each of these 

three pathways has a different mechanism that triggers complement activation, all three 

pathways lead to a similar fate for bacteria: lysis via the MAC (61). 

Interaction between an antibody and a foreign antigen triggers activation of the 

complement cascade via the classical pathway. Once the antigen has been bound by IgG or IgM, 

the antibody undergoes a conformational change which allows for the binding and activation of 

the C1 complex (C1qr2s2). Once activated, the C1 complex cleaves and activates complement 

component C4 into its cleavage product, C4b, which is deposited on the bacterial membrane. In 

addition, the C1 complex also cleaves C2 to facilitate the formation of the C3 convertase of the 

classical pathway (C4b2b). The C3 convertase efficiently cleaves complement component C3 and 

deposits the active cleavage fragment, C3b, onto the membrane. The deposition of C3b on the 

bacterial membrane is referred to as opsonization. Opsonization is important in the clearance of 

invading pathogens by phagocytosis. Complement receptors, CR3, CR4, and CRIg on phagocytic 

cells bind to C3b, which facilitates the engulfment of the invading organism (61). This is referred 

to as opsonophagocytosis. In addition to its functions as an opsonin, C3b will also bind to the C3 

convertase to form the C5 convertase (C4b2b3b). The C5 convertase cleaves and deposits the 

C5b cleavage fragment of C5 onto the membrane. This step is the first in the formation of MAC. 

From this point on, C5b associates with complement components C6 and C7. C5b67 inserts itself 
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into the membrane and then associates with C8 and multiple C9 units. This forms a pore, 

referred to as the MAC, in the membrane. Formation of multiple pores leads to the 

destabilization of the bacterial membrane and eventual lysis (61).  

The second complement pathway, the lectin pathway, is triggered when mannose-

binding lectin (MBL) or ficolins recognize carbohydrates on foreign surfaces, which results in the 

binding of MBL-associated serine proteases (MASPs) (15). This complex acts similarly to the C1 

complex which cleaves C4 and C2 to form the C3 convertase. From this point onward, the lectin 

pathway overlaps with the classical pathway. 

Under normal conditions, a small fraction of C3 exists in a hydrolyzed form (C3H20). The 

alternative pathway is triggered by the association of this hydrolyzed form of C3 and the surface 

of an invading pathogen. The C3H20 associates with factor B and is then cleaved by factor D. This 

results in the formation of a C3 convertase specific to the alternative complement pathway 

(C3H20Bb). The C3 convertase cleaves and deposits the C3b onto both self and non-self 

membranes. While bacteria are successfully opsonized via the alternative complement pathway, 

deposition of C3b on host cells is immediately neutralized by defender molecules such as factor 

I, factor H, FHL-1, and decay-accelerating factor (DAF or CD55). After C3 convertase formation 

and subsequent opsonization, a molecule of C3b is bound by the C3 convertase to form the 

alternative pathway C5 convertase (C3bBb3b). This C5 convertase is functionally identical to the 

classical pathway C5 convertase (61). For an overview of the complement pathways, see Figure 

1. 
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Figure 1: An overview of the complement pathways leading to the formation of the 

membrane attack complex (MAC). Modified from Sarma et al. 2011 (68).  
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In addition to opsonization and lysis of bacteria, the complement system also possesses 

an important role in inflammatory signaling (6, 85). During cleavage of complement components 

C3, C4, and C5 two fragments are created: the “a” and “b” fragments (e.g., C3a and C3b). While 

the “b” fragments are deposited on the bacterial membrane, the “a” fragments are released 

into the environment. These “a” fragments, especially C5a, act as signaling molecules and are 

referred to as anaphylatoxins. Anaphylatoxins induce their strong pro-inflammatory response 

through G-protein coupled receptors (GPCRs) present on cell types including polymorphonuclear 

neutrophils (PMNs) and macrophages (48, 61, 85). Examples of these GPCRs include C5aR and 

C5L2, which have been shown to contribute to adverse outcomes in sepsis. Among the released 

anaphylatoxins, C5a is the most potent by inducing strong cytokine production by the 

phagocytic cells and its chemoattractant activity on PMNs (6, 85). 

 

Mechanisms of Complement Resistance in E. coli 

 Due to its importance in the recognition and clearance of invading microorganisms, 

bacteria have evolved strategies to evade the complement system. Several mechanisms have 

been identified by which E. coli resists the complement killing pathways. These mechanisms 

include the modification of lipopolysaccharide (LPS) (33), expression of various capsules (29, 74), 

recruitment of the host regulatory molecules to the outer membrane (56, 58), presence of 

complement resistance genes encoded by antibiotic resistance plasmids (R-plasmids) (26, 49, 

50, 55), and inhibition of antibody-mediated classical pathway activation through elimination of 

immunogen targets (40). These complement resistance factors are often present in pathogenic 

E. coli isolates (62). Thus, elucidating the mechanisms associated with each of these factors is 

important in the treatment of such infections. 
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 The presence of a smooth LPS, with a full-length O-antigen has been shown to be 

protective for E. coli against complement. When compared to E. coli strains expressing rough 

LPS, the smooth strains survive longer (24). To determine the effect of LPS O-antigen length in 

complement deposition and MAC formation on bacteria, Joiner et al. compared the rate by 

which smooth and rough (O-antigen deficient) Salmonella minnesota bound soluble 

complement components, as well as the amount of soluble C5b-9 complexes (MAC) present 

after exposure to the complement system. Although no differences in the deposition of 

components by the smooth and rough S. minnesota strains were observed, increased release of 

the terminal MAC occurred with the smooth strain, suggesting that full-length LPS O-antigen 

does not inhibit complement deposition, but causes the unstable binding of the MAC/C5b-9 

complex in the bacterial membrane, leading to its eventual shedding (33). 

 Another mechanism which E. coli employs against complement killing is the expression 

of a K capsule. Studies have shown that by expressing a K-antigen capsular serotype such as K1 

or K3, among others, E. coli inhibits opsonization by complement component C3b (74). It was 

suggested that the presence of sialic acid in the K capsule inhibits alternative pathway 

opsonization by interacting with Factor H, a human complement regulator that increases 

convertase decay, as well as being a cofactor for Factor I, which degrades C3b and C4b (17, 54, 

61). In addition, these encapsulated bacteria were shown to mainly be susceptible to the 

antibody-mediated deposition of complement and phagocytosis, through classical pathway 

activation (29).  

 CD59, or protectin, is a human glycophosphoinositol-anchored defender molecule that 

blocks formation and insertion of the C5b-9 neoepitope (43, 58). It has been shown that CD59 

bound by human cells to protect self against the complement system may be shed through 
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tissue damage or inflammation. E. coli strains bind and incorporate CD59 into their outer 

membrane and prevent complement killing by mimicking human cells (58). 

 Similar to the recruitment of host CD59 to the outer membrane, researchers have 

demonstrated that E. coli recruits C4bp, a complement regulatory protein, to increase 

protection from complement killing (56, 88). C4bp increases the degradation of classical and 

lectin pathway convertases and is a co-factor for Factor I (61, 88). Studies demonstrated that E. 

coli, which produces Outer membrane protein A (OmpA), exhibits increased survival to human 

serum via inhibition of the classical complement pathway (56, 86, 88). OmpA is a 

transmembrane protein with functions including maintaining outer membrane structural 

morphology and acting as a mediator in F-dependent conjugation (21, 27, 72, 86). Researchers 

demonstrated that E. coli which produces OmpA, binds to C4bp in order to inhibit the 

bactericidal activity of the classical complement pathway (56). 

 Investigators have identified plasmids present in E. coli, referred to as resistance 

plasmids or R-plasmids, which often carry antibiotic resistance genes. Some R-plasmids encode 

genes that also provide protection against complement. One such gene is traT, which was has 

been demonstrated to be present in the resistance plasmid R100 (26). Studies demonstrated 

that TraT, a molecule involved in the transfer of the R factor, provides protection against 

complement killing (49, 50, 55). While the exact mechanism of TraT activity is unknown, studies 

have suggested that TraT potentially inhibits the formation of the C5b-9 complex at the C5b to 

C5bC6 stage (55). 

 Finally, it has been shown that E. coli strains with mutations of the ompC gene are 

resistant to the bactericidal activity of complement (40). Outer membrane protein C (OmpC) is a 

lactoferrin binding protein that has been shown to be involved in multidrug resistance in E. coli. 
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One study has demonstrated that this protein is an immunogen in E. coli which triggers the 

activation of the classical complement pathway (40). OmpC mutants were shown to be more 

resistant to complement killing than strains which express this protein. Thus, rather than directly 

inhibiting lysis, these mutants evade initiation of the classical pathway (40).  

 

The Curli Amyloid Fibril 

 Amyloids are proteins that possess a fibrillar, cross-beta sheet structure. E. coli, as well 

as other members of the Enterobacteriaceae family, express functional bacterial amyloid fibrils 

known as curli. Curli fibrils are encoded by the  csgBAC and csgDEFG operons and are assembled 

via a nucleation-precipitation pathway. The csgA gene encodes the major subunit, CsgA. The 

csgB gene encodes the minor subunit, CsgB, which functions as a nucleator (2, 76). CsgA and 

CsgB are excreted to the extracellular surface of the cell where the CsgA major subunits 

aggregate with the help of CsgB to form fibrils that are anchored to the surface of the bacterium 

through an undefined mechanism. CsgD is a transcriptional factor that regulates expression of 

the csgBAC operon as well as other biofilm-related genes, including indirect regulation of 

cellulose through activating adrA which synthesizes cyclic-di-GMP necessary for its production 

(2). CsgG is a lipoprotein that assembles in the outer membrane and forms a pore that allows for 

the excretion of the CsgA and CsgB subunits to the extracellular surface (2, 76). CsgE and CsgF 

have also been shown to interact with the CsgG pore, and are present in the periplasm (2). 

Without CsgF, CsgA and CsgB subunits polymerize ineffectively, resulting in fewer and 

mislocalized curli fibrils. CsgF is secreted to the cell surface, where it mediates the cell-

association and protease-resistance of the CsgB nucleator. This suggests that CsgF is required for 

specific localization and/or functions as a chaperone of CsgB for full nucleator activity (47). CsgE 
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interacts with the CsgG pore and mediates the secretion of CsgA subunits, preventing 

premature subunit assembly (46). It has been suggested that CsgC has a role in increasing the 

flux of macromolecules through the CsgG pore (76).  

Even though expression of curli fibrils is restricted to conditions such as growth in low 

temperature and low osmolarity in a laboratory environment, biogenesis of curli fibrils occurs 

upon iron starvation (a condition encountered in the mammalian host) at 37°C (22). In addition, 

studies in mice have demonstrated the seroconversion of mice to CsgA following inoculation 

with S. Typhimurium grown under non-curli-inducing, standard laboratory conditions (31). 

Another study showed that patients recovering from E. coli sepsis possess antibodies against 

CsgA, suggesting that curli fibrils are expressed during infection (3). Recently it has been 

demonstrated that curli fibrils are expressed in the urine of the patients suffering from UTIs (34). 

These results provide indirect evidence for in vivo expression of curli fibrils. 

Bacteria form multicellular communities, termed biofilms. Biofilms consist of robust, 

often highly structured, cell structures. The formation of these structures impart a number of 

advantages in comparison with single cells, including protection against environmental insults, 

antimicrobial agents, and the host immune response (1, 28, 37). In the pursuit of identifying 

factors which contribute to biofilm formation, it has been shown that unrelated species of 

bacteria may express common traits which influence the development of biofilm. For example, 

multicellular groups of the Enterobacteriaceae family, including E. coli, Salmonella spp., 

Enterobacter spp., Shigella spp., and Klebsiella spp., were identified as producing similar 

exopolymers such as cellulose and curli in the extracellular matrix, promoting adhesion to biotic 

and/or abiotic surfaces (5). 
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Expression of curli during infection is associated with the induction of inflammatory 

responses (3, 4, 81, 82) Recently, it was shown that curli is a Microbe-associated molecular 

pattern (MAMP) that is recognized by the Toll-like receptor TLR2/TLR1 complex (80-82).  

 

Project Aims 

Pathogenic bacteria employ a wide arsenal of virulence factors to evade the immune 

system. Several mechanisms by which E. coli successfully evades the complement killing system 

have been identified previously. E. coli has been shown to inhibit the insertion of the MAC 

complex (33), recruit host proteins to increase the decay of complement components (55, 56, 

58), block opsonization of the membrane by complement (29, 74), and avoid complement 

activation through the mutation of genes encoding immunogens (40). In this study, we 

investigated if curli fibrils provide protection against the complement killing system.  

 

Determining the Role of Curli in Resistance to Complement Killing 

The first aim of this project was to demonstrate whether, in addition to biofilm 

formation and eliciting inflammation through the activation of the TLR2/TLR1 complex, the 

production of curli fibrils provides E. coli with a defense mechanism against elimination by the 

complement system. In this aim, we used serum-sensitivity assays to compare the survival of 

two parental E. coli strains and their isogenic, curli-deficient counterparts. Results of this study 

demonstrate a significant increase in the survival of curli-producing E. coli compared to curli-

deficient E. coli when exposed to human serum complement. In addition to the in vitro assays 

for complement killing, we investigated the survival of a parental E. coli strain and its isogenic, 

curli-deficient counterpart in an in vivo murine model of E. coli-induced sepsis. Consistent with 
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the in vitro data, the curli-producing parental strain survived significantly better than the curli-

deficient strain.  

  

The Mechanism by Which Curli Provides Resistance to Complement Killing 

 To determine the mechanisms by which curli provides resistance to complement killing, 

we utilized serum sensitivity assays in which specific pathways of complement activation were 

blocked. Results of these experiments demonstrated that blocking the classical pathway 

diminished the bactericidal activity of complement. Blocking the alternative pathway resulted in 

no effect on complement killing. Taken together, these data provide evidence that, in E. coli, 

curli inhibits complement-induced bactericidal activity by acting on the classical pathway. 

 

Binding of Curli to the Complement Components C1q and C3b 

Because of the observations that curli expression increases the survival of E. coli 

exposed to the classical complement pathway, it was of interest to determine if particular 

complement components deposit on the bacterial surface differently. C1q and C3b deposition 

was quantified through the use of a flow cytometry-based binding assay. Components C1q and 

C3b were chosen because of their importance to the classical complement pathway and 

opsonization, respectively. Results demonstrated that in parental E. coli, there was an increased 

C1q deposition compared to the mutant strain. In addition, the parental strain exhibited 

decreased C3 deposition compared to the mutant strain.  These data indicate that curli is able to 

alter the adherence of certain complement components to the surface of E. coli. These data also 

provide a potential explanation for the difference in complement susceptibility displayed in the 

previous study and suggest that curli may be specifically inhibiting the classical pathway.  
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CHAPTER 2 

MATERIALS AND METHODS 

 

Bacterial Strains and Growth Conditions 

For this study, two E. coli strains, MC4100 (K-12) and Nissle 1917 (O6:K5:H1), were used. 

Isogenic curli-deficient strains for both of these strains were obtained to examine the effect of 

curli expression. The csgBA mutant LSR13, as well as MC4100, were kindly provided by Dr. Scott 

Hultgren (Washington University). Nissle 1917 and its csgA mutant, MDG180 (KanR), were kindly 

provided by Dr. Mark Goulian (University of Pennsylvania). The strain CT183 (CarbR) was 

constructed through complementing the LSR13 strain with the pWSK29 plasmid containing 

csgBA genes (80). For optimal growth conditions, strains were inoculated in 5 mL of LB broth 

and incubated overnight at 37°C with 200 rpm agitation. To induce curli expression, strains were 

grown on Tryptone agar (T medium) plates, at 28°C, for 72 hours (9, 81). Expression of curli was 

confirmed through Western Blot analysis and Flow Cytometry using anti-CsgA antibodies (32). 

For visual analysis of curli expression by Congo Red binding, bacterial strains were grown under 

curli-inducing conditions on T medium plates supplemented with 100 μg/mL Congo Red (8). For 

analysis of cellulose production, bacterial strains were grown under curli-inducing conditions on 

T medium plates supplemented with 50 μM Calcofluor (Fluorescent Brightener 28, Sigma-

Aldrich) (64). Bacteria were then exposed to ultraviolet light and imaged through the use of the 

Universal Hood II Gel Imager (Bio-Rad). 
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Serum Sensitivity Assays 

Serum sensitivity assays were carried out as described by Wilson and colleagues (87). 

Briefly, bacterial strains were grown under curli-inducing conditions, as stated above. Bacteria 

were then scraped off the plates into phosphate buffered saline (PBS). Optical density of the 

solutions was measured and normalized to 0.70 at 600 nm using a spectrophotometer (Thermo 

Scientific, Genesys 10S Series). Bacterial suspension and complement serum were combined 

with PBS in a final concentration of 10% complement, 10% bacterial suspension mixture. 

Complement sera used in this study include: SIGMA Human Complement Standard, Quidel 

Human Serum Complement, and Baby Rabbit Complement (Accurate Chemical). Mixtures were 

incubated at 37°C for 2 hours. Sampling was done at 0, 60, and 120 minutes during incubation. 1 

to 10 serial dilutions of bacteria were prepared in PBS and plated on Luria-Bertani (LB) agar 

plates with appropriate antibiotics. Carbenicillin (100 μg/mL final concentration) was used for 

plating of LSR13/pWSK29 csgBA. Kanamycin (100 μg/mL final concentration) was used for 

MDG180. Plates were incubated overnight at 37°C. Resultant bacterial colony forming units (cfu) 

were counted and cfu per milliliter (mL) of bacterial suspension was calculated. All serum 

sensitivity assays were repeated at least three times for determining statistical significance. 

 

Blocking Complement Pathways 

To inhibit all three complement pathways, a solution of ethylenediaminetetraacetic acid 

(EDTA) at 0.0125 M was used to obtain a final concentration of 0.01 M in the assays (19). To 

specifically block the classical complement pathway, a solution of 0.0125 M ethylene glycol 

tetraacetic acid (EGTA) and 0.00625 M) Magnesium Chloride was used to obtain a final 

concentration, in the assay, of 0.01 M EGTA and 0.005 M MgCl2 (19). In addition, C1q depleted 



15 
 

sera (Quidel) was used as the source of sera where the classical pathway is inactive. For specific 

inhibition of the alternative complement pathway, Factor B Depleted Sera (Quidel) was used. 

Bacterial strains were grown for 72 hours on T medium plates at 28°C, as stated above. Bacteria 

were suspended in PBS and optical densities were adjusted to 0.70 at 600 nm, using 

spectrophotometer measurements (Thermo Scientific, Genesys 10S Series). 10% complement, 

10% bacterial suspension mixture was prepared in PBS containing 0.01 M EDTA or 0.01 M EGTA 

with 0.005 M MgCl2 (19). Mixtures were incubated at 37°C for 2 hours. Sampling was done at 0, 

60, and 120 minute time points. 10-fold serial dilutions of bacteria were prepared in PBS and 

plated on LB agar plates with appropriate antibiotics. Plates were incubated overnight at 37°C. 

Bacterial colony forming units (cfu) were then counted and cfu per milliliter of bacterial 

suspension was calculated.  All assays for blocking complement pathways were repeated at least 

three times for determining statistical significance. 

 

Western Blot 

For detection of E. coli-specific antibodies in human or baby rabbit serum, E. coli Nissle 

1917 and MC4100 lysates were prepared by suspending bacteria in PBS and boiling with SDS-

PAGE loading buffer. Lysates were then loaded onto a 12% SDS-polyacrylamide gel for protein 

separation via electrophoresis. The presence and quantity of protein in the samples was 

confirmed through staining with Coomassie Blue and detection with the Li-Cor ODYSSEY infrared 

imaging system, at 700 nm. Proteins were transferred to a PVDF membrane using a Semi-Dry 

Transfer Cell (Bio-Rad) for one hour (15 V, 0.15 A). Membranes were then incubated for one 

hour in a 1:1000 dilution of complement serum (Quidel or Sigma) made in blocking buffer (1x 

PBS containing 5% non-fat dry milk and 0.05% Tween 20). Membranes were then washed 3 
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times with blocking buffer. For the detection of human sera, membranes were incubated for 

one hour with a 1:10,000 dilution of Li-Cor ODYSSEY Goat anti-Human IRDye 800CW secondary 

antibody in blocking buffer. Membranes were washed 3 times in blocking buffer, followed by 3 

washes in PBS. Detection was done through Li-Cor ODYSSEY detection at 800 nm. For analysis of 

Baby Rabbit Complement sera, Li-Cor ODYSSEY Goat anti-Rabbit IRDye 800CW antibody was 

used as the secondary antibody for detection. 

 To detect curli expression by Western Blot, samples were prepared through formic acid 

treatment, as described previously (9, 81). Briefly, E. coli strains were grown under curli-inducing 

conditions as described previously. Bacteria were washed in PBS and then re-suspended in 90% 

formic acid and snap frozen in ethanol-dry ice bath. Next, formic acid was removed using a 

Savant Speed Vac Concentrator (Thermo Scientific) for 1.5 hours. Samples were then re-

suspended in PBS and SDS-PAGE loading buffer. Electrophoresis and membrane transfer were 

carried out as described above. 1:1000 dilutions of rabbit anti-CsgA antibodies were used as 

primary antibodies in blocking buffer (32). Secondary antibody incubation was accomplished 

through use of a 1:10,000 dilution of Li-Cor ODYSSEY Goat anti-Rabbit IRDye 800CW antibody. 

  

Flow Cytometry 

Analysis of curli expression in E. coli strains was accomplished through immunostaining 

and detection by Flow Cytometry adapted from Wilson et. al.(87). Strains were prepared under 

curli-inducing conditions, for 48 or 72 hours, as stated above. Bacteria were re-suspended in PBS 

and treated with 0.1% sodium azide for 20 minutes. Cells were washed 2 times in PBS and then 

incubated in 2% goat serum in PBS. After a 30 minute incubation, a 1:250 dilution of rabbit anti-

CsgA antibody (32) was added and then incubated for 1 hour. Cells were washed 3 times in PBS. 
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Samples were then resuspended in PBS with a 1:250 dilution of FITC-conjugated AffiniPure goat 

anti-rabbit IgG secondary antibody (Jackson ImmunoResearch Laboratories), and incubated in 

the dark for 1 hour. After incubation, cells were washed 3 times in PBS and detected with the 

FACSCanto Flow Cytometer (BD Biosciences). Data analysis was accomplished with the FlowJo 

software (Treestar, Inc.; Ashland, OR). Experiments investigating the production of curli on 

bacteria were repeated at least three times. 

 

C1q and C3 Binding Assays 

Detection of C1q and C3 binding was done as described by Wilson et. al. (87). E. coli 

strains were grown under curli-inducing conditions, as described above, for 72 hours. Bacteria 

were re-suspended in PBS containing 10% C5 Depleted sera (Quidel) and incubated at 37°C for 

30 minutes. Cells were washed 2 times with PBS and killed by incubation in PBS containing 0.1% 

sodium azide (w/v) at room temperature for 20 minutes. Samples were then washed 2 times in 

PBS. 

For C3 binding assays, samples were then suspended in PBS along with a 1:250 dilution 

of FITC-conjugated Goat IgG fraction to mouse complement C3, and incubated for 1 hour in the 

dark. Samples were then washed 3 times with PBS and detected via flow cytometry. 

For C1q binding assays, samples were suspended in PBS containing 2% goat serum and 

incubated at room temperature for 30 minutes. A 1:250 dilution of Rabbit polyclonal antibody to 

C1q (Abcam) was then added. Samples were then incubated for 1 hour at room temperature. 

Cells were washed 3 times in PBS and then re-suspended in PBS containing a 1:250 dilution of 

FITC-conjugated AffiniPure goat anti-rabbit IgG antibody. Samples were then incubated in the 
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dark at room temperature for 1 hour. After washing 3 times in PBS, C1q binding was detected 

via flow cytometry. Each binding assay was repeated at least three times. 

 

Animal Experiments 

 Mouse experiments in this study utilized six-to-eight-week-old female C57BL/6 mice, 

purchased from Jackson Laboratories. E. coli strains MC4100 (parental) and LSR13 (ΔcsgBA, 

mutant) were grown under curli-inducing conditions, as described above, for 72 hours. Bacteria 

were scraped from the plates and resuspended in PBS. Optical density of the bacterial solutions 

was measured and normalized to 0.70 at 600 nm using a spectrophotometer. This suspension 

was then diluted 1:100 in PBS for 107 cfu/mL bacteria. Groups of 3 mice were injected 

intravenously via the tail vein with 100uL of the bacterial suspension. One group of 3 mice was 

injected with MC4100, while another group was injected with LSR13. 2 hours post-infection, 

mice were sacrificed and blood was collected via cardiac puncture. Blood samples were 

collected in tubes containing 5uL of 19.2 ng/uL heparin. Bacterial numbers in blood were 

determined on LB plates incubated at 37°C overnight. Bacterial colonies were then counted and 

cfu/mL was calculated. 

 

Statistical Analysis 

 For the analysis of bacterial survival, measurements of cfu/mL were transformed 

logarithmically. Data from multiple experiments were combined through calculating mean 

values and standard deviation. Statistical significance of bacterial survival assays was then 

determined through the use of an unpaired Student’s t-test. In the complement binding assays, 

a paired Student’s t-test was used to calculate statistically significant differences (p < 0.05).  
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CHAPTER 3 

RESULTS 

 

Characterization of Bacterial Strains 

 In this study, the MC4100 strain, a K-12 strain commonly used in laboratory research 

(53), as well as an isogenic mutant that is curli-deficient (csgBA mutant, LSR13) were used. 

MC4100 is a rough strain (lacking LPS O-antigen) which also lacks a K antigen and was derived 

from the original K-12 isolate, MG1655 (53). Nissle 1917, a semi-rough, O6:K5:H1 isolate of E. 

coli, as well as its isogenic, curli deficient mutant (ΔcsgA) MDG180 were also utilized in this 

study. Confirmation of curli expression in the strains used in this study was accomplished with 

western blot analysis and flow cytometry. Bacterial strains were tested for curli expression after 

growth under curli-inducing conditions that were used in all experiments, i.e., growth on T 

medium plates at 28°C for 72 hours. Results of western blot analyses are shown in Figure 2. 

Polymerized curli fibrils require a formic acid treatment to depolymerize the fibrils into 

monomeric CsgB and CsgA subunits. For western blot analysis of curli production, E. coli cells 

were resuspended in 90% formic acid for depolymerization. Following SDS-PAGE, Western blot 

analysis was performed for both MC4100 and its ΔcsgBA isogenic curli mutant, LSR13 (Figure 

2A), as well as Nissle 1917 and its ΔcsgA isogenic, curli mutant MDG180 (Figure 2B), using anti-

CsgA antibodies. Results for the parental strains, MC4100 and Nissle 1917, indicate the presence 

of CsgA. The curli-deficient mutants, LSR13 and MDG180, however, did not show any band for 

CsgA production. While bacterial numbers used for the protein samples were equalized with 

optical density measurements, curli production between strains could not be compared due to  
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Figure 2: Western blot analysis of curli production. Membranes were incubated with anti-CsgA 

antibody, specific to the CsgA major subunit of curli fibrils (32). Goat anti-rabbit secondary 

antibody (Li-Cor) was used as a secondary antibody. Detection was done with the Li-Cor 

ODYSSEY infrared imaging system. (A) Detection of curli production in the parental strain 

MC4100 (curli +) and ΔcsgBA mutant LSR13 (curli -). (B) Detection of curli production in the 

parental strain Nissle 1917 (curli +) and ΔcsgA mutant MDG180 (curli -). 

  

MC4100 LSR13 Nissle 
1917 

MDG180 A B 
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the formic acid treatment. Thus, these data confirmed the presence or absence of curli in the 

bacterial strains used in the study. 

As a secondary approach, flow cytometry was used to determine the presence of curli 

fibrils on MC4100 and its isogenic curli mutant, LSR13, as well as Nissle 1917 and its isogenic 

curli mutant MDG180. Figure 3 demonstrates an analysis of curli expression via immunostaining 

followed by detection with flow cytometry. Results demonstrated an increase in FITC binding for 

the parental bacterial strains, which is indicative of curli expression. Curli-deficient mutant 

strains exhibited low levels of FITC binding, comparable to that of an unstained bacterial sample. 

These data support the previous western blot results, which demonstrate that curli is expressed 

in the proper strains of E. coli.  

All amyloids specifically bind to dyes Congo Red and Tioflavin T (2). To analyze the 

characteristics of the strains used in this study, we analyzed the ability of the strains used in this 

study to bind to the specific dye Congo Red when grown on T medium plates under curli-

inducing conditions. From the results depicted in Figure 4, it was observed that MC4100 and 

LSR13 display a distinct difference in their ability to bind of Congo Red. While MC4100 bound to 

Congo Red as observed by the red colonies on plates, LSR13 did not; suggesting that the 

MC4100 strain expresses curli while the LSR13 strain is curli-deficient. 

When plated on T medium supplemented with Congo Red, the Nissle 1917 and MDG180 

showed a less noticeable difference in their ability to bind this dye (Figures 4C and 4D). In 

addition, the binding of Congo Red by MDG180 would seem to contradict the conclusion that 

MDG180 does not produce curli. However, in addition to curli, cellulose is also stained by Congo 

Red (57). As the CsgD transcription factor controls cellulose production as well as curli 
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Figure 3: Histograms of analysis for curli expression by flow cytometry. Samples were stained 

with a curli-specific rabbit anti-CsgA antibody (32) and then a FITC-conjugated, goat anti-rabbit 

secondary antibody (Jackson). (A) Detection for curli expression in the parental strain MC4100 

(curli +, orange) and ΔcsgBA mutant LSR13 (curli -, blue). (B) Detection for curli expression in the 

parental strain Nissle 1917 (curli +, green) and ΔcsgA mutant MDG180 (curli -, red). These 

histograms are representative of one binding assay. Each assay was repeated at least three 

times. 
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Figure 4: Image of E. coli strains used in this study plated on T medium supplemented with 

Congo Red. (A) MC4100, parental strain, curli +. (B) LSR13, csgBA mutant, curli -. (C) Nissle 1917, 

wild type strain, curli +. (D) MDG180, csgA mutant, curli -. 
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expression (2), it became of interest to analyze the expression of cellulose as a reason for the 

difference in Congo Red binding. 

To observe the expression of cellulose in E. coli, strains were streaked on a T medium 

plate supplemented with Calcofluor (Fluorescent Brightener 28). Calcofluor binds to cellulose 

and fluoresces when exposed to ultraviolet light. Figure 5 shows the results of the E. coli strains 

used in this study grown under curli-inducing conditions and tested for cellulose production. It 

was observed that Nissle 1917 (5C) and MDG180 (5D) produce cellulose to a much greater 

degree than MC4100 (5A) and LSR13 (5B). The Nissle 1917 strains also demonstrated strong 

adherence to agar plates. This supports previous studies demonstrating that both curli and 

cellulose are important in bacterial adhesion and colonization (67). These data provides 

evidence that MDG180 displayed Congo Red binding due to its cellulose production and not curli 

expression. 
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Figure 5: Image of E. coli strains used in this study plated on T medium supplemented with 

Calcofluor. (A) MC4100, parental strain, curli +. (B) LSR13, csgBA mutant, curli -. (C) Nissle 1917, 

wild type strain, curli +. (D) MDG180, csgA mutant, curli -. 
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Curli Provides Protection Against Killing by Complement 

 Curli fibrils have previously been associated with a pro-inflammatory immune response 

in S. enterica serovar. Typhimurium and E. coli. Curli fibrils elicited IL-8 expression in 

macrophages and contributed to the development of hypotension and increased plasma 

nitrite/nitrate levels in a mouse model of E. coli sepsis (3, 4). Deletion of csgBA in the closely 

related pathogen S. Typhimurium reduced its ability to elicit intestinal inflammation in a calf 

model (81). Subsequent studies have shown that curli fibrils activate inflammatory pathways via 

TLR2/1 complex (80-82). Here, we investigated whether curli may provide another benefit to 

bacteria during infection such as resistance to the complement system, a major contributor to 

the innate defense of the host against bacteria. To determine if curli protects bacteria against 

the complement system, we utilized an in vitro model of complement killing. Since E. coli 

possesses several complement resistance systems, we used the common laboratory strain 

MC4100, which has been demonstrated to be susceptible to complement killing (33, 36, 66). 

During a time-course serum sensitivity assay, MC4100 survived significantly better at 120 

minutes compared to its isogenic, curli-deficient counterpart. In order to confirm that this effect 

was due to the presence of curli, a complemented strain of LSR13 with csgBA genes was also 

tested. Complementation of curli production restored the survival of bacteria to the levels 

observed by the parental MC4100 strain (Figure 6). These data suggest that curli provides 

protection to E. coli against killing by the complement system.  
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Figure 6: Analysis of E. coli strains MC4100 (WT), LSR13 (ΔcsgBA), and LSR13 Complemented 

with csgBA in pWSK29 (ΔcsgBA Complemented) in their sensitivity to 10% human complement 

serum (SIGMA). 108 cfu/mL of each strain was exposed to complement serum for up to 120 

minutes at 37°C. Each column is an average of at least three separate trials. Statistical 

significance represented by *, indicates P<0.05, while “ns” indicates P>0.05. 
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Comparison of Complement Suppliers 

While investigating the effects of curli on exposure to complement, we utilized 

complement from two different suppliers: The Sigma-Aldrich Corporation and The Quidel 

Corporation. The original experiments were done with the Sigma complement. However, due to 

Quidel’s supply of complement sera depleted in various complement components, we switched 

to using the Quidel sera for complement killing assays. For the purpose of observing a difference 

between parental strain MC4100 and curli-deficient LSR13 in their susceptibility to complement, 

both Sigma and Quidel complement sera display a similar pattern of strain survival (Figures 6 

and 7). 

 It can be noted, however, that there were differences in the efficiency of these 

complement sera from two companies to kill E. coli. We observed that the Quidel complement 

was tenfold more effective in killing bacteria than Sigma complement (Figures 6 and 7).  
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Figure 7: Analysis of sensitivity of E. coli strains MC4100 (curli +), LSR13 (ΔcsgBA, curli -), and 

LSR13 /pWSK29 csgBA (curli +) to the complement system. 108 cfu/mL of each strain was 

exposed to 10% human standard complement (Quidel) in PBS for 120 minutes at 37°C. Samples 

were taken at 0, 60, and 120 minutes to calculate the bacterial numbers. Each column is an 

average of at least three separate trials. Statistical significance represented by *, indicates 

P<0.05, ** indicates P<0.01, and “ns” indicates P>0.05. 
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Complement Killing in the Nissle 1917 Strain 

 While utilizing the K-12, MC4100 strain for complement killing assays, we became 

interested in comparing the results of these assays to another strain of E. coli. For this reason, 

we obtained the Nissle 1917 strain of E. coli and its isogenic, curli-deficient mutant (MDG180). 

Nissle 1917 (O6:K5:H1) is an encapsulated, semi-rough strain of E. coli. Studies have established 

that due to a mutation of the wzy gene, encoding the O-antigen polymerase, this strain exhibits 

a truncated O-antigen, and sensitivity to serum (25). The K6 capsule has also been shown to not 

affect the opsonization of E. coli by C3 (74). These studies indicated that Nissle 1917 is 

susceptible to the classical and alternative pathways. 

 Similar to what we observed with the MC4100 strain and its isogenic curli mutant, Nissle 

1917 displayed increased survival compared to its curli-deficient counterpart (Figure 8). Overall, 

these results suggested that the production of curli fibrils by E. coli confers an advantage to this 

bacterium by providing protection against the complement system.  
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Figure 8: Analysis of E. coli strains Nissle 1917 (curli +) and MDG180 (ΔcsgA, curli -) in their 

sensitivity to 10%  human complement serum (Quidel). 108 cfu/mL of each strain was exposed to 

complement serum for up to 120 minutes at 37°C. Each column is an average of at least three 

separate trials. Statistical significance represented by * indicates P<0.05. 
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Blocking the Classical Complement Pathway 

 To identify the mechanism by which curli provides protection to E. coli against 

complement, we blocked the classical complement pathway to observe the effect of this 

pathway on complement killing. To do this, we utilized two approaches. The first approach 

utilized a solution of MgEGTA to specifically block the classical complement pathway. EGTA, like 

EDTA, is a chelator of metal ions. Yet, unlike EDTA, which blocks the activity of all three 

complement pathways, a solution of magnesium ions and EGTA (MgEGTA) selectively blocks the 

classical pathway. MgEGTA disrupts the C1 complex of the classical pathway while leaving other 

two complement pathways unaltered (19). Using MgEGTA, we were able to observe that when 

the classical pathway is blocked, the difference between the parental and isogenic, curli-

deficient strains was completely abolished, suggesting that the classical pathway had a role in 

the phenotype observed previously. When all three pathways were inactivated using EDTA, no 

differences were observed between the parental and isogenic, curli-deficient strains (Figure 9). 

As a second approach, we utilized C1q depleted sera (Quidel) which does not have an 

active classical pathway, while the alternative and lectin pathways are unaffected. Use of C1q 

depleted sera displayed similar results to the MgEGTA-treated serum, where the differences 

between the parental and isogenic, curli-deficient strains were abolished (Figure 10). These 

results suggest that complement killing of E. coli is dependent upon the activity of the classical 

pathway. 
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Figure 9: Analysis of the effect of complement on Escherichia coli strains MC4100 (curli +) and 

LSR13 (curli -) when complement pathways are blocked. Samples without any complement 

pathways blocked were included as controls. All complement pathways were blocked through 

the use of 10 mM EDTA. The Classical Complement Pathway was blocked selectively through the 

use of 10 mM EGTA + 5 mM MgCl2. 108 cfu/mL of each strain was exposed to complement 

serum for 120 minutes at 37°C. Each column is an average of at least three separate trials. 

Statistical significance represented by “*” represents P<0.05, while “ns” indicates P>0.05. 
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Figure 10: Analysis of the effect of complement on Escherichia coli strains MC4100 (curli +) and 

LSR13 (curli -) when complement the classical complement pathway is blocked through C1q 

depletion. Samples without any complement pathways blocked were included as a control. The 

classical complement pathway was blocked selectively through the use of C1q depleted serum 

(Quidel). 108 cfu/mL of each strain was exposed to complement serum for 120 minutes at 37°C. 

Columns for C1q depleted serum represent an average of at least three separate trials. Columns 

for normal human serum represent a single trial. Statistical significance represented by “ns” 

indicates P>0.05. 
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In order to support the conclusion that there is an interaction between curli and the 

classical pathway, western blots were carried out to test the presence of antibodies specific to E. 

coli in human complement sera. The results of western blots carried out with complement sera 

from both Sigma and Quidel are depicted in Figure 11. By utilizing the complement sera as the 

primary antibody for the western blot, the presence of fluorescent bands indicates the presence 

of anti-E. coli antibodies. This result supports that there is classical pathway recognition of E. coli 

antigens. While not quantified, it can be observed that under the same staining conditions and 

detection settings, the western blot of the Quidel complement sera (Figure 11A) displays an 

increase in the intensity of its bands when compared to the western blot of Sigma complement 

(Figure 11B). This apparent difference in the quantity of E. coli-reactive antibodies between the 

complement sera could be a potential explanation of the differences in complement killing 

shown in Figures 6 and 7. 
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Figure 11: Western blot analysis for the presence of E. coli-reactive antibodies in complement 

sera. E. coli lysate was stained with either Quidel (13A) or Sigma (13B) complement sera as a 

primary antibody, followed by a goat anti-human secondary antibody (Li-Cor), and detected with 

the Li-Cor ODYSSEY infrared imaging system. The presence of protein was verified by staining an 

SDS-PAGE gel with coomassie blue (data not shown). 
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Blocking the Alternative Complement Pathway 

 To investigate whether the alternative complement pathway is affected by the presence 

of curli, we selectively blocked the alternative complement pathway to observe the effect on 

complement killing. To do this, we utilized serum depleted in Factor B, a component necessary 

for alternative pathway activation. Factor B is required for the alternative pathway C3 and C5 

convertases, C3bBb and C3bBb3b, respectively (61). Results of this assay showed that when 

exposed to Factor B Depleted serum, E. coli strains MC4100 and LSR13 were killed by 

complement similarly to the standard whole complement sera. These results demonstrated that 

MC4100 survives significantly better than the LSR13 curli-deficient mutant. However, the rate of 

killing by the Factor B Depleted Sera for both strains is less than that of Normal Human Sera 

(Figure 12). These data indicate that when the alternative complement pathway is blocked, 

there is still killing of E. coli. Also, the significant difference between the parental and mutant 

strains indicates that curli provides protection against non-alternative pathway complement 

killing. 
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Figure 12: Analysis of E. coli strains MC4100 (curli +) and LSR13 (curli -) in their sensitivity to 10% 

human complement serum depleted in Factor B (Quidel). Assays with normal human serum 

(Quidel) were used as controls. 108 cfu/mL of each strain was exposed to complement serum for 

up to 120 minutes at 37°C. Each column is an average of at least three separate trials. Statistical 

significance represented by “**” indicates P<0.01, “*” is P<0.05, while “ns” indicates P>0.05. 
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Analysis of C1q and C3b Binding 

 In order to investigate possible mechanisms which would explain the protection 

provided to E. coli by curli, we tested whether curli affects the deposition of certain complement 

components on the bacteria. Previous studies have provided evidence that amyloids, such as 

those involved in Alzheimer’s Disease, bind to C1q (69). Because of these data, and the fact that 

C1q is a necessary component for activation of the classical complement pathway, we analyzed 

the effect of curli on the binding of C1q by E. coli. In addition, due to its importance in both the 

lytic complement pathway and opsonophagocytosis, we also determined whether curli has an 

effect on the binding of C3 to the bacterial surface. Using immunostaining and flow cytometry, 

we analyzed the binding of these complement components in curli-producing and curli-deficient 

E. coli. Results for these assays differed, depending on the strain used. Strain MC4100 exhibited 

a prominent increase in the amount of C1q bound when compared to its curli-deficient strain, 

LSR13 (Figures 13A and 14A). Nissle 1917 and its curli-deficient mutant showed a similar, though 

less pronounced, difference in C1q binding between the parental and mutant strains (Figures 

13C and 14A) when compared to the MC4100 strains (Figures 13A and 14A). 

 Analysis of C3 binding demonstrated that curli had no discernible effect on deposition. 

Neither the MC4100 strains nor the Nissle 1917 strains displayed a significant difference in their 

binding of C3 (Figures 13B, 13D, and 14B). These data suggest that curli does not affect the 

deposition of C3 on the bacterial surface. 
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Figure 13: Histograms dislaying typical results of C1q (A and C) and C3 (B and D) binding with E. 

coli strains MC4100 (Parental, curli +, orange), LSR13 (ΔcsgBA mutant, curli -, blue), Nissle 1917 

(Parental, curli +, green), and MDG180 (ΔcsgA, curli -, red). Bacteria were incubated with C5-

depleted sera and then immunostained for detection via flow cytometry. These histograms are 

representative of one binding assay. However, each assay was repeated for at least three 

replicates. 

C3 Binding Assays C1q Binding Assays 
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Figure 14: Graphs displaying the analysis of C1q (A) and C3 (B) binding assays with E. coli strains 

MC4100 (Parental, curli +), LSR13 (ΔcsgBA mutant, curli -), Nissle 1917 (Parental, curli +), and 

MDG180 (ΔcsgA, curli -). Each column is the average of two replicates. 
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Graphs in Figure 14 display the results from two replicate assays. Without three data 

points it could be verified that these results are significant. However, due to the prominent 

difference between MC4100 and LSR13 (Figures 13A and 14A), a trend which was consistent in 

at least three repeat assays, we think that these strains demonstrate a difference. Due to 

differences in detection settings, these other results could not be analyzed together. In addition, 

comparison of C3 deposition between Nissle 1917 strains and MC4100 strains could not be done 

due to differences in detection settings. Overall, our data suggest that curli is capable of binding 

increased amounts of C1q, but does not affect the deposition of C3. 

 

Mouse Model of E. coli-Induced Sepsis 

 A murine model of E. coli-induced sepsis was used to determine if the previous 

observation that curli provides protection against complement is applicable in vivo as well as in 

vitro. For this experiment, two groups of three C57BL/6 mice were injected with 106 cfu of either 

MC4100 or LSR13 E. coli strains. Injections were given intravenously through the tail vein. After 

two hours, the mice were sacrificed and blood, liver, and spleen samples were obtained for 

quantifying bacterial numbers present. Results of this experiment demonstrated that, after two 

hours, mice infected with the curli-producing MC4100 strain had significantly more bacteria 

present in their blood than mice infected with the curli-deficient LSR13 strain (Figure 15). 

Bacterial numbers in the liver and spleen demonstrated no significant difference, indicating that 

curli had no affect on survival in these organs. Results from an 8 hour infection demonstrated no 

significant difference in bacterial numbers of the blood, liver, or spleen (data not shown). These 

data support the interpretation that curli provides E. coli with protection against complement. In 
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addition, these results demonstrate that this defense is not limited to in vitro studies, but is also 

applicable in vivo.  
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Figure 15: Analysis of bacterial numbers present in the blood, liver, and spleen for an in vivo 

model of E. coli-induced sepsis. Groups of three C57BL/6 mice were infected via tail vein 

intravenous injections of 106 cfu of either MC4100 (curli +) or LSR13 (curli -). Mice were 

sacrificed after 2 hours and blood, liver, and spleen samples were obtained. Statistical 

significance represented by “*” indicates P<0.05, while “ns” indicates P>0.05. 
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CHAPTER 4 

DISCUSSION 

 

 Bacteria efficiently colonize mucosal surfaces of the human body. More than 100 trillion 

bacteria colonize the gastrointestinal tract alone, suggesting that humans have 10 times more 

bacterial cells than human cells (23, 83, 89). In order to colonize, survive, and compete for 

nutrients in mucosal surfaces, bacteria form multicellular communities known as biofilms. 

Biofilms have been shown to benefit bacterial survival by providing protection against 

environmental insults, antimicrobial agents, and the host immune response (1, 28, 37). For this 

reason, researchers have been dedicated to understanding biofilm formation by identifying 

factors which influence its development. In this search, it was discovered that similar 

exopolymers, such as cellulose and curli, were expressed by many species of the 

Enterobacteriaceae family, including E. coli, Salmonella ssp., Enterobacter spp., Shigella spp., and 

Klebsiella spp. (5). 

Defense against the complement system imparts a great advantage to both pathogenic 

and non-pathogenic bacteria for survival not only in mucosal surfaces, but also during infection 

(29, 33, 62). Bacteria use multiple mechanisms to evade killing by the complement system. 

Some pathogenic Gram-negative bacteria block the formation of the MAC complex on the 

membrane by increasing the length of the O-antigen of LPS, the major integral component of 

the LPS. For instance, S. minnesota  was shown to inhibit the insertion of the MAC, which results 

in its eventual shedding from the bacterial membrane (33). In addition, some capsule serotypes 

can inhibit opsonization by complement component C3b (74). Furthermore, by incorporating 

sialic acid in the K capsule, Factor H may be bound to increase the degradation of complement 
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components C3b and C4b (16, 54, 61). CD59, or protectin, a defender of human cells against 

lysis by the complement system, may also be recruited by some E. coli cells to evade lysis by 

complement (58). Although several studies have demonstrated that biofilms could provide 

protection against complement-mediated phagocyte killing by blocking engulfment (11), the 

components of biofilm that directly inhibit complement killing remain unknown. For instance, it 

has been determined that Staphylococcus epidermidis biofilms prevent the deposition of C3b on 

the bacterial surface, providing protection from complement-mediated killing by PMNs (39). 

However, the components of the S. epidermidis biofilm inhibiting C3b deposition remain to be 

identified. 

Here, we show that an important component of enteric biofilms protects E. coli from 

complement killing by providing resistance against the antibody-mediated classical complement 

pathway. Our data indicate the presence of E. coli-reactive antibodies in the human sera 

obtained from two different commercial suppliers, suggesting that healthy individuals were 

exposed to E. coli previously. Differences in antibody concentration, observed by western blot 

analysis, may account for variation observed between bacterial survival assays of the separate 

complement suppliers. While we demonstrated the presence of E. coli-specific antibodies, 

confirmation of such a difference would require quantified antibody concentration. Pathogenic 

E. coli strains are the most frequent cause of many common bacterial infections, including 

cholecystitis, bacteremia, cholangitis, UTI, traveller’s diarrhea and other clinical infections such 

as neonatal meningitis and pneumonia (65, 84). Thus it is difficult to estimate the incidence of E. 

coli infections. Infections by other organisms could also result in a chance for E. coli to 

opportunistically cross the epithelial barrier, resulting in an adaptive immune response (18). In 
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addition to infections, bacterial antigens sampled by resident dendritic cells may be involved in 

the generation of specific antibodies (60). 

Serum sensitivity assays using Nissle 1917 were done to confirm that observations were 

not strain-specific. While Nissle 1917 results were similar to that of MC4100, the mutant strains 

differed in their survival. One reason for this could be that there are factors, outside of curli, 

affecting survival to complement. Accordingly, it has been previously shown that the K5 capsular 

antigen is a poor immunogen for the generation of classical pathway-activating antibodies (14). 

Another potential difference could be that MDG180 still produces CsgB, while LSR13 does not. 

Comparison with a csgBA mutant would confirm if CsgB had an effect on bacterial survival.  

Analysis of bacterial survival, using a mouse model, demonstrated that curli provides 

protection to E. coli in vivo as well as in vitro. This result was obtained from the blood during a 

two hour infection. After eight hours, there was no significant difference observed between in 

bacterial survival. It has been previously established that, in a mouse sepsis model, K-12 E. coli is 

mostly cleared after 24 hours (71). Therefore, while curli may provide K-12 E. coli with 

protection against the rapidly-triggered complement system, subsequent activation of host 

defenses appear to control the infection irrespective of curli production. 

Binding of antigen-specific antibodies, followed by the attachment and activation of the 

C1 complex are critical events that initiate classical pathway activation. Recent studies 

demonstrated that beta-amyloid, the major constituent of senile plaques, binds to C1q and 

activates the classical complement pathway, suggesting that C1q activation contributes to tissue 

damage in Alzheimer’s disease (63, 69, 75). Subsequently, it has been demonstrated that beta-

amyloid also binds to a fluid-phase complement inhibitor C4b-binding protein (C4bp) (78). 

However, additional studies are needed to dissect out the mechanism by which complement 



48 
 

activation or inhibition by beta-amyloid contributes to Alzheimer’s disease. Conservation among 

amyloid proteins does not lie in a common amino acid sequence, but in the beta-sheet structure 

formed by the folding of amyloid precursor peptides containing conserved glutamine (Q) and 

asparagines (N) residues. The resulting conserved quaternary structure may account for similar 

functional properties among amyloids, including the binding of fibronectin (13, 51) and laminin 

(38, 70), as well as fibronectin and plasminogen activation (41, 70, 79). Consistent with these 

beta-amyloid-C1q interaction observations, we determined that bacteria which express curli 

bound significantly more C1q than their curli-deficient counterpart. Nonetheless, although 

parental bacterial strains recruited more C1q to their surface, these bacteria were more 

resistant to killing by the classical complement pathway, suggesting that the subsequent steps in 

the classical pathways were abrogated by the presence of curli fibrils. One explanation for this 

could be that curli fibrils interfere with the assembly of the MAC on the bacterial membrane by 

providing a physical barrier that keeps the bacterial membrane out of reach. This could 

eventually result in the shedding or the trapping of MAC in the amyloid fibrils. Another possible 

mechanism for the complement resistance of curli could be the binding of C4bp, similar to that 

of beta-amyloid, to inhibit the classical pathway. This mechanism would be very similar to the 

resistance provided by OmpA (56).  

Overall, this study has demonstrated that curli amyloid fibrils protect E. coli from 

complement killing by specifically inhibiting the classical pathway. Further studies are required 

to elucidate the mechanism by which curli fibrils prevent the formation of the MAC.  
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APPENDIX 

MEDIA AND SOLUTIONS 

 
30% Acrylamide/0.8% Bisacrylamide 
 Acrylamide 30 g 
 Bisacrylamide 0.8 g 
 Sterile dH20 100 mL 
 Store at 4°C in the dark. 
 
Ammonium Persulfate (10% APS) 
 Ammonium persulfate 1 g 
 dH20 10 mL 
 Store at -20°C. 
 
Blocking Buffer 
 PBS 500 mL 
 Non-fat dried milk 25 g 
 TWEEN-20 250 uL 
 
Carbenicillin Stock (1000x) 
 Carbenicillin 1 g 
 dH20 10 mL 
 Filter Sterilize with 0.22 um filter. 
 Store at -20°C. 
 
Coomassie Blue Destaining Solution 
 Acetic Acid 70 mL 
 Methanol 50 mL 
 dH20 880 mL 
 
Coomassie Blue Staining Solution 
 Methanol 500 mL 
 Coomassie brilliant blue R-250 0.5 g 
 Acetic acid 100 mL 
 dH20 400 mL 
 
EDTA Solution (0.0125M) 
 EDTA Disodium 0.465 g 
 1x PBS 100 mL 
 Autoclave and store at 4°C. 
 
Heparin Solution 
 Heparin Sodium Salt 0.019 g 
 Sterile dH20 1 mL 
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 Store at -20°C. 
 
Kanamycin Stock (1000x) 
 Kanamycin 1 g 
 dH20 10 mL 
 Filter Sterilize with 0.22 um filter. 
 Store at 4°C. 
 
Luria-Bertani Agar 
 Tryptone 10 g 
 Yeast Extract 5 g 
 Sodium Chloride 10 g 
 Agar 15 g 
 dH20 1 L 
 Autoclave and pour around 50°C. 
 For plates with antibiotics, add before pouring: 
  Kanamycin Stock (1000x) 1 mL 
  Carbenicillin Stock (1000x) 1 mL 
 Store plates at 4°C. 
 
Luria-Bertani Broth 
 Tryptone 10 g 
 Yeast Extract 5 g 
 Sodium Chloride 10 g 
 dH20 1 L 
 Autoclave and store at room temperature. 
 
Mg•EGTA Solution 
 EGTA 0.585 g 
 MgCl2 0.060 g 
 1x PBS 100 mL 
 Autoclave and store at 4°C. 
 
PAGE Gel (12%) Loading Gel 
 30% Acrylamide/0.8% Bisacrylamide 650 uL 
 4x Tris•Cl/SDS pH 6.8 1.25 mL 
 Sterile dH20 3.05 mL 
 Ammonium persulfate (10% APS) 25 uL 
 TEMED 5 uL 
 
PAGE Gel (12%) Stacking Gel 
 30% Acrylamide/0.8% Bisacrylamide 6 mL 
 4x Tris•Cl/SDS pH 8.8 3.75 mL 
 Sterile dH20 5.25 mL 
 Ammonium persulfate (10% APS) 50 uL 
 TEMED 10 uL 
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Phosphate Buffered Saline (1x PBS) 
 NaCl 8.183 g 
 KCl 0.201 g 
 Na2HPO4 1.42 g 
 KH2PO4 0.25 g 
 dH20 1 L 
 Adjust pH to 7.4. 
 Autoclave and store at room temperature. 
 
Sodium Azide Solution (0.1% w/v) 
 Sodium Azide 0.05 g 
 1x PBS 50 uL 
 Filter Sterilize and store at room temperature. 
 
SDS-PAGE Loading Buffer (10x) 
 Tris•Cl/SDS pH 6.8 (0.5 M) 6.25 mL 
 SDS 1 g 
 Glycerol 10 mL 
 Bromophenol blue 50 mg 
 dH20 6.25 mL 
 2-mercaptoethanol 2.5 mL 
 Store at -20°C. 
 
Transfer Buffer (1x) 
 dH20 70 mL 
 Methanol 20 mL 
 10x Transfer Buffer 10 mL 
 Store at room temperature. 
 
Transfer Buffer (10x) 
 Tris Base 30.29 g 
 Glycine 144.13 g 
 dH20 1 L 
 Store at room temperature. 
 
Tris-Glycine Buffer (5x) 
 Tris Base 90.6 g 
 Glycine 376 g 
 SDS 20 g 
 dH20 to 4 L 
 Store at room temperature. 
 
Tris•Cl/SDS pH 6.8 (4x, 0.5 M) 
 Tris Base 6.05 g 
 dH20 40 mL 
 Dissolve Tris Base. 
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 SDS 0.4 g 
 Adjust pH to 6.8. 
 dH20 to 100 mL 
 Filter sterilize through 0.45 uM filter. 
 Store at 4°C. 
 
Tris•Cl/SDS pH 8.8 (4x) 
 Tris Base 91 g 
 dH20 300 mL 
 Dissolve Tris Base. 
 SDS 2 g 
 Adjust pH to 8.8. 
 dH20 to 500 mL 
 Filter sterilize through 0.45 uM filter. 
 Store at 4°C. 
  
Tryptone Agar (T medium) 
 Tryptone 10 g 
 Agar 15 g 
 dH20 1 L 
 Autoclave and pour around 50°C. 
 Store plates at 4°C. 
 


