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INVESTIGATING THE ROLE OF TRIMERIC AUTOTRANSPORTER ADHESINS IN 

FUSOBACTERIUM NUCLEATUM PATHOGENESIS 

 
Christopher C. Yoo 

ABSTRACT 

Fusobacterium nucleatum is a Gram-negative fusiform shaped anaerobic bacterium that serves as 

a bridging organism in polymicrobial biofilms within the oral cavity. Although the bacterium is 

abundant in healthy gingival tissue, recent studies have found that F. nucleatum is associated with 

a wide-spectrum of human diseases which include periodontal disease, preterm birth, endocarditis, 

colorectal cancer, and pancreatic cancer. Previous studies of F. nucleatum virulence have 

characterized two major surface adhesins, Fap2 and FadA. Fap2 has been shown to bind to Gal-

GalNac sugar moieties on the surface of host cells promoting attachment and internalization of F. 

nucleatum, while FadA binds to the surface receptor E-cadherin modulating cell entry and host 

cell signaling cascades responsible for proinflammatory cytokine production. However, due to the 

lack of molecular tools to manipulate F. nucleatum the study of newly identified virulence factors 

is severely limited. Recently a galactose counterselectable, markerless gene deletion system was 

developed in the Slade Lab and successfully used to delete the fap2 and fadA genes from the strain 

F. nucleatum subsp. nucleatum ATCC 23726 (F. nucleatum 23726). Phenotypic studies of these 

mutant strains confirmed that Fap2 is a critical adhesin important for cell entry, while FadA plays 

a more limited role in the invasion process in F. nucleatum 23726. With the establishment of this 

system, it has created an opportunity to study F. nucleatum pathogenesis beyond mechanisms 

involving Fap2 and FadA. In addition, genomic analysis of F. nucleatum 23726 revealed that the 

bacterium has several Type 5c secreted trimeric autotransporter adhesins (TAAs), which is a 

family of proteins that are historically known for their contributions to bacterial pathogenesis. This 

dissertation encompasses the use of recombinant protein expression systems and newly developed 
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gene deletion technology to provide a foundational understanding of the contribution of Type 5c 

secreted proteins in F. nucleatum pathogenesis. Our studies show that the presence of TAAs on 

the surface of F. nucleatum synergistically contribute to the binding and invasion of the bacterium 

in the oral and intestinal mucosa, which establishes that multiple surface proteins are actively 

involved in the infection process.  

Additionally, our studies analyzed the proinflammatory landscape induced by F. nucleatum 

through the identification of specific cytokines that are being secreted by host cells. Cytokine 

signaling is a critical aspect of the human immune response as it promotes the recruitment of 

immune cells to the site of infection for efficient clearance of bacterial pathogens. While it has 

been reported that F. nucleatum modulates the secretion of IL-8, our studies identified that the 

bacterium induces the secretion of CXCL1, which has been established as an important signaling 

molecule triggering cancer metastases and neutrophil recruitment. Overall, the work provided in 

this dissertation has provided the initial characterization of TAAs in F. nucleatum virulence, as 

well as an established framework for future studies of Type 5c secretion in Fusobacterium 

pathogenesis.  
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FUSOBACTERIUM NUCLEATUM PATHOGENESIS  

 
Christopher C. Yoo 

GENERAL AUDIENCE ABSTRACT 

Fusobacterium nucleatum is a Gram-negative bacterium that serves as a bridging organism in 

polymicrobial biofilms within the oral cavity. Although the bacterium is abundant in healthy 

gingival tissue, recent studies have found that F. nucleatum is associated with a wide-spectrum of 

human diseases which include periodontal disease, preterm birth, endocarditis, colorectal cancer, 

and pancreatic cancer. Previous studies of F. nucleatum virulence have uncovered two surface 

adhesins, Fap2 and FadA, that interact with the surface of human cells; however, the study of new 

virulence factors was previously limited as there was no gene deletion system available to 

functionally analyze F. nucleatum proteins. 

Interestingly, F. nucleatum has a diverse landscape of structurally unique surface adhesins 

called Type 5c secreted trimeric autotransporter adhesins (TAAs), which are a family of proteins 

that are historically known for their contributions to bacterial pathogenesis. This dissertation 

encompasses the use of recombinant protein expression systems and newly developed gene 

deletion technology to provide a foundational understanding of the contribution of Type 5c 

secreted proteins in F. nucleatum pathogenesis. Our results show that the presence of TAAs on the 

surface of F. nucleatum contribute to the bacterium’s ability to bind and invade human cells, 

establishing the need to characterize other F. nucleatum surface proteins. 

Additionally, our studies analyzed the proinflammatory landscape induced by F. nucleatum 

through the identification of specific cytokines that are being secreted during in vitro infections of 

human cells. Cytokine signaling is a critical aspect of the host cell immune response as it promotes 

the recruitment of immune cells to the site of infection for efficient clearance of bacterial 
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pathogens. While it has been well established that F. nucleatum modulates the secretion of IL-8, 

our studies identified that the bacterium also promotes the secretion of CXCL1, which is an 

important signaling protein that promotes tumor metastases. Overall, the work provided in this 

dissertation has delivered the initial characterization of TAAs in F. nucleatum virulence, a 

framework for future studies of Type 5c secreted proteins in Fusobacterium pathogenesis, and the 

role of Fap2 and FadA in promoting pro-inflammatory and pro-metastatic signaling from 

colorectal cancer cells. 
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Abstract              

F. nucleatum is a Gram-negative, anaerobic, non-motile bacterium that is well established as a 

bridging organism responsible for maintaining the structural integrity of polymicrobial biofilms 

within the oral cavity. Although Fusobacterium is associated with healthy tissue, there is 

increasing evidence illustrating the pathogenic potential of this bacterium in wide array of human 

diseases including periodontitis, preterm birth, endocarditis, and colorectal cancer. While F. 

nucleatum has been shown to enhance disease severity, there remains a critical knowledge gap 

surrounding the biochemical mechanisms that enable Fusobacterium to migrate from the oral 

cavity and modulate disease progression. Recently, multiple genomes of F. nucleatum were 

sequenced. Previous bioinformatic analysis of the newly constructed genomes showed that the 

bacterium is missing the components of several characterized bacterial secretion systems (Type 1, 

2, 3, 4, 6, & 9); however, these data revealed that F. nucleatum has a large presence of type 5 

secreted autotransporter proteins. Of particular interest, was the identification of numerous type 

5c secreted trimeric autotransporter proteins, which are well established as virulence factors in 

other bacterial pathogens. Through the use of newly developed molecular technologies and 

recombinant protein expression systems we provide foundational evidence of the functional 

contribution of trimeric autotransporters in F. nucleatum 23726 pathogenesis. Overall, this study 

illustrates the complexity of the F. nucleatum outer membrane proteome and establishes new 

techniques to study other Fusobacterium virulence factors. 
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Introduction            

Fusobacterium nucleatum is Gram-negative anaerobic bacteria that is well known for its 

presence in the oral environment [2, 20]. Fusobacterium are long, filamentous rods, with F. 

nucleatum and F. periodonticum being the predominant species in the oral cavity [2]. The outer 

membrane of F. nucleatum is composed of various structurally diverse adhesions that interact with 

a wide-spectrum of bacterial species to promote the formation of polymicrobial biofilms within 

the oral cavity (Figure 1.1) [22]. Within dental biofilms the diversity of microbial species often 

provides mutualistic benefits that enable bacteria to survive in the oral mucosa. Metabolically F. 

nucleatum primarily breaks-down amino acids via the glutamate fermentation pathway for energy 

production [3]. The other microbial species found within dental biofilms secrete proteases that 

breakdown proteins within the extracellular environment enabling Fusobacterium to use the 

resulting oligopeptides for metabolic purposes [20].  

Although F. nucleatum is present in healthy gingival tissue, there is mounting evidence 

linking this bacterium to the development of periodontal disease. Clinical studies of diseased 

periodontal tissue of varying severity show that there is a higher prevalence of F. nucleatum in 

more severe forms of periodontal disease [2, 20, 23]. It has also been established that F. nucleatum 

co-aggregates with Porphyromonas gingivalis, a Gram-negative bacterium that is commonly 

isolated from diseased tissue in the oral cavity. Interestingly, initial studies of F. nucleatum have 

shown that the bacterium suppresses the immune response in the oral cavity by inhibiting B cell 

and T cell function, promoting the colonization of bacterial pathogens, such as, P. gingivalis [20]. 

Once tissue damage has been initiated, it is hypothesized that F. nucleatum works synergistically 

with surrounding bacteria, enhancing the severity and progression of periodontal disease. While 

the association of F. nucleatum with periodontal disease is more established, the bacterium has  
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Figure 1.1. F. nucleatum Coordinate Biofilm Formation in the Oral Cavity. F. nucleatum has 
a characteristic fusiform rod shape with an expansive landscape of outer membrane adhesins that 
enable the bacterium to bind to oral microbes promoting the formation of polymicrobial biofilms.  
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been isolated from various disease states throughout the human body, which is discussed below 

(Figure 1.2). 

 
Adverse Pregnancy Outcomes: 

Clinical studies of intrauterine infections have analyzed the microbial composition of amniotic 

fluid isolated from premature births and detected the presence of F. nucleatum [1, 17]. It is 

hypothesized that that the bacterium travels hematogenously (through the blood) and preferentially 

localizes to the placenta as the immune system is suppressed in this environment to protect the 

fetus. The association of F. nucleatum with preterm birth has been connected to an outer membrane 

adhesin known as FadA, which is critical for placental entry and the onset of preterm birth in 

mouse models. Of particular interest, is the identification of other oral bacterium such as P. 

gingivalis in the amniotic fluid, suggesting that the state of an individual's oral health can alter the 

health of the fetus throughout pregnancy [17].  

 
Cardiovascular Disease:  

While a rare occurrence, there are several reports implicating the involvement of F. nucleatum 

during the onset of endocarditis, a bacterial infection damaging the tissue that composes the heart 

valves and the interior of the heart chamber [7]. Similar to the clinical studies of preterm birth, F. 

nucleatum associated endocarditis was found in patients that had gingivitis or had a history of 

intravenous drug abuse. In the cases involving F. nucleatum, the bacterium appears to localize to 

the hearts mitral valve resulting in the deterioration of the valve. Ultimately, the persistence of this 

infection causes chronic inflammation and altered heart function, potentially resulting in the death 

of the infected patient.  
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Figure 1.2. F. nucleatum Infection Sites. F. nucleatum has been isolated from various different 
disease states including periodontitis, adverse pregnancy outcomes, cardiovascular disease, 
colorectal cancer, and pancreatic cancer. It is hypothesized that poor dentition is attributed to the 
hematogenous spread of the bacterium enabling it to colonize sites distant from the oral cavity.  
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Cancer:  

Thus far, the most well-known and studied disease state involving F. nucleatum is colorectal 

cancer (CRC). Studies examining human intestinal tissue and CRC clinical isolates have shown 

that F. nucleatum has an overwhelming presence in the tumor microenvironment and that 

increasing loads of intra-tumor F. nucleatum is associated with decreased CRC patient survival 

[24]. In addition, the introduction of a pure culture of F. nucleatum into in APCMin/+ mice via oral 

gavage or intravenous injection resulted in the acceleration of tumor formation as gauged by both 

tumor size and frequency [25]. In addition, intravenous injection of F. nucleatum into mice with 

xenograft colorectal tumors shows a distinct tracking of the bacterium to tumor sites, and an 

acceleration of tumor growth. Finally, cells from xenograft-infected tumors were then able to 

metastasize to the liver of mice and F. nucleatum could be recovered and cultured from this organ 

[26]. These experimental studies show a myriad of complex host-pathogen interactions that tell a 

tale of bacteria accelerating tumor formation, and potentially enabling tumors to metastasize to 

extra-colonic locations to reestablish infection and drive further tumorigenesis..  

 In addition to CRC, F. nucleatum infection and colonization has been associated with 

pancreatic cancer, displaying the same decreased patient survival in F. nucleatum positive 

pancreatic tissue [8]. Also, a very recent study showed that F. nucleatum is significantly 

overrepresented in intraductal papillary mucinous neoplasms that can develop into malignant 

tumors in the pancreas. While our work has focused on using colorectal cancer cell lines in these 

studies, our mechanistic studies of F. nucleatum will be broadly applicable to study additional 

cancers as they become associated with this bacterium.  
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F. nucleatum Virulence Mechanisms: 

 Although F. nucleatum is associated with a wide-spectrum of human infections, abscesses, 

and diseases, there is limited information regarding the mechanisms used by the bacterium to 

localize to specific anatomical regions and modulate disease severity. At this time, only two outer 

membrane proteins have been extensively studied in F. nucleatum; Fap2 and FadA, have been 

established as the main contributors to F. nucleatum associated diseases, including colorectal 

cancer and preterm birth [16, 17, 18]. Some of the previous challenges surrounding the study of F. 

nucleatum pathogenesis were incomplete genomic sequencing data and the lack of a genetic 

system to knockout identified virulence factors. Studies in this thesis expand upon recent successes 

in our lab that build upon newly sequenced and completed F. nucleatum genomes, as well as the 

development of a robust markerless gene deletion system [27]. 

 Bioinformatic analysis of the F. nucleatum 23726 genome revealed that the bacterium lacks 

a majority of bacterial protein secretion systems but contains an overabundance of Type 5 secreted 

autotransporter proteins (T5SS) [19]. Autotransporter proteins have a characteristic beta-barrel 

domain that anchors the protein to the outer membrane of the cell, as well as a passenger domain, 

which either remains attached to the surface or is secreted into the extracellular environment 

(Figure 1.3) [29]. Autotransporter proteins are well known for their role in bacterial pathogenesis 

and can play a variety of functional roles such as: proteolysis, hemolysis, adhesion, lipid hydrolysis 

and hemagglutination [28]. Interestingly, further analysis of the identified autotransporter proteins 

showed that there is a large presence of Type 5c secreted trimeric autotransporter proteins (T5cSS, 

TAAs), which are critical for Gram-negative pathogens to colonize and survive in several human 

diseases [32-34]. To study the roles of TAAs in F. nucleatum, we must be able to express and 

purify individual proteins, as well as be able to create gene deletions to study the impact of type 

5c secreted proteins in F. nucleatum virulence. Throughout this dissertation we detail the tools and 
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methods we used to study F. nucleatum TAAs and how they contribute to the Fusobacterium 

virulence. Prior to discussing these results, it is necessary to have a foundation of the basic 

characteristics of TAAs and their contribution to bacterial pathogenesis as described in the 

following passages.  
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Figure 1.3 Type 5 Secreted Autotransporter Proteins. Visual representation of the subfamilies 
of autotransporter proteins that have been identified in Gram-negative bacteria. The beta barrel is 
a structural domain that anchors autotransporter proteins to the outer membrane. Studies of the 
polypeptide transport associated (POTRA) domain have predicted that this fragment is critical for 
the folding of autotransporter components that are secreted to the surface of bacterial cells. Lastly, 
the passenger domain consists of the amino acids that carry out the effector functions of 
autotransporter proteins.  
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Introduction to Type 5c Autotransporter Proteins     

Type 5c secreted proteins are a subcategory of autotransporter proteins that are often referred to 

as the trimeric autotransporters as they form a homogenous homotrimer on the surface of bacterial 

cells (Figure 1.3) [30]. TAAs are transported to the periplasm via the Sec machinery where they 

then interact with the outer membrane BAM complex to aid in trimerization and insertion into the 

outer membrane of the bacterial cell. This family of autotransporters are well known for their 

distinct protein domains referred to as the head, stalk and membrane anchor. TAA function is 

broad and dependent on the bacterium in which they are found. Below, is a review of several 

specific TAAs from human pathogens that are critical for bacterial virulence.  

 
YadA from Yersinia enterocolitica: 

Yersinia enterocolitica is an enteropathogenic bacterial species that is well known for its ability to 

cause diseases ranging in severity from acute diarrhea to mesenteric lymphadenitis. Y. 

enterocolitica possesses a single TAA, YadA, which has been revealed to be a multifunctional 

protein that is critical for the pathogenesis of the bacterium (Figure 1.4). In vitro studies of Y. 

enterocolitica and YadA-deficient strains have established that YadA is essential for host-

pathogen interactions and, without the protein, invasion of intestinal epithelial cells is significantly 

decreased [9]. Along with mediating cell entry, YadA is capable binding to collagen, which is an 

extracellular matrix protein that is one of the main components of connective tissue and the human 

body [10]. The ability for Y. enterocolitica to interact with collagen is significant as it enables the 

bacteria to migrate within the host and colonize different types of host cell tissue. Without YadA, 

Y. enterocolitica colonization within the intestinal tract is limited and the bacteria is eliminated 

more efficiently by the host immune response. Lastly, YadA is involved in masking the bacterium 

from the protective function of host immune cells. Studies of this have shown that YadA binds the 

complement protein Factor H and prevents deposits of C3b on the outer membrane allowing the 
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bacteria to avoid elimination via the membrane attack complex [32, 33]. At this point in time, 

YadA is the most well characterized TAA and is often used as a model to characterize newly 

identified TAAs in other bacterial pathogens.  

 
BimA from Burkholderia pseudomallei: 

Burkholderia pseudomallei is a Gram-negative bacterium that is known for the development of 

melioidosis, a disease often contracted in tropical environments that can affect the function of 

major organ systems such as: the liver, spleen, kidneys, prostate and lungs. While TAAs found in 

other bacteria often have similar functional roles to YadA, BimA is unique in that it promotes the 

survival and spread of the B. pseudomallei by activating the Arp2/3 protein complex, which 

mediates actin polymerization within the cytoplasm of mammalian cells (Figure 1.4). Through the 

recruitment of this protein complex, B. pseudomallei is able to initiate actin polymerization, which 

enables the bacterium to efficiently colonize neighboring host cells and spread to different regions 

of the body [34]. Without BimA, the pathogenesis of Burkholderia is significantly inhibited as its 

can no longer spread from cell-to-cell, making the bacterium a more accessible target for cell-

mediated immune responses.  

 
FvcA-E from Fusobacterium nucleatum 

In this study, I introduce the newly named and characterized Fusobacterium Type Vc 

autotransporters, with a focus on the five encoded proteins named FvcA, FvcB, FvcC, FvcD, and 

FvcE from the strain F. nucleatum 23726. Subsequent sections will detail genetic, biochemical, 

and cell biology studies to understand the role of these proteins in F. nucleatum pathogenesis. As 

previously shown, TAAs play critical roles in bacterial virulence, yet none of these proteins have 

previously been characterized in F. nucleatum before the studies presented in this thesis. We 

believe that this protein family is playing a synergistic role in host cell binding and invasion, and 
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these studies lay the groundwork for additional studies probing their role in intra- and extraoral 

infections, including multiple kinds of human cancer. 
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Figure 1.4 An Overview of Trimeric Autotransporter Function in Bacterial Pathogenesis. An 
illustration of the diverse functional capabilities of TAAs in Burkholderia pseudomallei and 
Yersinia enterocolitica(A) While most trimeric autotransporters are considered to be important for 
internalization, BimA promotes the intracellular survival of B. pseudomallei through actin-based 
motility. (B) YadA is an essential protein throughout various stages of the infection process 
(collagen binding, serum resistance, & invasion), illustrating the functional diversity of trimeric 
autotransporters.  
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Discussion            

While TAAs have a well-established role as bacterial virulence mechanisms, the function of these 

proteins can be very broad making it difficult to identify their specific functional role. In addition, 

the experimental analysis of these proteins can be a major challenge. TAAs in various 

Fusobacterium strains can often vary in size from several hundred amino acids to several 

thousands of amino acids making it difficult to recombinantly express TAAs this large. 

Additionally, with TAAs being broadly characterized as adhesins it is difficult to obtain purified 

protein, as adhesins often bind to other proteins increasing the presence of impurities in samples.  

 The abundance of Type 5c secreted proteins in F. nucleatum leave several questions 

surrounding their functional role as potential virulence factors. With the recent establishment of a 

markerless gene deletion system for F. nucleatum 23726, it is possible to close this gap in 

knowledge. Herein we present a study that provides the foundational knowledge of TAAs in F. 

nucleatum pathogenesis through the use of recombinant protein expression technology and the 

newly developed molecular tools to create targeted gene deletions.  
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Abstract              

Trimeric autotransporter adhesins (TAAs) are type 5c secreted outer membrane proteins that have 

a broad functional role facilitating host-pathogen interactions and intracellular survival. Our recent 

advances in Fusobacterium nucleatum genomics and bioinformatics have revealed the presence of 

five TAAs in the strain F. nucleatum 23726. We hypothesized that these proteins contribute to F. 

nucleatum pathogenesis by initiating docking to host cells through interactions with unidentified 

surface proteins or macromolecules. In this study, we dissected the functional role of F. nucleatum 

TAAs through the recombinant expression of individual TAAs in E. coli. Our results show that 

the expression of individual TAAs in the normally non-invasive E. coli BL21(DE3) strain made 

these bacteria interact with host cells enabling them to be internalized and become intracellular. 

Further analysis showed that this gain-of-function invasive potential in E. coli was due to the 

surface exposure of F. nucleatum TAAs. In addition, we show the ability to express constructs in 

E. coli that lack the C-terminal membrane embedded beta barrel, thereby allowing for the efficient 

cytoplasmic expression and purification of TAAs for further biochemical characterization. 
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Introduction            

Fusobacterium nucleatum is a Gram-negative anaerobe that resides in the oral cavity. Recent 

studies show a strong association between F. nucleatum and various human diseases which 

include: periodontitis, preterm birth, colorectal cancer, endocarditis, and pancreatic cancer [15, 17-

22]. While clinical studies have suggested F. nucleatum contributes to disease progression and 

severity, little is known about the molecular mechanisms that enable F. nucleatum to persist in a 

wide-spectrum of environments throughout the human body. Genomic analysis of F. nucleatum 

shows that it lacks a majority of bacterial protein secretion systems (T1, T2, T3, T4, T6, T9) [3]. 

However, it appears that F. nucleatum virulence is mediated by an overabundance of Type 5 

secreted autotransporter proteins [4, 16]. Of particular interest, is the identification of five Type 5c 

secreted trimeric autotransporters (TAAs) in 23726. These surface exposed proteins are hereafter 

known as FvcA, FvcB, FvcC, FvcD, and FvcE. TAAs are well established multifunctional 

virulence factors that contribute to bacterial invasion, serum resistance and intracellular survival 

in a number of important human pathogens such as: Yersinia enterocolitica, Moraxella spp., and 

Burkholderia pseudomallei [5-9]. 

Given that TAAs are essential bacterial virulence factors in a number of bacterial pathogens 

their seeming overabundance in the F. nucleatum 23276 genome likely implicates TAA 

involvement in F. nucleatum-related disease. Therefore, we hypothesize that TAAs contribute to 

various aspects of F. nucleatum pathogenesis within the oral cavity, as well as when this bacterium 

migrates from the mouth to various sites of infection throughout the body. Despite the verified 

virulence contribution in multiple pathogenic bacteria, none of the TAAs from any species of 

Fusobacterium have been characterized, making the studies in this thesis of importance to the 

understanding of this protein family in infection and disease.  
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In this study, we utilized a lactose-inducible system to recombinantly express full-length 

and domain-specific F. nucleatum TAAs in Escherichia coli [1]. We analyzed the functional role 

of each individual TAA and their ability to promote host cell invasion. Additionally, we assessed 

each TAA’s ability to interact with extracellular matrix proteins (ECM). Interaction with these 

ubiquitous human proteins suggests a role for TAAs during migration of F. nucleatum from one 

disease site to another. Our studies showed that full-length TAAs expressed on the surface of a 

non-invasive E. coli strain enable the bacterium to bind and invade human gingival and colorectal 

carcinoma epithelial cells. We also show that purified F. nucleatum TAAs are likely unable to bind 

purified type I collagen, suggesting that further analysis of the TAA interaction profile is 

necessary.  A full analysis of human ECM interaction with TAAs will shed light on the important 

role this protein family plays in F. nucleatum migration from the oral cavity. Our results suggest 

that F. nucleatum TAAs contribute to the initial docking and internalization of the bacterium to 

human epithelial cells by creation of a gain-of-function E. coli mutant. However, further substrate 

analysis is needed to determine the full range of the human protein interaction profile of TAAs in 

F. nucleatum. 
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Materials and Methods          

Bacterial culture conditions  

For expression of full-length TAAs E. coli BL21 (DE3) strains were grown at 37 °C in 

ZYP-5052 autoinduction medium for 24 hrs. For cytosolic expression of truncated TAA proteins 

E. coli strains were grown at 37 °C in LB (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl) until 

OD600 = 0.6. Protein expression was induced with the addition of 25 μM isopropyl β-D-1-

thiogalactopyranoside and expression occurred from 4-16 hrs. 

 
Purification of Plasmid DNA:  

 An overnight culture of E. coli Top10 cells containing pDJSVT86 plasmid DNA with an 

F. nucleatum TAA gene of interest was started by inoculating 5 mL of LB medium with a glycerol 

stock and incubated overnight at 37 ˚C. The following day, 1.5 mL of stationary phase cells were 

pelleted at 14,000 x g for 2 minutes. Plasmid DNA was purified according to the manufacturer's 

protocol (BioBasic) followed by storage at -20 ˚C prior to transformation of E. coli BL21 (DE3) 

for protein expression. The media was removed, and cells were resuspended in 100 μL of solution 

I. Once resuspended, 200 μL of solution II was added, and cells were incubated at 26 ˚C for 5 min 

with occasional inversion. At the end of the incubation period, 350 μL of solution III was added, 

and each tube was inverted several times. Samples were centrifuged at 14,000 x g for 5 min. The 

supernatant from each sample was then transferred to a spin column and the spin column was 

centrifuged at 1,000 x g for 1 minute. The filter was then washed 2 times with 700 μL of wash 

solution and centrifuged at 10,000 x g for 1 min to remove the wash solution from the spin column. 

The spin columns were then centrifuged at 13,000 x g for 2 min to remove any residual wash 

solution. Plasmid DNA was eluted by adding 50 μL of sterile water to the spin column filter and 

centrifuging at 13,000 x g for 1 min. Plasmid DNA was then stored at -20 ˚C.  
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Transformation of Plasmid DNA into E. coli cells: 

 Chemically competent E. coli mix and go cells (Zymogen) were incubated with 50 ng of 

purified pDJSVT86 plasmid DNA containing an F. nucleatum TAA gene of interest. Chemically 

competent cells were then incubated on ice for 15 minutes. At the end of the incubation period, 

cells were plated on LB agar plates supplemented with 100 μg/mL of carbenicillin. Plates were 

incubated at 37 ˚C overnight. 

 
Expression and Purification of TAAs  

 E. coli BL21 (DE3) containing expression plasmids for TAAs were grown in ZYP-5052 

autoinduction medium as described above. Following 24 hrs post-inoculation, cells were pelleted 

by centrifugation at 5,000 x G for 15 min. Pelleted cells were then resuspended in 50 mL of lysis 

buffer (20 mM Tris pH 7.4, 400 mM NaCl, 20 mM imidazole, 0.1% triton and 1 mM PMSF). 

Bacterial cells were homogenized by passing through an Emulsiflex-C3 (Avestin, Germany). 

Insoluble proteins and unlysed cells were removed by centrifugation at 15,000 x g for 15 minutes 

at 4 °C. The resulting supernatant was transferred to a beaker and gently stirred with 6 mL of Ni-

NTA resin for 30 minutes at 4°C. After incubation with resin, the supernatant was gently 

transferred to a gravity-flow column. Once the supernatant passed through the column, the Ni-

NTA resin was washed with 400 mL of wash buffer (20 mM Tris pH 7.4, 40 mM imidazole, 400 

mM NaCl, 0.1% Triton X-100). After washing, TAAs were eluted in 10 mL of elution buffer (20 

mM Tris, 250 mM imidazole, 400 mM NaCl, and 0.1% Triton X-100). Purified proteins were 

analyzed using 12% SDS-PAGE and purity was assessed via Coomassie Blue staining. Purified 

protein was then dialyzed in 4 liters of dialysis buffer (150 mM NaCl and 80 mM Tris pH 7.4) 

overnight at 4°C with gentle stirring. The resulting protein was then concentrated and quantified 

using the bicinchoninic acid (BCA) assay. Proteins were flash frozen in liquid nitrogen and stored 

at -80°C until further use.  
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Fluorescence microscopy to detect surface exposed TAAs 

 Full-length TAAs were cloned into pDJSVT86; an expression vector that contains an E. 

coli Sec signal sequence followed by a 6xHis purification and detection tag. Since TAAs expose 

their N-terminal passenger (adhesin) domain on the surface of the bacteria, the exposed 6xHis tag 

can be used to detect TAAs. It is presumed that the OmpA signal sequence provided by this vector 

is cleaved upon passage through the inner membrane Sec machinery, but we did not prove these 

amino acids were removed in these studies. A detailed analysis of these outer membrane and 

secreted protein enabling vectors can be found in Casasanta et al [1].  

Full-length TAA expression was induced in E. coli BL21 (DE3) cells by growing in ZYP-

5052 autoinduction medium at 37 °C for 24 hrs. One mL of stationary phase bacteria was collected 

and pelleted by centrifugation at 10,000 x G for 5 min. Bacteria were washed two times in PBS 

pH 7.4 with 0.2% gelatin added to remove any remaining media. Bacteria were adjusted to an OD600 

of 0.2. Cells were fixed in 3.2% paraformaldehyde for 15 min. After fixation, 500 μL of bacteria 

were added to a polylysine coated coverslip in a 12 well plate. An additional 2 mL of PBS were 

added to each well in the 12 well plate bringing the total volume in each well to 2.5 mL. Bacteria 

were then forced down on the coverslips through centrifugation at 2,000 x g for 10 min. Coverslips 

were washed 3 times with PBS with 0.2% gelatin. After sufficiently washing the coverslips, they 

were incubated with a 1:100 dilution of GenScript 6X His-Tag Mouse MAb for 1 hour at 26°C. 

Coverslips were then washed 3 times with PBS pH 7.4 with added 0.2% gelatin. Coverslips were 

then incubated with 500 μL of PBS pH 7.4+0.2% gelatin containing 2 drops of ThermoFisher anti-

mouse AlexaFluor 488 secondary antibody for 30 min at 26°C protected from light. Coverslips 

were washed 3 times with PBS pH 7.4+0.2% gelatin. After washing, the coverslips were mounted 

on microscope slides using Cytoseal 60 mounting medium and visualized using the EVOS 

fluorescence light microscope (Life Technologies).  
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Western blots/dot blots to detect TAA collagen binding: 

  Purified rat tail collagen was separated by 14% SDS-PAGE at various concentrations and 

were transferred to a PVDF membrane, and PVDF membrane was blocked overnight in 10 mL of 

blocking buffer (20 mM Tris, 150 mM NaCl, 0.1% Tween 20 and 3% bovine serum albumin) at 

4°C. The membrane was then incubated with 50 μg/mL of purified TAA protein for 4 hours. After 

primary blotting, the membrane was washed 6 times with 1X TBST wash buffer (20 mM Tris, 150 

mM NaCl, and 0.1% Tween 20). A 1:1,000 dilution of GenScript 6X His-Tag Mouse MAb in 10 

mL of blocking buffer for 1 hr at 26°C with 75 rpm shaking. Following the incubation period, the 

membrane was washed 6 times with 1X TBST. The membrane was then incubated with a 1:5,000 

dilution of SantaCruz anti-mouse HRP-Linked secondary antibody for 30 min at 26 ˚C with 75 

rpm shaking. The PVDF membrane was then washed six times with 1X TBST to remove any 

unbound antibody. Two mL of ThermoFisher ECL substrate were added to the PVDF membrane 

for 1 min at 26˚C. Excess substrate was gently removed and the PVDF membrane was placed 

between a plastic sheet and image using the Syngene G:Box gel imaging system.  

 
Antibiotic protection assays for TAA driven E. coli invasion 

 An overnight culture of E. coli BL21 (DE3) cells containing the pDJSVT86 plasmid with 

a single full-length F. nucleatum TAA gene of interest was started by inoculating 5 mL of LB 

medium with a glycerol stock. The following day, 1 mL of E. coli cells from the overnight culture 

were used to inoculate a 100 mL ZYP-5052 autoinduction culture at an OD600 = 0.1 that was grown 

at 37 ˚C for 24 hrs. After 24 hours, the optical density of cells was assessed and adjusted to an 

OD600 = 1.0. Prior to starting the infection, a monolayer of human epithelial cells in a 12 well plate 

was washed 2 times with media containing no antibiotics and no FBS. After washing the cells, 1 

mL of cell culture medium containing no antibiotics and no FBS was added to each well. The 

bacteria were added to the monolayer of epithelial cells at an MOI of 5:1 and incubated for 1 hr at 
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37 ˚C in 5% CO2. After infecting the cells for 1 hr, the medium was gently aspirated-off the human 

epithelial cells, and cells were wash 2 times with cell culture medium supplemented with 

penicillin/streptomycin. Cells were incubated with 1 mL of antibiotic-containing cell culture media 

for 1 hr at 37 ˚C in 5% CO2 to kill any remaining extracellular bacteria. At the end of the antibiotic 

incubation period, the monolayer of epithelial cells was washed 2 times with PBS pH 7.4 to remove 

any antibiotic-containing cell culture medium. After washing the cells, epithelial cells were lysed 

by adding 200 μL of sterile water to each well. Cells were scraped from the tissue culture plate 

and plated on LB agar plates containing 100 ug/mL of carbenicillin. Plates were then incubated at 

37 ˚C overnight and colony forming units were analyzed the following day. 
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Table 2.1 E. coli strains used in these studies 

 

 

 

 

 

 

 

 

 

 

 

 

 

Strain Bacterial 
Species  

Relevant Genotype Reference 

Top10 E. coli F- mcrA (mrr-hsdRMS-
mcrBC) 80lacZ M15 lacX74 
recA1 ara 139 (ara-leu)7697 
galU galK rpsL (StrR) endA1 
nupG. 
 

ThermoFisher [24] 

LOBSTR RIL E. coli F- ompT hsdSB (rBmB-) gal 
dcm (DE3)  
 
 

ThermoFisher [25] 

BL21 (DE3) E. coli F- ompT hsdSB (rBmB-) gal 
dcm (DE3)  
 

ThermoFisher [26] 
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Plasmid Description Reference 
pET16b E. coli IPTG Inducible 

expression vector 
EMD Millipore [27] 

pDJSVT86 pET16b expression vector 
containing an E. coli signal 
sequence (OmpA) and a 6X His 
tag 

[1] 
 
 

pET16b, fvcA amino acids 20-
220 

FvcA protein lacking the N-
terminal signal sequence, stalk 
domain and outer membrane 
beta-barrel domain  

This Study 

pET16b, fvcA amino acids 20-
349 

FvcA protein lacking the N-
terminal signal sequence and 
outer membrane beta-barrel 
domain 

This Study 

pET16b, fvcB amino acids 20-
509 

FvcB protein lacking the N-
terminal signal sequence, stalk 
domain and outer membrane 
beta-barrel domain  

This Study 

pET16b, fvcB amino acids 20-
509-626 

FvcB protein lacking the N-
terminal signal sequence and 
outer membrane beta-barrel 
domain 

This Study 

pET16b, fvcC amino acids 20-
365 

FvcC protein lacking the N-
terminal signal sequence, stalk 
domain and outer membrane 
beta-barrel domain  

This Study 

pET16b, fvcC amino acids 20-
472 

FvcC protein lacking the N-
terminal signal sequence and 
outer membrane beta-barrel 
domain 

This Study 

pET16b, fvcD amino acids 20-
333 

FvcD protein lacking the N-
terminal signal sequence, stalk 
domain and outer membrane 
beta-barrel domain  

This Study 

pET16b, fvcD amino acids 20-
450 

FvcD protein lacking the N-
terminal signal sequence and 
outer membrane beta-barrel 
domain 

This Study 

pDJSVT86, fvcA amino acids 
20-492 

FvcA protein lacking the native 
N-terminal signal sequence but 
with an E. coli signal sequence 
(OmpA) and a 6X His tag 

This Study 

Table 2.2 Plasmids used in these studies  
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pDJSVT86, fvcB amino acids 
20-762 

FvcB protein lacking the native 
N-terminal signal sequence but 
with an E. coli signal sequence 
(OmpA) and a 6X His tag 

This Study 

pDJSVT86, fvcC amino acids 
20-616 

FvcC protein lacking the native 
N-terminal signal sequence but 
with an E. coli signal sequence 
(OmpA) and a 6X His tag 

This Study 

pDJSVT86, fvcD amino acids 
20-602 

FvcD protein lacking the native 
N-terminal signal sequence  but 
with an E. coli signal sequence 
(OmpA) and a 6X His tag 

This Study 
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Results             

Identification of TAAs in F. nucleatum 23726 

Several Fusobacterium species were recently resequenced using a newly developed Hybrid 

MinION long-read sequencing pipeline in order to create a complete construction of individual 

Fusobacterium genomes [16]. Comparison of the newly constructed F. nucleatum 23726 genome 

with the previously reported sequencing data revealed several misannotations and previously 

unidentifiable genes. Bioinformatic analysis of the original F. nucleatum 23726 genome using 

HMMER models identified three proteins (FN0471, FN0735 and FN1499), that contained the 

three main TAA structural domains, which include: a membrane anchor, stalk and head domain. 

However, following assembly of the new genome FN0471 was determined to be a misannotated 

open reading frame and 3 previously unidentified TAAs were discovered, indicating that F. 

nucleatum 23726 has a total of 5 TAAs. These findings from our initial bioinformatic studies 

suggested that TAAs have a more significant presence than was previously thought and the 5 

proteins were ultimately renamed FvcA-E, which stands for Fusobacterium Type 5c Secreted 

proteins A-E. Analysis of the individual TAA genes showed that FvcA-D contain the three 

characteristic TAA protein domains (membrane anchor, stalk, and head), while FvcE is only 

composed of a membrane anchor and stalk domain (Figure 2.1). Although FvcE is still classified 

as a trimeric autotransporter, for the purposes of this dissertation we focus on the characterization 

of FvcA-D as they contain all of traditional components of a TAA. Interestingly, comparison of 

the FvcA-D individual genes revealed that they vary in size and domain frequency leaving several 

questions about the functional significance of each individual protein. Given the prevalence and 

structural diversity of Type 5c secreted proteins in F. nucleatum 23726, as well as their established 

roles in bacterial pathogenesis, this rendered further evaluation of these proteins to assess their 

potential roles as virulence factors.  
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Figure 2.1. Structural Breakdown and Analysis of F. nucleatum 23726 Trimeric 
Autotransporter Genes. F. nucleatum 23726 possesses 4 TAAs. (A) A cartoon representation 
of a TAA depicting its three major protein domains (head, stalk and membrane anchor). (B) 
Analysis of the F. nucleatum 23726 genome using HMMR models identified 5 TAAs that were 
renamed FvcA-E. Protein domains were predicted using the database Pfam. Analysis of individual 
genes showed that FvcA-D are composed of the traditional head, stalk and membrane anchor 
domains, while FvcE only contains a membrane anchor and stalk domain.  
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Expression and Purification of F. nucleatum Trimeric Autotransporter Adhesins:  

 Truncated F. nucleatum TAA constructs were created by cloning specific TAA functional 

domains into a pET16b (Table 2.2) vector for cytosolic expression in E. coli LOBSTR RIL cells. 

Constructs were then purified using a nickel affinity chromatography for analysis of the potential 

functional capabilities of individual proteins. While TAAs have varying functional capabilities, 

this family of proteins is broadly characterized as adhesins, which made it difficult to isolate the 

proteins. During the initial purifications of individual TAAs the elution fractions contained several 

impurities that were unable to be separated despite using follow-on purification methods such as 

size exclusion chromatography or ion-exchange chromatography (Figure 2.2). It was 

hypothesized that proteins that were expressed in the cytoplasm may potentially be binding to 

native E. coli proteins. To decrease these unwanted interactions with TAAs, a protein extraction 

buffer (50 mM Tris, 50 mM NaCl, 10 mM CaCl2, 10 mM MgCl2, 1 mM PMSF, and 1% Octyl β-

D-glucopyranoside) was developed and used as an alternative method to lyse E. coli cells, which 

significantly improved the purity and yield of isolated TAAs. Analysis of purified TAAs using 

SDS-PAGE showed the presence of TAAs as a monomer, dimer and trimer, suggesting that they 

are able to maintain structural stability when exposed to high temperatures and SDS. Additional 

structural studies were performed by incubating TAAs with formic acid or high temperature water 

baths for 1 hr of time, however, analysis of these conditions showed that the proteins were still 

able to maintain their multimeric structural forms (Figure 2.2).  

 
TAA E. coli Gain of Function Analysis 

Given the lack of molecular tools to genetically manipulate F. nucleatum 23726, it was not 

previously possible to develop TAA mutant strains. To study the potential contribution of TAAs 

to F. nucleatum virulence, it was determined that the biochemical mechanisms of these proteins  
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Figure 2.2. Expression and Purification of F. nucleatum 23726 Trimeric Autotransporter 
Functional domains. (A) IPTG inducible expression used to recombinantly express individual 
TAAs. (B) Diagram depicting nickel affinity chromatography workflow. (C) All TAA protein 
constructs have been successfully cloned into the pET16b expression vector; however, only three 
proteins have been successfully purified thus far. (D) Boiling and SDS treatment of purified FvcC 
illustrating the structurally rigidity of TAAs under harsh environmental conditions.  
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could be studied through expression of individual TAAs in E. coli BL21(DE3) cells. Full-length 

F. nucleatum TAA genes were individually cloned into pDJSVT86, a modified pET16b vector 

containing a native E. coli signal sequence (OmpA AA 1-27) that enables the secretion of 

overexpressed proteins to the surface of E. coli cells via the Sec pathway. To assess expression 

levels and to confirm that proteins were being translocated to the surface of E. coli cells, full-length 

TAA expression was analyzed using fluorescence microscopy (Figure 2.3). To assess whether 

these proteins were contributing to F. nucleatum invasion, a standard antibiotic protection assay 

was conducted for each individual strain of E. coli bacterial cells. In this experiment, Ca9-22 

(cancerous gingival) and HCT116 (colorectal carcinoma) epithelial cell monolayers were 

incubated with E. coli BL21(DE3) cells expressing a single full-length F. nucleatum TAA. After 

infecting the cells, extracellular bacteria were killed by incubating the epithelial cell monolayer in 

antibiotic-containing medium. Epithelial cells were then lysed with sterile water and cells were 

plated on LB agar plates. Analysis of colony forming units (CFU) showed that E. coli cells 

expressing FvcA or FvcC were able to get inside of both cancerous gingival epithelial cells and 

the colorectal carcinoma cells, while E. coli expressing FvcD were only able to invade the 

colorectal carcinoma cells (Figure 2.3). Overall, these results show the potential significance of 

Type 5c secreted proteins in F. nucleatum host cell invasion, and shows that the large presence of 

TAAs on the surface of F. nucleatum 23726 in combination with Fap2, a previously characterized 

outer membrane adhesin, work synergistically to make Fusobacterium binding and invasion more 

efficient. 

 

F. nucleatum Purified TAAs Likely Do Not Bind to Rat-Tail Collagen 

 YadA is one of the most well characterized TAAs and has been shown to be a 

multifunctional protein involved in Yersinia enterocolitica host-cell invasion, serum resistance and  
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Figure 2.3. Invasion of E. coli BL21 (DE3) expressing TAAs from F. nucleatum. (A) Surface 
labelling of full-length trimeric autotransporters expressed in E. coli BL21(DE3) cells. (B-C) E. 
coli expressing FvcA, FvcB, FvcC, or FvcD after autoinduction were incubated with human cell 
lines. Colony forming units (CFU) after antibiotic protection were evaluated, and Two-way 
ANOVA with Tukey statistical hypothesis testing. P value = >0.05 (not significant, ns), 0.01-0.05 
(*), 0.001-0.01 (**), 0.0001-0.001 (***), <0.0001 (****). 
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bacterial migration. Previous studies have shown that YadA has the ability to bind to a wide-

spectrum of host extracellular matrix (ECM) proteins such as: collagen, laminin and fibronectin 

[9, 23]. In vivo analysis of ∆YadA invasion potential showed that without YadA expression on the 

surface of Y. enterocolitica the bacterium is unable to follow its normal colonization route and 

remains localized to the Peyer’s patches [23]. Given the lack of knowledge surrounding F. 

nucleatum dissemination from its oral environment, we hypothesized that TAAs are contributing 

to its ability to navigate through a diverse composition of host tissues enabling the bacterium to 

associate with disease states all throughout the human body. In order to establish a potential role 

for Type 5c secreted proteins in F. nucleatum migration, purified TAAs were analyzed for the 

ability to interact with purified type I rat tail collagen using a far Western blot. In this procedure, 

purified type I rat tail collagen was transferred to a PVDF membrane, and the PVDF was incubated 

with purified TAAs to allow for protein-protein interactions to occur. Analysis of TAA binding to 

type I collagen showed that none of the purified TAA constructs efficiently bound to the ECM 

protein; however, we did not use a proper positive control for this study and therefore cannot 

definitively say that the purified TAAs do interact with collagen (Figure 2.4). Future studies of F. 

nucleatum TAA interaction with ECM proteins will need to be analyzed more extensively with 

additional experimental methods, as well as a proper positive control such as the purified Y. 

enterocolitica TAA YadA [23]. 
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Figure 2.4. F. nucleatum Purified TAAs Do Not Bind to Type I Rat Tail Collagen. (A) 
Nitrocellulose membranes containing 1ug of purified rat tail were incubated with purified TAA 
proteins and binding was analyzed using a 6X His Tag antibody followed by an HRP-linked 
secondary antibody. (B) Far western blot analysis of purified FvcA and FvcD. Purified rat tail 
collagen was run on an SDS-PAGE gel and transferred to PVDF membrane. Purified TAAs were 
incubated with the membrane and their binding affinity for denatured rat tail collagen was analyzed 
using a 6X His Tag antibody followed by an HRP-linked secondary antibody.  
 
 

 

 

 

 

 

 

 

 

 



 39 

Discussion            

The oral microbe F. nucleatum has gained notoriety after it has been found to be associated with 

a diverse array of human disease states. Of particular interest is the link between F. nucleatum and 

colorectal cancer. Studies thus far have shown that colorectal cancer patients with F. nucleatum 

present in the tumor microenvironment have a worse prognosis, leaving several questions 

surrounding the virulence mechanisms that enable the bacterium to modulate the host tumor 

microenvironment.  

 Fap2 is the most well characterized type 5 secreted outer membrane adhesin in F. 

nucleatum and has been shown to bind to the Gal-GalNAc sugar residues on the surface of 

colorectal carcinoma cells [11, 12]. Thus far, Fap2 has been touted as the primary virulence factor 

that contributes to the potentiation of CRC tumors, however, without a stable genetic system to 

manipulate F. nucleatum, the study of potential virulence factors has been limited. With the recent 

development of a more accurate and efficient workflow for sequencing bacterial genomes, it has 

been shown that F. nucleatum has a large family of TAAs, which have been shown to be essential 

virulence factors in other well-noted bacterial pathogens. Given the abundance of these proteins, 

it has been proposed that TAAs work synergistically with Fap2 to make the invasion process more 

efficient. Through the expression of full-length F. nucleatum TAAs in E. coli it was shown that 

this family of proteins enables a noninvasive bacterium to invade various human epithelial cell 

lines. Ultimately, this shows that this family of proteins potentially contributes to the invasive 

phenotype of F. nucleatum; however, without the ability to create targeted gene deletions, it is 

difficult to predict the significance of TAAs in the pathogenesis of F. nucleatum.  

 Although a potential role for TAAs in F. nucleatum invasion has been identified, a more 

thorough analysis is required to analyze other functional roles of these proteins. In this study, 

individually purified TAAs were tested for their ability to bind to type I rat tail collagen in order 
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to strengthen our understanding of the mechanisms that enable F. nucleatum to disseminate from 

the oral environment. Following initial studies, TAAs likely do not interact with this specific ECM 

protein; however, a more expansive analysis is needed to fully understand whether these proteins 

interact with other host structural proteins [13, 14].  

In summary, we have used recombinant expression and purification of F. nucleatum TAAs 

to identify new mechanisms used by F. nucleatum to promote the progression of various human 

diseases. While these studies provide insight on the importance of Type 5c secreted proteins in F. 

nucleatum virulence, future studies need to focus on the development of a more reliable method 

to genetically modify F. nucleatum, so that TAA impact on host-pathogen interactions can be 

analyzed under more realistic conditions.  
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Abstract:              

Fusobacterium nucleatum is a Gram-negative anaerobic bacterium that is a member of the of the 

oral microbiome. Although it is abundant in healthy oral mucosal tissue, the bacterium is gaining 

notoriety for its association with human diseases distant from the oral cavity. Thus far, only two 

outer membrane adhesins, Fap2 and FadA, have been shown to enhance the pathogenic potential 

of F. nucleatum by interacting with distinct structural features on the surface of human cells. Aside 

from the characterization of Fap2 and FadA, there remains a critical gap in our understanding of 

the mechanisms that enable F. nucleatum to migrate from its native oral environment and persist 

under diverse environmental conditions. The identification of new virulence mechanisms in F. 

nucleatum has been limited by a lack of genetic tools. However, a galactose counterselectable gene 

deletion system was recently developed in the Slade Lab and demonstrated to be an efficient model 

for identifying F. nucleatum virulence factors. Bioinformatic analyses of F. nucleatum 23726 have 

identified an overabundance of Type 5c secreted trimeric autotransporter adhesins (TAAs). 

Previous studies using Escherichia coli recombinant expression technology have shown that some 

individual TAAs promote bacterial uptake in human epithelial cells. In this study, we further 

expand upon these findings by creating targeted gene deletions of F. nucleatum TAAs and analyze 

their overall functional role in F. nucleatum pathogenesis. Our results indicate that TAAs promote 

virulence factor cooperativity, which further enhances the binding and invasion potential of F. 

nucleatum in human epithelial cells. Although involved in cell entry, the proteins do not appear to 

affect the secretion of proinflammatory cytokines suggesting that specific surface proteins are 

modulating these signaling networks. Overall, this study demonstrates the active contribution of 

TAAs in F. nucleatum virulence and provides foundational knowledge for more focused studies 

of their function through different stages of the infection process. 
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Introduction:             

Fusobacterium nucleatum is a Gram-negative, non-motile anaerobe that is a pathogenic 

bridging organism within the mixed-species biofilm of a gingival crevice in the oral environment 

[1]. While studies have shown that F. nucleatum contributes to the progression of periodontal 

disease by promoting the secretion of proinflammatory factors, metagenomic studies have shown 

that F. nucleatum has the ability to migrate from its native oral environment and contribute to a 

diverse spectrum of human infections and diseases [2-4]. Interestingly, it was shown that F. 

nucleatum is overrepresented in colorectal cancer (CRC) tissue when compared to healthy colonic 

tissue surrounding tumors and from non-tumorigenic patients. Additional studies using a mouse 

model with a deletion of the APC tumor suppressor gene (APCMin/+), showed mice that were orally 

gavaged with F. nucleatum formed intestinal tumors more rapidly and had a more expansive 

proinflammatory signature [5]. To complement these results, clinical studies have shown that 

patients found to have F. nucleatum present in the tumor environment have a worse prognosis than 

patients without the bacterium [6]. Although there is strong evidence supporting F. nucleatum 

involvement in CRC, there is limited knowledge of the molecular mechanisms that contribute to 

the virulence of F. nucleatum.  

Thus far, only two outer membrane adhesins, Fap2 and FadA, have been identified as 

critical virulence factors for F. nucleatum host-pathogen interactions [8,9]. Fap2 is a type 5a 

monomeric autotransporter adhesin that interacts with Gal-GalNAc sugar moieties promoting 

internalization of F. nucleatum by human epithelial cells [7]. In addition, Fap2 was shown to bind 

to the natural killer cell receptor TIGIT, effectively blocking the ability of this immune cell subtype 

to clear tumor cells in a mouse model [10].  

FadA is a small outer membrane adhesin that binds to E-cadherin, a receptor on the surface 

of human epithelial cells, promoting internalization of the bacterium and modulation of host cell 
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signaling cascades promoting the secretion of IL-8 [9]. The characterization of Fap2 and FadA 

have provided a foundational understanding of the pathogenic mechanisms used by F. nucleatum; 

however, this bacterium has a diverse landscape of type 5 secreted outer membrane proteins whose 

functions need to be studied in further detail to fully understand their functional roles throughout 

the infection process. For instance, the strain F. nucleatum 23726 contains 15 T5aSS 

autotransporters, and several of these uncharacterized proteins shared significant sequence 

similarity and predicted adhesin function with Fap2 [11, 12]. While Fap2 is known to contribute 

to pathogenesis, additional experiments need to be performed that characterize the contribution of 

other T5aSS protein family members, as well as the potential for redundant function. With FadA, 

our lab also recently reported that this protein has four additional homologs in the same species 

(FadA2, FadA3a, FadA3b, FadA3c) which could also reveal virulence factor cooperation and/or 

redundancy [12]. 

Bioinformatic analysis of the F. nucleatum 23726 genome showed that the bacterium 

contains five Type 5c secreted autotransporter proteins (FvcA, FvcB, FvcC, FvcD, & FvcE), which 

have shown to be critical virulence factors for bacterial pathogens such as, Yersinia enterocolitica 

and Burkholderia pseudomallei [12-18]. As detailed in Chapter 2 of this thesis, full-length TAAs 

from F. nucleatum 23726 were individually expressed in a noninvasive strain of E. coli. Upon 

infecting various human epithelial cell lines with the E. coli strains expressing native F. nucleatum 

TAAs, it was shown that the bacteria are able to actively invade the human cells. Having shown 

that F. nucleatum Type 5c autotransporter proteins interact with human cells to promote bacterial 

invasion, this provided strong evidence that other surface proteins, aside from Fap2 and FadA, are 

modulating Fusobacterium host-pathogen interactions. However, without a system to accurately 

create targeted gene deletions in F. nucleatum 23726 the functional contribution of TAAs in F. 

nucleatum pathogenesis could not be determined.  



 47 

Recently, a galactose counter selectable genetic system was developed in both our lab and 

an external lab, making it possible to accurately create markerless in-frame gene deletions in F. 

nucleatum 23726 (Figure 3.1) [20]. Additionally, the Slade lab system allows for the expression 

and purification of native and tagged F. nucleatum proteins to circumvent challenges involving 

potential and realized solubility and cytotoxicity in E. coli overexpression systems [19]. Previous 

strains of F. nucleatum 23726 were made with gene interruptions through homologous 

recombination into the center of a single gene. The new double-crossover homologous 

recombination system allows for seamless and markerless gene deletion, thereby facilitating the 

sequential deletion of multiple genes to address redundancy. As detailed further below, this 

molecular technology allowed us to determine the impact of specific autotransporter proteins on 

F. nucleatum host-pathogen interactions, as well as, their potential role in modulating host cell 

signaling.  

Initially, this genetic system was used to generate strains with a single deletion of the fap2 

and fadA genes to verify the established role of these individual virulence factors in F. nucleatum 

host-pathogen interactions. Upon successfully creating these mutant strains, bacterial invasion was 

evaluated and showed that the ∆fap2 strain has significantly decreased invasion while the ∆fadA 

strain has no decrease [19]. Along with the analysis of bacterial invasion, proinflammatory 

cytokine production was evaluated to determine whether individual virulence factors are capable 

of modulating host cell signaling. Interestingly, analysis of the medium from F. nucleatum 

infections with the ∆fap2 strain showed that there is a significant decrease in proinflammatory 

cytokine production, which may be attributed to decreased interaction with the proteins on the 

surface of the host cells [19].  

After establishing the success of creating markerless gene deletions in F. nucleatum 23726, 

we decided to use this systematic workflow to analyze the involvement of Type 5c secretion in the 
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modulation of F. nucleatum invasion and modulation of proinflammatory cytokine secretion. In 

this study, we have successfully created a mutant strain with four of the five TAAs deleted from 

the F. nucleatum 23726 genome either individually or in one strain (∆fvcA-D). Analysis of 

epithelial cell invasion and host and proinflammatory cytokine production show that a TAA-

deficient F. nucleatum strain is unable to bind and invade human epithelial cells as efficiently. 

However, there is no significant changes in cytokine production. Overall, these results illustrate 

the significance of virulence factor cooperativity in F. nucleatum pathogenesis and emphasize the 

importance of completing a more in-depth analysis of the proteins that compose the outer 

membrane of F. nucleatum 23726.  
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Figure 3.1. F. nucleatum Markerless Gene Deletion System. (A) Workflow detailing the design 
and construction of knockout plasmid DNA. (B-C) Visual representation of the potential 
homologous recombination events and the appropriate selection methods. (D) Time course of Ca9-
22 gingival cell invasion with strains of F. nucleatum 23726 for phenotypic analysis of previously 
reported virulence factors, Fap2 and FadA. Bacteria were infected in confluent monolayers of cells 
at an MOI of 5:1. Binding and Invasion was quantitated using imaging flow cytometry on an 
Amnis ImageStream X Mark II. 

 

 

 

 

 

Chris Yoo


Chris Yoo


Chris Yoo




 50 

Materials and Methods:          

Human Cell Culture 

 HCT116 cancerous colonocytes (ATCC CCL-247) were cultured in McCoy’s 5A medium 

supplemented with penicillin/streptomycin and 10% fetal bovine serum (FBS). Cells were 

incubated at 37 ˚C with 5% CO2 until they reached the proper confluency.  

Ca9-22 cancerous gingival epithelial cells were cultured in minimum essential medium 

(MEM) with Earl’s balanced salt solution supplemented with penicillin/streptomycin and 10% 

FBS. Cells were incubated at 37 ˚C with 5% CO2 until they reached the proper confluency.  

 
Antibiotic protection assay 

 An overnight culture of F. nucleatum was started by inoculating 1 mL of Columbia Broth 

supplemented with 5 μg/mL of hemin and 0.5 μg/mL of vitamin K (CBHK). Stationary phase F. 

nucleatum was back-diluted to an OD600 = 0.1 and grown to exponential phase (OD600 = 0.4). While 

cells were growing, the epithelial cell monolayers were washed one time with cell culture media 

and the cells were incubated in media containing no antibiotics and no fetal bovine serum. 

Epithelial cells were then infected at an MOI of 0.5:1 with exponential phase F. nucleatum for 2 

hrs at 37 ˚C with 5% CO2. After infecting cells for 2 hrs, the cell culture media was aspirated-off 

and cells were washed 2 times with antibiotic-containing cell culture media to remove any 

unbound bacteria. Cells were then incubated in antibiotic-containing cell culture media for 1 hour 

to kill any remaining extracellular bacteria. At the end of the incubation period, cells were washed 

twice with PBS. Epithelial cells were then incubated with sterile water to lyse open the cells. 

Lysates were plate on CBHK plates and incubated at 37 ˚C under anaerobic conditions for 48 hrs. 

After 48 hrs, colony forming units were analyzed.  
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AMNIS ImageStream F. nucleatum Infections 

An overnight culture of F. nucleatum was started by inoculating 1 mL of Columbia Broth 

supplemented with hemin and vitamin K (CBHK). Stationary phase F. nucleatum was back-diluted 

to an OD600 = 0.1 and grown to exponential phase (OD600 = 0.4). Once at the proper OD, 1 mL of 

bacteria were pelleted by centrifugation at 5,000 x g for 3 min. Cells were resuspended in 100 μL 

of PBS pH 7.4 and were incubated with mM FM1-43X lipid dye for 5 min protected from light. 

While cells were growing, the epithelial cell monolayers were washed one time with cell culture 

media and the cells were incubated in media containing no antibiotics and no fetal bovine serum. 

Epithelial cells were then infected at an MOI of 0.5:1 with exponential phase F. nucleatum for 2 

hrs at 37 ˚C with 5% CO2. After infecting cells for 2 hours, the cell culture media was aspirated-

off and cells were washed 2 times with antibiotic-containing cell culture media to remove any 

unbound bacteria. Cells were then incubated in antibiotic-containing cell culture media for 30 min 

to kill any remaining extracellular bacteria. After killing the bacteria, cells were washed and 

incubated with trypsin for 15 min at 37 ˚C with 5% CO2. Cells were then pelleted by centrifugation 

at 1000 x G for 3 min, followed by fixing with 3.2% paraformaldehyde for 15 min. Fixed cells 

were washed one time with 1 mL of PBS pH 7.4 and pelleted by centrifugation at 1,000 x G for 3 

min. The wash was then discarded, and cells were resuspended in 30-90 μL of PBS pH 7.4. FITC 

positive cells were then analyzed using the AMNIS ImageStream.  

 
Cytometric Bead Array 

An overnight culture of F. nucleatum was started by inoculating 1 mL of Columbia Broth 

supplemented with 5 μg/mL of hemin and 0.5 μg/mL of vitamin K (CBHK). Stationary phase F. 

nucleatum was back-diluted to an OD600 = 0.1 and grown to exponential phase (OD600 = 0.4). Prior 

to infection, epithelial cell monolayers were washed one time with cell culture media containing 

no antibiotics to remove any residual antibiotic-containing cell culture media each well. Epithelial 
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cells incubating in cell culture media containing no antibiotics were then infected at an MOI of 

0.5:1 with exponential phase F. nucleatum for 4 hrs at 37 ˚C with 5% CO2. After infecting cells for 

4 hrs, the media was collected and centrifuged at 1,000 x g for 3 min to pellet any remaining 

bacteria or human cells. 50 μL of the collected infection media was then incubated with capture 

beads conjugated to an antibody for a specific analyte (IL-8, IL-1B, IL-6, IL-10, TNF and IL-

12p70) for 3 hrs at room temperature. At the end of the incubation period, the capture beads were 

pelleted by centrifugation at 200 x g for 5 min. Pelleted capture beads were washed one time with 

assay kit wash buffer. The washed capture beads were the incubated with 50 μL of PE detection 

reagent for 1 hour. After 1 hour the beads were pelleted by centrifugation at 200 x g for 5 min 

wash one time with the assay kit wash buffer. The beads were then pelleted and resuspended in 

100 μL of assay kit wash buffer. Analyte concentrations were then quantified using the BD FACS 

Aria.  

 
HCT116 IL-8 and CXCL1 ELISA Assays 

A 96-well microplate was prepared by incubating with capture antibodies at room 

temperature overnight. Following incubation with the appropriate antibody, each well was washed 

3 times with assay wash buffer and the plate was inverted onto a paper towel to remove any excess 

wash buffer. The microplate wells were then blocked with assay diluent for 1 hour at room 

temperature. After blocking the wells, the plate was washed an additional 3 times and inverted 

onto a paper towel to remove any excess blocking/wash buffer.  

An overnight culture of F. nucleatum was started by inoculating 1 mL of Columbia Broth 

supplemented with hemin and vitamin K (CBHK). Stationary phase F. nucleatum was back-diluted 

to an OD600 = 0.1 and grown to exponential phase (OD600 = 0.4). Prior to infection, epithelial cell 

monolayers were washed one time with cell culture media containing no antibiotics to remove any 

residual antibiotic-containing cell culture media each well. Epithelial cells incubating in cell 
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culture media containing no antibiotics and 10% FBS were then infected at an MOI of 50:1 with 

exponential phase F. nucleatum for 4 hrs at 37 ˚C with 5% CO2. Upon completing of the infection, 

the infection media was collected and centrifuged at 1,000 x g for 5 min in order to pellet remaining 

bacteria and human cells. One hundred μL of the collected infection media was added to their 

assigned wells on the microplate. The plate was then covered and incubated at room temperature 

for 2 hrs. Following incubation with the samples, the wells were washed 3 times with assay wash 

buffer and the plate was gently inverted onto a paper towel to remove any excess wash. Then, 100 

μL of the Detection Antibody was added to each well and incubated at room temperature for 2 hrs. 

After 2 hrs, the plate was then washed 3 times with the assay buffer and inverted onto a paper 

towel to remove any excess wash buffer. One hundred μL of the streptavidin-HRP solution was 

then added to each well and incubated for 20 min room temperature protected from light. At the 

end of the incubation period, 100 μL of substrate solution was then added to each well and 

incubated at room temperature for 20 min, followed by the addition of 50 μL of stop solution. 

Cytokine production was then analyzed by measuring the optical density at 450 nm using a 

SpectraMax M5e microplate reader.  

 
Human Inflammatory Cytokine Array  

An overnight culture of F. nucleatum was started by inoculating 1 mL of Columbia Broth 

supplemented with 5 μg/mL of hemin and 0.5 μg/mL of vitamin K (CBHK). Stationary phase F. 

nucleatum was back-diluted to an OD600 = 0.1 and grown to exponential phase (OD600 = 0.4). Prior 

to infection, epithelial cell monolayers were washed one time with cell culture media containing 

no antibiotics to remove any residual antibiotic-containing cell culture media each well. Epithelial 

cells incubating in cell culture media containing no antibiotics and no FBS were then infected at 

an MOI of 50:1 with exponential phase F. nucleatum for 4 hrs at 37 ˚C with 5% CO2. After 4 hrs 

media was collected and centrifuged at 1,000 x g for 5 min to remove and bacterial and human 
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cells from the sample. The array membrane was then blocked for 1 hr room temperature on a 

rocking platform. While the membrane was blocking, 1.5 mL of each sample of collected infection 

media was incubated with 15 μL of the human cytokine array detection antibody cocktail at room 

temperature for 1 hr. After 1 hr, the blocking buffer was poured off and the sample/antibody 

mixture was incubated with the array membrane at 4 ˚C overnight. Following incubation with the 

sample/antibody mixture, the array membrane was washed 3 times with wash buffer to remove 

and unbound proteins. A streptavidin-HRP was then added to the membrane and incubated for 30 

min on a rocking platform. The array membrane was then washed 3 times with wash buffer to 

remove any unbound streptavidin-HRP. After the membrane was sufficiently washed it was 

incubated with a chemiluminescent substrate solution and results were analyzed using the G:Box 

gel imaging platform.  
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Table 3.1 Fusobacterium strains used for this study 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bacterial Species  Relevant Genotype Reference 
F. nucleatum 23726 ∆galKT 

 
This Study 

F. nucleatum 23726 ∆galKT ∆fadA 
 

This Study 

F. nucleatum 23726 ∆galKT ∆fap2 This Study 
F. nucleatum 23726 ∆galKT ∆fadA ∆fap2 This Study 
F. nucleatum 23726 ∆galKT ∆fvcA This Study 
F. nucleatum 23726 ∆galKT ∆fvcB This Study 
F. nucleatum 23726 ∆galKT ∆fvcC This Study 
F. nucleatum 23726 ∆galKT ∆fvcD This Study 
F. nucleatum 23726 ∆galKT ∆fvcABCD This Study 
F. nucleatum 23726 ∆galKT ∆fvcABCD ∆fap2 This Study 
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Results:              

F. nucleatum TAAs work synergistically to promote epithelial cell invasion  

 For F. nucleatum invasion studies, we used Ca9-22 (cancerous gingival epithelial cells) 

and HCT116 (colorectal carcinoma cells), which are cell lines that are related to the particular 

disease sites that F. nucleatum is associated with. Analysis of the bacterial invasion was then 

conducted using imaging flow cytometry and antibiotic protection assays. To determine the effects 

of individual TAA gene deletions on F. nucleatum invasion, human epithelial cells were infected 

for 2 hours with fluorescently labelled F. nucleatum. Following incubation with antibiotics to kill 

any remaining extracellular bacteria, F. nucleatum binding and invasion was analyzed using 

imaging flow cytometry (Figure 3.2). Interestingly, our results showed that single TAA gene 

deletions have a mild effect on the ability of F. nucleatum to invade human epithelial cells from 

the oral and intestinal environment. However, due to the abundance of TAAs in F. nucleatum 

23726 we hypothesized that there may be a synergistic effect exerted by this family of 

autotransporter proteins that may not produce a phenotype unless all of the TAAs have been 

deleted. 

With the development of a markerless gene deletion system for F. nucleatum 23726, it is 

now possible to create multiple gene deletions in a single strain. Given the efficiency of this new 

technology, a mutant strain with four of the five TAAs (fvcA, fvcB, fvcC, and fvcD) deleted was 

successfully developed. Using this strain, we analyzed the invasion potential of F. nucleatum using 

Ca9-22 and HCT116 human epithelial cells to determine whether these proteins function 

synergistically, indicating that virulence factor cooperativity contributes to the complexity of F. 

nucleatum virulence. Following the same workflow used to study individual TAAs, our data 

showed that the ∆fvcABCD mutant strain significantly impacted F. nucleatum internalization in 
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Figure 3.2 Infection of HCT116 cancerous colonocytes is dependent on TAAs and Fap2. 
HCT116 cells were infected with wild-type and mutant F. nucleatum 23726 strains at an MOI of 
5:1 for 2 hours. Binding and invasion was analyzed using the AMNIS ImageStream X Mark II. 
Experiments were performed in triplicate (n = 3) and internalized F. nucleatum was evaluated 
using a Two-way ANOVA with post hoc analysis. Error bars represent +/- SEM. P value = >0.05 
(not significant, ns), 0.01-0.05 (*), 0.001-0.01 (**), 0.0001-0.001 (***), <0.0001 (****). 
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both Ca9-22s and HCT116s, suggesting that Fap2 is not the sole protein responsible for F. 

nucleatum host-pathogen interactions (Figure 3.2). These studies indicate that our current 

understanding of F. nucleatum invasion is incomplete and that virulence factor cooperativity 

provides the bacterium with a diverse arsenal of virulence factors that enable F. nucleatum to 

efficiently invade human cells. 

To confirm the findings from these studies, invasion of F. nucleatum mutant strains were 

analyzed using antibiotic protection assays. Human epithelial cells were infected for 2 hours. 

Following incubation with antibiotics, the cells were wash with PBS and were lysed using sterile 

water. Epithelial cell lysates were then plate on CBHK agar plates, which were incubated at 37 ˚C 

for 48 hours. Colony forming units (CFU) were then counted to determine percent invasion. Our 

results showed that the ∆fvcABCD mutant strain displayed a significant defect in its ability to 

invade human epithelial cells confirming that that Type 5c secreted proteins synergistically 

contribute to the invasion potential of F. nucleatum (Figure 3.3).  

 
F. nucleatum Host-Pathogen Interactions Alter Proinflammatory Cytokine Production 

 Prior studies of F. nucleatum have shown the bacterium accelerates intestinal tumor 

formation in APCMin/+ mice through activating NF-Kβ-mediated proinflammatory cytokine 

production, which initiates the recruitment of tumor-promoting immune cells [5]. Having 

successfully created single and multiple in-frame gene deletions in F. nucleatum, we have 

established a synergistic role for Type 5 secreted autotransporter proteins that enhances the 

internalization of the bacterium in human epithelial cells. Given the abundance of outer membrane 

virulence factors in F. nucleatum, we wanted to analyze if Fap2 or the TAAs are modulating 

cytokine production in host cells. In order to analyze cytokine production, HCT116 cells were 

infected with wild-type and mutant F. nucleatum strains for 4 hours. The tissue culture supernatant 
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Figure 3.3 Antibiotic protection assay of F. nucleatum 23726 adhesin deficient strains. 
HCT116 colorectal carcinoma cells were infected with wild-type and mutant F. nucleatum strains 
for 2 hours at an MOI of 0.5:1. At the end of the infection, extracellular bacteria were killed by 
incubating infected cells with cell culture medium containing penicillin and streptomycin. 
HCT116 cells were lysed and plated on CBHK agar plates. Assays were performed in triplicate (n 
= 3) and internalized F. nucleatum was evaluated using a Two-way ANOVA with post hoc 
analysis. Error bars represent +/- SEM. P value = >0.05 (not significant, ns), 0.01-0.05 (*), 0.001-
0.01 (**), 0.0001-0.001 (***), <0.0001 (****). 
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was then collected and quantitatively analyzed via flow cytometry for the secretion of various 

human inflammatory cytokines (IL-8, IL-1β, IL-6, IL-10, TNF and IL-12p70) (Figure 3.4). 

Through this study, we observed that wild-type F. nucleatum promotes the production of IL-8, a 

proinflammatory cytokine that is secreted by host cells to elicit the recruitment of neutrophils to 

the site of infection. However, when the cells were infected with a Fap2-deficient strain this 

resulted in a significant decrease in IL-8 production. Given these results, surface proteins that 

contribute to F. nucleatum host-pathogen interactions and internalization may be critical for 

altering the proinflammatory cytokine profile throughout the infection process. 

 Although our initial study only revealed changes in IL-8 secretion, we were limited by the 

number of cytokines we were able to analyze. To expand our analysis, we used a human 

proinflammatory cytokine array. In this study, a monolayer of HCT116 epithelial cells were 

infected at an MOI of 50:1 with wild-type and mutant F. nucleatum strains for 4 hours. The tissue 

culture supernatant was collected and incubated with an antibody detection cocktail containing 

biotinylated antibodies specific for 36 different human cytokines. Following incubation with the 

antibody cocktail, the mixture (sample + antibody) was incubated with a nitrocellulose membrane 

containing immobilized antibodies for the 36 human cytokines. Specific cytokine levels were 

analyzed by incubating the membrane with a streptavidin-HRP linked resin, followed by a 

chemiluminescent substrate for imaging analysis. Interestingly, our results showed that HCT116 

cells infected with wild-type F. nucleatum secrete CXCL1, while the ∆fap2 mutant strain produced 

significantly lower levels of this cytokine (Figure 3.5). Previous studies of the tumor 

microenvironment indicate CXCL1 expression triggers angiogenesis and enhances the survival of 

tumor cells when they metastasize to foreign areas of the body. Although, the Fap2-deficient F. 

nucleatum strain showed a significant decrease in cytokine production, HCT116 cells infected with 

the ∆fvcABCD mutant strain did not appear to have a decrease in IL-8 or CXCL1 secretion. Next, 
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Fig. 3.4 IL-8 secretion by F. nucleatum as determined by a cytometric bead flow cytometry 
assay. (A) Workflow illustrating cytometric bead array (CBA) analysis of F. nucleatum induced 
proinflammatory cytokine secretion. Step 1: Infect an epithelial cell monolayer with F. nucleatum. 
Step 2: Collect the infection media and incubate with a mixture of capture beads (cytometric beads) 
that specifically bind IL-8, IL-1b, IL-6, IL-10, TNF, and IL-12p70. Step 3: Analyze Cytokine 
composition of the infection media was analyzed for using the BD Aria II cell sorter. (B) CBA 
quantification of F. nucleatum-induced cytokine production. The experiment was performed in 
triplicate (n = 3) and F. nucleatum induced cytokine secretion was evaluated using a Two-way 
ANOVA with post hoc analysis. Error bars represent with +/- SEM. P value = >0.05 (not 
significant, ns), 0.01-0.05 (*), 0.001-0.01 (**), 0.0001-0.001 (***), <0.0001 (****). 
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we performed ELISAs to corroborate our findings from the cytokine array and to quantitate the 

secretion of IL-8 and CXCL1 from HCT116 epithelial cells (Figure 3.6).  

While F. nucleatum internalization is critical for disease progression, specific outer 

membrane proteins, such as Fap2, may be responsible for modulating signaling pathways that 

change the composition of the tumor microenvironment. These studies provide groundbreaking 

evidence on the potential mechanisms F. nucleatum uses to alter environmental conditions and 

accelerate disease progression. Ultimately, this foundational knowledge provides a strong 

framework for the future study of F. nucleatum virulence factors and how they contribute to the 

etiology of Fusobacterium specific disease states.  
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Figure 3.5 F. nucleatum Induces the Secretion of CXCL1. (A) R&D human inflammatory 
cytokine array layout and identification of HCT116 secreted cytokines following infection with F. 
nucleatum. (B) To determine whether specific virulence factors modulate cytokine secretion 
HCT116 colorectal carcinoma cells were infected at an MOI of 50:1 for 4 hours with wild-type 
and F. nucleatum mutant strains. The media was collected and analyzed for the cytokine secretion 
using a human inflammatory cytokine array kit.  
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Discussion:             

The gut microbiome has recently gained attention as an imbalance of the microorganisms 

in the intestinal environment can drive the development and progression of various human 

diseases. The discovery of the association of F. nucleatum with CRC adenoma and carcinomas has 

added another level of complexity to our understanding of microbiome-related diseases, as this 

bacterium is not a common inhabitant of the intestinal microbiota. Although previous studies have 

shown that F. nucleatum potentiates intestinal tumor formation in mice, analysis of potential 

virulence factors has been limited due to the lack of molecular tools to genetically manipulate the 

bacterium. Thus far, only two outer membrane proteins, Fap2 and FadA, have been identified as 

virulence factors that are critical for F. nucleatum pathogenesis. Recently, a stable markerless gene 

deletion system was developed and successfully used to created single gene deletion mutants of 

Fap2 and FadA in F. nucleatum 23726. Deletion of these previously characterized virulence factors 

confirmed the role of Fap2 as a key adhesin involved in F. nucleatum host-pathogen interactions; 

however, it showed that the FadA-deficient strain does not appear to alter the invasion in F. 

nucleatum 23726 suggesting that its role in host-pathogen interactions may be strain specific. 

Interestingly, when Fap2 and FadA were both deleted from F. nucleatum there was a slight 

increase in binding and invasion, which may be attributed to increased expression levels of other 

outer membrane adhesins. However, this observation will need to be further confirmed with RNA 

sequencing analysis. 

Bioinformatic analyses of F. nucleatum have identified an abundance of Type 5c secreted 

autotransporter proteins, which have been previously identified as multifunctional proteins in other 

bacterial pathogens [12]. With the development of an efficient gene deletion system for F. 

nucleatum we have successfully created both single and multi-gene TAA deletion strains and have 
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been able to conduct a wide-spectrum of microbiological studies to determine the functional 

significance of this family of proteins in F. nucleatum.  

One of the most well characterized TAAs is YadA from Yersinia enterocolitica. YadA has 

been shown to be a critical outer membrane adhesin that is essential for Y. enterocolitica invasion 

and colonization [16]. Given the involvement of YadA in host-pathogen interactions, we initially 

wanted to examine the function of TAAs in F. nucleatum invasion. Interestingly, our results 

showed that single TAA gene deletion from the F. nucleatum genome resulted in no changes in 

invasion. However, when all four TAAs were deleted from F. nucleatum it significantly impacted 

the ability of the bacterium to invade various types of relevant human epithelial cell lines. While 

the mechanistic action of TAAs in F. nucleatum needs to be further characterized, this initial study 

suggests that the virulence of F. nucleatum is not limited to a single virulence but is instead 

mediated synergistically by a combination of outer membrane proteins. Together this data suggests  

F. nucleatum host-pathogen interactions is a dynamic process that involves a diverse network of 

outer membrane virulence factors. In order to close the knowledge gap surrounding F. nucleatum 

invasion a more in-depth analysis of the outer membrane landscape will need to be conducted.  

To encompass our studies of TAAs, we also used our newly developed mutant strains to analyze 

whether decreased F. nucleatum host-pathogen interactions and internalization alters the secretion 

of proinflammatory cytokine production. Previous invasion studies of the ∆fap2 mutant strain have 

shown that there is a significant decrease in IL-8 production, which is a proinflammatory factor 

that recruits neutrophils, initiates angiogenesis, and promotes tumor metastasis [19]. Our studies 

of the proinflammatory landscape expanded upon our understanding cytokine secretion by 

showing that wild-type F. nucleatum stimulates CXCL1 secretion, a proinflammatory cytokine 

shown to be involved in chemoresistance and tumor metastasis. Upon infection with the Fap2- 
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Fig 3.6. F. nucleatum induces IL-8 and CXCL1 secretion, which is surface protein dependent. 
HCT116 colorectal carcinoma cells were infected at an MOI of 50:1 for 4 hours. The media was 
collected and IL-8 and CXCL1 secretion was quantitated using an ELISA, and Two-way ANOVA 
with Tukey statistical hypothesis testing. P value = >0.05 (not significant, ns), 0.01-0.05 (*), 0.001-
0.01 (**), 0.0001-0.001 (***), <0.0001 (****). 
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deficient mutant both IL-8 and CXCL1 production are significantly decreased. Since Fap2 

interacts with Gal-GalNAc sugar moieties on the surface of epithelial cells we initially 

hypothesized that internalization of the bacteria is driving the production of other proinflammatory 

factors. However, with the TAA-deficient F. nucleatum strain we did not observe any changes to 

IL-8 and CXCL1 secretion suggesting that alteration of host cell signaling networks may involve 

specific virulence factors and is not solely dependent on the internalization of the bacterium. This 

change in signaling may also be dependent on the interaction between F. nucleatum and an 

unidentified host cell receptor, however, this hypothesis needs to be further explored.  

As there is increasing evidence associating F. nucleatum with the progression of CRC it is 

important to analyze the specific mechanisms that enhance the pathogenesis of this bacterium. In 

summary, having shown that TAAs contribute to F. nucleatum virulence, the foundational 

knowledge provided from these studies will be critical in guiding more in-depth studies of the 

specific biochemical mechanisms of each individual TAA in the infection process.  
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Chapter 4 

Conclusions 

Fusobacterium nucleatum is a Gram-negative nonmotile anaerobic bacterium that resides in 

polymicrobial biofilms within the oral mucosa. With the recent surge of microbiome associated 

research, F. nucleatum has been found to be associated with a wide range of human diseases 

including periodontal disease, adverse pregnancy outcomes, cardiovascular disease, colorectal 

cancer, and pancreatic cancer. Despite the strong evidence suggesting the active involvement of 

F. nucleatum in disease severity and progression, the molecular mechanisms that contribute to 

these phenotypic results are largely unknown. At this time, Fap2 and FadA are the most well 

studied virulence factors in F. nucleatum and are often recognized as the main contributors to the 

pathogenesis of the bacterium. Until recently, there had not been a consistent system in place to 

genetically manipulate F. nucleatum, which created a substantial obstacle for the study of new 

virulence factors. 

 Prior to the creation of a markerless gene deletion system, an abundance of Type 5c 

secreted trimeric autotransporter adhesins (TAAs) were identified in the genome of F. nucleatum 

23276. TAAs have previously been shown to have a wide-spectrum of functional capabilities that 

contribute to the colonization and survival of bacteria in their hosts. Initially, to study the 

functional contributions of these proteins we used recombinant E. coli expression technology for 

in vitro studies and analysis of protein-protein interactions. Interestingly, our results showed that 

some individually expressed TAAs enable a noninvasive strain of E. coli to bind and invade human 

epithelial cells. This finding proved to be a breakthrough in our understanding of F. nucleatum 

virulence as it provided strong evidence that surface proteins, other than Fap2 and FadA, may be 

involved in the internalization of the bacterium suggesting that the infection process is more 

complex than previously thought. Along with invasion studies, analyses were performed analyzing 
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the interaction of purified TAAs with purified collagen. These studies were conducted in order to 

establish if TAAs are promoting the migration of F. nucleatum by binding to host extracellular 

matrix proteins; however, thus far our studies do not indicate that the TAAs FvcA, FvcC and FvcD 

interact with collagen. Given these findings, a more expansive analysis will need to be performed 

analyzing the interaction of purified TAAs with other extracellular matrix proteins including 

laminin, fibronectin, and vitronectin.  

Having identified that TAAs may be involved in the active invasion of F. nucleatum, we 

used newly developed markerless gene deletion technology to assess the role of Type 5c secreted 

autotransporters in their native environment. Interestingly, our studies revealed that deletion of 

single TAAs from F. nucleatum results in a moderate phenotypic difference, however, upon 

deleting four out of the five TAAs there is a significant defect in the binding and invasion potential 

of F. nucleatum. This study indicated that while Fap2 may be the primary virulence factor involved 

in in host cell entry, TAAs synergistically contribute to invasion process as well.  

To complement our invasion studies, we also analyzed changes in the composition of secreted 

proinflammatory factors when cells are infected with TAA-deficient F. nucleatum strains. While 

previous studies of cytokine secretion, have established that F. nucleatum stimulates the 

production of IL-8, directing neutrophils to the site of infection, a new cytokine, CXCL1, was 

identified during our analysis. CXCL1 has previously been established as a cytokine that promotes 

chemoresistance and the survival of tumor cells at metastatic sites. Analysis of our mutant strains 

showed that the TAA-deficient strain had no changes in cytokine secretion, while the Fap2-

deficient strain had a significantly lower concentration of IL-8 and CXCL1 in its infection media. 

Our findings suggest that the modulation of proinflammatory cytokine production is dependent on 

the surface adhesin, Fap2, which may occur through a previously unidentified mechanism. Further  

 



 72 

 
Figure 4.1 An Overview of the Predicted Role of F. nucleatum in Colorectal Cancer (CRC). 
F. nucleatum has been established as a contributor to the progression and severity of CRC; 
however, it is not clear how it modulates the tumor microenvironment. Having shown that F. 
nucleatum induces the secretion of IL-8 and CXCL1 in colorectal carcinoma cells, it is believed 
that the production of these proinflammatory cytokines recruits neutrophils to the tumor site 
promoting disease progression and tumor metastases.  
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analysis of the mechanistic features of Fap2 will need to be conducted to further elucidate the 

cause of this phenotypic difference.  

Throughout this dissertation, we use a combination of experimental methods and systems 

to further elucidate the mechanisms involved in F. nucleatum virulence. Through our studies we 

have uncovered the importance of Type 5c secreted TAAs in host cell invasion and show that 

virulence factor cooperativity is key in shaping the pathogenesis of F. nucleatum. Additionally, 

we show that TAA-deficient strains do not induce changes in cytokine secretion; however, it 

appears that Fap2 plays a role in the modulation of inflammatory cytokine signaling, which could 

be a key factor in determining the composition of the tumor microenvironment. Together, these 

studies illustrate the importance of evaluating the expansive landscape of F. nucleatum surface 

proteins. They also show the potential of what can be accomplished with the newly developed 

genetic system as we successfully created multiple stacked mutations in F. nucleatum. Overall, 

through this work a substantial foundation has been built guiding the future studies of 

uncharacterized Fusobacterium virulence factors.  

 
Future Directions 

 The studies performed in this thesis have provided foundational knowledge of trimeric 

autotransporter involvement in F. nucleatum host-pathogen interactions. Although it was shown 

that they play a synergistic role in F. nucleatum binding and invasion of various types of human 

epithelial cells, there is a critical knowledge gap surrounding our understanding of the TAA-

specific interactions that contribute to this overall phenotype. Along with this, the potential 

involvement of these proteins in F. nucleatum migration and immune evasion have yet to be 

studied leaving several unanswered questions about the overall functional role of TAAs at different 

stages of the infection process. Below are potential experimental methods that can be used to 

further explore the pathogenic mechanisms of the F. nucleatum TAAs studied in this dissertation.  
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Identifying TAA Protein-Protein Interactions:  

Given the decrease in binding and invasion efficiency in the F. nucleatum ∆fvcABCD mutant 

strain, we are interested in identifying what each individual TAA is interacting with. Previous 

studies of TAAs that contribute to host cell internalization of bacterial pathogens have shown that 

they interact with surface proteins on target cells. In order to identify potential binding partners for 

individual TAAs we plan on conducting mammalian lysate pull-downs. For this experiment 

individually purified TAAs will be cross-linked to agarose resin, which will then be incubated with 

mammalian cell lysate. The proteins will then be eluted from the column and analyzed on SDS-

PAGE. Identified protein bands will be excised from the SDS-PAGE and their identity will be 

confirmed using mass spectrometry. After successfully identifying binding partners for individual 

TAAs, these interactions can be confirmed by using siRNA to knockdown expression levels of a 

specific surface protein, which should ultimately reduce the binding and invasion efficiency of F. 

nucleatum.  

 
Interactions with Extracellular Matrix Proteins:  

Our initial studies of TAA binding to Type I collagen revealed that FvcA, FvcC and FvcD did not 

interact with the structural protein, however, further methods could be used to confirm these initial 

findings. For future studies, an ELISA assay would be more appropriate for identifying TAA 

protein-protein interactions. For this experimental study purified TAAs will be immobilized on a 

96-well plate and incubated with purified type I collagen. The wells will be sufficiently washed to 

remove any unbound collagen and TAA binding will be analyzed using a collagen specific 

antibody conjugated to a fluorophore. Not only does this method allow for the study of protein-

protein interactions under native conditions, it also provides flexibility as it can be used to analyze 

binding to other ECM proteins that were not evaluated in this dissertation.  
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Serum Resistance:  

Trimeric autotransporters have a well-established role in aiding bacterial pathogens evade host 

immune mechanisms. With their being limited knowledge regarding how F. nucleatum is able to 

travel from its native oral environment to CRC tumor sites, I believe that the involvement of F. 

nucleatum TAAs in serum resistance is something that cannot be overlooked. In order to 

experimentally evaluate this function property, F. nucleatum wild-type and TAA mutant strains 

will be incubated with normal human serum. At the end of the incubation period, bacteria will be 

plated and wild-type and mutant strain colony forming units will be compared. While this study 

does not look at specific mechanisms that contribute to serum resistance, it establishes whether F. 

nucleatum TAAs are involved in immune evasion and whether more detailed studies need to be 

conducted.  

 
 With mounting evidence linking F. nucleatum to the progression of various forms of 

cancer, it is becoming increasingly important to understand the mechanistic contribution of 

individual virulence factors. Overall, bacterial surface adhesins are essential for pathogenesis and 

are considered to be prime vaccine targets. For instance, in Bordetella pertussis the outer 

membrane adhesin, pertactin, promotes the development of whooping cough by docking the 

bacterium to human epithelial cells; however, pertactin was successfully used to develop a vaccine 

reducing the pathogenic potential of B. pertussis. In this dissertation TAAs have been established 

as critical components of the F. nucleatum binding and invasion process, however, by performing 

the additional studies described above it will greatly expand our understanding of their functional 

properties, making this family of proteins a potential target for vaccine development 


