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ABSTRACT 

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

oral micro biota. Although it is a normal resident of the mouth, it is associated with a number of 

human diseases including: sepsis, inflammatory bowel disease (IBD), and colorectal cancer 

(CRC). Despite the important association of F. nucleatum with human health and disease, 

remarkably little is known about the molecular mechanisms underlying these infections. This 

knowledge gap can, in part, be attributed to a lack of molecular tools and experimental workflows. 

Creating the genetic tools to fill this knowledge gap is an imperative undertaking for the future 

development of treatments for diseases involving F. nucleatum . Previous work in the field has 

assigned functions to just a handful of Fusobacterium proteins (Fap2, FadA), and only two of those 

proteins have a well-defined role in the host-pathogen relationship. This dissertation contains 

work that lays the molecular and genetic foundation for future studies involving F. nucleatum by 

creating a unique gene deletion system while simultaneously establishing broadly applicable 

experimental workflows and molecular tools to study initial bacterial attachment and invasion 

processes crucial to Fusobacterium virulence . Marker-less gene deletions confirm the importance 

of Fap2 in host-cell attachment and invasion and suggest a lesser role in invasion for FadA, 

representing a significant revision to the Fusobacterium-host relationship. Also, our system allows 

for the overexpression and purification of virulence factors directly from Fusobacterium for the 

first time. This permits us to study aspects of Fusobacterium protein biology that were previously 

impossible and will provide further insights into the nature of Fusobacterium virulence. A custom 

suite of molecular tools was also developed to facilitate recombinant expression of these proteins 

in general laboratory settings using simple E. coli protein expression systems. We have used these 



new technologies to express and purify a number of potential Fusobacterium virulence factors as 

detailed in this dissertation. 

Also contained in this dissertation is the application of these breakthroughs to probe the 

function of a novel F. nucleatum outer membrane phospholipase, FplA. Phospholipases are 

important virulence factors in a number of well-studied human pathogens including Pseudomonas 

aeruginosa and Legionella pneumophila, where they interfere with host cellular signaling 

processes to increase intracellular bacterial survival. Our data show that FplA is a Class Al 

phospholipase (PLAl) with robust catalytic activity capable of binding to and cleaving a number 

of lipid types. Additionally , we show that it has the ability to bind to important host signaling 

lipids including phosphatidylinositol 3, 5-bisphosphate and phosphatidylinositol 3, 4, 5-

triphosphate . These data suggest FplA may play a role in manipulating the intracellular processes 

of host cells. Taken together , work in this dissertation provides tools and experimental frameworks 

for the future study of F. nucleatum pathogenesis while identifying and initially characterizing a 

new, potentially significant, virulence factor in FplA. 
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GENERAL AUDIENCE ABSTRACT 

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

human oral micro biota . Although it is a normal resident of the mouth, it is associated with a 

number of human diseases including : sepsis , inflammatory bowel disease (IBD), and colorectal 

cancer (CRC) . Despite the important association of F. nucleatum to human health and disease, 

remarkably little is known about the molecular mechanisms underlying this relationship . This 

knowledge gap can be attributed to a lack of molecular tools and experimental workflows to 

study this association . Developing the genetic tools to fill this gap is imperative for the future 

development of treatments to diseases involving this pathogen . Previous work in the field has 

assigned functions to just a handful of Fusobacterium proteins , with only two being studied in 

great detail in human disease models . This dissertation contains work that lays the molecular 

and genetic foundation for future studies involving F. nucleatum by creating a unique gene 

deletion system while simultaneously establishing broadly applicable molecular tools to study 

how F. nucleatum enters human cells . Gene deletions confirm the importance ofFap2 in host-

cell attachment and invasion and suggest a lesser role for invasion in FadA . This revises the 

roles of the two most well studied F. nucleatum proteins in the context of human disease . Also , 

our system allows for the overexpression and purification of virulence factors directly from F. 

nucleatum for the first time . This permits us to experiment with proteins previously difficult to 

study using traditional E. coli based recombinant systems , which will provide further insights 

into the nature of F. nucleatum virulence . Also contained in this dissertation is the application of 

these systems to probe the function of a novel Fusobacterium outer membrane phospholipase , 



FplA. Phospholipases are important virulence factors in a number of well-studied human 

pathogens including Pseudomonas aeruginosa and Legionella pneumophila, where they interfere 

with host cellular signaling processes to increase intracellular bacterial survival. Our data show 

that FplA is a phospholipase with robust catalytic activity capable of binding to and cleaving a 

number of lipid types . Additionally, we show that FplA has the ability to bind to important 

human signaling lipids, suggesting that it may have a role in manipulating processes inside host 

cells . Taken together, work in this dissertation provides the molecular and genetic tools along 

with the experimental frameworks for the future study of F. nucleatum pathogenesis while 

identifying and initially characterizing a new, potentially significant, virulence factor in FplA . 
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Abstract 

The recently sequenced and assembled genomes of Fusobacterium nucleatum has 

revealed a multitude of genes encoding for autotransporters. These secreted, outer membrane 

proteins are among the most numerous virulence factors in Gram-negative bacteria. Their 

functions are diverse and have been studied extensively in a number of important human 

pathogens. Proteins in this family act as adhesins, serine hydrolases, iron scavengers and 

cytolysins all aiding in the pathogenesis of significant disease-causing organisms including 

Escherichia coli, Pseudomonas aeruginosa, Bordetella pertussis. However, the roles these 

proteins serve in F. nucleatum virulence are critically understudied. F. nucleatum does not possess 

large protein export machinies, such as the Type II, III or IV secretion systems. These are typically 

used by pathogens to secrete virulence factors into their extracellular environment to establish 

infection and cause disease. The absence of these protein export systems in combination with the 

overabundance of autotransporter proteins secreted by F. nucleatum suggests that autotransporters 

play a central role in F. nucleatum virulence. The methodologies and the suite of molecular tools 

that we have created for Fusobacterium has provided the foundation for the initial and ongoing 

study of autotransporters and additional protein families in this bacterium. We have recombinantly 

expressed, purified and performed initial analysis of proteins from each subclass of the 

auto transporter family. Thus, we have begun to shed light on the function of these proteins in F. 

nucleatum virulence while providing broadly applicable molecular tools to the greater 

microbiology community to facilitate work across bacterial genera. 
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Introduction 

Evidence continues to mount illustrating the extent to which Fusobacterium nucleatum contributes 

to disease in humans. It has been shown to cause infections in numerous locations throughout the 

body, including the brain, liver, lungs, and heart [1-3]. F. nucleatum can also invade the placenta 

and cause still birth in humans [4]. In addition to localized infection, F. nucleatum has also been 

implicated in the development and progression of colorectal cancer (CRC). Infection induces 

carcinoma formation in the colons of APCminl+ mice, and it was shown to be over represented in 

the carcinomas of patients suffering from CRC [5, 6]. Together, these results suggest a role for F. 

nucleatum in the development or progression of this disease. The mechanisms by which these 

diverse disease associations take place, however, remain largely unclear (Figure 1.1). 

The recently sequenced and assembled genome of F. nucleatum has helped build a better 

picture of its virulence factor repertoire [7]. Interestingly, it does not possess the vast majority of 

protein secretion systems typical of Gram-negative human pathogens [ 46]. The F. nucleatum 

genome does not contain any genes encoding for a Type 1, 2, 3 or 4 secretion system. These large 

multi-protein systems facilitate virulence factor secretion from within bacterial cells into either the 

extracellular environment or directly into host cells where they elicit some effect that aids in 

pathogenesis [8]. Functions of these effector proteins include adhesion, proteolysis, and lipid 

hydrolase activity among others. Ultimately, they cause a change in host cell physiology that 

provides a more conducive environment for pathogen survival and colonization . The role of these 

large protein secretion machineries in bacterial virulence is filled by members of the Type 5 

secretion system, or autotransporters, in F. nucleatum. 

Autotransporters (ATs) are large, secreted proteins and are among the most commonly 

possessed virulence factors among Gram-negative bacteria. While most genomes of bacteria that 

have A Ts encode for just a handful of these proteins, Fusobacterium species generally have open 
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reading frames for over 20 [47]. The apparent overabundance suggests an important role for this 

protein family in F. nucleatum pathogenesis. Additionally , their presence in the bacterial outer 

membrane places them at the host-pathogen interface, making them both prime candidates to 

manipulate host physiology and potential targets for new therapeutics. 

The identification and accurate annotation of A Ts in the F. nucleatum genome represents 

the first step in the classification and study of these proteins in this important human pathogen . To 

fully probe their roles in disease, we need both a genetic system to create in-frame gene deletion 

strains (reverse genetics) and a suite of molecular tools to recombinantly express, purify and 

functionally characterize them. Experimental methods for the creation and use of both of these 

fundamental tools are detailed later in this dissertation . However, to fully appreciate the need the 

field has for a broadly applicable molecular toolset for the study oflarge outer membrane proteins, 

a more detailed understanding of the nature of these proteins is required . 
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A 

F. nucleatum 
infection 

Hematogenous spread of F. 
nucleatum throughout the 
body 

B F. nucleatum 
FadA ' Unknown LPS 

TLR4 

Invasion i 
cf? 

Human Cell ...... ---- ----

Figure 1.1 The current understanding of F. nucleatum infection . (A) F. nucleatum causes infection in 
disparate locations throughout the body. These locations include the mouth, brain, heart, lungs, and liver. 
Current evidence suggests that these infections are established through hematogenous spread of the 
bacterium through the body.[9, 10]. (B) Current details about the interactions at the host-pathogen interface 
are limited. Fap2 and FadA remain the only two virulence factors studied in depth with respect to effects 
on host cell physiology. Fap2 interacts with Gal-GalNac residues, FadA interacts with E-cad. Together 
they induce the upregulation of a number of pro-inflammatory markers. E-cad = E-cadherin. Gal-GalNac 
= N-acetylgalactosamine. Nuclei indicated by pink oval. (B). 
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Autotransporter Fundamentals 

Autotransporters (ATs) are large, Gram-negative bacteria specific proteins that were thought to 

encode all of the machinery for their own secretion, giving them the name "Autotransporters". 

However, their secretion is largely dependent on periplasmic chaperones and outer membrane 

complexes which will be highlighted in the following text, making the autotransporter title 

misleading . Their protein architecture includes a signal peptide, a functional or 'passenger' 

domain, and a ~-barrel domain (Figure 1.2). While secretion of all A Ts share some similarities, 

there are a number of variations in this process among the 5 subcategories of AT that will be 

described below. However, as a general rule for all ATs, an N-terminal signal peptide directs the 

unfolded protein to the inner membrane Sec apparatus for translocation into the periplasmic space. 

Upon translocation , the signal peptide is cleaved from the maturing protein where it then begins 

to interact with a number ofperiplasmic chaperone proteins [48]. The exact biophysical details of 

these processes are unknown, but it is currently thought that these chaperone and outer membrane 

associated proteins begin to fold and insert the beta barrel of the AT into the outer membrane while 

simultaneously allowing the passenger domain to translocate to the extracellular environment [ 49]. 

Once outside of the cell, the passenger domain may remain anchored to the cell surface or be 

cleaved and released into the extracellular environment [8, 11]. This elegant system allows for the 

secretion of a vast, multifunctional array of proteins to the host-pathogen interface with minimal 

protein machinery required . Detailed descriptions and biophysical schematics of AT biogenesis 

can be found in the literature [11, 37, 48-50]. The AT family can be divided into 5 subcategories; 

Type 5a, b, c, d, and e. F. nucleatum possesses only type's a-d, so discussion will be limited to 

details concerning only those types. However, type 5e autotransporters are known as intimins and 

have been characterized in E.coli and shown to be involved in invasion [50]. 
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Type5aATs 

Structure and Biogenesis 

This subcategory represents the monomeric ATs. Both the passenger and ~-barrel domains 

are encoded in one open reading frame and are expressed as a single polypeptide. Their secretion 

is facilitated through the generalized mechanism described above. Briefly, their domain 

architecture consists of a signal peptide for protein translocation to the periplasm, a passenger 

domain which elicits the protein ' s function and a ~-barrel that anchors the protein to the bacterial 

outer membrane (Figure 1.2). After secretion into the periplasm, the unfolded AT interacts with 

a number of chaperones, including DegP, SurA, FkpA, and Skp, to keep it in an unfolded state 

[ 48]. After signal peptide cleavage, the partially unfolded ~-barrel domain interacts with the Barn 

complex in the outer membrane to facilitate AT insertion into the outer membrane . The exact 

biophysical details are not fully understood about passenger domain translocation , but it is believed 

to be pulled through the interior of the ~-barrel and presented fully folded on the surface of the 

bacterial cell [49]. At this time, the passenger domain can be cleaved from the cell surface or 

remain attached to the outer membrane [11]. Many of the enzymatically active monomeric 

autotransporters are cleaved from the surface of the bacteria . These include the serine protease 

autotransporters of Enterobacteriaceae (SP A TE), which are only expressed in pathogenic Gram-

negative bacteria in the colon [51]. Tsh, a monomeric serine protease from an avian pathogenic 

strain of E. coli was used as a model to study the autoproteolytic mechanism of these enzymes. 
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Figure 1.2 The basic domain architecture and subcellular localization of a monomeric 
autotransporter. (A) The basic domain architecture of a monomeric AT expressed as a cartoon . There is 
an N-terminal signal peptide (SP) for protein translocation to the periplasm, a passenger domain eliciting 
the effector function of the AT, and a ~-barrel that anchors the protein to the bacterial outer membrane. (B) 
The subcellular localization of an AT represented by an AT model, FplA, illustrating how the structure of 
a fully formed Type 5a AT may appear on the outer membrane (OM) (B) [12]. 
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Secretion relies on a 14 amino-acid motifN-terminal to the 13-barrel domain relying largely 

on hydrophobic residues within this motif are needed for autoproteolytic cleavage. Following 

cleavage, a portion of the a-helical linker is left behind to fill the pore left by the exiting passenger 

domain [52]. In some instances, cleavage from the bacterial cell surface is dependent upon 

expression of an accessory enzyme that can cleave the passenger from the 13-barrel. IcsP is a serine 

protease from Shigella flexneri that cleaves the actin-nucleation protein IcsA from the surface of 

the bacterium [53]. Type 5a A Ts are functionally diverse and vital to myriad pathogenic bacteria . 

Functions in Pathogenic Bacteria 

Monomeric A Ts are present in many pathogenic bacteria and contribute signficantly to disease. 

Medically important strains of E. coli express multiple Type 5a A Ts with a number of different 

functions . The widely known 0157 :H7 strain of E. coli (EHEC), implicated in severe diarrheal 

disease, expresses EspP, a serine protease capable of cleaving human coagulation factor V which 

exacerbates gastrointestinal hemorrhage during infection[ 13]. Another important E. coli virulence 

factor is AIDA-I . It is a membrane-bound adhesin that facilitates E. coli interaction with a wide 

variety of human host proteins and contributes to biofilm formation and bacterial persistence [ 14]. 

Bordetella pertussis , the etiologic agent of whooping cough, also utilizes the Type 5a AT pathway 

to secrete virulence factors . Pertactin is an adhesin expressed by multiple strains of virulent 

Bordetella that is important for the establishment of infection and bacterial persistence . It is also 

a major component of the acellular Bordetella vaccine , further illustrating the importance of A Ts 

in disease and highlighting the promise of exploiting this protein family as a drug target in F. 

nucleatum [ 54]. Neisseria meningitidis also expresses A Ts that are important for virulence . MspA 

is a large surface bound adhesin that mediates bacterial interaction with both endothelial and 

epithelial cells [15]. N meningitidis also secretes a multifunctional Type 5a serine protease, IgaAl 
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which is capable of cleaving both human lgA's and NF-KB to promote bacterial persistence during 

disease [16, 17]. These are just a few examples of Type 5a autotransporters mediating virulent 

phenotypes in medically significant bacteria. 

Examples in Fusobacterium nucleatum 

The F. nucleatum strain used for studies presented in this body of work, ATCC23726, possesses 

genes for 13 Type 5a A Ts, most of which contain unknown functions. However, the number and 

type of autotransporter varies among species and strain [ 4 7]. The most well studied of these 

proteins is Fap2 . Fap2 is a large adhesin (3768AA) anchored to the surface of F. nucleatum with 

an important role in host cell interaction [18]. It binds to Gal-GalNAc residues on cell surface 

proteins of colon carcinomas where it facilitates invasion [10]. It is also responsible for 

inactivating NK-T-cells, where it contributes to decreased tumor clearance and impaired immune 

function [19]. The important role of Fap2 as an adhesin and immune cell modifier highlights the 

importance of molecular tool development to facilitate advanced study of this protein. Another 

characterized Type 5a AT in F. nucleatum is RadD. While not as well studied as Fap2, it has 

demonstrated pathogenic potential by inducing cell death in human immune cells [20]. 

Additionally, it is responsible for F. nucleatum aggregation with other bacteria present in its 

environment. F. nucleatum exists in mixed species biofilms in the mouth, and RadD facilitates 

those interbacterial interactions [21, 22]. Aiml is yet another understudied AT of F. nucleatum. 

While it induces apoptosis in laboratory cell lines, detailed information about its function in the 

context of human disease is unknown [23]. 

The importance of this AT class to F. nucleatum virulence is exemplified by the role of 

Fap2 in host cell invasion, immune system modulation and apoptosis . The pathogenic properties 

Type 5a A Ts confer combined with their outer membrane localization suggest these proteins may 
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be exploitable as undiscovered vaccine or drug design targets. However, the specific roles F. 

nucleatum proteins play and their functions are largely unknown, representing a sizeable 

knowledge gap for the field. Unfortunately, modem bioinformatics tools are generally ineffective 

in assigning predicted functions based on homology to characterized proteins as protein-BLAST 

and homology searches of functional domains within these ATs provide inconclusive results . 

Therefore, new functional assays to determine their role in disease are greatly needed. 

Type Sb ATs 

Structure and Biogenesis 

Type 5b A Ts, or two partner secretion pairs, are unique among the family in that their passenger 

and P-barrel domains are encoded by 2 different genes, which are typically denoted tpsA and tpsB 

respectively [24]. These gene pairs are located in close proximity on the genome and are expressed 

together (Figure 1.3). Both genes possess signal peptides that direct them to the Sec secretion 

machinery which facilitates their translocation into the periplasm. Given that these protein pairs 

are expressed as separate polypeptides , they must have a mechanism for the cognate pairs to find 

each other in the periplasm . This process is facilitated by the conserved N-terminal region of the 

TpsA and the tandem polypeptide transport associated (POTRA) domains located just N-terminal 

to the P-barrel domains in the folded and outer membrane-inserted TpsB. These regions interact 

to translocate the TpsA to the extracellular environment [25]. However, the exact biophysical 

mechanisms underpinning this phenomenon of protein pair association and secretion remain 

largely unknown [26]. The functional effector proteins are typically massive with molecular 

weights up to 500 kDa, and they possess a largely beta-helical structure. They may be the most 

functionally diverse subcategory of AT, with members of this widespread protein family 

possessing adhesive, iron scavenging, cytolytic and hemolytic activities [27-30] . 
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Function in Pathogenic Bacteria 

Type 5b secreted ATs are expressed in a several important human pathogens. Perhaps the most 

well studied of these virulence factors is the filamentous hemagglutinin (FHA) of B. pertussis. 

A 
SP Passenger POTRA 

SP ~-barrel 
( r< ) 

B 

Passenger 
Domain 

OM 

POTRA Domains 

Figure 1.3 The basic domain architecture and subcellular localization of a Type Sb autotransporter. 
The basic protein domains typical of a Type 5b AT depicted as a cartoon. The passenger and B-barrel of 
the AT are expressed as two different genes (A). A diagram of what the configuration and localization of 
a Type 5b AT in the context of a bacterial membrane may look like. The filamentous B-helical structure 
typical of a TpsA protein is shown in pink as a cartoon and protein interaction domains are shown in green 
(B) . 
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This protein is responsible for bacterial adherence to epithelial cells in the lungs upon infection. 

FHA is vital to virulence, as it facilitates colonization and prevents immune system clearance of 

infection [31]. FHA is also a critical component of the acellular Bordetella vaccine, along with 

the Type 5a, Pertactin, again demonstrating the central role A Ts play in the treatment of infectious 

disease. ShlA of Serratia marcescens is a TpsA that elicits cytolytic activity against human 

epithelial cells and erythrocytes [32]. Haemophilus influenzae also expresses the Type 5b secreted 

AT HMWl which is a large adhesin responsible for bacterial attachment and colonization of 

human epithelial cells [33]. Like ShlA and FHA, it is secreted by the aforementioned Type 5b 

mechanism, however it remains attached to the bacterial cell surface to elicit its function. HMWl 

outer membrane attachment is mediated by N-linked glycosylation via a bacterial 

glycosyltransferase that allows the protein to remain surface attached, thereby interacting with 

human cell surface proteins . The glycosylation step is imperative for HMWl effectiveness as an 

adhesin which suggests that, in specific cases, post-translational modification of A Ts is important 

for virulence [34]. Studying the AT structure-function relationship relative to post translational 

modification is currently under-studied in the field, and it represents a new avenue of research that 

can be facilitated by the tools and experimental frameworks presented in this dissertation . 

Examples in F. nucleatum 

The new, corrected genome of F. nucleatum assembled by the Slade Lab has uncovered 4 two 

partner pairs hereafter named VbaA/B, VbbA/B, VbcA/B, and VbdA/B (Figure 1.4) [47]. In F. 

nucleatum , however, their functions remain completely unknown . This can be partly attributed to 

the previous lack of an accurate gene deletion system for F. nucleatum . Also, this gene family 

was critically misannotated in previous genome assemblies which allowed them to go undetected 
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to bioinformatics classification tools as possible virulence factors. Our recent discovery of these 

4 two partner secretion pairs provides the first step in the study of these A Ts in F. nucleatum . 

Given the importance of Type Sb ATs to human pathogens like B. pertussis and S. marcescens, 

the potential significance of these proteins in F. nucleatum pathogenesis is readily apparent 

[35,36]. Additionally, they represent a pool of potential drug targets that have yet to be examined, 

again highlighting the need for molecular tools that will facilitate their study. Later chapters of 

this dissertation detail the creation of these molecular tools, and we have already adapted them for 

use in studying Type Sb ATs in F. nucleatum . Using our suite of custom protein expression and 

secretion vectors , we have, for the first time, recombinantly expressed and purified a Type Sb 

protein from F. nucleatum, VbaA. Additionally , we have created the first in-frame gene deletion 

of a protein in this family using our genetic system. We have used the resulting highly purified 

protein to develop and isolate a custom antibody that can be used to detect the production ofVbaA 

in any number of different cellular contexts (Figure 1.5). This, in conjunction with our genetic 

system, will allow, for the first time, the examination of a Type Sb AT in cellular invasion or host 

colonization assays and the discovery of a new set of virulence factors in F. nucleatum . 
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Figure 1.4 The Type Sb Secretion System in F. nucleatum. F. nucleatum possess 4 two partner secretion 
pairs . Proteins were predicted to be Type 5b A Ts via custom Hidden Markov modeling. In all cases but 
one, VbbA/B, the TpsA and TpsB are located adjacent to each other in the genome. Their functions have 
not been discerned, and current bioinformatics classification technologies have been unable to tentatively 
assign a function. 
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Figure 1.5 The first expression, purification and gene deletions in a Type Sb autotransporter in F. 
nucleatum. We have recombinantly expressed a construct of VbaA (AA 25-325) using our custom 
expression vectors to >95% purity as shown in a Coomassie stained SDS-PAGE gel. Using this protein, 
we generated and purified a custom antibody to be used in future biochemical and microbiological assays 
(A). We have utilized our markerless gene deletion system to generate the first Type 5b knockout strains 
of F. nucleatum by deleting genes vbbA and vbdA. 
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Type5cATs 

Structure and Biogenesis 

Type Sc ATs are more commonly known as trimeric A Ts. The passenger and ~-barrel domains of 

these proteins are expressed as one peptide and are secreted to the periplasm in a similar manner 

as Type Sa A Ts. The way in which these proteins associate and enter into the outer membrane is 

what differentiates them from other Type V secreted proteins. After their translocation into the 

periplasm, the ~-barrels of the newly forming AT interact with the Barn complex which facilitates 

their homo-trimerization. After ~-barrel formation and trimerization, passenger domain 

translocation happens in a similar manner as with the Type Sa ATs (Figure 1.6) [11]. Once on the 

surface, the passenger domain typically displays a repeated, coiled-coil motif that is capable of 

extending up to 250 nm from the cell surface where they function as adhesins with broad range 

specificity [37]. The passenger domain of these protein complexes can be further segmented by 

their 'head' and ' stalk' domains. The globular head domain serves as the interaction point between 

the adhesin and its substrate. However, in some instances, the stalk domain can also be involved 

in adhesion [38]. Trimeric A Ts are utilitarian proteins that can bind a number of different protein 

substrates making them versatile, highly functional virulence factors capable of conferring 

adhesive properties in a wide variety of cellular environments. 
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Figure 1.6 The basic domain architecture and subcellular localization of a Type Sc autotransporter. 
Trimeric ATs are assembled from 3 individual monomers illustrated here as a cartoon (A). Trimerization 
is initiated when the B-barrel domains interact with the Barn complex and they begin to be inserted in the 
bacterial outer membrane (OM). A generalized model for trimeric AT insertion and presentation on the 
bacterial OM is shown as a cartoon depiction (B). This model was adapted from the structure of the trimeric 
AT, Eip, in E.coli [39]. 
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Function in Pathogenic Bacteria 

Trimeric ATs are most well characterized in the etiologic agent of the Bubonic plague, Yersinia 

pe stis, where YadA demonstrates an ability to bind to a diverse array of human extracellular matrix 

proteins including collagens, laminin and fibronectin [ 40, 41]. Bartonella henselae produces the 

trimeric AT, BadA, which contributes to cat scratch fever. In this context BadA is responsible not 

only for bacterial attachment to extracellular matrix proteins, but it also induces an angiogenic 

response in immunocompromised patients while conferring antiphagocytic properties to the 

bacterium [42]. H. influenzae secretes two trimeric ATs that contribute to meningitis in Hsf and 

Hia that mediate bacterial attachment to host cells. N. meningitidis also possesses a trimeric AT, 

NadA, which is responsible for host cell attachment and development of disease in humans. NadA 

contributes significantly to bacterial colonization, and it has been explored as a potential vaccine 

candidate making it the third AT subcategory with demonstrated potential as a drug target [43]. 

These are just some examples in which trimeric A Ts are utilized by pathogenic bacteria to infect 

human tissues, and many more remain to be fully explored. 

Examples in F. nucleatum 

The examination oftrimeric ATs inF. nucleatum has been completely neglected by the field. This 

is likely due to genome. We show that F. nucleatum 23726 contains 5 trimeric ATs, hereafter 

named FvcA, B, C, D, and E (Figure 1.7). We are the first group to over express and purify 

proteins in this family in F. nucleatum using the molecular tools described in this dissertation 

(manuscript in prep) . These breakthroughs provide the foundation for future studies that will 

probe the substrate binding specificity and localization of trimeric A Ts in a host cell interaction 

context. We have also created in-frame gene deletion mutants of each individual trimeric AT. In 

addition to individual gene deletions, we have created strains that have multiple trimeric ATs 
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deleted to facilitate virulence factor cooperativity studies relative to host cell invasion (manuscript 

in prep) . Our advances will prove invaluable for future experimentation with this dynamic and 

multi-faceted protein family. 

Type5dATs 

Structure and Biogenesis 

The Type 5d domain architecture can be described as a hybrid of the Type 5a and b subcategories . 

The passenger domain and ~-barrel are expressed as one polypeptide, and the passenger domain is 

connected to the ~-barrel via a POTRA domain . This region is hypothesized to facilitate protein-

protein interactions in the periplasm to initiate and aid in outer membrane insertion , but the exact 

role of the POTRA domain and the biophysical properties of Type 5d A Ts are unknown (Figure 

1.8) [44]. The effector functions of ATs in this subcategory are the least diverse among the AT 

family in that they all possess phospholipase activity . Their roles in human disease are completely 

unknown as only two Type 5d A Ts have been studied in any detail, one of which is presented in 

this dissertation . 

Function in Pathogenic Bacteria 

Previous to our work, only one Type 5d AT had been studied in PlpD of P. aeruginosa. Structure-

function analysis of PlpD revealed that it is capable of interacting with phosphatidylinositols, 

which suggests that it is capable of interfering with host cell signaling processes [44, 45]. 

However , the exact role of PlpD in P. aeruginosa pathogenesis remains unclear . PlpD is a 

phospholipase with activity demonstrated in vitro but its in vivo substrate has yet to be elucidated . 

More work remains to be done to ascertain the role of these understudied proteins in pathogenic 

bacteria . 
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Figure 1. 7 The Type Sc secretion system in F. nucleatum. F. nucleatum possesses 5 trimeric A Ts 
indicated by colored arrows. They are all predicted to be adhesins based on custom HMMR model analysis. 
Our lab has produced recombinant constructs and knockout mutants of many of these proteins using our 
custom technologies detailed in this dissertation. 
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Figure 1.8 The basic domain and subcellular localization of the Type 5d secretion system. The 
domain architecture is depicted as a cartoon. All domains needed for export are expressed as a single 
polypeptide. The signal peptide (SP) is shown in black, passenger domain in magenta, POTRA domain in 
green, and ~-barrel domain in blue (A). The 3D representation of this protein system in a biological 
membrane shown is modified from a model of FplA localization in F. nucleatum (B) [12]. 
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Examples in F. nucleatum 

Almost all strains of Fusobacterium possess one Type 5d AT with the exception of strain 27725, 

F. varium, which has two Type 5d genes [ 4 7]. Extensive enzymatic and molecular characterization 

of this protein from F. nucleatum 23726, FplA, is presented in chapter 4 [12]. Briefly, FplA is a 

PLAI phospholipase with robust in vitro catalytic activity. Like PlpD, it is capable of interacting 

with phosphoinositide lipids, suggesting it may alter human host cell signaling processes . The full 

extent of this protein's role in disease is not yet known, but we provide the first extensive study of 

FplA in F. nucleatum and perhaps the most extensive study of a Type 5d AT to date. Our results 

suggest a role for FplA in altering host cell signaling and provide the foundation for future work 

with this virulence factor and its homologs in other human pathogens . 
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Discussion 

While the very nature of A Ts makes production and secretion of virulence factors efficient for the 

bacterium , it presents a number of challenges for study in the laboratory. Aside from the inherent 

difficulties of working with an understudied pathogen in F. nucleatum (i.e. no established protein 

over-expression system, genetically recalcitrant strains and anaerobic conditions) , experimentation 

with A Ts poses several obstacles . They can be extremely large for bacterial proteins , thus limiting 

their production in more facile recombinant protein expression systems in E. coli . Fap2, for 

instance, is a 3,768 amino acid protein that is crucial for invasion of and adherence to host cells. 

Fap2 ' s significance has been known since 2005, but it has yet to be fully expressed and purified 

in a laboratory setting. Additionally , the hydrophobic , membrane-anchored ~-barrel is difficult to 

express and purify under native conditions . While these portions of A Ts have been expressed in 

inclusion bodies and re-folded in vitro, producing them in a more biologically relevant manner in 

quantities useful for traditional structural biology methodologies has remained challenging . 

A Ts in F. nucleatum represent a large pool of mostly uncharacterized virulence factors that 

can be targeted by new drugs or vaccines that may eliminate Fusobacterium-associated disease in 

humans . However , previous to work presented in this dissertation the foundation necessary to 

study these proteins was missing . We have created the molecular and genetic tools needed to gain 

a full understanding of the mechanisms underpinning F. nucleatum pathogenesis , and we present 

a study that utilizes these tools to begin to understand a never before studied virulence factor in 

this important human pathogen . 
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Abstract 

Fusobacterium nucleatum is an emerging pathogen that commonly resides in the oral microbiome. 

It was recently coined an 'oncomicrobe' due to its association with the development and 

progression of colorectal cancer (CRC). F. nucleatum induces tumor formation in mice and is 

over represented in tumor tissues of patients suffering from CRC. Additionally , infection with this 

organism induces elevated IL-8 secretion which has the potential to create an environment 

conducive to tumor development and metastasis . These phenotypes were thought to be driven by 

Fap2 and FadA of F. nucleatum . However, experiments detailing and corroborating these findings 

have been hampered by a lack of genetic and molecular technologies available. These important 

disease associations highlight the need in the field for easy to use, repeatable genetic and molecular 

technologies that can facilitate experiments probing the role of this bacterium in disease. Here we 

present an enhanced genetic system for F. nucleatum capable of generating in-frame gene deletions 

using simple galactose as a secondary selection agent along with protein expression technology to 

facilitate chromosomal expression of tagged proteins directly from the bacterium . We show in 

controlled cancer cell models that Fap2 and not FadA is the main driver of both host-pathogen 

interactions and increased IL-8. Additionally , we demonstrate the utility of this system in the 

production, purification and detection of virulence factors directly from F. nucleatum for the first 

time. We provide a revised model for how F. nucleatum interacts with host cells and the tools to 

effectively guide and equip researchers with the information necessary to probe Fusobacterium-

host interactions . Our results demonstrate the importance of biochemical and genetic tool 

development in the study of new and emerging pathogens and offer a powerful molecular toolkit 

for future studies involving F. nucleatum . 
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Introduction 

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

microbiota[l]. In humans, it drives the development of periodontitis and gum disease by 

facilitating mixed-species biofilm formation with Porphyromonas gingivalis and by invading 

gingival cells directly[2--4]. However, F. nucleatum is not limited to pathogenesis within the 

mouth. It causes infections in disparate locations throughout the body including the brain, heart, 

liver, lungs, and it can invade the placenta and cause stillbirth in humans[5-10]. In addition to 

acute infections, F. nucleatum is implicated in chronic inflammatory disease. Several high profile 

studies have shown that F. nucleatum contributes to the progression of colorectal cancer (CRC) 

by inducing tumor formation in APCminl+ mice, a commonly used model for CRC, in addition to 

its overabundance in tumors excised from patients with CRC[ll,12]. Despite F. nucleatum's 

infectious potential in costly human diseases, little is known about the molecular mechanisms 

underpinning these associations. This gap in knowledge is largely due to the lack of a clear , facile 

system to genetically dissect F. nucleatum . 

Most of what is known about F. nucleatum pathogenesis is limited to two outer membrane 

proteins, Fap2 and FadA. Fap2 is a Type 5a secreted autotransporter adhesin that facilitates 

docking to host cells by binding Gal-GalNAc sugar moieties on membrane proteins which is then 

followed by bacterial invasion[ 13, 14]. These residues are overexpressed in CRC adenocarcinomas 

and are thought to aid in F. nucleatum targeting of CRC lesions. F. nucleatum likely targets CRC 

lesions, thereby concentrating the bacteria in areas which allows them to contribute to a tumor 

microenvironment conducive to disease progression by driving up inflammation[l 1]. FadA is a 

small adhesin that multimerizes on the bacterial cell surface and interacts with E-cadherin on 

human epithelial cells to drive invasion and increase IL-8 production[15,16]. The cytokine profile 

of F. nucleatum infected cells is significant, because IL-8 is a known modulator of the tumor 
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microenvironment. It promotes angiogenesis thereby increasing resource flow to developing 

tumors which enhances their growth[l 7,18]. Additionally , newly forming tumors have shown the 

propensity to express high levels of IL-8 and IL-8 receptors which has a number of implications 

in the formation and progression of CRC. For instance, IL-8 produced from tumor cells has been 

shown to initiate tumor cell differentiation to a mesenchymal-type cell which can increase their 

metastatic potential and make them resistant to immune cell killing[19-21] . Additionally, IL-8 

secretion by tumor cells can have paracrine effects by attracting white blood cells to the site of the 

lesion and decrease the anti-tumor response[22] . Interestingly , Fap2 has also been shown illicit 

an anti-tumor response by inactivating NK-T cells that have tumor clearing duties by interacting 

with TIGIT receptors on NK-T cells during infection[23] . Increased IL-8 production from FadA-

host interactions combined with the immune-dampening properties resulting from Fap2 mediated 

reactions potentially act in a synergistic manner to confer pro-CRC properties to F. nucleatum 

during infection. 

Recapitulation of these results and furthering the understanding of F. nucleatum 's role in 

CRC has proved challenging . These difficulties are largely resulting from the lack of both a facile, 

repeatable genetic system and molecular tools specific to F. nucleatum that can be used to fully 

probe host-pathogen interactions . Prior to the work presented here, there have only been two 

studies using a genetic manipulation system capable of creating in-frame gene deletions in F. 

nucleatum . One study probed the biofilm formation dynamics of F. nucleatum providing insights 

on an important aspect of this bacteria's ability to cause disease, particularly in the mouth [24]. 

The other in-frame deletion mutant was created through a spontaneous recombination event which 

showed that a small adhesin, FadA, is involved in host cell invasion [16]. We have created a 

unique, targeted, molecular system with which we used to probe host-pathogen dynamics, thus 

representing the first study to use such a system to study this aspect of F. nucleatum biology . This 
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methodology relies on a two stage process concluding with a counter selection on galactose to 

reliably create an unlimited number of mutations in the same strain of F. nucleatum. This selection 

strategy has successfully been exploited in other pathogenic organisms, including Clostridium 

perfringens[25]. Additionally, our system allows for the over-expression and purification of 

potential virulence factors for in vitro studies. Previous to our work, the field has largely relied on 

traditional recombinant protein expression and purification protocols using E. coli based 

methodologies [26]. This presents a number of challenges as heterologous expression and 

purification of large membrane proteins, which is the primary means of virulence factor secretion 

in F. nucleatum, presents a sizeable hurdle for the field. Cloning, solubility and toxicity issues 

abound with these types of proteins presenting challenges that were difficult to overcome prior to 

work presented here. Our genetic technology utilizes the promoter for a highly expressed 

ribosomal promoter from Fusobacterium necrophorum as the promoter of choice to drive over 

expression of 6xHis or FLAG tagged versions of putative F. nucleatum virulence factors [27 ,28]. 

These affinity-tagged proteins can then be purified directly from F. nucleatum cultures following 

simple protocols, and we show the utility of this system with the first over-expression and 

purification ofFadA directly from F. nucleatum . 

These breakthroughs have allowed us to revisit and revise the roles of Fap2 and FadA in 

F. nucleatum invasion of human epithelial cells. Additionally, we present a clear, concise 

mechanism for the molecular details of the newly devised selection system. In combination with 

state-of-the-art imaging flow cytometry and classical microbiological techniques, we show that 

Fap2 is the main driver in F. nucleatum invasion, and that FadA plays no role in invasion through 

single and tandem gene deletions in the strain F. nucleatum 23726. Previous studies, done using 

F. nucleatum 12230, showed that FadA was responsible for invasion and activating pro-

inflammatory signaling cascades [15,16] . The results presented here and in other studies suggest 
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differential roles for FadA in invasion that are strain dependent. We also show, through an 

unidentified mechanism, that IL-8 secretion is indeed increased by F. nucleatum invasion and that 

it is linked to Fap2 expression. Upon deletion offap2, IL-8 secretion decreases in HCT-116 cells 

after exposure to F. nucleatum. This in conjunction with invasion and host cell binding data 

suggest that either Fap2 interactions directly cause an increase in IL-8 production, or there is an 

unidentified mechanism mediated by the bacterial presence in host cells that initializes this 

response. The latter scenario leaves open the possibility that some unidentified FadA-mediated 

process is the cause of increased IL-8 secretion, however more work is needed to uncover the full 

role of FadA in F. nucleatum invasion and by which specific means IL-8 secretion is ramped up. 

Moreover, our invasion and IL-8 findings bolster current evidence that suggests F. nucleatum is 

indeed involved with CRC. 
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Materials and Methods 

Bacterial Strains and Growth Conditions 

For plasmid production, E. coli strains were grown aerobically at 37°C in LB (10 g/L NaCl, 10 

g/L tryptone, 5 g/L yeast extract). When indicated, E. coli was grown in SOC recovery media 

comprised of LB supplemented with 20mM glucose. F. nucleatum strain ATCC 23726 was grown 

at 37°C under anaerobic conditions in CBHK (Columbia broth (Difeo) supplemented with hemin 

(5 µg/mL) and menadione (0.5 µg/mL)) in an anaerobic chamber (90% N2, 5% CO2, 5% H2). 

Antibiotics were used where appropriate in the following concentrations: Chloramphenicol 25 

µg/mL, thiamphenicol 5 µg/mL (CBHK agar plates) and 2.5 µg/mL (CBHK broth) . LB 

components were purchased from Fisher Scientific (Hampton, NH). Bacterial strains were 

acquired from ATCC (Manassas, VA). Hemin purchased from Alfa Aesar, Haverhill, MA. 

Menadione purchased from Sigma-Aldrich (St. Louis, MO). Antibiotics, when used, purchased 

from GoldBio (St. Louis, MO). 

Table of Strains 
Genotype Strain Designation 

ATCC 23726 Wild-type F. nucleatum (WT) 
23 726 11KalKT DJSl 
23 726 11KalKT 11fadA DJS2 
2372611KalKT 11fap2 DJS3 
2372611KalKT 11fadA 11fav2 DJS4 
23 726 11KalKT 11fvlA DJS5 

Table 2.1 Table of bacterial strains used in this study. 
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Human Cell Lines 

Both Ca9-22 (gingival squamous cell carcinoma) and HCT-116 (colorectal carcinoma) cell lines 

were used in this study (ATCC). Ca9-22 cells were grown and maintained in MEM-EBSS media 

with 10% FBS and penicillin/streptomycin added. HCT-116 cells were grown and maintained in 

McCoy ' s 5a media supplemented with 10% FBS and penicillin/streptomycin. Both cell lines were 

grown in a tissue culture incubator with 5% atmospheric CO2. Antibiotics were removed 

immediately prior to infection with F. nucleatum strains during infection studies . Both cell lines 

were grown to 70-80% confluency before use in bacterial attachment and invasion assays . Cell 

lines acquired from ATCC (Manassas, VA) . All media acquired from Caisson Labs (Smithfield, 

UT) 

Competent Cell Creation 

E. coli was made competent following the protocol for the Zymo Research (Irvine , CA) Mix and 

Go Competent cells kit. Briefly, Zymo broth was inoculated 1:100 with fresh overnight E. coli 

growth and incubated at 26°C with 250 rpm shaking (large , refrigerated floor shaker) until the 

OD6oo= 0.2. Cells were pelleted and washed using the buffer provided in the kit. After washing, 

bacterial cells were resuspended in the competency buffer provided and flash frozen in liquid 

nitrogen before storing at -80°C until used . 

F. nucleatum was made electrocompetent using the following protocol: An 8 mL CBHK 

culture was inoculated with 200 µL of a fresh stationary phase growth of F. nucleatum . Cells were 

grown anaerobically at 37°C with no shaking until the OD6oo = 0.2. After reaching the desired 

OD, bacterial cells were pelleted at lO00xG for 15 minutes at 4°C. The 8 mL cell pellet was 

resuspended in 1 mL of ice-cold wash buffer made in DiH2O (lmM MOPS+ 10% glycerol) . The 

cell resuspension was aliquoted into 1.5 mL microfuge tubes and washed 5 more times at 4 °C 
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following centrifugation at 14,000xG for 2 minutes. After the final wash, the cell pellet was 

resuspended in 80 µL of the wash buffer and either flash frozen in liquid nitrogen and stored at -

80°C for future use or used for electroporation the same day. MOPS was purchased from BioBasic 

(Amherst, NY). 

Transformation and Selection of Bacterial Strains 

E. coli was transformed with the appropriate plasmid following the Mix and Go transformation 

protocol. Briefly, roughly 50 ng of the indicated plasmid was added to a thawed aliquot of 

competent cells and incubated on ice for 15 minutes . After incubation, 500 µL of SOC recovery 

media was added to the mixture and the bacteria were incubated at 37°C with 180 rpm shaking for 

1 hour under aerobic conditions . After recovery, the bacterial cells were pelleted at 12,000xG for 

1 minute. The bacteria were resuspended in approximately 50 µL of SOC and plated on LB plates 

with the appropriate antibiotic and incubated at 3 7°C overnight. 

F. nucleatum was transformed using standard electroporation procedures. Bacteria were 

transferred to cold 1 mm electroporation cuvettes (Genesee, USA) and 1.0-3.0 µg ([ ] > 1000 

ng/µL) of the indicated plasmid was added immediately before electroporation at 2.5 kV (20 

kV/cm), 50 µF, 129 OHMs, using an Electro Cell Manipulator 600 (BTX, USA). Before 

electroporation, anaerobic recovery media was prepared by adding 2 mL of sterile CBHK 

supplemented with lmM MgCh to an anaerobic culture tube and pre-warmed to 37°C. The 

electroporated bacterial cells were added immediately to the anaerobic recovery media via a 

syringe and incubated at 3 7°C for 18 hours. After recovery, the 2 mL of bacterial culture was 

pelleted at 14,000xG for 2 minutes and re-suspended in 200 µL of anaerobic CBHK and were 

added to CBHK plates with 5ug/mL thiamphenicol, spread evenly over the surface of the plate and 

incubated in an anaerobic chamber for 48hrs to allow sufficiently large colonies to grow. 
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Creation of in-frame Gene Deletion Strains 

After single crossover chromosomal incorporation and selection on thiamphenicol containing 

plates, individual colonies of F. nucleatum were picked and used to inoculate a lmL liquid culture 

(CBHK with 2.5 µg/mL thiamphenicol) in an anaerobic culture tube and incubated overnight at 

3 7°C with no shaking for 18 hours . These cultures were then screened via PCR under the described 

conditions using the indicated primers to confirm plasmid incorporation onto the chromosome . 

After PCR confirmation , 100 µL of the overnight liquid culture was added to 2 mL of CBHK in 

an anaerobic culture tube with no antibiotics and incubated at 37°C with no shaking for 18 hrs. 

This allows for the second homologous recombination event to take place which removes the 

plasmid backbone and antibiotic resistance cassette from the chromosome . After the non-selective 

outgrowth, 100 µL of the overnight growth was added to CBHK plates supplemented with 3% 

galactose and spread evenly across the surface of the plate . These plates were incubated at 37°C 

under anaerobic conditions for 48 hours to allow for colonies to form. However , the creation of 

the DJS 1 strain required slightly different conditions . After electroporation with the indicated 

plasmid , selection with thiamphenicol and the non-selective outgrowth stages, these cells were 

plated on CBHK plates with 1 % 2-deoxygalactose before anaerobic incubation for 48 hours . 

Colonies were picked from the sugar selectivity plates and used to inoculate 1 mL liquid CBHK 

growths in anaerobic culture tubes and incubated at 37°C for 18 hrs . These cultures were then 

screened via PCR using the appropriate primers to confirm the second homologous recombination 

event. 

Imaging Flow Cytometry to monitor F. nucleatum host cell invasion 

The indicated strains were grown under the conditions described above at 37°C until the OD6oo = 

0.4 before being used to infect human cells . Just before infection, bacterial cells were pelleted, 
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washed and incubated with 500ng of FM 1-43FX (Thermofisher) lipid dye for 3 minutes. We have 

shown incorporation of this fluorescent lipid into the outer membrane does not affect cell growth 

or bacterial invasion (Figure 2.1). After lipid staining, bacterial cells were washed, re-suspended 

in PBS and added to human cells at a MOI of 10: 1. Just prior to infection, antibiotic-free cell 

culture media was added to the human cells. Bacteria were allowed to incubate with human cells 

for the indicated time at 37°C in a tissue culture incubator with 5% atmospheric CO2. After the 

designated infection time, the cell culture media was aspirated and fresh media supplemented with 

penicillin and streptomycin was added to kill extracellular bacteria for 30 minutes . Next, the 

infected human cells were dislodged from their culture plates using trypsin containing media and 

washed in cell culture media containing 10% FBS to neutralize the trypsin. After washing, the 

cells were fixed in 3.2% paraformaldehyde for 15 minutes and washed in PBS. Upon the last 

wash, the fixed human cells were resuspended in 15 µL of PBS before analysis by the Amnis 

Imagestream Mark II (EMD Millipore) . 

F. nucleatum Binding and Invasion Studies: 

A single colony was used to start overnight cultures of F. nucleatum 23726 and mutant strains. 

Stationary phase cultures were back-diluted to OD6oo= 0.1 in 2 mL of CBHK and grown to 

exponential phase (OD6oo= 0.4). Next, bacteria were added at an MOI of 1:1 to the media of the 

appropriate human cell monolayer cultures in 24 well plates, and incubated for 30 minutes at 37 

°C in 5% CO2. Following infection, the monolayer was washed one time with 500 µL of PBS pH 

7.4 to remove any unbound bacteria. Next, the human cell monolayer was washed two additional 

times by adding 500 µL of cell culture media containing no antibiotics to each well plate and 

placed in a shaking incubator at 100 rpm for 2 minutes at 25 °C. After thoroughly washing the 

cells, the human cells were lysed by adding 200 µL of water to each well, and lysed cells were 
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transferred to a 1.5 mL conical tube. Serial dilutions were performed and plated on CBHK plates, 

which were incubated at 37°C under anaerobic conditions for 48 hours to allow for colony 

formation. 
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Results 

The creation of a galactose-sensitive strain of Fusobacterium nucleatum. 

This gene deletion system utilizes a two-stage selection scheme. Second stage selection is based 

on galactose sensitivity, and that is made possible by exploiting the Leloir pathway in F. nucleatum 

[29, 30]. Briefly, in WT cells, galactose supplied in the media is taken up by the bacteria where it 

is phosphorylated by galactokinase (GALK). The resulting galactose-1-P is converted into UDP-

galactose by galactose-1-phosphate uridylyltransferase (GALT) using UDP-glucose as a substrate . 

The end product of this pathway is glucose- I-phosphate, which can be used by various metabolic 

pathways in the bacteria (Figure 2.la) . However, upon deletion of ga!KT from the genome and 

expression of GalK from an introduced plasmid, galactose supplied in the media is converted to 

galactose-1-phosphate at toxic levels and can be used to select for homologous recombination 

events excising the ga/K-containing plasmid. 

To create the galactose sensitive strain that would become the base strain for all future 

genetic manipulations (DJS 1 ), initial selection following plasmid-chromosomal integration was 

first performed on 2-deoxygalactose. A suicide plasmid conferring resistance to thiamphenicol 

was designed with 1000 base pair regions of homology to the sequence immediately upstream of 

the start codon of ga!K and the sequence immediately downstream of the ga!T stop codon. Suicide 

plasmids are used in attempts to genetically manipulate F. nucleatum because we hypothesize that 

robust restriction-modification systems make plasmid maintenance within the bacterium 

challenging [31]. After electroporation of the knockout plasmid, positive clones were selected on 

thiamphenicol containing plates, single crossovers validated by PCR, and subsequently grown in 

the presence of 1 % 2-deoxygalactose on solid CBHK agar (Figure 2.2a-c) . This artificial substrate 

was used to create the base strain because it causes toxicity immediately after uptake into the cell 
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in the presence of GalK and GalT while remaining biologically inert after galK and galT are 

successfully excised from the chromosome. 
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Figure 2.1 The Leloir Pathway in Fusobacterium nucleatum and the overall scheme for selection of 
base strains used in this study. The Leloir pathway uses galactose as a substrate to produce glucose-1-
phosphate which can be used in a number of ways in the cell. Our system targets galK and galT for deletion 
to create a bacterial strain sensitive to galactose that can be used to create in-frame gene deletion mutants 
(A). The selection steps and potential outcomes at each stage of mutant construction are outlined (B). 
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Figure 2.2 The creation of the base strain used for subsequent genetic manipulation. Plasmid design 
showing the cloning strategy for targeting regions upstream and downstream of galK and galT (A). The 
selection scheme highlighting antibiotic and sugar selection measures used and the possible homologous 
recombination events resulting from each selection stage (B-C). PCR confirmation of galK and galT 
excision from the F. nucleatum chromosome (D). Primer design and strain verification scheme (E). 
Bacterial selection on CBHK-agar plates supplemented with the indicated selection agent show expected 
growth outcomes (F). Sequence verification of successful galKT deletion events (G). 
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Relying on galactose selection is ineffective at this stage as successful gene deletion strains 

and wild-type reversion strains would show no phenotypic difference in the presence of standard 

galactose (Figure 2.lb ). After counter selection on 2-deoxygalactose, chromosomal excision of 

galKT was confirmed via bacterial growth on selective media, PCR, and genomic sequencing 

(Figure 2.2d-g). 

Verification of viability of the DJS 1 strain. 

In order to verify the viability of DJS 1, we show that it has growth characteristics comparable to 

the WT strain. The plasmid-chromosomal integration and homologous recombination event 

schemes are highlighted in Figure 2.3a-c. Plasmid integration and the resulting gene excision 

following the two selection stages were verified by PCR (Figure 2.2d-e ). WT, DJS 1: :galKT and 

DJSl strains were all grown on CBHK-agar plates in the presence of thiamphenicol. All three 

strains show the same ability to grow on CBHK-agar plates . Only DJSl::ga/KT is capable of 

growing in the presence of thiamphenicol. This confirms the validity of using thiamphenicol as a 

selection agent by highlighting sensitivity to thiamphenicol. The results also show similar growth 

characteristics of the WT and DSJl strains (Figure 2.3c) . To provide further assurance that no 

growth phenotype difference exists between WT and DJS 1, both were grown in CBHK liquid 

cultures and their OD6oo values were monitored over 12 hrs. The resulting growth curve unearthed 

no growth differences between the two strains indicating any phenotypic growth defects in 

response to future experimental conditions are not the result of an underlying physiological 

problem arising from the deletion of galK and galT (Figure 2.3d) . 
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Creation of in-frame gene deletions of virulence factors in F. nucleatum 

Three previously characterized virulence factors were the first genes targeted for deletion using 

the DJS 1 base strain in fadA , jp!A and fap2. 7 50 base pair stretches of homology were designed 

according to the regions immediately upstream and downstream of the target gene and cloned into 

a suicide plasmid conferring thiamphenicol resistance (catP) and galactose sensitivity (galK) 

(Figure 2.4a) . Single crossover bacteria were first selected on CBHK-agar plates containing 

thiamphenicol following electroporation and plasmid integration was confirmed via PCR. Positive 

clones were then grown in the presence of galactose to select for double homologous 

recombination events. The possible recombination events and the resulting strains are shown in 

Figure 2.4b-c. The successful excision of each gene as well as the first stacked mutation of F. 

nucleatum virulence factors were screened and confirmed via PCR (Figure 2.4d-f) . These strains 

were then used to highlight the functionality and utility of this genetic system through protein 

purification and chemical biology experimentation . R T-PCR was performed to confirm there were 

no defects in the transcription of genes immediately upstream and downstream of each gene 

targeted for deletion. These results confirm that no polar effects exist in each gene deletion strain. 

The primer design and results ofRT-PCR verification can be seen in Figure 2.5. 
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Developing new molecular technologies using the Aga/KT base strain. 

We have demonstrated our ability to incorporate various plasmids onto the F. nucleatum 

chromosome, and this can be exploited to create protein over-expression technologies. The 

genome of F. nucleatum ATCC 23 726 contains a gene for arsenic transport, arsB that is not needed 

under laboratory conditions . We incorporated a 1000 base pair region of homology to the central 

portion of arsB into our custom over-expression plasmid . This plasmid features a multiple cloning 

site and thiamphenicol resistance markers . Additionally, it contains an E. coli origin of replication 

to facilitate easy cloning and DNA purification while ensuring plasmid integration on the F. 

nucleatum chromosome. The promoter sequences and their efficiencies have not been explored in 

F. nucleatum, so a promoter from a presumed highly expressed ribosomal protein in F. 

necrophorum Dl2 was placed upstream of our GOI to drive transcription . Both FLAG and 6xHis 

affinity tags were cloned into the overexpression plasmid immediately following our GOI for 

immunoblot detection and affinity capture purification methods (Figure 2.6a) . 

We show that under standard F. nucleatum growth conditions, robust levels of protein 

expression can be detected via immunoblotting for 6xHis-tagged GalT. 200 µL of DJS 1: :ga!K 

galT-6xHis grown to stationary phase were lysed and soluble material separated via centrifugation . 

lug of this extract was loaded onto and SDS-PAGE gel and the strength of expression driven by 

the D12 promoter can be easily seen via immunoblotting (Figure 2.6b) . In addition to over 

expression, we present a method to detect active enzymes containing serine hydrolase activity. 

These enzymes frequently have roles in virulence and metabolic processes, so a clear, 

straightforward screening technique to generate serine hydrolase activity profiles in response to 

genetic manipulation will be very useful. Briefly, a rhodamine labeled fluorophosphonate probe 

(TAMRA-FP) which specifically binds to active enzymes containing serine catalytic residues is 

added to bacteria to non-specifically interact with these proteins. In this instance, we highlight 
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this probe's utility in confirming successful gene deletion offplA, and its subsequent application 

to confirm complementation and expression back into WT (Figure 2.6c ). Also of note, is that this 

promoter seems to drive similar levels of FplA expression upon complementation when compared 

to the levels seen in WT F. nucleatum . The FplA expression profile and TAMRA-FP affinity is 

further detailed in Chapter 4 [32]. 

Additionally, we show the ability of the D12 promoter in our plasmid to drive expression 

of FadA to levels that are amenable to affinity purification . After the FadA expression plasmid 

was transformed and incorporated onto the DJS2 chromosome, 100 mL of bacterial culture was 

grown to stationary phase . These cells were lysed, and the soluble material was incubated with 

anti-FLAG resin and standard purification protocols were followed. The resulting elution fraction 

was run on an SOS-PAGE gel and incubated with Coomassie blue stain. The effectiveness of this 

methodology and resulting purity can be seen in Figure 2.6d. These proteins can be purified to 

>95% purity in potentially mg/L quantities through simple, inexpensive protein purification 

protocols . To our knowledge, this breakthrough represents the first over expression and isolation 

of an important virulence factor directly from F. nucleatum cultures. This method of protein 

purification preserves post-translational modifications , and it allows this understudied aspect of F. 

nucleatum protein biology to be explored for the first time. We envision overexpression 

technology to be expanded to include outer membrane proteins , including the autotransporters, in 

the near future. Membrane protein purification is notoriously difficult in traditional E. coli-based 

systems [33]. Technology presented here will allow for proper membrane insertion as F. 

nucleatum specific chaperones and membrane assembly machinery will be active since protein 

production is occurring in the natural host. This also eliminates the need for codon optimization, 

as these production methods no longer need to be done heterologously . The examples presented 
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here can be easily extended to any protein of interest for future studies of F. nucleatum protein 

biochemistry . 
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Figure 2.6 Molecular biology possibilities enabled by custom overexpression vectors in F. 
nucleatum . The arsB gene of F. nucleatum is exploited to introduce plasmids capable of allowing 
overexpression of any GOI. A diagram of recombination events and the chromosomal location of each 
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Revisiting the F. nucleatum invasion model using reverse genetic dissection and imaging flow 

cytometry. 

We used standard cell culture models to ascertain the roles of Fap2 and FadA in F. nucleatum 

invasion in HCT-116 ( cancerous colonocytes) and Ca-922 ( cancerous gingival) ATCC typed cells. 

We determined invasion levels and measured the extent of host-pathogen interaction using both 

imaging flow cytometry and standard bacterial plating assays respectively. Before determining 

gene deletion effects on F. nucleatum invasion we first compared the WT and DJS 1 levels of 

invasion to ensure that no phenotypic differences exist between the two strains. The indicated cell 

line was infected at an MOI of 1: 1 for 30 minutes after reaching confluency . After the appropriate 

infection time, cells were washed to remove non-adherent bacteria and dislodged from the tissue 

culture plate and added to CBHK-agar and incubated under anaerobic conditions at 37°C. Colonies 

were counted after two days, and the results can be seen in Figure 2. 7. These data show there are 

no differences observed between the WT and DJS 1 strains, indicating experiments could move 

forward without significant confounding effects arising from the deletion of galK and galT . 

Using the strains indicated previously, the same human cell binding and invasion study 

was performed to test which F. nucleatum outer membrane proteins were primarily responsible for 

initial docking to host cells. After 30 minutes of interaction time, we show that Fap2, and not 

FadA, is responsible for initial host cell docking in both cell lines tested . There was over a 50% 

drop in host-pathogen interaction detected in the HCT-116 cell line with DJS3 when compared to 

DJS 1. Similarly, we show a significant decline in the capacity of DJS3 to interact with Ca-922 

cells. We do not see these same deficiencies when infecting with DJS2 (Figure 2.8c ). 
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Figure 2.7 F. nucleatum 23726 and AgalKT exhibit the same host-pathogen phenotype. The binding 
and invasion assay ofHCT-116 and Ca-922 cell lines reveal that there are no phenotypic differences in the 
basal host-pathogen interaction between the WT and DJS 1 strains used in this infection model. Human 
cells were infected at an MOI of 1: 1 for 30 minutes before washing and plating . Experiments were 
performed in triplicate. Difference in binding and invasion is not significant (ns, P=0.52). 
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Next we tested the capacity of each bacterial strain to invade their human host using imaging 

flow cytometry . An example of the data output from these experiments can be seen in Figure 2.8a. 

The AMNIS Imagestream instrument generates a phase contrast and fluorescent image of each 

infection event passing through the flow cell. Cells that fluoresce green are considered to be 

positively invaded and population counts of positively and negatively infected cells can be 

generated . Briefly, we performed an antibiotic protection assay on the HCT-116 cell lines using 

an MOI of 10: 1 for the indicated time point followed by killing of extracellular bacteria using 

penicillin and streptomycin before administering each sample to the instrument. Our data show a 

strong invasive defect in DJS3 and DJS4 strains at all time points measured when compared with 

DJS 1. Although the infection rates increase as the allowed host-pathogen interaction time 

increases in DJS3 strains, they never reach the levels of DJS 1 (Figure 2.8d) . We also found that 

the DJS2 and DJS 1 strains have identical infection rates at each time point using these same 

conditions ( data not shown) suggesting a revision to the currently accepted infection model is 

needed . Together these data confirm that Fap2 is a significant driver of bacterial attachment and 

invasion of human cells, and that the role of FadA should be reevaluated . This is a large revision 

to the F. nucleatum invasion model as the role of FadA in pathogenesis should be revised in 

particular model systems when designing future experiments concerning invasion or targeted drug 

design. 

After testing invasion, we wanted to test the effects ofFap2 and FadA on IL-8 secretion in 

response to F. nucleatum infection. Using a commercially available kit to detect levels of secreted 

cytokines through a standard flow cytometer, we found that IL-8 secretion by HCT-116 cells after 

infection at an MOI of 10: 1 for 4 hours is largely Fap2 mediated. Infection with DJS3 causes a 

fivefold reduction in IL-8 levels when compared with both DJSl and DJS2 strains (Figure2.8e) . 
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Figure 2.8 F. nucleatum host cell interaction, invasion and the resulting IL-8 secretion . Representative 
image of Ca9-22 cells after 23726 infection for 4 hours at an MOI of 100:1. Image shown to highlight the 
invasive potential of F. nucleatum . Labeling : F. nucleatum 23726 (FM1-43FX lipid dye, green), DNA 
(DAPI, blue) , Actin (Phalloidin , red) (A). Invasion of Ca9-22 cells by F. nucleatum 23726 at an MOI of 
10:1 analyzed by imaging flow cytometry (B). Quantitation of binding and invasion by various strains of 
F. nucleatum in either Ca9-22 or HCT-116 cells at an MOI of 1:1 for 30 minutes (C). Quantitation of 
invasion by various strains of F. nucleatum in HCT-116 cells at an MOI of 10:1 for 2 hours as quantified 
by imaging flow cytometry (D). Measurement ofIL-8 secretion from HCT-116 cells in response to 4 hour 
infection times by F. nucleatum at an MOI of 10: 1 for 4 hours (E). Experiments were performed in 
triplicate. ns (not-significant), P > 0.5 *P :'.S 0.01. ***P:'.S0.001, ****P:'.S0.00001. 
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This deficiency can indicate either of two possibilities . There may be some direct Fap2 

mediated pathway inside HCT-116 and other human cancerous cells that results in the increase of 

IL-8 production. Alternatively , the mere presence of F. nucleatum in the host cell cytosol may 

trigger some unidentified host-pathogen interaction that results in increased IL-8 secretion. More 

work is needed to ascertain the exact mechanism underlying this phenomenon as increased IL-8 

production can have significant negative impacts on the CRC outcome. Importantly, these data 

suggest vastly different roles in invasion for Fap2 and FadA than what has been previously 

reported . In prior studies, FadA was found to increase IL-8 secretion and drive invasion, but that 

was not recapitulated here [15, 34]. This is perhaps due to variations in strain or human cell line 

between the model systems utilized here and the methodologies used to study FadA in the past. 

These results suggest that the role of FadA may be dependent on strain as FadA was determined 

important to invasion in F. nucleatum 12230 but not in F. nucleatum 23726. This implies 

conclusions made about this protein in one strain may not be applicable to others. Nonetheless, 

our results suggest a revision to the currently accepted model of F. nucleatum infection so that 

future experiments can be designed more efficiently to yield insightful data. 
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Discussion 

The recent explosion of studies probing the functions of the human microbiome have uncovered 

new associations between these commensal microorganisms and disease [35--40]. Accordingly, 

understudied bacterial species are being characterized at the forefront of the microbiology 

community to help us understand these newly discovered interactions . Unfortunately, moving 

away from model systems like E. coli and S. epidermidis frequently presents experimental 

challenges that can cause bottlenecks and stall progress . Genetically recalcitrant bacteria in the 

human microbiome are frequently encountered , and the development of effective solutions to 

genetic manipulation problems are becoming increasingly valuable [ 41--44]. One such member of 

the human microbiome that presents all of the above challenges is F. nucleatum . 

F. nucleatum is an intriguing model organism to study microbiome-induced effects on the 

development of disease . It has a well demonstrated ability to cause acute infections in locations 

throughout the body as well as implications in the development and progression of CRC. These 

disease associations highlight the need to develop technology specific to F. nucleatum to facilitate 

robust molecular and biochemical studies into the molecular underpinnings underlying its 

pathogenesis . Recent breakthroughs in F. nucleatum genome sequencing and assembly provide 

highly accurate information to guide the development of these technologies [45]. Prior to this 

study, a well explained , reliable methodology to introduce in-frame gene deletions, which is a 

fundamental need of pathogenic bacteriology, was wholly unavailable . Unsurprisingly , only one 

study utilizing such a system has been published to date . While results stemming from that study 

elucidated key insights into F. nucleatum biofilm formation, it did not delve into its pathogenicity 

[24]. As such, there are lingering questions and sizeable knowledge gaps that remain to be 

traversed . 
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Studies attempting to fill these pathogenicity gaps have largely focused on two outer-

membrane adhesins, Fap2 and Fad.A. Both were reported to induce bacterial invasion of human 

epithelial cells [46, 47]. Fad.A also had the additional effect ofincreasing IL-8 secretion ofinfected 

cells [15]. IL-8 secretion is of particular importance as it can have significant impacts on the 

development and metastasis of cancer cells [21]. Since F. nucleatum infected tumor cells have 

been isolated at sites distal to the primary site of infection, mechanistic details are highly sought 

after concerning the role this bacteria has in the development and progression of cancer [48]. 

Additional associations between F. nucleatum and cancer emphasize the need for technology to 

study this relationship include decreased patient prognosis and increased disease severity in the 

presence of F. nucleatum infected tumors [49, 50]. 

Unfortunately, the molecular mechanisms behind these associations have remained 

elusive. This may be due to incomplete findings resulting from the lack of genetic and molecular 

resources applicable to F. nucleatum . Using the newly developed resources presented here, we 

have shown that Fap2, and not Fad.A, is a significant mediator of host-pathogen interaction and 

host cell invasion by this bacterium . Similarly, we show that IL-8 secretion is dependent on F. 

nucleatum expressing Fap2. These results represent a revision in the host-pathogen interaction 

model for F. nucleatum (Figure 2.9). While the difference in the proposed models may be the 

result of variations in bacterial strain and host cell line used for probing host-pathogen interactions, 

we are confident that future studies investigating IL-8 secretion and invasion should focus on some 

yet to be defined Fap2 dependent mechanism . Additionally, these results suggest that more work 

is needed to understand the role of Fad.A in F. nucleatum pathogenicity . We are confident future 

work utilizing the straightforward methodologies presented here will begin to yield informative 

results on F. nucleatum induced disease. Details unearthed from experiments utilizing these 
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technologies may, in tum, lead to enhanced treatment or prevention options for patients suffering 

fromCRC. 

Breakthroughs presented in this manuscript provide a new foundation for future 

exploration of F. nucleatum, not only in the context of host-pathogen interaction, but for any study 

of this bacterium that requires protein and genetic characterization . The recent improvements in 

genome assembly of F. nucleatum in combination with this straightforward molecular technology 

provide the field with highly accurate, reliable and repeatable methodologies for the dissection of 

myriad processes that were not possible before . The ability to overexpress and purify proteins 

directly from F. nucleatum will allow researchers to probe the role of post-translational 

modifications in the effectiveness of various protein families . This aspect of protein biology has 

been completely neglected in the F. nucleatum field. Given its importance to the virulence of 

Legionella pneumophila and Haemophilus influenzae among others, elucidating the roles of post-

translational modifications in F. nucleatum virulence represents an exciting new area of study that 

can now be adequately explored [51,52]. Additionally , the ability to create multiple gene deletions 

within the same strain in parallel will allow for the study of virulence factor cooperativity for the 

first time. F. nucleatum 23726 possesses over 20 Type 5 secreted proteins with many of them 

purported to be involved in virulence [53]. Given the large number of these proteins produced by 

this bacterium, it is highly possible that they serve redundant roles that would be impossible to 

study without our addition to the field. Lastly , we highlight the utility of our new methodologies 

by providing a revision of the current F. nucleatum infection model with insights into induced IL-

8 secretion and, perhaps , this bacteria's ability to exacerbate CRC. 
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Figure 2.9 A revised model of F. nucleatum infection with a proposed role ofIL-8 in CRC progression_ 
F. nucleatum infects gingival cells and drives up inflammation in the mouth (1). Elevated inflammation 
corresponds to high PMN counts which increases vascular permeability permitting F. nucleatum entry into 
the bloodstream. Current evidence strongly suggests this bacteria travels hematogenously to gain access to 
tissues at the systemic level. Elevated expression of Gal-GalNac residues of CRC tumor cells enhances F. 
nucleatum's affinity for tumor cells via Fap2 mediated interactions_ Invasion of tumor cells increases IL-8 
secretion which can promote metastasis and decrease patient prognosis (2). 
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Abstract 

Outer membrane and secreted proteins in Gram-negative bacteria constitute a high percentage of 

virulence factors that are critical in disease initiation and progression. Despite their importance, it 

is often difficult to study these proteins due to challenges with expression and purification. Here 

we present a suite of vectors for the inducible expression of N-terminally 6His tagged outer 

membrane , periplasmic , and secreted proteins in E. coli, and show this system to be capable of 

producing milligram quantities of pure protein for downstream functional and structural analysis. 

This system can not only be used to purify recombinant virulence factors for structural and 

functional studies, but can also be used to create gain-of-function E. coli for use in phenotypic 

screens, and examples of each are provided herein. 
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Introduction 

Protein secretion from the cytoplasm to the periplasm, outer membrane, and extracellular 

environment, is an important mechanism for bacterial pathogenesis.[1-3] While a complete 

overview of all multi-component protein secretion systems in bacteria is beyond the scope of this 

chapter,[2] we will provide background and techniques used in Gram-negative bacteria for the 

initial export of proteins through the inner membrane. The two main systems for the export of 

proteins from the cytoplasm to the periplasm are the general secretion route termed the Sec 

pathway (unfolded proteins), and the Twin-Arginine Translocation (Tat) pathway (folded 

proteins).[4] Both the Sec and Tat systems rely on translocated proteins to have an N-terminal 

signal peptide (-15-40 AA), that is used for initial binding and initiation of inner membrane 

translocation. These signal peptides can be bioinformatically identified by online servers such as 

SignalP or PREDT AT (see Note 1). 

E. coli is the most common bacterial strain for recombinant protein expression, and this 

bacterium contains both Sec and Tat systems for protein translocation. Our experience is that while 

a protein from a non-E. coli genus of bacteria might be predicted to have a signal sequence, it is 

often not efficiently recognized by the E. coli machinery, which results in a lack of robust 

recombinant protein expression. To rectify this gap, we have developed a suite of vectors (see 

Figure 3.1, Table 3.1 and Note 2) with signal sequences from highly expressed E. coli proteins, 

thereby facilitating the translocation of recombinant proteins through the inner membrane using 

either the Sec or Tat pathways. A similar method was previously used for the successful production 

of highly pure protein for the structure determination of EstA; a Pseudomonas aeruginosa outer 

membrane protein of the Type 5 secreted autotransporter family.[5] To facilitate Sec secretion, we 

used the signal sequences from E. coli OmpA (residues 1-27) and TamA (residues 1-27), and for 

the TAT system we used Sufi (FtsP) (residues 1-30). To add flexibility to our vectors, we created 
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versions that have variations of ampicillin or chloramphenicol antibiotic resistance, and multiple 

origins of replication (p I SA, Co IE 1 ). All versions of these vectors result in proteins that contain 

an N-terminal 6His tag for purification and detection. These vectors provide flexibility by allowing 

replication in a variety of E. coli hosts, and in addition, will allow for the simultaneous expression 

of two proteins by concurrently transforming compatible plasmids of interest. 
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Methods 

A Vector Suite for the Expression of Tagged Extra-Cytoplasmic Proteins 

After predicted cleavage of the signal sequence by Signal peptidase I (SPasel) as proteins are 

transported to the bacterial extracytoplasmic space,[6] recombinant proteins will retain a minimal 

N-terminal extension and a 6His tag before the amino acids of your gene of interest. For vectors 

pDJSVT86 and pDJSVT87 which contain an OmpA 1-27 tag, the residues will be: N-

APKDNTHHHHHHxxxxxx, where xxxxxx begins the amino acids from the gene the user cloned 

into the vector. For vectors pDJSVT89 and pDJSVT90 which contain a TamA 1-27 tag, the 

residues will be: N- ANVRLQHHHHHHxxxxxx. For vector pDJSVT91, which contains a Sufi 

1-30 tag, the residues will be: N- AGQHHHHHHxxxxxx. For a graphical summary describing 

protein products, please refer to Figure 3.1. All five vectors have been submitted to the Addgene 

non-profit plasmid repository, and can be obtained by requesting the ID number in Table 3.1. 

Plasmid AddgenelD 

[pDJSVT86 108965 
pDJSVT87 109302 

jPDJSVT89 109303 
pDJSVT90 109304 

jPDJSVT91 109305 

Table 3.1. Addgene ID's for plasmids used in these methods 
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Required Instrumentation for the following methods: 

Thermocycler, refrigerated centrifuge ( capable of 15,000 RCF), refrigerated ultracentrifuge 

(capable of 100,000 RCF), swinging bucket centrifuge capable of spinning 12 well plates, cell 

sonifier or pressure cell (EmulsiFlex-C3, A vestin) for bacterial lysis, DNA and protein 

electrophoresis apparatus, Western blot transfer apparatus, glass column for protein purification, 

exponential decay electroporator , Fast-protein liquid chromatography (FPLC) system (AK.TA pure 

system, GE Healthcare , USA) , Fluorescent microscope with 63-lO0x objective (GFP and DAPI 

filters) , 500 mL and 4 L baffled bottom flasks, Stir plate , cold room or cold box for protein 

purification , Stirred ultrafiltration cell, heating and cooling shaking incubator . 

General Materials: 

All solutions should be made using high quality deionized water . Unless otherwise stated , store all 

solutions at room temperature . No sodium azide is added to any reagent. All E. coli should be 

properly handled by following BSL-1 specific guidelines . 

PCR and Cloning - Materials : 

1. 50x TAE buffer: 242g Tris base , lO0mL of 500mM EDTA (pH 8.0) solution , 57.lmL 

glacial acetic acid in a final volume of 1 liter . 

2. Agarose gels for DNA separation: lg of agarose per 100 ml of Ix TAE buffer (1 % gel) 

with 0.5 µg/ml ethidium bromide for visualization on a standard UV light box or digital 

gel visualization system . 

3. High fidelity polymerase with proofreading activity to ensure accurate cloning of your 

target gene . 

4. T4 DNA ligase (NEB) 
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5. Synthetic oligonucleotides for PCR. 

6. EZ-10 Spin Column Plasmid DNA Miniprep Kit (BioBasic) 

7. EZ-10 Spin Column PCR Products Purification Kit (BioBasic) 

Growth Medium and Supplements - Materials: 

1. LB Broth: 10g Tryptone (1 % w/v) , 5g Yeast Extract (0.5% w/v) , 10g NaCl (1 % w/v) per 

liter of media . Autoclave for sterility . Use baffled bottom shaking flasks at .::::25% 

occupancy to ensure proper aeration during growth . 

2. LB agar : add 15 g/L Bacto agar to LB broth prior to autoclaving . LB agar plates should 

contain an appropriate antibiotic for transformant selection . Add the antibiotic once the 

agar has cooled to 50°C prior to pouring plates . 

3. Isopropyl ~-D-1-thiogalactopyranoside (IPTG) for the induction of protein expression 

under T7 promoters: Final concentration of25-250 µMin LB media . 

4. ZYP-5052 auto-induction media . 1 % tryptone , 0.5% yeast extract , 50 mM Na2HPO4, 50 

mM KH2PO4, 25 mM (NH4)2SO4, 0.5% glycerol , 0.05% glucose , 0.2% a-lactose, 2 mM 

MgSO4, 0.2x trace elements (Please see the following reference: Studier , 2005, Protein 

Expression and Purification)[?] 

5. Carbenicillin (ampicillin) and chloramphenicol are used to maintain plasmids during 

expressions at 100 µg/ml and 25 µg/ml final concentrations, respectively . Store at -20 °C 

Competent Cells and Transformation - Materials: 

1. DH5a or TOPl0 E.coli for cloning and stable storage of plasmid backbones and clones . 

2. BL21(DE3) and ArcticExpress (DE3) RIL E. coli for protein expression (Agilent 

Technologies) 
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3. Liquid nitrogen to freeze extra aliquots of electrocompetent cells. 

4. 10% glycerol (sterile filtered) 

5. SOC broth medium : 20 g/L tryptone, 5 g/L yeast extract, 0.5 g/L NaCl. Adjust to pH 7.0 

by addition of 5 N NaOH, sterilize by autoclaving, and then add 20 mL of sterile 1 M 

glucose (final concentration of 20 mM) . 

6. Optional: Competent cell preparation using a Mix & Go! E. coli Transformation Kit (Zymo 

Research) 

7. 1 mM gap electroporation cuvettes 

Secreted Protein Purification - Materials: 

1. 1 M Tris pH 7.5 

2. 4MNaCl 

3. Stirred Ultrafiltration cell with pump for pressure-based sample concentration . 

4. Ultracell® 10 kDa Ultrafiltration Discs (Millipore) . 

5. Chelating sepharose fast flow resin (GE Life Sciences) charged with nickel chloride for 

purification of 6His tagged proteins . 

6. Econo-Column® Chromatography Columns , 2.5 x 10 cm (BioRad) . 

7. Ni-Sepharose wash buffer: 20 mM Tris pH 7.5, 50 mM imidazole, 400 mM NaCl. 

8. Ni-Sepharose elution buffer : 20 mM Tris pH 7 .5, 250 mM imidazole, 50 mM NaCl. 

9. Optional ion exchange chromatography columns for additional protein purification. 

10. Size-exclusion column: HiPrep 16/60 Sephacryl S-200 HR (GE Healthcare) . 

11. Size-exclusion chromatography buffer: 20 mM Tris pH 7.5, 150 mM NaCl, 10% glycerol. 

12. Amicon Ultra Centrifugal Filter Units (GE Life Sciences) . 
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Membrane Protein Purification - Materials: 

1. Sarkosyl (Sigma-Aldrich) (additional detergents can be screened to optimize purification). 

2. E . coli lysis and membrane fraction dilution buffer : 20 mM Tris pH 7.5, 20 mM imidazole, 

400 mM NaCl, 1 mM PMSF . 

3. Membrane pellet resuspension buffer : 20 mM Tris pH 7.5, 2% Sarkosyl. 

4. Chelating sepharose fast flow resin (GE Life Sciences) charged with nickel chloride for 

purification of 6His tagged proteins . 

5. Econo-Column® Chromatography Columns , 2.5 x 10 cm (BioRad) . 

6. Ni-Sepharose membrane wash buffer : 20 mM Tris pH 7 .5, 50 mM imidazole , 400 mM 

NaCl, 0.2% Sarkosyl. 

7. Ni-Sepharose membrane elution buffer : 20 mM Tris pH 7.5, 250 mM imidazole, 50 mM 

NaCl, 0.2% Sarkosyl. 

8. Size-exclusion column: HiPrep 16/60 Sephacryl S-200 HR (GE Healthcare) 

9. Size-exclusion chromatography buffer : 20 mM Tris pH 7.5, 150 mM NaCl , 10% glycerol, 

0.2% Sarkosyl 

10. Amicon Ultra Centrifugal Filter Units (GE Life Sciences) 

Immunoblotting - Materials: 

1. Precast 4-20% acrylamide precast gels (CBS Scientific) for SDS-PAGE analysis of protein 

expression and purification . 

2. Color Prestained Protein Standard , Broad Range (11-245 kDa) (NEB) 

3. Polyvinylidene difluoride (PVDF)(preferred) or nitrocellulose membranes . 

4. Western blot transfer buffer (Towbin buffer): 25 mM Tris , 192 mM glycine , pH 8.3, 20% 

methanol (vol/vol) 
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5. Tris-buffered saline (l0x TBS): 1.5 M NaCl, 0.1 M Tris-HCl, pH 7.4 

6. TBST: lx Tris buffered saline with 0.1 % Tween-20 

7. Methanol 

8. Blocking and diluent solution: TBST with 3% BSA 

9. THE™ His Tag Antibody, mAb, Mouse (Genscript, USA) 

10. Anti-mouse m-IgGK BP-HRP secondary antibody (Santa Cruz) 

11. ECL western blotting substrate (Thermo Scientific) 

12. Lucent Blue X-ray film (Advansta). Optional: Digital gel and blot imaging system to 

replace exposure on film. 

Immunofluorescence microscopy - Materials: 

1. 10 mm round #1.5 thickness coverslip glass (Fisher Scientific) 

2. Standard glass microscopy slides (Fisher Scientific) 

3. 0.1 mg/ml Poly-L-lysine (Sigma-Aldrich) 

4. PBS with 0.2% Gelatin pH 7.5 

5. PBS with 3.2% paraformaldehyde 

6. THE™ His Tag Antibody, mAb, Mouse (Genscript) 

7. Goat anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor 488 (Thermo Fisher) 

8. ProLong Gold Antifade mountant (Thermo Fisher) 

9. lO00x (100 µg/ml) DAPI (4',6-Diamidino-2-Phenylindole, Dihydrochloride) (Sigma-

Aldrich) 

10. Nail polish to seal coverslip to the slide 
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The methods outlined describe the use of the described suite of vectors to clone target genes 

for expression (see Note 2), purification, characterization, and development of gain-of-function E. 

coli strains. For simplicity, all of the results shown in Figure 3.2 have used plasmid pDJSVT86, 

[8] which contains an OmpA signal sequence, ampicillin resistance, T7 promoter, and the lac 

operator DNA sequence for IPTG induction. 

Targeted Gene Cloning: 

Standard molecular cloning methods for cohesive-end ligations should be used for inserting your 

gene of interest into the multiple cloning site (MCS), which contain the restriction enzyme sites 

Notl, Kpnl , Xhol, and BamHI (Plasmids pDJSVT86 , pDJSVT89 , pDJSVT91) and Notl , Kpnl, 

Xhol (pDJSVT87, pDJSVT90)(Figure 3.1). In detail, you will generally include either a Notl or 

Kpnl site in the design of your 5' primer, or either a Kpnl, Xhol , or BamHI site in the 3' reverse 

primer when amplifying your gene of interest by PCR (see Note 5). For example, to clone your 

gene of interest using Notl and Xhol restriction sites, design your primers as follows: 

Forward primer (Not/) : 5' GACTACGCGGCCGCg:XXXXXXXXXXXXX 3' 

Underlined: Extra bases added at the end of the primer to increase restriction enzyme cleavage 

efficiency . They don 't change the construct at all and will be cleaved by the enzyme and not 

incorporated into the plasmid . 

Bold : Notl restriction site. You need to add a single guanine nucleotide (g) after this site to keep 

your protein in frame for translation (See Figure 3.ld) . 

XXXXXXX : The sequence of your gene of interest. This should start with the first amino acid that 

comes after the predicted Sec or Tat signal sequence (see Note 1). We recommend making this 
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sequence long enough to have a melting temperature of 50-60 °C. Do not include the restriction 

site or extra 5' bases in the melting temperature determination when designing the primer. 

Reverse primer (Xhol): * * This primer should be ordered 5' to 3 ', but we will help you first design 

it in the 3' to 5' orientation for simplicity: 

XXXXXXX: The sequence of your gene of interest. This should be the final amino acids in the 

protein ( or final residues you want to clone) . We recommend making this sequence long enough 

to have a melting temperature of 50-60 °C. Do not include the restriction site or extra 5' bases in 

the melting temperature determination when designing the primer. 

Italics: Include a stop codon after your final amino acid encoding nucleotides. 

Bold : Xhol restriction site 

Underlined: Extra bases added at the end of the primer to increase restriction enzyme cleavage 

efficiency. They don't change the construct at all and will be cleaved by the enzyme and not 

incorporated into the plasmid. 

For ordering from your supplier of choice, you need to reverse and complement the 

sequence, and the primer above would result in the following sequence: 

5' CTAGATCTCGAGCTA 3' 

After polymerase chain reaction (PCR) with the designed primers and template DNA of 

your target gene, analyze 5 µl of the 50 µl reactions on a 1 % agarose gel and visualize with a UV 

light source if using ethidium bromide in the gel. If the desired products were obtained, purify the 

remaining 45 µl of PCR product using a DNA spin column specific for PCR product purification . 

Both the purified base vector and PCR product of your gene of interest should be digested 

with the proper restriction enzymes for 1-16 hours, and we recommend dephosphorylating the 

vector with Antarctic phosphatase as outlined in the manufacturers recommendations . Post 

76 



digestion and dephosphorylation, vector and insert should be purified using a Plasmid DNA 

Miniprep Kit. Purified DNA can be quantified by either analysis on an agarose gel, via NanoDrop 

(Thermo Scientific), or Qubit (Thermo Scientific) . DNA is now ready for ligation with T4 DNA 

ligase (NEB), and subsequent transformation into competent DH5a. or TOPlO E.coli. These strains 

can be made electrocompetent by a simple and robust protocol.[9] In brief, this protocol grows E. 

coli in SOC media and uses ice cold 10% glycerol to produce competent cells. We have found an 

alternate method by using the Mix & Go! E. coli Transformation Kit (Zymo Research). This has 

the advantage of not having to desalt ligations before transformation, as you need to do with 

electrocompetent cells . 

After successful cloning of your construct and verification by restriction digest with 

enzymes used to insert the gene of interest , we recommend using Sanger sequencing to verify a 

correct insert with a proper in frame DNA sequence . This can be achieved by using T7 promoter 

and T7 Terminator primers for plasmids pDJSVT86 , 89, 91, and ACYCDuetUPl and T7 

Terminator for plasmids pDJSVT87, 90. 
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A 

C 

pDJSVT86 
pDJSVT89 
pDJSVT91 

RBS andT7 
Promoter 

lac/ 

Multiple Cloning Site (MCS) 
[;; 1co1 E. co/iOmpA 1-27 ,~, 

CCATGGgaatgaaaaagacagctatcgcgattgcagtggcactggct 
~ - -G - ~ ·- K-~· -T - ~· -I - ~ ·- I - ~ - ~ - ~ - -L - ~-

ggtttcgctaccgtagcgcaggccgctccgaaagataacacc caccac 
·G ·· F · ~ ·· T ·~· ~ ·· Q · ~ · ~ ·- P · ~ ·· D ·· N ·· T ·· H · ~ -

caccaccaccac GCGGCCGCGGGTACCCTCGAGGGATCC 
·H · ·H · ·H · ·H · ·A · ·A · ·A · ·G · ·T · ·L · ·E · ·G · ·S · 

Natl Kpnl Xhol BamHI 

B 

MCS Gene D Plasmid 
Signal 6Hisl 

of 
IPTG 

Interest 
M ~- I pDJSVT86 --- pDJSVT87 ---

OmpA 1-27 MGKKTAIAIAVALAGFATVAQA/APKC>NT pDJSVT89 
TamA 1-27 MRYIRQLCCVSLLCLSGSAVA/ANVRLQ pDJSVT90 
Sufi 1-30 MGS LSRRQFIQASGIALCAGAVPLKASA/ AGQ pDJSVT91 

pDJSVT87 
pDJSVT90 

Multiple Cloning Site (MCS) 
5J1co1 f. co/iOmpA 1-27 ,~, 

CCATGGgaatgaaaaagacagctatcgcgattgcagtggcactggct 
~ -- G - ~ ·· K ·· K ·· T · ~ ·· I · ~ ·· I · ~ - ~ - ~ -· L · ~ -

ggtttcgctaccgtagcgcaggccgctccgaaagataacacc caccac 
·G · ·F · ·A · ·T · ·V · ·A · ·Q · ·A · ·A · ·P · ·K · ·D · ·N · ·T · ·H · ·H · 
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Figure 3.1 Overview of E. coli expression vectors and Multiple Cloning Sites (MCS) for the production 
of recombinant proteins secreted to extracytoplasrnic spaces. A) Overview showing features of vectors 
created from a pET-16b base vector. B) Overview showing features of vectors created from a pACYCduet-
1 base vector . C) Representation of the protein products created by both vectors. D) Table describing 
vector specific features for each of the five vectors described in this chapter. 
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Protein Expression: 

We have successfully used LB with IPTG, or ZYP-5052 auto-induction media for robust 

expression and purification of secreted and membrane proteins. E. coli have been used with 

success (BL21 (DE3)) for proteins secreted into the media . In addition, we found that outer 

membrane proteins expressed and purified well from ArcticExpress (DE3) RILE. coli. While it 

has not been tested, combining the vectors described herein with recently reported E. coli strains 

designed specifically for robust production of outer membrane proteins could increase target 

proteinyield .[10] 

DNA from positively cloned constructs were transformed into either BL21 (DE3) or 

ArcticExpress (DE3) RIL E. coli for protein expression . A single colony was picked and 

transferred to a sterile tube containing five mL of LB media supplemented with carbenicillin 

(pDJSVT86, 89, 91) or chloramphenicol (pDJSVT87, 90) at 100 or 25 µg/ml, respectively, and 

grown overnight at 37 °C with 250 RPM shaking . Overnight growths were used to inoculate 100 

mL of autoinduction media in a 500 mL baffled bottom flask (1: 100 inoculation), and then grown 

overnight(~ 16 hours) at 37 °C with 250 RPM shaking . If the yield of your protein is low, you can 

scale up to 1 L of media in a 4 L baffled bottom flask and follow the same protocol. In addition, if 

autoinduction of protein expression at 37 °C does not produce enough protein, we recommend 

using ArcticExpress (DE3) RILE . coli for protein expression at 8 °C overnight with 25 µM IPTG 

added at an OD6oo=0.6 before lowering the temperature for> 16 hours . The following morning , E. 

coli are harvested by centrifugation at 5k RCF for 15 minutes to pellet cells . Media was then 

poured off and sterile filtered using a 0.3 µm filter and a vacuum flask. The 100 mL of collected 

media was adjusted to 20 mM Tris pH 7 .5 and 400 mM NaCl before purification over Ni-sepharose 

beads . Optionally, if larger cultures are required to yield the desired amount of protein, the pH 
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and salt adjusted media can then be concentrated using a Stirred ultrafiltration cell and the desired 

molecular weight cutoff filters ( e.g. 10 kDa) to facilitate an easier purification . 

Media is next incubated with 5 mL of packed Ni-sepharose beads while stirring at 4 °C for 

one hour in a glass beaker. Media and Ni-Sepharose beads are then poured into a 2.5 x 10 cm 

glass purification column with an adjustable flow stop cock. Allow the beads to pack into a 

uniform resin bed and then slowly pass the media containing your 6His tagged protein back 

through the resin bed to ensure efficient protein capture. Wash the beads with 100-300 mL ofNi-

Sepharose wash buffer, followed by elution of your target protein in 10-20 ml of Ni-Sepharose 

elution buffer . Purified protein can now be further purified using ion exchange or size-exclusion 

chromatography on a Fast-protein liquid chromatography (FPLC) system. In addition, the initial 

affinity purification using Ni-Sepharose resin can be run on an FPLC. Post purification, check for 

yield and purity by SDS-PAGE and a bicinchoninic acid assay (BCA) or Qubit instrument. To 

ensure the protein is your target and contains a 6His tag, a western blot can be run using a 6His 

primary antibody as described below. Protein can be further concentrated for downstream 

experiments using Amicon spin concentrators (GE Life Sciences). 

Expression and Purification of Outer Membrane Proteins : 

As with all membrane proteins , there are vast differences in optimal expression and purification 

conditions, and we recommend reading a comprehensive review by SM Smith [ 11] or other sources 

of your choice. For the following studies, we reference a paper that addressed the purification of 

membrane proteins in Campylobacter jejuni.[12] The researchers reported that purification of 

outer membrane proteins using N-lauroylsarcosine (Sarkosyl) produced the purest protein, and 

therefore we used a hybrid strategy for the purification of FplA; a Type 5d secreted outer 

membrane protein that contains a 50 kDa soluble portion extracellular to the membrane .[8] This 
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likely makes the protein act less like a true embedded outer membrane protein, which we address 

during the following methods. 

DNA from positively cloned constructs were transformed into either BL21 (DE3) or 

ArcticExpress (DE3) RIL E. coli for protein expression. A single colony was picked and 

transferred to a sterile tube containing five mL of LB media supplemented with carbenicillin 

(pDJSVT86, 89, 91) or chloramphenicol (pDJSVT87 , 90) at 100 or 25 µg/ml, respectively , and 

grown overnight at 37 °C with 250 RPM shaking . Overnight growths were used to inoculate 100 

ml of autoinduction media in a 500 mL baffled bottom flask (1: 100 inoculation) , and then grown 

overnight(~ 16 hours) at 37 °C with 250 RPM shaking . If the yield of your protein is low, you can 

scale up to I L of media in a 4 L baffled bottom flask and follow the same protocol. In addition , if 

autoinduction of protein expression at 37 °C does not produce enough protein , we recommend 

using ArcticExpress (DE3) RILE . coli for protein expression at 8 °C overnight with 25 µM IPTG 

added at an OD6oo=0.6 before lowering the temperature for> 16 hours . The following morning , E. 

coli are harvested by centrifugation at 5k RCF for 15 minutes to pellet cells . We recommend using 

these pellets immediately instead of freezing as your protein of interest could be on the surface 

and may be sensitive to freeze thaw cycles . 

Resuspend the pellet in 10 mL of E. coli lysis buffer per 1 gram of cell pellet and lyse on 

a french press or pressure cell for 5-10 passes at maximum pressure of 20,000psi. Alternatively, 

a sonfier could be used but is harsher on proteins . After lysis, centrifuge the lysate at 4 °C and 

12,000 RCF for 15 minutes . Remove the supernatant and transfer to ultracentrifuge tubes for 

centrifugation 4 °C and 100,000 RCF for 1 hour . This will produce a pellet of total membranes, 

which should be resuspended in 10 ml of membrane pellet resuspension buffer by pipetting to 

resuspend pellets in all tubes and recombining into a small beaker and stirring at 4 °C for 1 hour 

to solubilize the membranes . At this point, most protocols would have you re-centrifuge this 
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mixture to pellet the outer membrane proteins, but we have found that our outer membrane protein 

with soluble extracellular domains partially fractionate into the Sarkosyl containing buffer; a trait 

usually reserved for inner membrane proteins. Therefore, we then dilute the 10 ml of total 

membrane containing buffer with 90 ml of membrane fraction dilution buffer (same at the initial 

lysis buffer), to bring the final concentration of Sarkosyl to 0.2%. 

Protein in membrane purification buffer is next incubated with 5 mL of packed Ni-

sepharose beads while stirring at 4 °C for one hour in a glass beaker . Media and Ni-Sepharose beads 

are then poured into a 2.5 x 10 cm glass purification column with an adjustable flow stop cock . 

Allow the beads to pack into a uniform resin bed and then slowly pass the media containing your 

6His tagged protein back through the resin bed to ensure efficient protein capture . Wash the beads 

with 100-300 ml of Ni-Sepharose membrane wash buffer , followed by elution of your target 

protein in 10-20 ml ofNi-Sepharose membrane elution buffer . Purified protein can now be further 

purified using ion exchange or size-exclusion chromatography on a Fast-protein liquid 

chromatography (FPLC) system . In addition, the initial affinity purification using Ni-Sepharose 

resin can be run on an FPLC . Post purification, check for yield and purity by SDS-PAGE and a 

bicinchoninic acid assay (BCA) or Qubit instrument. To ensure the protein is your target and 

contains a 6His tag, a western blot can be run using a 6His primary antibody as described below . 

To further concentrate protein for downstream experiments , we recommend using Amicon Ultra 

Centrifugal Filter Units (GE Life Sciences) . 

Immunoblotting: 

To detect the production of secreted , periplasmic, or outer membrane proteins using the vectors 

described here , we recommend taking advantage of the N-terminal 6His tag that remains on the 
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proteins after passing through the Sec or Tat secretion systems . In addition, you can also use 

antibodies specific for your protein of interest using the following protocol : 

In brief, separate the desired protein purification fractions or purified proteins by SDS-

P AGE using a pre-cast 4-20% gel. Load 5 µL of Color Prestained Protein Standard, Broad Range 

(11-245 kDa) to the gel to ensure that you can identify the molecular weight of your target protein 

by western blot. Transfer proteins to a methanol activated Polyvinylidene difluoride (PVDF) 

membrane using western blot transfer buffer . Post transfer , incubate the membrane in 10 mL of 

blocking buffer (TBST 3% BSA) in a plastic container ( ensure the blot is submerged) for >2 hours 

with gently rocking at room temperature or overnight at 4 °C. Remove the blocking buffer and 

add in 10 mL of a 1:1000 dilution of THE™ His Tag Antibody , mAb, Mouse (Genscript) in 

blocking buffer . Incubate for 1 hour at room temperature with light rocking . Discard of the 

primary antibody solution and wash extensively with TBST . Add in 10 mL of a 1:5000 dilution 

of Anti-mouse m-IgGK BP-HRP secondary antibody (Santa Cruz) in blocking buffer . Incubate for 

1 hour at room temperature with light rocking . Discard the secondary antibody solution and wash 

extensively with TBST. Remove the membrane from the TBST wash solution and place on a flat 

surface covered in aluminum foil. Add 3 ml of properly mixed ECL western blotting substrate and 

ensure that the entire blot is covered in liquid for -3 minutes . Carefully pick up the blot with 

tweezers and transfer to a western blot developing cassette . Use either Lucent Blue X-ray film or 

a digital gel and blot imaging system to visualize 6His tagged proteins on the gel. 

Immunofluorescence Microscopy of Outer Membrane Proteins: 

We provide a protocol for visualizing 6His tagged domains on the surface of E. coli using the 

commercially available THE™ His Tag Antibody, mAb, Mouse (Genscript) . In addition , you can 

also use antibodies specific for your protein of interest using the following protocol: 
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DNA from positively cloned constructs were transformed into either BL21 (DE3) or 

ArcticExpress (DE3) RIL E. coli for protein expression. A single colony was picked and 

transferred to a sterile tube containing five mL of LB media supplemented with carbenicillin 

(pDJSVT86, 89, 91) or chloramphenicol (pDJSVT87, 90) at 100 or 25 µg/ml, respectively, and 

grown overnight at 37 °C with 250 RPM shaking . Overnight growths were used to inoculate 100 

ml of autoinduction media in a 500 mL baffled bottom flask (1: 100 inoculation) , and then grown 

overnight (2: 16 hours) at 37 °C with 250 RPM shaking . In addition , if autoinduction of protein 

expression at 37 °C does not produce enough protein , we recommend using ArcticExpress (DE3) 

RILE. coli for protein expression at 8 °C overnight with 25 µM IPTG added at an OD6oo=0.6 

before lowering the temperature for > 16 hours . The following morning, E. coli are back diluted 

to OD6oo=0.2 and 1 mL is centrifuged at 5,000 RCF for five minutes . The pelleted bacteria are 

washed twice with 500 µL of PBS 0.2% Gelatin pH 7.5 followed by centrifuging at 5,000 RCF for 

five minutes . Resuspend cells in 500 µL of PBS with 3.2% paraformaldehyde and fix for 20 

minutes . Concurrently , incubate round 10 mm #1.5 coverslips with 0.lmg/mL poly-L-lysine for 

20 minutes at room temperature . After bacteria are fixed, transfer a single coverslip to a 12 well 

plate and then place the 500 µL of bacteria into the well on top of the coverslip . Next, add 2 mL 

of PBS to the well and swirl to make sure the coverslip is submerged . Transfer the 12 well plate 

into a swinging bucket centrifuge and pellet bacteria onto coverslips at 2,000 RCF for 10 minutes . 

Post-centrifugation , transfer coverslips to a fresh well in a 12 well plate and wash the coverslip 2x 

with 2 mL of PBS 0.2% Gelatin pH 7.5. 

Prepare a 100 µL solution of 1: 100 dilution of your antibody of choice (THE™ His Tag 

Antibody , mAb, Mouse Genscript) in PBS 0.2% Gelatin pH 7.5. Place 20 µl of the solution on a 

piece of parafilm, and invert the coverslip on the antibody solution for one hour at room 

temperature . To maintain moisture , place a small container over the coverslip with a wet sponge 
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taped to the lid. After incubation in primary antibody, transfer the coverslip bacteria up into a new 

well in a 12 well plate and wash 2x with PBS 0.2% Gelatin pH 7.5. Next, add 1 ml of PBS 0.2% 

Gelatin to each well and add 2 drops from the dropper of Goat anti-Rabbit IgG (H+L) Secondary 

Antibody, Alexa Fluor 488. Incubate at room temperature for 30 minutes, followed by two washes 

with 2 mL of PBS 0.2% Gelatin pH 7.5, and two washes with 2 mL of PBS pH 7.5. Add 4 µL of 

ProLong Gold Antifade mountant to a glass slide and invert the cover slip on top. Gently press 

down and remove excess liquid from the edges of a coverslip with a delicate task wipe. Seal the 

coverslip to the slide with nail polish around the edges. Store the slide in a dark case until you are 

ready to image . 

Image the fluorescently green labeled bacteria using a fluorescent microscope and either a 

GFP or FITC filter under 63x or 1 00x magnification . Obtaining images using either brightfield or 

phase contrasts (better) will help to determine the percentage of cells that expressed your protein 

in the outer membrane . Representative results can be seen in figure 3.2 . 

Notes 

1. Web servers for signal peptide prediction : PREDTA T 

(http://www.compgen.org/tools/PRED-TAT/submit ), SignalP : We find the most accurate 

predictions use SignalP v 3.0 with the Hidden Markov Model (HMM) option selected 

(http://www.cbs.dtu.dk/services/Signa1P-3.0/ ) 

2. Plasmids presented in Figure 1 are available through Addgene 

(www.addgene.org/Daniel SladeO as outlined in Table 1, and all sequences and details 

of plasmids and their development can be found on our Open Science Framework 

(https://osf.io/n7tmj /) data repositories . 
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3. Note that these plasmid were created to maximize cloning efficiency for AT rich 

genomes by utilizing the GC rich restriction enzyme sites Notl (GCGGCCGC), Kpnl 

(GGTACC), Xhol (CTCGAG). 

4. These vectors can also be used for expression of cytoplasmic proteins by cloning into the 

vector using the Ncol site located 5' of the signal sequence DNA. The Notl, Kpnl, or 

Xhol site can then be used as the 3' restriction site. Note, this will also remove the 6His 

tag located in the vector . This will also partially revert the plasmids back to their parent 

vectors ofpET-16b (pDJSVT86 , 89, 91) and pACYCDuet-1 (pDJSVT87, 90) 

5. We prefer to clone all of our genes through polymerase chain reaction (PCR), but users 

can also choose to synthesize genes if desired , which would allow for codon optimization 

in E.coli . 
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Figure 3.2: Expression of recombinant, extracytoplasmic proteins in E. coli using a suite of vectors 
described herein. A) Overview of protein export and the potential sub- and extracellular location of proteins. 
B) Description of vectors and the secretion systems used by each. C) Detection by 6His western blot and 
purification of two secreted proteins directly from the media of an overnight autoinduction growth. D) 
Immunoblot detection and purification of the Fusobacterium nucleatum outer membrane protein FplA, and 
detection of its expression on the surface of E. coli as detected by immunofluorescence using the same FplA 
antibody used in the immunoblot. 
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Abstract 

Fusobacterium nucleatum is an oral pathogen that is linked to multiple human infections and 

colorectal cancer. Strikingly, F. nucleatum achieves virulence in the absence of large, multi-

protein secretion systems (Type I, II, III, IV, and VI) which are widely used by Gram-negative 

bacteria for pathogenesis. By contrast, F. nucleatum strains contain genomic expansions of Type 

V secreted effectors ( autotransporters) that are critical for host cell adherence, invasion, and 

biofilm formation. Here we present the first characterization of a F. nucleatum Type V d 

phospholipase class Al autotransporter (strain ATCC 25586, gene FNl 704) that we hereby rename 

Fusobacterium phospholipase autotransporter (FplA). Biochemical analysis of multiple 

Fusobacterium strains revealed that FplA is expressed as a full-length 85 kDa outer membrane 

embedded protein, or as a truncated phospholipase domain that remains associated with the outer 

membrane . While the role of Type V d secretion in bacteria remains unidentified, we show that 

FplA binds with high affinity to host phosphoinositide signaling lipids, revealing a potential role 

for this enzyme in establishing a F. nucleatum intracellular niche. To further analyze the role of 

FplA we developed an jplA gene knockout strain, which will guide future in vivo studies to 

determine its potential role in F. nucleatum pathogenesis. In summary, using recombinant FplA 

constructs we have identified a biochemical toolbox that includes lipid substrates for enzymatic 

assays, potent inhibitors, and chemical probes to detect, track, and characterize the role of Type 

V d secreted phospholipases in Gram-negative bacteria. 
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Introduction 

Fusobacterium nucleatum is an emerging oral pathogen that is involved in periodontitis[l], and 

also readily disseminates, presumably through hematogenous spread[2,3], to cause potentially 

fatal infections of the brain[4], liver[5] , lungs[6], heart[?], appendix[8], and amniotic fluid where 

it causes preterm birth[2,9,10]. Recent studies have uncovered a correlation between colorectal 

cancer tumors and an overabundance of F. nucleatum present in diseased tissue[ll-13]. 

Subsequent studies confirmed a potential causative effect for F. nucleatum in tumor formation 

using an APC mini- mouse model of accelerated CRC pathogenesis[ 14 ]. In addition , human patients 

that had the highest detected levels of F. nucleatum within tumors had the lowest survival rate[ 15]. 

Invasive F. nucleatum strains can enter into epithelial and endothelial cells[16 ,17], which induces 

the secretion of proinflammatory cytokines that drive local inflammation as seen in colorectal 

cancer[14]. Previously characterized proteins involved in host cell binding and invasion include 

FadA (ATCC 25586, gene FN0264) , a small helical adhesin that binds to E-cadherin and 

modulates prevalent colorectal cancer signaling pathways[18 ,19]; Fap2 (ATCC 25586, gene 

FN1449), a galactose inhibitable Type Va secreted autotransporter adhesin that binds Gal-GalNAc 

sugars[3 ,20-22] ; and RadD (ATCC 25586, gene 1526), an arginine inhibitable Type Va 

autotransporter adhesin[20,23]. F. nucleatum also induces the production of human ~-defensin 2 

and 3 (hBD2, hBD3), which are secreted, cationic antimicrobial peptides that act as chemo-

attractants to modulate adaptive immunity[24 ,25]. 

F. nucleatum is unique in that it does not harbor large, multi-protein secretion systems 

(Types I-IV, VI, and IX) to establish infections and alter host-signaling for survival[26] . However, 

invasive strains of F. nucleatum contain an overabundance of uncharacterized proteins containing 

type II membrane occupation and recognition nexus (MORN2) domains, and a genomic expansion 

of Type V secreted effectors known as autotransporters[l 7]. Autotransporters are large outer 
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membrane and secreted proteins that are divided into 5 classes (Type Va-Ve) based on their 

domain architecture, and are critical proteins in host cell adherence, invasion, and biofilm 

formation[27-30]. Autotransporter biogenesis and folding is driven by initial translocation through 

the SEC apparatus in the inner membrane, followed by the insertion of a C-terminal P-barrel 

domain in the outer membrane[30,31]. In a process that requires multiple chaperones ( e.g. BAM 

complex), the large N-terminal passenger domains is that presented on the surface or cleaved and 

secreted after P-barrel translocation . The recent biochemical and structural characterization of the 

type Vd autotransporter PlpD from Pseudomonas aeruginosa revealed a secreted N-terminal 

patatin-like protein (PFAM: PF0I 734) with an a-P hydrolase fold containing a catalytic dyad (Ser, 

Asp) conferring phospholipase A 1 activity (EC 3 .1.1.32) through the hydrolysis of 

glycerophospholipid moieties at the sn-l position to release a fatty acid[32,33]. In addition, PlpD 

contains a 16-strand C-terminal P-barrel domain of the bacterial surface antigen family (PF AM: 

PF0I 103) for outer membrane anchorage, and a (POTRA) domain potentially involved in protein 

folding and export of the phospholipase domain to the surface. The PlpD secreted phospholipase 

domain was able to disrupt liposomes and was also shown to bind the phosphoinositide class of 

human intracellular signaling lipids[34]. Our anlysis revealed that most F. nucleatum genomes 

each contain one gene (in strain ATCC 25586, gene FNI 704, UniProtKB-Q8R6F6 - herein 

renamed.fp/A) encoding for a previously uncharacterized-85 kDa type Vd autotransporter that is 

homologous to PlpD. Bioinformatic analysis of F. nucleatum strains reveals that most strains also 

contain a single gene encoding for an additional small patatin domain containing protein (-32 kDa) 

(FN0508, UniProtKB-Q8R6Al) that is not a Type Vd autotransporter and does not contain a 

predicted signal sequence for export from the bacterial cytoplasm. 

While the role of Type V d secreted phospholipases has not been determined, bacterial 

phospholipases play critical roles in the virulence of intracellular bacteria by promoting 

93 



phagosome survival, or by aiding in vacuole lysis to achieve liberation into the cytoplasm and 

subversion of host lysosomal induced death[35,36]. Bacterial pathogens including Helicobacter, 

Listeria, Salmonella, Shigella, Pseudomonas, and Legionella rely on phospholipases for virulence, 

survival, and some for intercellular spread[36]. Pld.Al fromHelicobacter pylori is a phospholipase 

that is involved in growth at low pH[37], colonization of the gastric mucosa[38], and hemolytic 

activity[38]. Listeria monocytogenes secretes two phospholipase C proteins (PI-PLC and PC-PLC) 

that are critical for late time point evasion of autophagy and establishment of an intracellular 

niche[39]. 

Here we present studies that probe the molecular mechanisms of the Type V d secreted 

autotransporter phospholipase FplA using a diverse set of chemical and biological tools. These 

experiments have strengthened our understanding of the Type V d secretion, and will aid in 

determining the role ofFplA in F. nucleatum pathogenesis. 
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Materials and Methods 

Bacterial Strains, Growth Conditions, and Plasmids: 

Unless otherwise indicated, E. coli strains were grown in LB at 37°C aerobically, andF. nucleatum 

strains were grown in CBHK (Columbia Broth, hemin (5 µg/mL) and menadione (0.5 µg/mL)) at 

37°C in an anaerobic chamber (90% N2, 5% CO2, 5% H2). Where appropriate, antibiotics were 

added at the indicated concentrations : carbenicillin 100 µg/mL; thiamphenicol 5 µg/mL (CBHK 

plates), 2.5 µg/mL (CBHK liquid) . For taxonomy verification of Fusobacterium, PCR 

amplification of a 1502bp region of the 16S rRNA gene sequence was carried out using the 

universal primers U8F and U1510R (Table 4.3) as previously described [40]. Sanger sequence 

analysis was carried out at the Advanced Analysis Center at the University of Guelph . Obtained 

DNA sequences were compared to the GenBank database (NCBI) using BLASTn . 

Bioinformatic Analysis of FplA in Multiple Fusobacterium Strains: 

The genome sequence of F. nucleatum strain ATCC 25586 (GenBank accession NC_ 003454 .1) 

was used to predict all open reading frames using the Prodigal Bacterial Gene Prediction 

Server[ 41] . An open reading frame encoding for a 7 60 amino acid protein was identified using a 

HMMER model built from a seed alignment of the PFAM (EMBL-EBI website) patatin family 

(PF0l 734) and the stand alone HMMER 3.1 software package[42] . The identified gene contained 

an N-terminal patatin domain conferring phospholipase activity and a C-terminal bacterial surface 

antigen domain (PFAM: PF01103) that encodes for an outer membrane ~-barrel domain . Cross 

referencing revealed this gene is FNl 704 in F. nucleatum ATCC 25586, which was incorrectly 

predicted to be a serine protease in both the KEGG and Uniprot databases . The same method was 

used to search multiple Fusobacterium genomes resulting in the identification of only one protein 

with this structure in each strain. A PSI-BLAST search using FplA returned a close match to the 
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Pseudomonas aeruginosa protein PlpD, which was previously characterized as a class Al 

phospholipase and labeled as the first in a new class of type V d autotransporters[32,33]. 

Alignment of FplA proteins from seven strains of Fusobacterium shown in Fig. 4.12 was 

performed using Geneious version 9.0.2[43]. 

Structure Prediction to Identify Domain Boundaries and Catalytic Residues in FplA: 

Structure prediction was performed using the FplA sequence from F. nucleatum strain 25586 and 

the SWISS-MODEL Workspace[44]. Results showed a close match of the N-terminal 

phospholipase domain to PlpD from Pseudomonas aeruginosa (PDB: 5FY A) and the C-terminal 

POTRA and ~-barrel domains to BamA from Haemophilus ducreyi (PDB: 4K3C) (Fig. 4.1-4.2). 

A composite predicted structure was assembled using the predicted phospholipase , POTRA, and 

~-barrel domain, which has the phospholipase domain exposed on the surface of the bacteria, 

which we confirmed biochemically as a recombinant protein in E. coli and a native protein in F. 

nucleatum . In addition, the modeled FplA phospholipase domain was aligned with ExoU (PDB: 

4AKX) and VipD (PDB: 4AKF) (Fig. 4.3). Active site residues in FplA were identified as S98 

and D243, and these were verified by multiple enzymatic and chemical biology methods presented 

in Fig. 4.4 and Fig. 4.6. In close proximity to the active site is the oxyanion hole comprised of 

three consecutive glycine residues (069, 070, 071). Graphical representations and alignments of 

all predicted structures were created using Py MOL Molecular Graphics System, Version 1. 7 .3 

Schrodinger, LLC. 
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Cloning of FplA Constructs for Expression in E. coli: 

All primers were ordered from IDT DNA and all plasmids and bacterial strains either used or 

created for these studies are described in Table 4.1 (Bacterial Strains), Table 4.2 (Plasmids), and 

Table 4.3 (Primers) . All restriction enzymes and T4 DNA Ligase, and Antarctic Phosphatase were 

from NEB (MA, USA) . DNA purifications kits were from BioBasic (Markham, ON). Genomic 

DNA for F. nucleatum ATCC 25586 was purchased from ATCC (VA, USA) and used to create 

all recombinant FplA constructs for expression described herein . pET16b was used as the base 

expression vector for E.coli expression ofFplA constructs . PCR products were then spin column 

purified and digested overnight at 37°C with restriction enzymes described in Table 4.3. Digested 

PCR products were spin column purified and ligated by T4 DNA ligase into pET16b vector that 

had been restriction enzyme and Antarctic Phosphatase treated according to the manufacturer's 

recommended protocol. Ligations were transformed into Mix & Go! (Zymo Research, USA) 

competent E.coli and plated on LB 100 µg/ml carbenicillin (ampicillin), followed by verification 

of positive clones by restriction digest analysis using purified plasmid. Positive clones were then 

transformed into LOBS TR RIL[ 45] E. coli cells for protein expression . 

Specifically, pDJSVT84 (FplA20.3so), pDJSVT43 (FplA20-431), pDJSVT85 (FplA6o-3so), and 

pDJSVT82 (Fp1A6o-43I) all produce proteins with a C-terminal 6x-Histidine tag and are expressed 

in the cytoplasm because these constructs lack the N-terminal signal sequence used to export FplA 

through the Sec apparatus inF. nucleatum . pDJSVT60 (FplAzo-431 S98A) and pDJSVT61 (FplA20-

431 D243A) were created by using pDJSVT43 as a template for Quikchange mutagenesis PCR . 

Verification of mutants and all clones was performed by Sanger sequencing (Genewiz , USA) . To 

facilitate the export of FplA to the surface of E. coli , a new inducible expression vector was created 

using pETl 6b as the backbone by incorporating the signal sequence from the E. coli protein OmpA 

(residues 1-27). In addition , this expression vector (pDJSVT86) contains an N-terminal 6x-
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Histidine tag that remains on the expressed protein after residues 1-21 from OmpA are cleaved in 

the periplasm . This effectively creates an inducible vector for the expression of periplasmic and 

outer membrane proteins in E. coli that was customized with GC rich restriction sites (Notl, Kpnl, 

Xhol) to facilitate enhanced cloning of AT rich (74%) genomes such as F. nucleatum . Using the 

pDJSVT86 expression vector , pDJSVT88 (OmpA1-21, 6xHis, FplA20-160) was created and shows 

efficient export of enzymatically active, full-length FplA to the surface of E. coli (Fig. 4.8) . 
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Strain Bacterial Relevant genotype Source or 
Species Reference 

TOPlO E.coli mcrA, !:!.(mrr-hsdRMS-mcrBC), Invitrogen 
Phi80(del)MJ 5, !:!.lacX74, deoR, 
recAJ, araDJ 39, l:!.(ara-leu)7697, 
ga/U, ga/K, rpsL(SmR), endAJ, nupG 

LOBSTR-BL21(DE3)-RIL E.coli jhuA2 [Ion] ompT gal (A DE3) [dcm] [45] 
AhsdS A DE3 = A sBamHio AEcoRI-B 
int::{lacJ::Placuvs::'1'7 
genel) i21 LJninS arnA(H359S, 
H361S, H592S, H593S) s/yD(l-150) 

F. nuc/eatum nuc/eatum F. nuc/eatum Wild Type ATCC, [17,46--48] 
ATCC 23726 

DJSVT0l F. nuc/eatum F. nuc/eatum ATCC 23 726 Cmr Tmr This Study 
l:!.FNl 704::catP 

F. nuc/eatum nuc/eatum F. nuc/eatum Wild Type ATCC, [17,46--48] 
ATCC 25586 

F. nuc/eatum polymorphum F. nuc/eatum Wild Type ATCC, [17,46--48] 
10953 

F. nuc/eatum vincentii A TCC F. nuc/eatum Wild Type ATCC, [17,46--48] 
49256 

F. nuc/eatum vincentii 4 1 13 F. nuc/eatum Wild Type [17] - -

F. nuc/eatum animalis 4 8 F. nuc/eatum Wild Type [17] 

F. nuc/eatum animalis 7 1 F. nuc/eatum Wild Type [17] 

Table 4.1 Bacterial strains used for this study. 
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Plasmid Description 

pET16b E. coli inducible expression vector 

pJIR750 Base C. pe,fringens-E. coli shuttle vector to make F. nucleatum shuttle 
vectors. 

pDJSVT43 F. nucleatum 25586 FNl 704 (fp!A) 20-431 C-6xHis cloned into pETl 6b 

pDJSVT60 F. nucleatum 25586 FNl 704 (fp!A) 20-431 S98A C-6xHis cloned into 
pET16b 

pDJSVT61 F. nucleatum 25586 FNl 704 (fplA) 20-431 D243A C-6xHis cloned into 
pET16b 

pDJSVT82 F. nucleatum 25586 FNl 704 (fplA) 60-431 C-6xHis cloned into pETl 6b 

pDJSVT84 F. nucleatum 25586 FNl 704 (fplA) 20-350 C-6xHis cloned into pET16b 

pDJSVT85 F. nucleatum 25586 FNl 704 (fplA) 60-350 C-6xHis cloned into pETl 6b 

pDJSVT86 E. coli inducible expression vector - pET 16b with E.coli OmpA signal 
sequence (residues 1-27) followed by a 6xHis tag and multiple cloning 
site. 

pDJSVT88 F. nucleatum 25586 FNl 704 (fplA) 20-760 cloned into pDJSVT86 for 
expression of full length FplA on the surface of E. coli 

pDJSVTl00 Shuttle vector to make strain DJSVT0l (Table SJ): F. nucleatum ATCC 
23726 ~FNl704::catP(Cm' Tm') 

Cm' = Chloramphenicol resistance 

Tm' = Thiamphenicol resistance 

Table 4.2. Plasmids used in this study 
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Primer Sequence 5' to 3' Directi Restriction Tag FplA Construct Strain/Plasmid 
on Site (Table SJ, S2) 

prDJSVT95 GCACTACCCATGGAAAATAT Forwar Ncol AA 20-350, 20-431 pDJSVT43, 
CGAATTAAAATCAAGAG d pDJSVT84 

prDJSVT96 CTAGTTCTCGAGTTAATGATG Reverse Xhol 6xHis AA 20-431, 60-431 pDJSVT43, 
ATGATGATGATGTGCTTTTTC pDJSVT82 
TCCATCTAAATATAAAAC 

prDJSVT135 CTATATAACAGGTACTGCTAT Forwar QuikChange : AA 20- pDJSVT60 
AGGAGCCTTTATTG d 431 S98A 

prDJSVT136 CAATAAAGGCTCCTATAGCA Reverse QuikChange: AA 20- pDJSVT60 
GTACCTGTTATATAG 431 S98A 

prDJSVT137 GGAAATATATGTTGCTGGTCT Forwar QuikChange: AA 20- pDJSVT61 
TGTTAGTAG d 431 D243A 

prDJSVT138 CTACTAACAAGACCAGCAAC Reverse QuikChange: AA 20- pDJSVT61 
ATATATTTCC 431 D243A 

prDJSVT153 CTAGTTCTCGAGTTAATCTAA Reverse Xhol OmpA 1-27 Fp!A 20- pDJSVT88 
TTTATATCCAATTG 760 

prDJSVT203 GCACTACGCGGCCGCGGAAA Forwar Notl OmpA 1-27 Fp!A 20- pDJSVT88 
ATATCGAATTAAAATCAAGA d 760 
G 

prDJSVT211 GCACTACCCATGGGAAATTT Forwar Ncol AA 60-350, pDJSVT82 
AAAAGTTGCTCTAGTTTTAAG d 60-431 

prDJSVT214 CTAGTCTCGAGTTAGTGGTGG Reverse Xhol 6xHis AA 20-350 , 60-350 pDJSVT84, 
TGGTGGTGGTGCTTTTTATTA pDJSVT85 
TCAGCTTTAGC 

prDJSVT215 GAGATATACCATGGGAATGA Forwar Ncol OmpA 1-27 vector pDJSVT86 
AAAAGACAGCTATCGCG d 

prDJSVT216 GATCCTCGAGGGTACCCGCG Reverse Notl, Kpnl, 6xHis OmpA 1-27 vector pDJSVT86 
GCCGCGTGGTGGTGGTGGTG Xhol 
GTGGGTGTTATCTTTCGGAG 

prDJSVT259 GCATCGAATTCGAGATGTTGC Forwar EcoRI KO vector for strain pDJSVTI00 
T AAAA TTTT AA TAG d 23 726 /',.fplA 

prDJSVT260 CGTAGCACTAGTCTAGAAAA Reverse Spel KO vector for strain pDJSVTI00 
CTTTGAAAGTACAC 23 726 /',.fplA 

prDJSVT295 CATTTTTAGCAGATTATGAAA Reverse catP primer to confirm Strain DJSVT0 1 
GTG pDJSVTI00 and 1',.fp/A 

U8F AGAGTTTGATYMTGGCTCAG Forwar 16s rRNA for F. Fusobacterium 
d nucleatum verification strains 

Ul510R GGTTACCTTGTTACGACTT Reverse 16s rRNA for F. nuc. Fusobacterium 
verification strains 

Table 4.3. Primers used for this study. 
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FplA Protein Expression and Purification: 

Briefly, all FplA constructs in LOBSTR RIL[45] E. coli cells were grown in Studier auto-induction 

media[50] (ZYP-5052, 0.05% glucose, 0.5% lactose , 0.5% glycerol) at 37 °C, 250 rpm shaking, 

and harvested at 20 hours post inoculation by pelleting at 5 kG for 15 minutes at 4 °C. Pellets were 

weighed and resuspended in lysis buffer (20 mM tris pH 7.5, 20 mM imidazole, 400 mM NaCl, 

0.1 % BOG, 1 mM PMSF) at 10 mL/gram of cell pellet. Bacteria were lysed by using 5 passes on 

an EmulsiFlex-C3 (Avestin, Germany), followed by removal of insoluble material and unlysed 

cells by pelleting at 15 kG for 15 minutes at 4 °C. The resulting supernatant containing 6xHis-

tagged FplA constructs were gently stirred with 5 mL ofNiCb charged chelating sepharose beads 

(GE Healthcare, USA) for 30 minutes at 4°C, followed by washing with 200 mL of wash buffer 

(20 mM Tris pH 7.5, 50 mM Imidazole, 400 mM NaCl, 0.1% BOG) . After washing, FplA was 

eluted in 10 mL of elution buffer: (20 mM Tris pH 7 .5, 250 mM Imidazole , 50 mM NaCl , 0.1 % 

BOG) . This protein was directly applied to a HiTrap Q FP anion exchange column (FplA construct 

theoretical Pis : 5.91-6 .34) and purified on an AKTA pure system (GE Healthcare, USA) using a 

linear gradient between Buffer A (20 mM Tris , pH 8, 50 mM NaCl , 0.025% BOG) and Buffer B 

(20 mM Tris , pH 8, 1 M NaCl , 0.025% BOG) . Fractions containing FplA as determined by SDS-

PAGE analysis were pooled and further purified on a HiPrep 16/60 Sephacryl S-200 HR size 

exclusion column (GE Healthcare , USA) in 20 mM Tris pH 7.5, 150 mM NaCl, 10% glycerol. 

Protein concentrations were determined using a Qubit fluorimeter and BCA assays according to 

the manufacturer's recommended protocol. Protein purity was determined using ClearPage 4-20% 

gradient gels (CBS Scientific, USA) and determined to be greater than 95% pure for all constructs . 
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Antibody Production and Western Blotting to Detect FplA: 

Purified FplA20-431 was used to create a polyclonal antibody in rabbits (New England Peptide, 

USA). To purify the antibody, FplA20-431 was coupled to CNBr-Activated Sepharose (Bioworld, 

USA) and Anti-FplA20-431 antisera adjusted to pH 8.0 with 20 mM Tris-HCl was passed through 

the column to bind FplA20-431 antibodies, followed by extensive washing in phosphate buffered 

saline (PBS) and elution in 2.7 mL of 100 mM Glycine, pH 2.8. To the eluted antibodies, 0.3 mL 

of IM Tris-HCI pH 8.5 was added, for a final storage buffer of (10 mM Glycine, 100 mM Tris-

HCl, pH 8.5). 

For western blot detection of FplA, proteins were separated by SDS PAGE and 

subsequently transferred to PVDF membranes, blocked in 20 mL ofTBST (20 mM Tris, 150 mM 

NaCl, 0.1% Tween 20) with 3% BSA for 15 hrs at 4°C. After blocking, the membranes were 

incubated with rabbit anti-FplA antibody (1: 10,000 for pure proteins, 1:2,500-1:1000 whole cells 

or lysates) in TBST 3% BSA for 1 hour (70 rpm shaking, 26°C). After incubating with the primary 

antibody the membrane was washed with TBST, followed by incubation with goat anti-rabbit-

HRP secondary antibody (Cell Signaling, USA) at 1: 10,000 dilution in TBST 3% BSA for 30 

minutes (70 rpm shaking, 26°C). After the secondary antibody incubation, the membrane was 

washed in TBST, followed by incubation with ECL-Plus blotting reagents (Pierce, USA) and 

visualization using Lucent Blue X-ray film (Advansta, USA) developed on an SRX-101A medical 

film processor (Konica, Japan). 

Development of an F. nucleatum 23726 AfplA Strain: 

Single-crossover homologous recombination gene knockouts F. nucleatum 23726 have been 

previously reported, although like with all Fusobacterium mutagenesis strategies, efficiencies are 

quite low. Based on a previous method[51], we created an integration plasmid that will not 
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replicate in F. nucleatum, therefore only producing antibiotic resistant colonies for strains that 

incorporate the plasmid directly into the chromosome in the gene of interest during transformation 

and outgrowth. A central l000bp region in the FNl 704 (jplA) gene in F. nucleatum 23726 was 

amplified from genomic DNA by PCR, digested with EcoRI and Spel, and ligated into pJIR750 

that was digested with the same enzymes and subsequently treated with Antarctic phosphatase. 

The ligation was transformed into Mix & Go! competent E. coli , and plated on LB 10 µg/mL 

chloramphenicol, followed by selection of colonies, purification of plasmid DNA, and verification 

of positive clones by restriction digest analysis. A single positive clone was selected for all future 

studies , and DNA was initially purified by spin column (BioBasic, Canada) , followed by additional 

purification of the DNA using glycogen and methanol precipitation, followed by resuspension in 

sterile deionized H2O. 

F. nucleatum 23726 was made competent by growing a 5 mL culture to mid-log phase 

(OD6oo= 0.4) followed by spinning down cells at 14k G for 3 minutes , removal of media, and five 

successive 1 mL washes with ice cold 10% glycerol in diH2O. Cells were then resuspened in a 

final volume of 100 µl of ice cold 10% glycerol (Final OD6oo= -20) . Bacteria were transferred to 

cold 1 mm electroporation cuvettes (Genesee , USA) and 0.5-2 .0 µg ([ ] > 500 ng/µl) of 

pDJSVTlO0 plasmid was added immediately before electroporating at 2.0 kV (20 kV/cm), 50 µF, 

129 OHMs, using an Electro Cell Manipulator 600 (BTX, USA) . To the cuvette, 1 mL ofrecovery 

media (CBHK, 1 mM MgCh) was added, and immediately transferred by syringe into a sterile, 

anaerobic tube via septum for incubation at 37°C for 20 hours with no shaking . Post outgrowth, 

cells were spun down at 14 kG for 3 minutes, media removed , and resuspended in 0 .1 mL recovery 

media , followed by plating on CBHK plates with 5 µg/mL thiamphenicol and incubation in an 

anaerobic 37°C incubator for two days for colony growth . - 5 colonies/µg of DNA were achieved, 

and the fplA gene knockout was verified by PCR specific to the chromosome and catP gene that 
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was incorporated into the genome by the pDJSVTl00 KO plasmid (Primers, Table S3). In 

addition, western blots were used to confirm a loss ofFplA protein expression (Fig. 4.9 and 4.11). 

Enzymatic Assay Design, Data Collection, and FplA Kinetics: 

Initial tests for FplA enzymatic activity were run using the EnzChek Phospholipase Al and 

EnzChek Phospholipase A2 assay kits (ThermoFisher, USA) at 1 µMand 10 µM FplA20-43I using 

the manufacturer's protocol (Fig. 4.4A). These assays showed that FplA has PLA1, but not PLA2 

activity, which is consistent with data reported for the homologous enzyme PlpD. We then went 

on to further characterize its activity by developing a continuous kinetic assay using the PLA1 

specific substrate PED-Al (ThermoFisher, USA) and determined the full kinetic parameters of 

FplA with this substrate as reported in Fig. 4.4 and Fig. 4.5. In detail, FplA was used at 1 nM in 

the reaction and substrate (10 mM stock in 100% DMSO) dilutions (0-10 µM) and reactions were 

carried out in reaction buffer (50 mM Tris pH 8.5, 50 mM NaCl, 0.025% BOG). All samples 

including controls contained equal concentrations of DMSO. Reactions were run at 26°C for 30 

minutes with 3 seconds of shaking in between continuous fluorescent monitoring (Ex = 488 nm, 

Em 530 nm ) every 2 minutes on a SpectraMax M5e plate reader (Molecular Devices, USA). 

Relative fluorescence units measured upon cleavage of substrate ester bonds and release of the 

acyl chain were converted to the concentration of product (BODIPY® FL C5) created by 

establishing a standard curve using pure BODIPY® FL C5 (ThermoFisher, USA). In all enzymatic 

reactions, controls containing no protein were run and the values were subtracted from the 

reactions containing protein during analysis. 

We then developed a continuous fluorescent assay to characterize the phospholipase 

activity of FplA using the general lipase substrates 4-Methylumbelliferyl Butyrate (4-MuB) and 

4-Methylumbelliferyl heptanoate (4-MuH) (Santa Cruz Biotechnology, USA). In detail, FplA 
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was used at 1 nM in the reaction and substrate (50 rnM stock in 100% DMSO) dilutions (0-200 

µM) and reactions were carried out in reaction buffer (50 rnM Tris pH 8.5, 50 rnM NaCl, 0.025% 

BOG). All samples including controls contained equal concentrations ofDMSO (0.4% ). Reactions 

were run at 26°C for 30 minutes with 3 seconds of shaking in between continuous fluorescent 

monitoring (Ex= 360 nm, Em 449 nm) every 2 minutes on a SpectraMax M5e plate reader. 

Relative fluorescence units measured upon cleavage of substrate ester bonds and release of the 

acyl chain were converted to the concentration of product (4-Methylumbeliferone, 4-Mu) created 

by establishing a standard curve using pure 4-Mu (Sigma Aldrich, USA). 

The steady-state kinetic parameters for each substrate were determined using GraphPad 

Prism version 6 (Graphpad Software, USA) by fitting the initial rate data (n=2) to the Michaelis-

Menten equation (Equation 1): 

V = Vmax[S] /(KM+ [S]) (1) 

to obtain the values reported in Fig. 4.2 and Fig. 4.10 . 

Characterization of FplA Inhibitors: 

We set out to characterize inhibitors that we could use as effective tools to test the role of FplA 

both in vitro and potentially in vivo by ICso assays using a variety of inhibitor classes. Inhibitors 

shown in Fig. 4.6 and Fig. 4. 7 were chosen based on their previous classification as inhibitors of 

a diverse set of phospholipase enzymes: Methylarachidonyl fluorophosphonate (MAFP), 

PLA2[s2i; Arachidonyl Trifluoromethyl Ketone (ATFMK), cPLA2, iPLA2[53J; Isopropyl Dodec-11-

Enylfluorophosphonate (IDEFP), fatty acid amide hydrolase[54]; Palmityl Trifluoromethyl 

Ketone (PTFMK), cPLA2, iPLA2[ssi; ML-211, LYPLAl , LYPLA2[56]; Isopropyl 

Dodecylfluorophosphonate (IDFP), fatty acid amide hydrolase, monoacylglycerol lipase[57]; 
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LY311727, sPLA2[ssi; Manoalide, sPLA2, PLC[59,60]. All inhibitors were purchased from 

Cayman Chemical, USA. 

For potent inhibitors, 0-25 µM concentrations were used in assays, and for compounds 

found to not inhibit efficiently, the concentration range was 0-100 µM. Inhibitors were diluted 

into reaction buffer (50 mM Tris pH 8.5, 50 mM NaCl, 0.025% BOG) containing 10 µM 4-MuH. 

To initiate the reaction , 1 nM final FplA20-43I was added and reactions were run at 26°C for 30 

minutes with 3 seconds of shaking in between continuous fluorescent monitoring (Ex = 360 nm, 

Em 449 nm) every 2 minutes on a SpectraMax M5e plate reader . Raw data (n=2) for each reaction 

were analyzed in GraphPad Prism using a log(inhibitor) vs response using variable slope and a 

least squares (ordinary) fit model. 

Use of Fluorescent Chemical Probes to Label and Detect FplA : 

Purified recombinant FplA constructs or WT FplA from F. nucleatum strains were visualized using 

an ActivX TAMRA-FP probe (ThermoFisher, USA) . This probe only binds to proteins with 

activated serine residues . For purified recombinant proteins , 5 µg of purified protein was incubated 

with either 100 µM of methylarachidonyl fluorophosphonate (MAFP) or PBS for 1 hour. 

Following preincubation with MAFP or PBS , 1 µM ActivX TAMRA-FP probe was added to the 

protein and incubated for 20 minutes at 26°C followed by the addition SOS-PAGE running buffer 

to stop the reaction . 500 ng of protein was run on an SOS-PAGE gel at 210V for 60 minutes, 

followed by transferring proteins to PVOF membranes in transfer buffer (25 mM Tris, 190 mM 

Glycine , 20% methanol, pH 8.3) at 80V for 60 minutes . Fluorescent proteins were visualized 

using a G:Box XX6 system (SynGene , USA) using the TAMRA fluorescence filter . 

For the detection of FplA in F. nucleatum whole cell mixtures , 5 ml of F. nucleatum 23 726 

or F. nucleatum 23726 11.fplA cells at 00600 = 0.2 were pelleted, washed , and resuspended in 100 
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µL of PBS. ActivX TAMRA-FP was added at a final concentration of2 µMand incubated at 26°C 

for 20 minutes, followed by the addition of SDS buffer. 10 uL of this reaction (lysate from-4.2 x 

108 bacteria) was run per well on an SOS-PAGE gel at 210V for 60 minutes . Gels were then 

imaged on a Typhoon Trio (GE Healthcare, USA) using the TAMRA filter setting. 

Detection of FplA on the Surface of E.coli by Microscopy, Enzymatic Activity, and 

Proteinase K Treatment: 

Using the expression vector pDJSVT86 that is described in the cloning and expression section 

above , we cloned FplA20-160 into the vector at the 3' end of the OmpA1-21-6xHis signal sequence 

(pDJSVT88) . This construct was expressed in LOBSTR RIL[45] E.coli in Studier autoinduction 

media at 37°C for 20 hours with 250 RPM shaking . The empty vector pDJSVT86 was used as a 

negative control for FplA expression for both microscopy and enzymatic assays . 

For microscopy, stationary phase bacteria from overnight expressions were washed in PBS 

pH 7.5, 0.2% gelatin and spun down at 5 kG for 5 minutes , followed by resuspending the bacteria 

at an OD6oo=0.2. To the bacteria , a final 3.2% paraformaldehyde was added for 15 minutes at 

26°C for fixation, followed by washing in PBS pH 7.5, 0.2% gelatin . 500 µl of fixed bacteria were 

then added on top of a polylysine coated coverslip in a 6 well plates, and 2 mL of PBS was added 

for a final volume of 2.5 mL. Bacteria were then spun down onto the coverslips at 2,000x G for 

10 minutes . Washed coverslips were submerged in 300 µl of PBS pH 7.5, 0.2% gelatin containing 

a 1: 100 dilution of the anti-FplA antibody and incubated for 20 hours at 26°C with light shaking. 

Coverslips were washed again in PBS pH 7.5, 0.2% gelatin and then incubated in the same buffer 

containing an anti-rabbit Alexa Fluor 488 conjugated secondary antibody for 30 minutes at 26°C. 

Washed coverslips were mounted with Cytoseal 60 (ThermoFisher, USA) and visualized by 
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brightfield and fluorescence microscopy using the GFP channel on an EVOS FL microscope (Life 

Technologies, USA) . 

For the enzymatic activity assay, stationary phase bacteria from overnight expressions were 

washed in PBS pH 7 .5 and spun down at 5 kG for 5 minutes, followed by resuspending the bacteria 

at an OD6oo=0.2 in PBS pH 7.5. Bacterial samples were incubated with 10 µM MAFP or PBS pH 

7.5 at RT for 60 minutes at 26°C, followed by washing in PBS pH 7.5 and resuspension to the 

original OD6oo=0.2 (2 x 108 CFU/mL in enzymatic assay buffer (50 mM Tris pH 8.5, 50 mMNaCl, 

0.025% BOG) . 2 x 106 bacteria were then added to reaction wells containing 10 µM 4-MuH 

fluorescent lipase substrate (Ex= 360 nm, Em 449 nm) , followed by incubation at 37°C for 30 

minutes and detection of lipid cleavage and product formation with a Spectramax M5e as seen in 

Fig. 4.8B . Activity was plotted as fluorescence units and statistical analysis was performed using 

a multiple comparison analysis by one-way ANOV A in GraphPad Prism . 

To further validate the translocation of the PLA1 domain ofFplA to the surface of E.coli, 

the non-specific and membrane impenetrable enzyme proteinase K (PK) was used to cleave FplA 

in a dose dependent manner . FplA expression was induced with 500 µM IPTG for four hours 

shaking at 37°C. Bacteria were washed in PBS and adjusted to an OD6oo = 0.2 in PBS with 1 mM 

CaCh to activate PK. 100 µl of cells were added to tubes followed by the addition of 0, 100, 250, 

or 1000 nM PK and incubation at 26°C for 15 minutes . Reactions were then quenched with 

protease inhibitors (Roche , USA) and samples were separated by SDS-PAGE and transferred to 

PVDF for western blot analysis with an anti-FplA antibody . As a control , E. coli with the empty 

vector pDJSVT86 were analyzed for FplA expression and cleavage . In addition , GAPDH was 

used a load control , and also as a control to show PK was not digesting intracellular proteins . 
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Lipid binding assays: 

Binding of FplA to various lipids was performed with commercially available lipids spotted on 

membranes, or by our laboratory spotting fresh lipids on blots. For the first analysis, membrane 

lipid strips were purchased from Eschelon, Inc. The strips were blocked in 10 mL of TBST 3% 

BSA for 2 hours at 26°C with 70 rpm shaking. After blocking, lipid strips were incubated with 

TBST 3% BSA containing 50 µg/mL of the indicated FplA construct at 4°C for 15 hours. After 

incubation with FplA, lipid strips were washed with TBST and incubated with a 1: 1000 dilution 

of rabbit anti-FplA antibody in 10 mL of TBST 3% BSA for 60 minutes at 26°C with 70 rpm 

shaking. Lipid strips were washed with TBST and incubated with a 1 :2000 dilution of goat anti-

rabbit IgG-HRP linked antibody (Cell Signaling, USA) in 10 mL of TBST 3% BSA for 30 minutes 

at 26°C with 70 rpm shaking. After secondary antibody incubation, the lipid strips were thoroughly 

washed in TBST, and ECL-Plus blotting reagents were added for visualization[61]. The 

membranes were visualized using a G:Box XX:6 system (SynGene, USA) (Fig. 4.13) 

For a more detailed analysis of FplA binding to phosphoinositides, we purchased various 

phosphoinositides from A vanti Polar Lipids, and then spotted them onto PVDF at concentrations 

from 0-200 picomols (pMol). We tested FplA binding to PI, Pl(3)p, Pl(4)p, Pl(5)p, Pl(3,4)p2, 

Pl(3,5)p2, Pl( 4,5)p2, Pl(3,4,5)p3, and cardiolipin. All steps for analysis were the same as described 

above, except the membranes were visualized using Lucent Blue X-ray film developed on a SRX-

lOlA medical film processor (Fig. 4.14). 
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Results 

FNJ 704 Encodes for a Type V d Phospholipase Autotransporter 

Fusobacterium phospholipase autotransporter (FplA, UniProtKB-Q8R6F6) was identified as the 

gene previously labeled FNl 704 in F. nucleatum ATCC 25586. Domain identification was carried 

out using SignalP 4.1 to identify a signal sequence (residues 1-19), and the SWISS-MODEL[62] 

structure prediction server identified a patatin domain responsible for phospholipase activity 

(residues 60-350), a POTRA domain common in protein-protein interactions (residues 351-431 ), 

and a C-terminal ~-barrel domain (residues 431-760) to insert FplA in the outer membrane (Fig. 

4.1) . In addition, we identified a unique 40 amino acid N-terminal extension (NTE, residues 20-

59) that plays a role in the catalytic efficiency of the enzyme likely by being critical for proper 

protein folding and position of the active site residues, and not substrate binding. Structure 

prediction of this enzyme revealed the N-terminal patatin domain is highly similar to PlpD from 

Pseudomonas aeruginosa (PDB: 5FQU), and an alignment shows an overall fold in residues 60-

343 (32% identity corresponding to PlpD residues 22-311) that align well, with a highly conserved 

active site containing a catalytic dyad (Ser98 and Asp243) and an oxyanion hole (Gly69/70/71) 

(Fig. 4.2). In addition, the next closest structural homologs of the FplA catalytic domain (residues 

60-343) are predicted to be the non-autotransporter phospholipase A enzymes ExoU (Type III 

secreted) from P. aeruginosa (19.0% identity to residues 102-472, PDB: 4AKX, 3TU3) and VipD 

(Type IV secreted ) from Legionella pneumophila (17.3% identity to residues 33-411, PDB: 

4AKF) (Fig. 4.3). 
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Figure 4.1 FplA is a Type Vd autotransporter phospholipase from Fusobacterium nucleatum. (A) 
Cartoon representation of FplA domains and their location in the periplasm, outer membrane, and surface 
exposure of the phospholipase A 1 (PLA 1) domain. Experimental data shows FplA to be cleaved in a select 
set of F. nucleatum species, but the phospholipase domain remains associated with the bacterium. POTRA: 
Polypeptide-Transport-Associated domain. (B) Structure prediction of FplA domains. Modeled Patatin 
Domain (60-341) from PDB: 5FYA (PlpD from P. aeruginosa). Modeled Beta Barrel (432-759) and 
POTRA Domain (359-431) from PDB: 4K3C (BamA from H ducreyi). 
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FplA243 DGLVSRNLPVEEAYEMGADIVVASDIGAPVVEKDDY-NILSVMNQASTIQASNITKISREKA 303 
PlpD 207 DGGMVDNIPVDVARDMGVDVVIVVDIGNPLRDRKDLSTVLDVMNQSITLMTRKNSEAQLATL268 

FplA 304 ---SILISPDVKNISALDSSKKEELMKLGKVAAEKQIDKIKLLAKA 346 
PlpD 2 6 9 KPGDVLIQPPLSGYGTTDFGRVPQLIDAGYRATTVLAARLAELRKP 314 

Figure 4.2 A predicted FplA structure is homologous to PlpD. (A) Alignment of a predicted FplA PLA 1 
domain structure with the crystal structure (PDB: 5FQU) of the homologous phospholipase A, enzyme 
PlpD from Pseudomonas Aeruginosa , with a magnified view of the catalytic dyad (S98, D243) and 
oxyanion hole (G69, G70, G71). (B) Alignment of amino acids from PlpD (Black) and FplA (Pink) from 
the predicted structures of the PLA 1 domains . Dashed red line indicates this region was not predicted in 
the structure. 
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Figure 4.3 Alignment of predicted FplA patatin domain structure with characterized phospholipase 
virulence factors. (A) Predicted FplA structure (residues 60-431) aligned with with ExoU (P. 
aeruginosa)(PDB: 4AKX) and VipD (L. pneumophila)(PDB: 4AKF). (B) Zoomed in view of active sites 
after alignment showing similar architectures and residue placement of the catalytic dyad (Ser, Asp) and 
oxyanion hole (Gly, Gly, Gly) 
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Characterization of Fluorogenic Substrates to Probe the Phospholipase Al (PLA1) Activity 

ofFplA 

Multiple FplA constructs were cloned from the F. nucleatum 25586 genome and expressed in E. 

coli, including variations that lack a signal sequence for cytoplasmic expression (Residues 20-431, 

20-350, 60-431, 60-350), and a full-length version in which we replaced the native signal sequence 

with an E. coli OmpA signal for more robust expression and surface presentation (OmpA1-21-

FplA20-160). Constructs were tested for their phospholipase activity using substrates specific for 

either Al or A2 class enzymes , as the homolog PlpD from P. aeruginosa showed specific Al 

activity . We showed that FplA has only PLA1 activity (Fig. 4.4A) using the PLA1 specific 

substrate PED-Al, and further demonstrated that the general lipase substrates 4-Methyl 

Umbelliferyl Butyrate (4-MuB) and 4-Methyl Umbelliferyl Heptanoate (4-MuH) are robust tools 

for studies of FplA (Fig. 4.4B-E) . In addition , we determined this enzyme is not dependent on 

calcium for activity (Fig. 4.5A), and that it is most active at pH 8.5 (Fig. 4.5B) . The first full 

Michaelis-Menten kinetics for a Type Vd autotransporter were performed on each FplA construct 

using 4-MuH as a substrate , and indicated that amino acids 20-350, incorporating the N-terminal 

extension and catalytic PLA1 domain, shows the most robust catalytic efficiency (kcaJKm = 3.2 x 

106 s-1 M-1) (Fig. 4.4E, Fig. 4.5C-D) . Upon removal of the N-terminal extension, constructs had 

lower substrate turnover rates (kcat), but the relative binding affinities (Km) for 4-MuH was 

unchanged . We also show that tighter binding was seen with the substrate that most closely mimics 

a phospholipid (PED-Al, Km=l.90 µM), and of the single acyl chain substrates, 4-MuH (7 carbon 

acyl chain) resulted in significantly tighter binding (Km=19 µM) than with the 4 carbon acyl chain 

substrate 4-MuB (Km=500 µM) (Fig. 4.4C) . Mutation of the active site serine (S98A) and aspartate 

(D243A) residues that make up the catalytic dyad resulted in no detectable enzymatic activity 
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(Fig. 4.4E). In addition , the glycine rich stretch that constitutes the oxyanion hole (069/70/71) 

was analyzed, but G-----+A single mutations or multiple glycine changes (G69/70/71A) rendered the 

proteins insoluble (unpublished data) and therefore could not be used for enzymatic analysis. 

Identification of FplA Inhibitors and Chemical Probes for in vitro Enzyme Characterization 

We present the first characterization of inhibitors for Type V d autotransporter phospholipases . We 

show that the classic calcium-dependent PLA2 inhibitor Methyl Arachidonyl Fluorophosphonate 

(MAFP) is the most potent for FplA with an ICso of 11 nM[63] . Additional potent inhibitors 

contained a trifluoromethyl ketone head-group (ATFMK) which also covalently binds to active 

site serines within enzymes , or an enylfluorophosphonate group (Fig. 4.6A-C) . We observed that 

IDEFP is a much more potent inhibitor than IDFP ; these compounds differ by only a double bond 

at the end of the IDEFP acyl chain . In addition , MAFP is the most potent inhibitor and the 

arachidonyl portion of the molecule contains four double bonds , making it and A TFMK the most 

unsaturated substrates of the inhibitors tested . We therefore hypothesize that FplA binds and 

docks unsaturated acyl chain substrates and inhibitors with much higher affinity than saturated 

acyl chains , potentially because of angular changes within the molecule at double bonds . 

Additional inhibitors were tested that showed no significant activity against FplA (ICso > 100 µM) 

and their analysis , as well as ICso plots for all inhibitors are presented in Fig. 4.7 . 

An activity-based protein profiling (ABPP) probe (ActivX TAMRA-FP) that labels active 

site serines in serine hydrolases was used to label purified FplA constructs (Fig. 4.6D)[64 ,65] . 

ActivX TAMRA-FP labeled active FplA , but did not bind to the S98A or D243A mutants . We 

propose that in the absence of D243 which stabilizes substrate, the probe does not properly interact 

with S98 to initiate covalent labeling . In addition , in the presence of the competitive inhibitor 
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MAFP , the ActivX TAMRA-FP probe is unable to bind to FplA due to competitive inhibition (Fig. 

4.6D) . We further demonstrated that load controlling is even by transferring the probe bound 

proteins to PVDF and immunoblotting using a custom FplA20-43I antibody. 

Expression of Full-length FplA on the Surface of E. coli 

We created a FplA construct from F. nucleatum 25586 for recombinant expression in E. coli that 

removed the native signal sequence (residues 1-19) and replaced it with the signal sequence from 

E. coli OmpA (residues 1-27). This resulted in more robust expression ofFplA on the surface of 

E. coli when compared with using a native signal sequence, which may not be recognized as 

efficiently by the E. coli Sec machinery (native signal sequence data not shown) . We demonstrated 

that FplA can be efficiently exported through the Sec apparatus , assembled in the outer membrane, 

and the PLA1 domain of FplA is present and functional on the surface of E. coli . In Fig. 4.8A we 

show that full-length FplA was detected on the surface of E. coli by fluorescence microscopy . 

FplA on the surface was active as addition of whole live bacteria to a reaction containing the 

fluorogenic substrate 4-MuH resulted in cleavage of the lipid substrate and a subsequent increase 

in fluorescence, which was inhibited by the addition of MAFP (Fig. 4.8B) . To further prove that 

full-length FplA is expressed on the surface of E. coli, we confirm that treatment with the non-

specific and cell-impermeable protease , Proteinase K (PK), cleaves FplA from the surface , but 

does not cleave the cytoplasmic control GAPDH (Fig. 4.8C-D) . 

Attempts to detect FplA on the surface of F. nucleatum 23726 and F. nucleatum 25586 by 

fluorescence microscopy were unsuccessful , which we attribute to the low abundance of this 

protein as indicated by the need to use large cell quantities in order to see the protein via western 

blot. It is possible that this is because FplA is such a potent phospholipase that high expression of 
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the enzyme could be detrimental to F. nucleatum, as it could result in self-lysis and cell death. 

Additionally, we were unable to detect enzymatic activity by placing wild-type F. nucleatum 

23726 directly in a mixture of 4-Mu.H substrate (results not shown). Neither of these negative 

results for activity are surprising considering the low amount of FplA present; such a lack of 

activity at the surface is not uncommon for other outer membrane phospholipases in Gram-

negative bacteria. For example, outer membrane phospholipase A (OMPLA) from E. coli displays 

no activity in the absence of outer membrane destabilization compounds such as polymyxin B[66]. 

Creation of anjj,/A Deletion Strain in F. nucleatum 23726 

Genetic manipulation of Fusobacterium spp. is technically challenging, and of the seven strains 

used for analysis in this manuscript, only F. nucleatum 23726 and 10953 have been successfully 

mutated by gene deletion[51]. A single homologous crossover plasmid (pDJSVTl00, Table S2) 

that we developed from a Clostridium shuttle vector[ 49] using a recombination method previously 

established for F. nucleatum[51} was used to create a !ifp!A strain (Gene HMPREF0397_1968) 

(Strain DJSVT0l, Table S1) marked with chloramphenicol resistance (Fig. 4.9A-B). We verified 

by PCR that the jp!A gene was disrupted by the chromosomally-inserted plasmid, and further 

showed expression of the protein had been abolished by a fluorescent probe and western blots 

probed with an anti-FplA antibody (Fig. 4.9C). As phospholipases have been shown to play a role 

in bacterial membrane maintenance, we tested F. nucleatum 23 726 !ifp!A for changes in growth 

rates and cell size, and found that when compared to wild-type F. nucleatum 23726, there were no 

changes in these physical parameters when grown under standard laboratory conditions (Fig. 4.10). 
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test. n.s.=not significant (p-value = 0.195). 
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F. nucleatum Strains Express FplA as a Full-length Outer Membrane Protein or as a Cleaved 

Phospholipase Domain That Remains Associated with the Bacterial Surface 

Our initial results showed that FplA from F. nucleatum 23726 was expressed as a full-length 85 

kDa protein, with no apparent release of the PLA1 domain from the P-barrel domain . Since PlpD 

from P. aeruginosa is a Type V d autotransporter that releases the PLA1 domain into the media, we 

sought to see if FplA from seven different F. nucleatum strains had different expression patterns 

or actual physical differences in the size or location of expressed and/ or secreted domains . Various 

FplA proteins were expressed as either a full-length 85 kDa proteins (Strains 23726 and 25586) or 

as a truncated phospholipase domain (FplA antibody developed against the PLA1 and POTRA 

domains) around 25-30 kDa for strains 10953, 4_8, 4_1_13 , 49256, and 7 _1 when expressed in 

either mid-exponential (OD6oo = 0.7) or stationary phase (OD6oo = 1.2) (Fig. 4.UA) . Interestingly, 

we could not detect any secreted FplA in the spent culture media, as was previously seen for PlpD 

from P. aeruginosa (Fig. 4.11B) . We then tested for the presence of full length FplA in 10953 

(cleaved) and 23726 (uncleaved) in early exponential growth (OD6oo = 0.2) and found that we 

could detect full length and truncated FplA from 10953, indicating that upon increases in bacterial 

cell density , FplA is cleaved from the surface by an unknown protein and mechanism (Fig. 4.UC) . 

It is possible that FplA cleavage from the surface results in an active PLA1 domain that remains 

associated with the surface until released by undetermined host factors (pH, molecular cues, etc.) 

while colonizing specific regions of the human body . 

While the FplA amino acid sequences from the seven tested strains are highly similar 

(>95% identity) , we identified two regions in F. nucleatum 23726 and F. nucleatum 25586 at the 

intersection of the end of the N-terminal extension and just before the end of the PLA1 domain, 

which could correspond to potential protease processing sites (Fig. 4.11D, Fig. 4.12) . The 
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Figure 4.11 Western blot analysis of FplA in multiple Fusobacterium strains. (A) Initial 
characterization ofFplA expression and protein size in mid-exponential phase (0D6oo = 0.7) and stationary 
phase (0D6oo = 1.2) shows that several strains produce a truncated form of FpA that consists of the PLA1 
domain to which the FplA antibody was raised. (B) Western blot of media from Fusobacterium growths 
shows that while truncated, FplA is not released into the media and remains associated with the bacteria. 
(C) Analysis of FplA expression during early exponential phase growth (0D6oo = 0.2) reveals that strain 
10953, which is cleaved in mid-exponential and stationary phase, is still in full-length state with a portion 
beginning to be cleaved. (D) Sequence alignment reveals that all FplA sequences from cleaved strains 
contain a highly charged motif at the PLAi/POTRA hinge region as a potential site for an unidentified 
protease, with the exception being the non-cleaved FplA proteins from 23726 and 25586, which contain a 
drastically different neutral motif. 
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Figure 4.12 Alignment of full-length FplA from 7 strains of Fusobacterium . Potential cleavage sites 
for release of the PLA1 domain are outlined in red and were determined based on differences seen in the 
23726 and 25586 strains (not cleaved) when compared to the remaining five strains that are cleaved . 
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suspected cleavage site in F. nucleatum 23726 and F. nucleatum 25586 flanking the PLA1 domain 

is switched from a highly-charged motif ( consensus sequence: KNIEDKKEKF), to a more neutral 

motif ( consensus sequence: KFVTNSDAKI) that could be more protease resistant, resulting in 

retention of the full-length protein. In addition, to arrive at the 25 kDa product seen in five strains, 

a second cleavage event could occur at the end of the N-terminal extension, as strains 23726 and 

25586 differ in this region by substitution of an alanine for charged and polar residues (Fig. 4.12). 

FplA Binds Phosphoinositide Signaling Lipids 

We tested FplA for binding to lipids found in human cells and found that it preferentially binds to 

human phosphoinositides, as was previously seen when characterizing the homologous enzyme 

PlpD from P. aeruginosa[33} (Fig. 4.13). Upon incubation with a more diverse and freshly-

prepared library of Pis, FplA was found to preferentially bind to Pl(4 ,5)p2, and with even stronger 

affinity to Pl(3,5)p2, and Pl(3,4,5)p3 lipids (Fig. 4.14). This is consistent with structurally 

homologous enzymes binding Pis, and implicates a role for this enzyme in an intracellular 

environment. 
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Figure 4.13 Initial analysis of FplA20-431 and FplA20-431 S98A lipid binding using commercially 
available lipid strips from Echelon Biosciences. Subsequent analysis using freshly blotted lipids (A vanti 
Polar Lipids) and revealed strong affinity for phosphoinositides , but not Pl(4)p as seen here (See figure 
4.14) 
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Figure 4.14 FplA lipid affinity profile. FplA binds with high affinity to phosphoinosit ide signaling lipids 
that are critical for multiple cellular processes in a human host. 
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Discussion 

Fusobacterium is quite unique amongst Gram-negative bacteria in that the most recent and 

complete tree of life depicts a genetic lineage of Fusobacterium closer to high GC content Gram-

positive bacteria (e.g. Actinobacteria) and Gram-negative Bacteroidetes, in which Bacteroides 

fragilis has multiple FplA homologs[67,68]. In addition, several F. nucleatum genes involved in 

metabolism are evolutionarily similar to that of gram-positive Clostridium spp.[69]. This unique 

combination of both Gram-positive and Gram-negative features could be an evolutionary clue as 

to why Fusobacterium lacks most Gram-negative specific secretion systems other than Type V. 

Seminal studies by multiple groups have shown a repertoire of both small (FadA, -15 kDa) 

and large (Fap2, >300 kDa, Type Va secreted) F. nucleatum adhesins that are critical for host cell 

binding, invasion, and inflammation[3,18]. We set out to probe the role of a potential Type Vd 

virulence factor that we predicted to have phospholipase activity. We characterized the gene 

FNl 704, which we have renamedjp/A for Fusobacterium phospholipase autotransporter (FplA). 

Our in vitro studies were focused on identifying tools and methods to characterize Type V d 

secreted autotransporters to determine their role in virulence in a diverse set of Gram-negative 

bacteria; many such autotransporters have been identified in intracellular pathogens[32]. We 

created a F. nucleatum 23 726 !::.jplA strain which will allow us to next probe the role of this enzyme 

through the first in vivo studies of Type V d autotransporter phospholipases in infection. Our 

analyses indicate that deletion of the jp!A gene from F. nucleatum does not alter growth or cell 

size and shape under laboratory growth conditions, adding to our hypothesis that FplA is a potential 

virulence factor and not a bacterial maintenance protein. 

Determining that different F. nucleatum strains express mature FplA proteins of varying 

molecular weights was a surprising result that made us question which form of the enzyme may 

be involved during specific in vivo niches within the human host. Because of the well-known 
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genetic intractability of most Fusobacterium spp., we have not been able to delete copies of jp!A 

in strains that we predicted to have a truncated yet surface-associated version of the protein. The 

development of more robust genetic systems for Fusobacterium has the potential to open doors to 

fill a critical knowledge gap in the role of Type V d secretion in a variety of clinically isolated F. 

nucleatum strains . 

Our initial results showed that FplA does not bind with high affinity to PA, PC, and PE, 

but these results do not rule out potential cleavage of these lipids in experiments that better simulate 

an environment found in infection. FplA could be involved in cleaving lipids in a mucous-rich 

environment found in the human oral cavity or gut. To add to the role of bacterial phospholipases 

cleaving lipids found in structural membranes , ExoU plays a major role in P. aeruginosa entry 

into the bloodstream upon leaving the lungs[70], and strains lacking ExoU are cleared more 

efficiently in mouse models of pneumonia[71,72]. Since cases of Fusobacterium bacteremia are 

frequently documented (F. nucleatum comprises 61 % of cases)[73], and a wide array of bodily 

locations have been reported for F. nucleatum infections (brain[74], liver[75], lungs[6], heart[76]), 

it will be critical to use our newly created.fp/A deletion strain to test the role of this enzyme in the 

previously established hematogenous spread[3] . 

As there are an impressive number of phosphoinositide modulating enzymes secreted by 

bacteria to alter host signaling and induce colonization, it will be important to develop a robust set 

of chemical and molecular tools to determine the role of Type Vd surface bound or secreted PLA1 

enzymes in bacterial virulence . In summary, we have used chemical and biochemical tools to 

show that FplA is the lone Type V d PLA1 enzyme found in F. nucleatum and is a potential 

virulence factor that modulates host-pathogen interactions . 
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Chapter 5 

Conclusions 

Fusobacterium nucleatum is an anaerobic, Gram-negative member of the oral microbiome. As a 

resident of the mouth it is a major cause of periodontitis. It also causes life-threatening disease in 

locations throughout the body including the lungs, liver, heart, brain and placenta, where it induces 

preterm birth. Recent high-impact studies have implicated Fusobacterium in the development and 

progression of colorectal cancer (CRC). Despite these important associations, the molecular 

mechanisms underlying these phenotypes remain largely unknown. This knowledge gap is largely 

due to the lack of both an effective gene deletion system and molecular tools with which to study 

key host-pathogen interactions. This has caused a bottleneck in the field of F. nucleatum biology 

and, in particular, studies probing the mechanisms underlying the interactions with its human host. 

Breakthroughs presented in this work have largely focused on developing these tools to lay the 

foundation for the future study of Fusobacterium in relation to human health and disease . 

To address this fundamental gap in knowledge, we created a unique marker-less gene 

deletion system capable of generating in-frame deletion mutants in any gene of interest. A benefit 

of this system is that it results in mutants with no antibiotic sensitivity. This permits the creation 

of bacterial strains with multiple genes deletions in parallel, which allows us to overcome potential 

confounding effects arising from virulence factor cooperativity or redundant protein systems. Our 

methodology takes advantage of an initial selection based on antibiotic sensitivity to ensure 

plasmid incorporation onto the chromosome and a secondary selection exploiting sugar sensitivity 

conferred by the plasmid to select for in-frame deletion mutants. This system has allowed us to 

screen a number of genes for their roles in Fusobacterium 's ability to invade human epithelial cells 

for the first time. This genetic system has allowed us to generate in-frame gene deletion strains of 

fap2,fadA and a strain with both genes deleted in parallel. Our results support a revised model of 
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F. nucleatum pathogenesis (Figure 5.1). Previously, Fad.A was presumed to be a main driver of 

F. nucleatum invasion along with Fap2. However, while we confirm that Fap2 is a significant 

contributor to invasion, our results suggest that the role of Fad.A in invasion should be further 

explored. We also show that WT F. nucleatum expressing increases IL-8 production in cancerous 

human epithelial cells, but this is greatly suppressed in a t::i.fap2 mutant. IL-8 is a known modulator 

of the tumor microenvironment with increased amounts corresponding to increased 

tumorigenicity, angiogenesis and metastasis . Our findings further corroborate the notion that Fap2 

is a key player in the involvement of F. nucleatum in CRC. 

In this body of work, we have also developed recombinant protein technologies to combine 

with our genetic system to probe the role of large autotransporter proteins in F. nucleatum . These 

proteins are prime candidates for therapeutic targets as they are present at the host-pathogen 

interface and have the potential to interact with and manipulate host cell machinery . We have 

developed molecular cloning technology to facilitate Fusobacterium protein expression in E. coli 

for in vitro studies including enzymatic characterization, protein secretion dynamics and host 

molecule interactions . The importance of these breakthroughs cannot be overstated. Similar 

technologies were employed in other pathogenic bacteria to elucidate crucial aspects of their 

disease-causing processes . This has helped the scientific and medical community to better 

understand bacteria that infect thousands of people per year. 

In addition to studying the surface adhesins of F. nucleatum, Fap2 and FadA, we provided 

the first characterization of FplA, a surface bound phospholipase enzyme. Until, further studies 

are performed in F. nucleatum , we have put the current understanding of FplA in the context of 

human cell signaling modulating virulence factors of more well studied bacteria (Figure 5.2). 

ExoU of P. aeruginosa acts as a PLA2 and cleaves phosphatidylinositol (Pl) 4, 5-Pz that ultimately 

results elevated inflammation mediated through increased IL-8 signaling. 
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Figure 5.1 An updated model of F. nucleatum invasion . Our results suggest that Fap2, and not Fad.A, 
drive invasion of epithelial cells. IL-6, IL-8 and IL-1 all are increased leading to a microenvironment 
conducive to tumor formation. 
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Figure 5.2 An overview of phospholipases as virulence factors. A model PI illustrating the hydrolysis 
point of each class of phospholipase is shown. FplA, PlpD, and VipD cleave ester bonds in the SNl 
position. ExoU is a PLA2, cleaving bonds in the SN2 position (A). FplA demonstrates potent PI binding 
activity, with the strongest affinity shown for PI-3, 5-P2 and PI-3, 4, 5-P3 (B). Current knowledge in the 
field of PI interaction virulence factors is shown in the context of a cell. Much is known about ExoU and 
VipD's role in modulating inflammation and the autophagic/apoptotic pathways respectively (C-D). There 
is still much to be learned about the roles PlpD and FplA in bacterial virulence, however substrate affinities 
have been ascertained (E-F). 
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VipD of Legionella pneumophila cleaves PI-3-P which results in decreased autophagic and 

apoptotic activity. This ultimately enhances bacterial survival by keeping the host cell alive while 

preventing destruction of the bacteria's intracellular niche. We have demonstrated, in vitro, that 

FplA does indeed possess phosphatidylinositol interaction capacity. Lipid binding assays show 

that FplA interacts strongly with Pl-3, 5-P2 and Pl-3, 4, 5-P3. While it is impossible to speculate 

on which specific signaling pathways may be affected by F. nucleatum as these molecules are 

implicated in numerous pathways, the potential importance of FplA is abundantly apparent. 

Using our genetic and recombinant protein expression breakthroughs , we have uncovered 

numerous details of Fusobacterium biology . We have revised the current invasion model of F. 

nucleatum 23726 by showing that Fap2 and not FadA drives invasion of host cells. Additionally, 

we show that Fap2 is mediates increased IL-8 production by host cells, which has been shown to 

be a tumor microenvironment regulator . This bolsters previous findings that F. nucleatum is 

implicated in the development and progression of colorectal cancer . We have also identified a 

potential lipid signaling interactor in F. nucleatum via the autotransporter phospholipase, FplA. 

The methodologies and technologies presented in this dissertation effectively lay the 

foundation for repeatable, facile molecular studies of Fusobacterium-host interaction dynamics . 

Future experiments can exploit these technologies to better understand protein families that are 

likely involved in virulence . These include members of the Type 5a, b, and c autotransporter 

pathways . Their roles in virulence and substrate preferences can now be ascertained using whole 

bacterial cells as well as recombinant protein methodologies . This will shed new light on 

understudied protein families in F. nucleatum . We also established a launching point for probing 

these interactions with the initial biochemical characterization of FplA, which is a prime candidate 

to modulate host cell biology upon Fusobacterium invasion of human cells. The potential impact 
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of studies using these techniques is significant, and the future of the field of Fusobacterium biology 

is bright. 
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