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Abstract 

Adhesins are cell-surface proteins that initiate target binding and surface colonization by bacteria on the 

path to infection and biofilm formation. A deeper understanding of the interactions between adhesins and 

their ligands may lead to the development of strategies for controlling infection and biofilm formation. 

Using two ligand-binding domains from a model Repeats-in-toxin (RTX) adhesin in the Gram-negative 

marine bacterium Marinomonas primoryensis, I was able to prevent their binding to a photosynthetic 

diatom with which the bacteria forms symbiotic biofilms underneath sea ice. The sugar-binding domain 

was optimally blocked with the monosaccharide fucose, and the peptide-binding domain was efficiently 

blocked with a peptide that ended in -Tyr-Thr-Asp.  Homologs of these two ligand-binding domains are 

widespread in Gram-negative bacteria, including many pathogens. The same approach was employed to 

block the highly similar peptide-binding domain of FrhA adhesin of the pathogenic bacterium Vibrio 

cholerae from binding to the diatoms.  

Two adhesin engineering systems were explored as ways of altering the targeting of bacterial 

colonization. In one, redesigned and shortened versions of the M. primoryensis ice- and diatom-binding 

adhesin were tested for expression in Escherichia coli. In particular, the number of extender domains was 

reduced from 120 in the wild type to 15 or fewer. Although there was no evidence of ice-binding domain 

expression, antibodies to the extender domain and the diatom-binding domains detected these proteins on 

the outside of intact cells. A set of novel adhesins based on the beta-intimin system were designed using 

protein engineering techniques. In this series, a bacterial cellulose-binding module, and the peptide-

binding domain of the M. primoryensis ice- and diatom-binding adhesin were separately fused to the end 

of the beta-intimin adhesin. In neither case was there any sign of external presentation of the binding 

domain. I suggest that these domains might have folded prior to passage through the adhesin pore, thus 

blocking export. 
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Chapter 1 

Introduction 

 

Literature Review 

1.1 What is a biofilm? 

Biofilms are aggregates of microorganisms in which cells are frequently bound to each other 

and/or a specific surface and are covered by a self-produced matrix of extracellular polymeric 

substances.1 These microbial communities can include a single species or multiple species. Their 

interaction with each other and their environment, together with the protection of the extracellular 

matrix, result in the biofilm lifestyle that is vividly distinct from that of planktonic cells.2 As a 

result of numerous clinical and industrial studies on bacterial communities and the mechanism of 

their action in different processes ranging from pathogenicity to bioremediation, it is now widely 

recognized that most bacteria found in natural, clinical, and industrial settings live in biofilms.3 

1.2 How is a biofilm formed? 

Biofilm formation is classically described as a three-step process (Fig. 1.1): 1) initiation, 2) 

maturation, and 3) dispersion. Each step involves a series of physiochemical events that transition 

the bacteria between a planktonic form and a sessile lifestyle.4 
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Figure 1.1 Biofilm lifecycle. Planktonic bacteria initially interact with the surface through ill-defined 

attractions, followed by irreversible interactions and EPS (yellow) secretion. The biofilm matures through 

cell division and further EPS production, forming a stable resistant structure. The biofilm then reaches an 

equilibrium stage where the bacteria detach from the structure and disperse into the environment in search 

for a new surface to repeat the biofilm cycle. Diagram made with BioRender.com. 

1.2.1 Initiation of biofilm formation 

This first step is in turn divided into initial reversible attachment and irreversible attachment 

stages.5 The initial attachment process can be different depending on the bacterial species, type of 

the binding surface, and environmental variables.6 First, the bacteria must approach the desired 

surface either through random environmental forces (flow)4 or by some sort of taxis and motility 

(e.g. photo or chemotaxis through flagellar motility)7. Upon reaching the optimal proximity, the 

key factors mediating the attachment will be attractive chemical forces (hydrophobic, Van der 

Waals, etc.) between the bacteria and the surface as well as mechanical attachment through 

bacterial surface appendages (adhesins)5. The irreversible attachment stage begins with 

production of extracellular polymeric substances (EPS) matrix by the loosely attached bacteria.8 

The EPS matrix is mainly a combination of polysaccharides, proteins, lipids and nucleic acids 

that not only stabilizes the biofilm by mediating the irreversible attachment of bacteria to the 

surface, but also forms a polymer-based network for intercellular signaling and extracellular 

digestion of nutrients.9,10  
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1.2.2 Biofilm maturation 

The surface-attached bacteria gradually accumulate into microcolonies through proliferation, 

arrival of new cells, and EPS production. EPS constitutes an extensive portion of a mature 

biofilm, making up to 90% of total dry mass.11 EPS is responsible for a variety of tasks in a 

biofilm, ranging from help with surface adhesion and maintaining the general architecture of the 

biofilm through this scaffolding, to protecting the bacteria against environmental stresses and 

biocides, etc.10 In addition, by containing various signaling molecules and extracellular enzymes, 

EPS mediates intercellular communications and nutrition inside the biofilm.9 

1.2.3 Biofilm dispersion 

Once the biofilm matures it can reach a dynamic equilibrium where some outer layer bacterial 

cells begin to disperse and transfer to planktonic form.12 These cells will then search the 

environment for potential surfaces to begin new biofilm cycles. Dispersion of a biofilm may 

result from degradation of EPS and cell detachment, or environmental factors like shear forces of 

the liquid flow.11,13 

1.3 Why do bacteria form biofilms? 

Biofilm formation is an energy-demanding process for bacteria, which indicates that it must 

provide bacteria with considerable benefits to be evolutionarily favourable.  

Surface attachment gives bacteria better access to nutrients as the organic material tends to 

deposit on surfaces.17 In addition, the biofilm matrix can adsorb organic substances and metal 

ions through exchange with the environment. 14 Nutrients are then brought into contact with the 

EPS enzymes and the membrane proteins to be easily digested and absorbed by the bacterial cells.  

As mentioned earlier, biofilm bacteria show high resistance to various environmental stresses 

such as pH and osmolarity changes, nutrients scarcity, and mechanical forces.15,16 More 

specifically, the hydrophilicity of EPS traps water molecules inside the biofilm, providing the 

bacteria with high levels of dehydration tolerance. In addition, the mechanical stability provided 
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by EPS through filling the space between the cells makes the complete removal of biofilms quite 

difficult.17,18  

One of the most important advantages of biofilms to bacteria is the ability of biofilm bacteria to 

resist antibiotics and host defense systems.23 The mechanisms underlying antibiotic resistance in 

biofilms involves a combination of the planktonic strategies such as target site mutations, efflux 

pumps, and modifying enzymes with a number of biofilm-specific mechanisms. 21,22 In addition 

to the physical barrier caused by EPS, a key factor in the resistance is the limited growth rate of 

the cells growing in biofilms.23 The biofilm bacteria normally experience some level of nutrient 

deprivation which leads to transition of the cells from exponential growth to slower or stopped 

growth.24 This growth phase transition limits the production of certain metabolic enzymes and 

regulators that are targets of some of the common antibiotics, which in turn results in increased 

antibiotic resistance.21  

Horizontal gene transfer is a highly important mechanism for spreading antibiotic resistance 

among bacterial cells.25 The large population of bacteria physically in contact within a small 

volume provides an ideal environment for horizontal gene transfer 

1.4 Role of biofilms in human life 

Due to their ubiquity and variations, biofilms have a significant impact on human life in many 

ways. They are well known for their universal role in causing severe infections in humans, 

corrosion of materials, contamination of foods, reduction of water quality, etc.26–28 However, 

biofilms are also a key part of the natural environments and serve many beneficial purposes, such 

as wastewater treatment, bioremediation, and hazardous waste detoxification.29,30 

 

1.4.1 Detrimental biofilms 

The vast majority of human bacterial infections are thought to involve biofilms.31 These microbial 

communities are responsible for a variety of common health issues including dental cavities, 
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periodontal decay, chronic tissue infections such as endocarditis, recurrent urinary tract 

infections, and cystic fibrosis-associated lung infection.32,33  

Notorious biofilm-forming bacterial species such as Staphylococcus aureus, Staphylococcus 

epidermidis, Escherichia coli, Klebsiella pneumoniae, and Pseudomonas aeruginosa can also 

easily grow highly resistant biofilms on artificial medical devices such as heart valves and 

catheters, causing serious infections with a high rate of fatality in patients.34–37 

A lot of these infections involve more than a single bacterial species in one biofilm structure.2 

This multispecies nature can result in even more persistence for the biofilm. 

Aside from their pathogenic roles, biofilms can affect the quality and efficiency of several 

industrial processes. They can be found in drinking water distribution systems, thereby affecting 

the quality of the drinking water and decreasing the efficiency of the distribution system.38 

Biofilms are a major causes of metal corrosion in a wide range of industrial settings.39 They are 

also a big threat in food processing due to their ability to grow on different artificial surfaces 

found in the food industry such as stainless steel, polyethylene, and glass.40  

1.4.2 Beneficial biofilms 

On the positive side, biofilms have been proven to be key players in many environmental cycles.3 

They are highly valuable and cost-effective options in wastewater treatment for the degradation 

of complex pollutants due to their higher persistence and survival ability compared to planktonic 

bacteria.41 Some bacterial species are capable of forming biofilms at a water–oil interface while 

they use crude oil as a source of carbon and energy.42 Furthermore, some gastrointestinal 

probiotic bacteria form biofilms that protect the host from invasive pathogenic microorganisms.43 

 

1.5 Current strategies in combating pathogenic biofilms 

Antibiotics are the most common drugs used for combating bacterial infections.44 Although they 

have a significant role in the treatment of different types of bacterial infections, their unwanted 
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side-effects on the host and the environment have gained increasing attention in recent years.45 

Increased exposure to antibiotics can disrupt the normal microbiome population, leading to a 

variety of health conditions including obesity, different types of allergies, and diabetes.46,47 More 

importantly, excessive use of antibiotics leads to development of antibiotic resistance in bacteria 

which is one of the world’s most important health issues at the present time.48 

The exceptional drug resistance of biofilms not only makes the selection of an effective antibiotic 

quite challenging, but also usually requires prescription of higher doses of the drug.49 

Overconsumption of antibiotics can in turn worsen the issue through the side-effects discussed 

earlier. Some other less common treatments include phage therapy, use of antivirulence drugs, 

and the use of chemicals that interfere with bacterial signaling pathways in the biofilm.50,51 

Studies have shown that a biofilm’s susceptibility to medication is considerably higher at their 

pre-mature stage.23 In fact, biofilms owe a big part of their drug resistance to the EPS, which does 

not form until a biofilm enters the maturation phase.19 Thus, targeting the pathways, molecules, or 

effectors associated with the initiation of biofilm formation may be a more effective way to 

prevent or treat biofilm infections.52 

1.6 How do bacteria attach to surfaces? 

As discussed earlier, bacteria are mostly found attached to surfaces, which in many cases leads to 

formation of biofilms. Therefore, a better understanding of the biofilm formation process requires 

a deeper look into the different mechanisms and mediators involved in this surface binding. The 

molecular determinants promoting surface attachment can be generally categorized into (i) the 

physiochemical characteristics of the surfaces, (ii) the cell-surface structures, and (iii) the 

bacterial EPS.53 While the physicochemical models can justify and predict part of the mechanism, 

they fail to take into account the physiological and morphological alterations of the bacterial cells 

during the course of surface adhesion.54 The cell-surface appendages such as membrane proteins, 
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pili, and fimbriae, which are generally known as adhesion proteins or adhesins, play the main part 

in the early steps of surface recognition and binding.55 

Rather than an initial surface adhesion tool, the EPS components are mainly involved in further 

rigidification of the attachment.56 

1.7 Bacterial adhesins 

Bacterial adhesins are proteinaceous structures projecting from the cell surface with the role of 

mediating the target binding and surface colonization.57 They make significant contributions to 

the biofilm cycle ranging from early surface adhesion of the planktonic cells to cohesive 

maturation of the biofilm.58 Adhesin structures can vary from single surface-anchored proteins 

like the LapA protein of P. fluorescens to giant protein complexes like the type I pili, which is an 

important virulence factor in uropathogenic E. coli (UPEC).59 Many of the bacterial adhesins 

resemble enzymes in their substrate specificity and bind to their targets in a highly selective 

fashion, allowing the microorganism to target its binding to a specific surface, as for example the 

epithelial tissue in a host.58 

There have been numerous detailed studies on complex filamentous adhesins such as pili or 

fimbriae in Gram-negative bacteria, especially with regard to their pathogenesis. However, during 

the last decade several members of another family of bacterial adhesins known as afimbrial 

adhesins have interested researchers.60 A brief introduction on each of the two adhesin families is 

presented below. 

1.7.1 Fimbrial adhesins 

Fimbrial adhesins, also known as fimbriae or attachment pili, are a large group of adhesins found 

in both Gram-positive and Gram-negative bacteria. These hair-like structures are generally 

composed of thousands of small (15-25 kDa) protein subunits known as pilins that assemble into 

a helical rod of up to 2 µm in length.61 The adhesin part is located at the tip of the rod, giving the 

bacteria a variety of functions including surface attachment, motility, and conjugation.62  
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A well-known example of the fimbrial adhesins is the UPEC type 1 pili and its adhesive protein 

FimH. UPEC is the main cause of urinary tract infections (UTI) in humans, and type 1 pili serves 

as the key virulence factor with more than 95% of all UTI-related E. coli expressing the 

adhesin.63 The FimH adhesin can recognize a wide array of mannosylated glycoproteins on the 

surface of uroepithelial cells, helping the bacteria with initial colonization of the urinary tract.64 

1.7.2 Afimbrial adhesins 

Afimbrial or non-fimbrial adhesins are monomeric cell-surface structures commonly found in 

both Gram-negative and Gram-positive bacteria. These adhesins are usually shorter in length 

compared to fimbrial adhesins with all their functional domains located on a single polypeptide 

chain.62 Afimbrial adhesins are highly diverse in terms of structure, adhesive properties, and their 

secretion systems. This diversity makes them practical tools for attachment of bacteria to a broad 

range of biotic or abiotic targets.65  

1.7.3 Afimbrial adhesins in Gram-positive bacteria 

In Gram-positive bacteria, the main afimbrial adhesins are known as MSCRAMMs (microbial 

surface components recognizing adhesive matrix molecules). MSCRAMMs are modular proteins 

with each domain carrying a specific functional or structural role (Fig. 1.2).66 The N-terminal 

region of the proteins generally includes the ligand-binding domains, while the C-terminal 

domains mainly promote the anchoring of the protein to cell wall peptidoglycans and extension of 

the ligand-binding domains away from the cell surface.67 Different types of MSCRAMMs 

facilitate the binding of Staphylococcus epidermidis, Staphylococcus aureus, and Enterococcus 

faecalis to the host tissue’s extracellular matrix proteins such as fibronectin, fibrinogen, and 

collagen. This adhesion is an important step in pathogenesis of the mentioned Gram-positive 

species in humans.66,68 
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Figure 1.2 Domain organization of the Clumping Factor B (ClfB) MSCRAMM of S. aureus. 

The N-terminal signal sequence (S) is followed by the ligand-binding region (A) composed of three 

subdomains N1, N2 and N3. N2 and N3 subdomains form IgG-like folds that bind ligands such as 

fibrinogen by a mechanism known as 'dock, lock and latch' (DLL). The serine-aspartate repeat region (R) 

acts as a flexible linker. The wall-spanning domain (W), the membrane-spanning domain (M) and the 

cytoplasmic positively charged tail (C) position the protein at the cell surface and anchor it to the cell wall. 

Adapted from Vitry et al. 2017, with permission of the authors and the publisher.69 

1.7.4 Afimbrial adhesins in Gram-negative bacteria 

Gram-negative afimbrial adhesins are usually grouped based on the two common secretion 

systems involved in their surface display; the adhesins secreted via type 1 secretion system 

(T1SS) and the adhesins secreted through type 5 secretion system (T5SS).62  

1.8 Type 1 secretion system (T1SS) adhesins 

The type 1 secretion system (T1SS) also referred to as ATP-binding cassette (ABC)-dependent 

secretion system is a simple secretion machinery widespread among Gram-negative bacteria for 

secretion of a broad range of substrates to the extracellular environment.70 The early studies on 

this secretion system were conducted on T1SS hemolysin A (HlyA) toxin from UPEC which 

gradually led to identification of the homologues of this secretion system in other Gram-negative 

species.70,71 The HlyA T1SS machinery is composed of three protein components; an inner 

membrane ABC transporter (HlyB) which recognizes the proteins with T1SS secretion signal, a 

membrane fusion adapter protein which spans the periplasm and bridges the inner membrane to 

outer membrane (HlyD), and an outer membrane factor (TolC) that forms a pore in the outer 

membrane (Fig. 1.3).62,72 The assembled tunnel can pass the unfolded substrate in a single-step 

manner with no periplasmic intermediatory step.73,74 T1SS mediates translocation of a variety of 
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functional substrates including several digestive enzymes, heme-binding proteins, and other 

proteins with repeats-in-toxins (RTX) motifs.75  

 

Figure 1.3 Schematic model for UPEC hemolysin A (HlyA) secretion via T1SS. Drawn with 

BioRender.com. 

1.9 Repeats-in-toxin (RTX) adhesins 

Repeats-in-toxin (RTX) proteins are a family of Ca2+-binding proteins produced by many species 

of Gram-negative bacteria.76 The repeats-in-toxin name originates from presence of C-terminal 

repetitions of glycine- and aspartate-rich nonapeptide sequences in all members of this protein 

family that mediate the Ca2+ -binding.77 Secretion through T1SS is the second common feature 

among all RTX proteins.75 This large family of proteins is quite diverse with members of it being 

involved in a broad range of biological activities. Many of the RTX proteins are secreted as 

extracellular lipases and proteases, some act as bacteriocins, and more recently they have been 

shown to include adhesion proteins.78 RTX adhesin proteins (RTX adhesins) are a new subgroup 
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of the RTX protein family acting as giant afimbrial adhesins in certain Gram-negative bacteria.79 

With some of them weighing up to 1.5 MDa, these proteins are among the largest proteins 

produced by their hosts (Fig. 1.4).80  

1.9.1 Structure of RTX adhesins 

 

Figure 1.4 Conserved domain architecture among RTX adhesins. An N-terminal cell-surface 

anchoring region (gray) is followed by a series of repetitive extender domains (cyan). Next comes the 

ligand-binding region, which can include different domains such as the PA14 lectin (magenta), the von 

Willebrand Factor (vWFA) domain (pink), the peptide-binding domain (blue), and the ice-binding domain 

(orange). Lastly, there is the C terminal T1SS signal as well as the RTX repeats (green). There are 

numerous unknown domains across RTX adhesins that are proposed to be either linker or ligand-binding 

regions (white). Adapted from Guo et al. 2019, with permission of the publisher and the authors.81 

1.9.2 C-terminal T1SS signal sequence 

The C-terminal portion present in all RTX adhesins is the T1SS signal sequence that allows the 

secretion system to recognize the adhesin, and subsequently assemble the T1SS tunnel.76 Being 
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the first part of the adhesin to emerge from the cell, the T1SS signal sequence plays an important 

role in initiation of the protein’s folding as well.81 

1.9.3 Variable ligand-binding region 

Following the T1SS signal, there is a ligand-binding region containing one or several adhesion 

domains.81 The region is highly variable among RTX adhesins and can be regarded as the main 

functional part of the protein. Different ligand-binding domains found in this region give the host 

bacteria the ability to bind particular targets and surfaces such as different sugars in glycan and 

glycoproteins, peptides and proteins, and even surfaces like ice (as in Marinomonas primoryensis 

ice-binding protein - MpIBP).81 Due to the novelty of this adhesin family, many of these ligand 

binding domains and their binding targets have not yet been determined.  

1.9.4 Central extender region 

The central region of RTX proteins is usually composed of multiple copies of bacterial 

immunoglobulin-like (BIg) domains. These Ca2+-dependent domains often form the main body of 

the RTX adhesin and act as a means of extending the C-terminal ligand binding region away from 

of the cell.81 The number of repeats of Blg domains vary among different bacterial species 

ranging from tens to over a hundred.78,80,82 In addition to the extender role, Blg domains play a 

significant part in the overall rigidity of the adhesin through Ca2+ binding. Upon analysis of 

several Blg structures, it is suggested that coordination of Ca2+ ions in the flexible interdomain 

linkers maintains the extended shape of the whole region and prevents bending of the adhesin.83 

1.9.5 Outer-membrane retention region 

The N-terminal end of RTX adhesins is occupied by an outer membrane retention region 

conserved across different Gram-negative species. Unlike the other domains of RTX adhesins, the 

N-terminal retention domain does not require Ca2+ for folding.84 Hence, while the rest of the 

protein is translocated through the T1SS secretion tunnel in an unfolded state, the N-terminal 
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region is already folded into a β-sandwich plug, which cannot pass the T1SS outer membrane 

pore (TolC), therefore anchoring the protein to the cell surface (Fig. 1.5).81 This retention 

mechanism has been validated by structural studies on Marinomonas primoryensis ice-binding 

RTX adhesin (MpIBP) as well as in vivo secretion competition experiments between 

Pseudomonas fluorescens LapA RTX adhesin and a second T1SS-secreted protein.79,81 

 

Figure 1.5 Cell-surface retention mechanism in RTX adhesins. Most of the RTX adhesin’s 

structure remains unfolded at intracellular concentrations of Ca2+ (red) except for the N-terminal anchoring 

region. During the type 1 secretion of the adhesin, all the regions pass through the ABC transporter (green), 

membrane fusion protein (MFP) (blue), and TolC (magenta) while the folded N-terminal region fails to 

pass the last subunit.80 Thus, it spans and blocks TolC, which results in anchoring of the adhesin to the 

outer membrane. The secreted regions fold in the presence of higher extracellular concentrations of Ca2+. 

Drawn with BioRender.com. 

It is noteworthy that in many bacterial species, there is a proteolytic site near the retention module 

of the RTX adhesin that bacteria can use to cleave the adhesin when attachment to the target 

surface or staying in the biofilm is no longer favorable.85 

1.9.6 Role of RTX adhesins in biofilm formation 

Studies on biofilm formation of environmentally important bacteria Pseudomonas putida and P. 

fluorescens have revealed that a knockout mutation in their RTX adhesin (LapA) gene leads to 
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inability of the bacteria to form biofilms on different surfaces.86 In another study performed on M. 

primoryensis it was shown that blocking the ice-binding domain of its RTX adhesin using 

antibodies eliminated the natural biofilm formation of the bacteria on ice surface.87 In all the 

mentioned studies, the bacteria were unable to begin the first step of the biofilm formation 

process, which is the initial surface attachment. These findings suggest that RTX adhesins have 

significant and, in some cases, essential roles in the primary stages of surface attachment and 

biofilm formation.86 In fact, the exceptionally extended nature of these proteins compared to the 

other cell-surface macromolecules suggests that RTX adhesins are probably the cell’s first means 

of contact with the target surface during the biofilm’s initial attachment step.79  

1.9.7 Examples of well-characterized RTX adhesins 

Recently, there has been a growing number of studies identifying and characterizing novel 

members of the RTX adhesins family. A few well-characterized examples of the family include 

LapA and LapF, key factors in early and late stages of biofilm formation in P. putida on plant and 

abiotic surfaces;88 V. cholera FrhA, a hemagglutination-associated RTX adhesin with a role in 

binding to epithelial cells and biofilm formation;89 Salmonella enterica SiiE, which again is an 

epithelial cell-binding adhesin;90 and MpIBP which mediates the biofilm formation of M. 

primoryensis on ice surfaces as well as its binding to a specific diatom species.80,81,88  

1.9.8 Marinomonas primoryensis ice-binding protein (MpIBP) 

The giant 1.5-MDa MpIBP adhesin was first isolated from a Gram-negative marine bacterium 

known as Marinomonas primoryensis using ice affinity purification.91 M. primoryensis is a motile 

psychrophilic species. Our isolate came from the upper reaches of an ice-covered, brackish lake 

in Antarctica. MpIBP was originally identified as an antifreeze protein but later bioinformatical 

analyses revealed its role as a domain of an RTX adhesin capable of binding its host bacterium to 

ice.80 Further studies on the protein’s structure and function led to determination of the complete 
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structure of MpIBP along with the function of nearly all its domains. To date, MpIBP is the only 

RTX adhesin whose structure and function has been fully characterized (Fig. 1.6).81  

 

 

 

 

Figure 1.6 Linear domain map of MpIBP. The 

C-terminal RV composed of the T1SS signal and 

accompanying RTX repeats is shown in green. It is 

followed by the ligand binding regions III and IV. The 

former includes the sugar-binding RIII_5 domain 

(magenta), the peptide-binding RIII_3 domain (blue), 

and the latter corresponds to the ice-binding domain 

RIV (orange). A central extender region RII composed 

of ~120 repeating Ig-like domains is shown in cyan, 

and the N-terminal cell-anchoring RI is in gray. 

Adapted from Guo et al. 2019, with permission of the 

publisher and the authors.81 

 

 

 

 

1.9.9 Region V, T1SS signal sequence 

Like all other RTX proteins, MpIBP is also secreted through T1SS and the C-terminal region V 

(RV) of the protein is composed of the T1SS signal sequence. Being the first region to be 

translocated to the extracellular space, this region contains the RTX folds and acts as a core for 

the protein’s folding.92  
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1.9.10 Regions IV and III, ligand-binding regions 

The ligand-binding region of MpIBP (RIII and RIV) includes six domains, three of which have a 

structural role while the other three give the protein specific binding abilities (Fig. 1.7).  

Region IV (RIV) contains multiple RTX-type repeats that fold into a Ca2+-bound β-solenoid 

domain providing MpIBP with its distinctive flat ice-binding surface composed of Thr and 

Asx residues that organize surface waters into an ice-like pattern.93  

Region III (RIII) is composed of five domains which together form a Y-shaped structure with two 

different ligand-binding activities. RIII_1, RIII_2, and RIII_4 domains form the stalk of the Y 

structure that is stabilized through binding to several Ca2+ ions. The branches of the Y are made of 

ligand-binding RIII_3 and RIII_5 domains.80 

RIII_5 is a bacterial PA14 lectin with a wide range of carbohydrate targets like fucose and 

dextran. On the opposite side, RIII_3 domain forms a peptide/protein-binding pocket at a site of 

coordination with Ca2+ ions.80 Unlike RIII_5, the structure of RIII_3 is newly discovered. The 

latter two ligand-binding domains of MpIBP RIII are responsible for binding M. primoryensis to a 

certain species of arctic diatom named Chaetoceros neogracile.80,81  

Figure 1.7 The ligand-binding regions of 

MpIBP. The ice-binding domain RIV (orange) is 

shown in contact with ice. RIII_1-4 (blue) domains 

feature a structural part (RIII_1,2,4) as well as a 

peptide-binding domain (RIII_3). The enlarged 

view of RIII_3 shows a peptide molecule anchored 

to its peptide-binding cavity. The enlarged view of 

the sugar-binding domain RIII_5 (magenta) 

pictures a sugar molecule inside the binding cavity. 

Ca2+ ions are indicated as yellow spheres. The 

peptide (left) and sugar (right) molecules are 

shown in stick representation (carbon atoms in 

white, oxygen atoms in red, and nitrogen atoms in 

blue). Adapted from Guo et al. 2019, with 

permission of the publisher and the authors.81 
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1.9.11 Region II, the extender region 

The extender region of MpIBP (RII) is composed of approximately 120 identical 104-residue 

repeats of MpIBP Blg domain.93 The complete structure of this massive 0.6 µm region was 

predicted through solving the structure of a construct with four tandem repeats of the Blg domain 

and extrapolating this structure to the rest of the sequence with the same repeats.80  

1.9.12 Region I, the cell surface retention region 

The N-terminal region of MpIBP (RI) is responsible for anchoring the adhesin to the host’s outer 

membrane. As described earlier, the mechanism of this surface retention is through plugging the 

T1SS outer membrane factor TolC by the adhesin’s N-terminal region.71 MpIBP RI is divided 

into three sections; RIC which is the extracellular part, RIM which spans the TolC-like protein of 

M. primoryensis T1SS, and RIN which acts as the periplasmic plug. While all other domains of 

MpIBP pass through the TolC pore in an unfolded form and depend on extracellular Ca2+ for 

proper folding, RIN forms a novel triangular β-sandwich fold independent of Ca2+. The diameter 

of the folded RIN does not allow it to pass through the TolC β-barrel, thereafter anchoring the 

adhesin to the outer membrane.80 

1.9.13 MpIBP helps M. primoryensis form symbiotic biofilms on ice 

Ice binding is one of the distinctive characteristics of MpIBP compared to the other RTX 

adhesins. It was shown that this adhesion plays a significant role in the natural life cycle of its 

host. In the laboratory, M. primoryensis bacteria were observed to form ice-bound colonies with a 

specific photosynthetic species of diatom, Chaetoceros neogracile.80,87 Ace Lake from which M. 

primoryensis was isolated is covered with ice and snow for most of the year. These conditions 

cause a scarcity of light and nutrients with increasing depth, therefore driving organisms toward 

the phototrophic layer near the ice surface. Binding to ice gives the aerobic M. primoryensis a 

chance to remain in this layer and benefit from the oxygen and nutrients produced by autotrophic 

organisms, especially the symbiont diatom C. neogracile.93 The diatom, which alone has no 
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affinity or binding ability for ice, also benefits from this symbiosis by staying as close as possible 

to ice and sunlight through attachment to M. primoryensis.80 

MpIBP is the key surface protein in M. primoryensis that enables the bacteria to develop these 

commensal ice-bound biofilms. As explained previously, region IV (RIV) of the large RTX 

adhesin folds into a flat ice-binding surface and mediates the attachment of the bacterial cell to 

ice. Blocking this region by anti-RIV antibodies has shown to interfere with the ice-binding 

ability of M. primoryensis while anti-RII antibodies did not affect it.87 

In Region III both the sugar- and peptide-binding domains of MpIBP bind the diatom C. 

neogracile. This has been validated through the binding of fluorescently tagged domains of RIII 

to C. neogracile. To draw a general picture, MpIBP adhesins act as hands for M. primoryensis, 

holding the ice surface on one side, and diatoms on the other (Fig. 1.8).80 

 

Figure 1.8 Schematic view of M. primoryensis binding to diatoms and ice via MpIBP. A) Two 

M. primoryensis cells bound to each other, ice and a diatom. Different regions of MpIBP are depicted as 

follows: RII as cyan rods, RIII_1-4 as blue ovals, RIII_5 as magenta hexagons, RIV as orange rectangles, 

and RV as dark green triangles. B) Zoomed-in view of MpIBP peptide-binding domain RIII_3 interacting 

with a cell-surface protein of the diatom (red wavy line). C) Enlarged view of MpIBP sugar-binding 

domain RIII_5 attached to a cell-surface glycan (red hexagons) of the diatom. Ca2+ ions are shown as 

yellow spheres. Adapted from Guo et al. 2019, with permission of the publisher and the authors.81 



 

19 

 

1.10 Type V secretion system (T5SS) adhesins 

Type V secretion systems (T5SS) are composed of a small outer-membrane pore that passes a 

specific domain to the extracellular environment.94 Both the transmembrane and the passenger 

domains are often different parts of a single polypeptide which means the polypeptide secretes 

itself through the outer membrane. Translocation of this polypeptide to periplasm is driven by the 

host’s general Secretion route (Sec).95 Sec is a universal secretion system that transports proteins 

through the inner membrane in their unfolded state.96 Moreover, T5SS does not use any chemical 

source of energy for its action and relies on the energy derived from folding of the passenger 

domain during passing the outer-membrane pore for the whole transportation process. These 

interesting features have given them the name “autotransporters”.95,97  

Based on protein structure and mechanism of action, T5SS autotransporters are divided into five 

classes or subtypes known as Va, Vb, Vc, Vd, and more recently Ve.97 The following section will 

give a more detailed description of Ve used in this thesis. 

1.10.1 Type Ve autotransporters (Inverse autotransporters) 

Type Ve or inverse autotransporters (IATs) are well-known adhesins in Gram-negative bacteria 

with considerable clinical importance as virulence factors.98 The domain organization of IATs is 

quite similar to that of classical autotransporters (Va ATs) in which the C-terminal outer-

membrane pore transports the N-terminal passenger domain through the outer membrane.99 

However, as their title implies, their domain order is inverted.100   

All the known IATs to date are adhesins with the best-characterized members being Intimin 

from E. coli and Invasin from enteropathogenic Yersinia species. These two important virulence 

factors share a lot of similarity in their structure and function.98 The following section includes a 

detailed description of E. coli intimin as a model adhesin of this class. 
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1.11 Intimin, an interesting inverse autotransporter from E. coli 

Intimin is an afimbrial adhesin in enterohemorrhagic and enteropathogenic E. coli strains (EHEC 

and EPEC) that enables the bacteria to adhere to eukaryotic host cells.98 There are at least five 

distinct subtypes of intimin based on the divergent C-terminal domains, known as intimin α, β, γ, 

δ and ε. All these subtypes are key virulence factors with roles in attaching and effecting (A/E) 

lesion formation by EPEC and EHEC in the host’s intestinal tissues.101 

1.11.1 Structure of intimin 

As mentioned earlier, inverse transporters such as intimin share a similar structure with classical 

ATs in an inverted form (Fig. 1.9). The signal peptide for secretion of intimin to the periplasm 

through Sec machinery is located at the N terminus, followed by a periplasmic lysin motif 

(LysM) absent in classical ATs. LysM is shown to have roles in binding to peptidoglycan and in 

dimerization of intimin.100 Next in the structure is the translocator domain composed of 12 

antiparallel β-strands which is a pore for passing the adhesive domains of intimin across the 

outer-membrane.119 A periplasmic α-helix connects the pore to an extended linker domain that 

spans the barrel and leads to the passenger domains.  

 

Figure 1.9 Structure of UPEC Intimin. The 

C-terminal periplasmic domain LysM, is shown in 

yellow. The N-terminal passenger domains, D00-

D3 (green, red, black, grey, and violet, respectively) 

are translocated to the extracellular space through 

the outer-membrane β-barrel pore (blue). The 

periplasmic α-helix (salmon) connects the pore to 

the pore-spanning linker domain (orange) that leads 

to the passenger domains. Adapted from Leo et al. 

2016, with permission of the publisher and the 

authors.102 
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The extracellular region of intimin known as the passenger domain(s) is composed of five 

separate domains linked together: four bacterial immunoglobulin (Ig)-like domains named D00, 

D0, D1, and D2 capped by a C-type lectin-like domain named D3.102,103 The two C-terminal 

domains D1 and D2 are involved in adhesion of intimin to Tir protein on the host cell surface 

while the others are shown to have extender roles.104  

1.11.2 Role of intimin in host tissue binding 

Intimin is encoded by the eae gene located in the LEE (Locus of Enterocyte Effacement) 

pathogenicity island of EPEC and EHEC. The other factors involved in intimin-mediated host-

cell binding and A/E lesion formation are encoded in the LEE locus as well.105 These include a 

T3SS, translocated intimin receptor (Tir), and three secreted proteins EspA, EspB, and EspD 

associated with the host’s signal transduction and A/E lesion formation.104 The binding ability of 

intimin adhesin is quite specific to the mentioned Tir protein. Tir is injected into the target cell 

and displayed on the host plasma membrane through T3SS and with the help of EspA and EspB 

proteins.106 Upon surface insertion, Tir is recognized by intimin and formation of Intimin-Tir 

complex mediates the adhesion between the bacteria and the host cell.107 The mechanism 

underlying cell surface insertion of Tir has not been fully explained yet.  

1.11.3 Intimin as a tool for surface display of proteins 

Displaying proteins of interest on the cell surface of microorganisms was first reported in 1986 by 

Freudl et al.108 Following advances in recombinant DNA technology and protein structural 

studies, considerable developments have been made in the cell surface display techniques, which 

has made this novel technology a useful tool for applications in live bacterial vaccine production 

and peptide library screening.109 Natural bacterial display systems have an important part in this 

technology as foundations of the design. In principle, the passenger proteins of interest are fused 

to or substituted with an existing bacterial surface protein to be exposed alongside it.110  
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Most of the protein secretion and surface display machineries in bacteria are composed of 

numerous proteins and underlie rather complex mechanisms. However, autotransporters including 

intimin have exceptionally simple structural and functional characteristics and harbor all the 

elements required for cell surface display in a single polypeptide chain.111 These features make 

intimin an ideal candidate for the cell surface display of proteins.  

Recently, intimin has been reported to be useful for surface display of proteins and peptides by 

several groups. Wentzel et al. showed that heterologous passenger domains can be displayed on 

the surface of E. coli K12 using a truncated intimin lacking the carboxy-terminal lectin (D3) as 

the base display platform. The E. coli cells displaying the engineered intimin were shown to have 

adhesive abilities for the incorporated passenger’s receptor.112 In a similar study by Adams et al. 

it was reported that periplasmic folding of the proteins and formation of disulfide bridges 

prevents their surface display probably due to size limitation of the intimin’s outer-membrane β-

barrel.113 Thus, only certain un- or partly-folded passenger domains like the ones showed by 

Wentzel et al. can pass through the outer-membrane and rigid proteins are usually trapped in the 

periplasm.111,113  

More advanced intimin-based systems have been developed by Salema et al. and Piñero-Lambea 

et al. for controlled display of single-domain antibody fragments known as nanobodies (Nbs) on 

E. coli cell surface.114,115 The periplasmic and outer-membrane regions of intimin are kept intact 

in these systems while the extracellular region is engineered to only have D00 Ig-like domain that 

extends the nanobody peptide of choice at the C terminus.114 This system known by the name 

Neae (referring to the N-terminal section of the eae gene) has been used for display of a vast 

library of nanobodies on E. coli K-12 surface with applications in tumor-targeting and combating 

certain pathogens.115,116  

Recently, a derivative of the Neae has been used by Glass and Riedel-Kruse for designing a cell-

cell adhesion system in E. coli (Fig. 1.10). The adhesion toolbox works by outer-membrane 
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display of nanobody-antigen pairs on separate E. coli cells through the Neae system. The 

cohesion between the nanobody- and antigen-expressing cells can be used for assembly of 

multicellular structures of interest. As a proof of principle, an E. coli K-12 culture expressing the 

Neae-Nb and a green fluorescent protein (GFP) was mixed with an E. coli K-12 culture 

expressing Neae-Ag (antigen) and a red fluorescent protein (mRuby). Fluorescent microscopy of 

the resulting mixture showed bacterial aggregation in red-green patterns proving successful 

display of Nb and Ag on the cell surface resulting in highly specific cohesive ability between the 

two cell types.117 

 

Figure 1.10 Domain map and schematic of the engineered adhesion toolbox by Glass and 

Riedel-Kruse. A) The passenger domains D0-D3 from EPEC intimin domains are replaced with a desired 

adhesin, which is either a nanobody (Nb) or an antigen (Ag). D00 domain is kept intact to act as the Spacer. 

The expression of the intimin adhesin is controlled by an inducer coupled repressor. B) The engineered 

passenger domains are displayed at the cell surface through intimin autotransporter mechanism. Cell-cell 

adhesion occurs as a result of binding between Nb and Ag passengers. C) Nb-Ag interactions between 

fluorescently labelled cells produces systematic microscopic patterns and morphologies. D) Various 

adhesin pairs can be incorporated to expand adhesion capabilities. Adapted from Glass and Riedel-Kruse 

2018, with permission of the publisher and the authors. 

 

A wide range of adhesive and cohesive abilities can be added to the cells through this system 

allowing them to form beneficial biofilms on surfaces of interest or attach and fight certain 
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pathogenic factors (tumours, other bacteria, etc.).117,118 However, for the system to accommodate 

different types of passengers in terms of size, folding status, and chemical properties, the 

limitations of the intimin machinery needs to be more precisely investigated. 

 

Hypotheses and Objectives 

Treatments available for combating biofilm-related infections rely heavily on antibiotics.119 

Therefore, the rapid spread of antibiotic-resistant pathogenic bacteria is a looming problem in 

health care. The intervention strategy we are pursuing is to block pathogenic bacteria at the early 

stages of their host infection and colonization.  

1) I hypothesize that adhesins with specific ligand-binding domains are the bacterial cell’s first 

means of contact with a target surface, which leads to attachment and eventual biofilm formation.  

2) I also hypothesize that a treatment strategy will be the development of anti-adhesion drugs or 

vaccines to block the ligand-binding regions of these adhesins and prevent biofilm formation.  

One of my objectives was to demonstrate the feasibility of this approach in a model system based 

on the RTX adhesin of the marine bacterium, Marinomonas primoryensis80.  This 1.5-MDa 

protein has been structurally and functionally characterized in our lab. It has three ligand-binding 

domains: one that targets ice and two others, one peptide-binding and one-sugar binding, that 

attach to the diatom, C. neogracile. Recent, unpublished work by Guo et al., used a structure-

guided approach in conjunction with peptide library screening to find optimal ligands for the 

peptide binding domain with affinities in the nanomolar range. In another unpublished study by 

Guo et al., comparative binding studies, glycan array screening and calorimetry identified the 

strongest monosaccharide ligands for the sugar-binding domain with calculated Kd values in the 

100 µM range. Execution of this thesis objective involved using these peptide and sugar ligands 

as inhibitors for blocking the sugar- and peptide-binding domain interactions with their target 

diatoms. A related objective was to assess the ability of the same peptide ligands to block the 



 

25 

 

highly similar peptide-binding domain of V. cholerae FrhA adhesin from attaching to the same 

diatom.  

Another interest of mine in this thesis research was to design and test controllable adhesion and 

cohesion strategies for bacteria by engineering changes to their adhesins.   

3) I hypothesize that changing the ligand-binding domains within an adhesin could potentially 

change the surface to which a bacterium adheres. 

The objective associated with this initiative was to explore the use of two different adhesin 

systems to see which one was more tractable. One system was based on the transfer of smaller 

versions of MpIBP into E. coli for surface display through its T1SS. In the second system 

explored, certain members of the T5SS family have been shown to be successfully engineered to 

display different proteins and peptides on the surface of E. coli.115,117 Using a similar technique, 

we fused various adhesive units to an engineered variant of a T5SS adhesin from E. coli known as 

Intimin to make novel hybrid adhesins. Following this protein engineering strategy, bacterial 

adhesins can potentially be designed to provide a wide range of adhesive and cohesive abilities to 

the host cells, allowing them to form controllable beneficial biofilms on surfaces of interest or 

compete away certain pathogenic bacteria from infection sites in the human body. 
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Chapter 2 

Materials and Methods 

 

 

Blocking MpIBP and FrhA ligand-binding regions 

2.1 Cloning and expression of MpIBP sugar-binding domain (RIII_5) and peptide 

binding domain (RIII_1-4) 

The genes encoding the MpIBP-RIII_1-4 and MpIBP-RIII_5 constructs were previously 

synthesized by GeneArt, PCR amplified, and digested with NdeI (5ʹ end) and XhoI (3ʹ end) 

restriction enzymes. The genes were then ligated into pET28a expression vector that added a His-

tag to the N terminus. The plasmids were transformed into One Shot™ TOP10 electrocompetent 

E. coli cells by electroporation, and positive clones were identified by analytical restriction 

digestion followed by DNA sequencing (Robarts Research Institute, London, Ontario, Canada). 

The successfully cloned plasmids were electroporated into E. coli BL21 (DE3) cells for protein 

production. 

A single colony was added into 25 mL of LB broth containing 0.1 mg/mL kanamycin, and 

allowed to grow with shaking for 16 h at 37 °C. The resulting culture was added to 1 L of LB 

broth and grown under the same conditions as the seed culture until an OD600 of 0.6 was attained. 

The cultures were then inducted with 1 mM final concentration of Isopropyl β-D-1-

thiogalactopyranoside (IPTG) and incubated in a shaker at 23 °C to produce the protein 

overnight. 

2.2 Purification of MpIBP RIII_3 and RIII_5 

The overnight cultures were centrifuged at 4500 x g in a JS-4.2 rotor (Beckman Coulter). The 

supernatant was discarded, and the pellet was resuspended in 25 mL Ni Buffer (50 mM Tris-HCl 
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(pH = 9.0), 500 mM NaCl, 2 mM CaCl2, 5 mM imidazole) containing one dissolved tablet of 

cOmpleteTM EDTA-free broad-spectrum protease inhibitor (Roche). The resuspensions were 

sonicated at 80% power for 5 rounds of 45 s and spun down at 30,000 x g (JA 25.5 rotor) to 

remove the cellular debris. The supernatants were incubated with 5 mL nickel NTA agarose resin 

for 1 h at 4 °C following the batch separation method. The resins were left to settle for 20 min, 

the supernatants were discarded, and the resins were poured into 10-mL columns. The columns 

were washed with 100 mL Ni buffer before the bound proteins were eluted with Ni Buffer + 400 

mM imidazole, and two 6-mL fractions of each eluate were collected. The pooled 12-mL eluates 

were buffer-exchanged into 50 mM Tris–HCl (pH 9), 200 mM NaCl, 5 mM EDTA and 

concentrated to 5 mL using Amicon Ultra – 15 centrifugal filters (Millipore). The solutions were 

then filtered and loaded onto a HighLoad 16/60 Superdex-75 size-exclusion column (GE 

Healthcare). Fractions containing the separated target protein were pooled, and the purity of the 

protein was assessed by 10% SDS-PAGE. Fractions containing pure proteins were buffer 

exchanged into 20 mM HEPES (pH 8.5), 100 mM NaCl, 2 mM CaCl2 for chemical labelling. 

2.3 Preparation of GFP-RIIIW and FrhA PBD proteins 

GFP_RIIIW and FrhA PBD proteins were made by the method of Guo et al., 2017 and kindly 

provided by Dr. Corey Stevens and Brett Kinrade, respectively.80 

2.4 Labelling MpIBP RIII_3 and RIII_1-4, and FrhA PBD with FITC/TRITC 

The purified proteins in HEPES buffer (pH 8.5) were incubated in covered tubes to eliminate 

light for 2 h with tetramethyl rhodamine isothiocyanate (TRITC) or fluorescein-5-isothiocyanate 

(FITC) at a 20:1 molar ratio. The mixtures were then passed through a size-exclusion column 

equilibrated with 20 mM Tris-HCl (pH 9.0), 200 mM NaCl, 5 mM CaCl2 followed by elution 

with the same buffer. The lighter coloured, slower moving band contained the labeled protein and 

was collected. Its concentration was measured by Nanodrop spectrometry (Millipore). 
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2.5 C. neogracile culture growth and maintenance  

Chaetoceros neogracile cells were grown at 4 °C in F/2 media with natural sea water from the 

Gulf of Maine with periodic lighting at 5000 lux (13 h ON, 11 h OFF). The cultures were 

passaged into new flasks every 4 weeks with half of the total volume from the culture and half 

fresh F/2 media. The cultures were used for the experiments 2 -3 weeks after passaging. 

2.6 Blocking and competing-off the proteins from binding diatoms 

A C. neogracile culture (2 mL) was centrifuged at 3000 x g and the pellet was resuspended in 0.2 

mL resuspension buffer (50 mM Tris-HCl pH 9.0, 300 mM NaCl, 5 mM CaCl2). The resuspended 

diatom culture was mixed with different concentrations of ligand-binding protein and one of the 

blocking agents to a total volume of 0.4 mL in 1.5 mL centrifuge tubes. For the control samples, 

resuspension buffer was added instead of the protein or the blocking agents. The tubes were 

covered and incubated at 4° C with gentle mixing for 2 h. For the compete-off experiments, the 

blocking agents were added after 1 h of incubation. After the incubation time the samples were 

centrifuged at 4500 x g for 3 min and washed with the resuspension buffer three times. The final 

pellet was resuspended in 20 µL of the buffer. 

2.7 Microscope imaging protocol 

The microscope slides were prepared by adding 15 µL of each sample on a 75 x 25 mm glass 

microscope slide (Fisher Scientific) covering it with square glass slide covers and allowing 10 

min for the covers to stick to the slides before microscopy. 

Light and fluorescence microscopy and imaging were performed using an Andor Zyla 4.2 Plus 

camera paired with an Olympus IX83 inverted fluorescence microscope with excitation 

wavelength of 488 nm for GFP and 543 nm for TRITC. Images of at least 30 single diatom cells 

were captured at brightfield, TRITC, and GFP channels separately and saved as TIF and JPEG 

formats for quantification purposes.  
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2.8 Data quantification and analysis 

Each brightfield and fluorescence microscopy image was imported to FIJI ImageJ software in 

image sequence mode. The areas of individual diatoms cells were selected using the Polygon 

Selections tool in brightfield and the area, mean gray value, and integral density of the same areas 

were measured in the corresponding fluorescence image. The same protocol was used to measure 

areas of a neighboring empty area (background). The collected data were then used to calculate 

the Corrected Total Cell Fluorescence (CTCF) using the formula below: 

CTCF = Integrated Density – (Area of selected cell X Mean fluorescence of background 

readings). 

The histograms were made using data from three sets of experiments by Microsoft Excel for 

Office 365. Error bars represent the standard error value of the mean (SEM) representing 30 

diatom samples in each set. 

Design and characterization of new adhesins: 

2.9 Engineering of the variants of mini-MpIBP 

 

Figure 2.1 Linear domain maps of MpIBP and the engineered mini-MpIBP variants. Figures 

are not drawn to scale. 
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The original mini-MpIBP (B) was designed and expressed as described in earlier protocols by Dr. 

Guo.120 To design the fluorescent versions of the protein, he removed the N-terminal anchoring 

region RI from the original gene construct by restriction digest at NdeI and NheI sites and 

replaced it with GFP or mRuby genes synthesized by GeneArt. The smaller variants E and F were 

made by PCR amplification and sequential cloning into the pET24a vector. The other cloning and 

expression steps were performed as described in section 2.1. The only variation was the 

transformation step in which the cloned pET24a vectors were co-transformed into E. coli BL21 

(DE3) with a second plasmid pSTV28-HlyB/D provided by Dr. Guo.  

2.10 Dot blot sample preparation 

MpIBP RII, RIIIW, RIII_5 and RIV proteins were made as described in the previous 

protocols.80Each protein was prepared in 200, 20, 2, and 0.2 µg/mL dilutions. For cell samples, E. 

coli BL21 (DE3) cells expressing different variants of Mini-MpIBP were grown in 13 mL-culture 

tubes at 37 °C in LB broth media with added 0.1 mg/mL kanamycin and 25 µg/mL 

chloramphenicol supplemented with 5 mM CaCl2 up to OD600 = 0.6. The cultures were induced 

with 1 mM IPTG and the cells were incubated at 23 °C with shaking to produce the protein for 16 

h. An aliquot (1 mL) of each culture was adjusted to OD600= 1.0 and centrifuged at 9000 x g for 

5 min. The supernatants (cell-free media sample) were collected, and the pellets were 

resuspended and washed in fresh LB containing 5mM CaCl2. After setting aside 20 µL of the 

resulting suspension (cell-surface sample), the remaining bacteria were lysed using BugBuster® 

Protein Extraction reagent (Millipore), centrifuged at 16000 x g and 20 µL of the lysate 

supernatant was harvested (intracellular sample). 

2.11 Pre-adsorption of antibodies with E. coli lysate 

To minimize non-specific binding to E. coli, the rabbit polyclonal antibodies previously raised 

against different regions of MpIBP were pre-adsorbed with E. coli lysate. An overnight culture 

(200 mL) of E. coli BL21 (DE3) was pelleted by centrifugation at 16000 x g for 30 min. The cell 
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pellet was resuspended in 3 mL resuspension buffer (50 mM Tris-HCl at pH 7.6, 150 mM NaCl, 

PMSF 0.1 mM) and subjected to three freeze-thaw cycles using liquid nitrogen. The cells were 

then lysed by sonication as detailed in section 2.2. Lysate (500 µL) was added to 1 mL of each 

diluted antibody (1:10 dilution) and incubated for 1 h at 4°C with gentle shaking. The mixture 

was then centrifuged at 15000 x g for 2 min and the supernatant containing the pre-adsorbed 

antibodies was collected. 

2.12 Dot blot Assay 

PVDF membrane sheets were activated by soaking in 95% methanol followed by washing with 

TBS-T buffer (50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 0.05% (v/v) Tween 20) and dried 

before adding the samples. Aliquots (5 µL) of each sample were spotted on the membrane and 

left at room temperature to dry. The PVDF membranes were then incubated in 40 mL of blocking 

buffer (TBS-T + 5% (m/v) skimmed milk) for 1 h with gentle shaking at room temperature. 

Different volumes of the pre-adsorbed primary antibodies were added to the blocking buffer to 

get to the desired antibody dilution (1:400 for anti-RII and anti-RIV, 1:4000 for anti-RIII). The 

membranes were incubated for another h in the blocking buffer – primary antibody mixture, 

followed by three washing steps of 15 min in the wash buffer (TBS-T). The membranes were 

then transferred to a 1:20000 dilution of HRP-conjugated rabbit secondary antibody (Invitrogen) 

in blocking buffer and incubated for 1 h with gentle shaking at room temperature. The 

membranes were washed three times in TBS-T for 15 min and then for another 15 min in TBS 

(No Tween 20). The blots were developed by soaking in Pierce™ ECL Western Blotting 

Substrate (Thermo Scientific) and imaging on an X-ray film in the darkroom with 90 s exposure 

time. 

2.13 Mini-MpIBP diatom- and dextran-binding assays 

Overnight cultures of E. coli BL21 (DE3) cells expressing mini-MpIBP (15 repeats of RII) were 

prepared as described in section 2.2 and mixed with C. neogracile culture in a 1:1 ratio. Aliquots 
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(1 mL) of the mixture were incubated at 23°C for 1 and 16 h, and at 4°C for 16 h. For the 

dextran-binding assay, 0.5 mL of 100 µg/mL TRITC-labeled dextran (70,000 MW, Invitrogen) 

was incubated with 0.5 mL of the E. coli cells for 1h. All the prepared samples were visualized by 

light microscopy as described in section 2.7. 

2.14 Validating the Ag2-Nb2 cohesion system 

E. coli K12 MG1655 strains expressing different versions of the engineered β-intimin (pNeae2-

based system) adhesin were obtained from Dr. Ingmar H. Riedel-Kruse (Stanford University, 

CA). The bacterial strains and the expression plasmids are listed in Table 2.1. 

Table 2.1 The engineered intimin-expressing bacterial strains and their expression plasmids 

received from Riedel-Kruse lab. 

Bacterial 

strain 

Fluorescent protein 

expression vector 

Adhesin 

expression vector 
Resistance 1 Resistance 2 

E. coli K12 

MG1655 

PXJ96  

(Superfolder GFP) 
- - ampR  

E. coli K12 

MG1655 
PXJ147 (mRuby2) - - ampR 

E. coli K12 

MG1655 
- 

pDSG419  

(Intimin-Ag2) 
kanR - 

E. coli K12 

MG1655 
- 

pDSG375  

(Intimin-Nb2) 
kanR - 

E. coli K12 

MG1655 

PXJ96  

(Superfolder GFP) 

pDSG318  

(Intimin-Ag2) 
kanR ampR 

E. coli K12 

MG1655 
PXJ147 (mRuby2) 

pDSG318  

(Intimin-Ag2) 
kanR ampR 

E. coli K12 

MG1655 

PXJ96  

(Superfolder GFP) 

pDSG320  

(Intimin-Nb2) 
kanR ampR 

E. coli K12 

MG1655 
PXJ147 (mRuby2) 

pDSG320  

(Intimin-Nb2) 
kanR ampR 

 

The cohesion ability of the Ag2 and Nb2 adhesins was tested using the GFP-Nb2 and mRuby2-

Ag2 strains. Each bacterial strain was grown in 10 mL of LB broth containing kanamycin (0.1 

mg/mL) and ampicillin (0.1 mg/mL) overnight at 37 °C with shaking at 300 rpm. 
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Anhydrotetracycline (ATc) at 100 ng/mL was added from the beginning to induce protein 

production. Stationary phase GFP-Nb2 culture (2 mL) was mixed with 2 mL of the mRuby2-Ag2 

cells in a separate 50-mL falcon tube and the bacteria were allowed to settle at room temperature 

for 30 min. Images were taken using an iPhone 7 smartphone. To prepare microscope slides 15 

µL of the culture was collected from the bottom of each tube and placed on a glass microscope 

slide under a cover slip. Fluorescence microscopy was performed as described in section 2.7. 

2.15 Designing the cellulose-binding intimin adhesin (Intimin-CBM) 

The gene sequence for a cellulose-binding module (CBM) from the cellulosomal scaffoldin 

subunit of Clostridium thermocellum was kindly provided by Dr. Steven Smith. A codon-

optimized version for expression in E. coli was synthesized by GeneArt. The gene was cloned 

between HindIII restriction sites of the pDSG419 construct, thus adding the 21-kDa CBM to the 

C-terminus of Intimin-Ag2. All the cloning and transformation steps were performed as described 

in section 2.1 except that the new Intimin-CBM construct was transformed into E. coli MG1655 

cells for surface display. 

 

Figure 2.2 Map of the engineered pDSG419 plasmid containing the CBM. The region between the 

two HindIII sites (magenta) was synthesized by GeneArt. 
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2.16 Mixing of E. coli cells displaying Intimin-CBM with cellulose-base cotton  

Cellulose-based cotton puffs purchased from Shoppers Drug Mart were wrapped in aluminum foil 

and autoclaved to ensure sterility. One cotton puff was added to 1 L of LB broth media inoculated 

with 25 mL of overnight culture of E. coli MG1655 cells co-expressing Intimin-CBM and 

mRuby2. The flask was incubated overnight at 37°C with shaking at 300 rpm with addition of 

100 ng/mL ATc as the expression inducer. A control flask including the cotton puff in the E. coli 

MG1655 culture co-expressing Intimin-Ag2 (no CBM) and mRuby2 was incubated with the same 

conditions as well. The cotton puffs were removed from the cultures after 16 h of incubation and 

compared for their fluorescence intensity under UV light. 

2.17 Binding of E. coli cells displaying Intimin-CBM to microcrystalline cellulose  

An aliquot (1 mL) of E. coli MG1655 culture co-expressing mRuby2 and Intimin-CBM was 

centrifuged at 9000 x g for 5 min, washed and resuspended in 2 mL of PBS. The suspension was 

then gently mixed with 1 mL of 20% (W/V) microcrystalline cellulose (ACROS organics) in a 15 

mL tube and allowed to settle on the bench for 30 min. A 15-µL sample was collected from the 

bottom of the tube and used for making a microscope slide. The slides were then visualized 

through fluorescence microscopy using the method described in section 2.7. 

2.18 Designing the peptide-binding intimin (Intimin-MpIBP-RIII_1-4) and its 

adhesion target (Intimin-YTD) 

The two gene sequences encoding MpIBP-RIII_1-4 (Residues 171 – 506 of MpIBP RIII_1-4, 

PDB 5K8G) and YTD were synthesized by GeneArt and cloned into pSDG318 and pDSG419 

plasmids, respectively. The cloning and expression procedures were performed as described in 

section 2.15 except that each cloned plasmid was co-transformed into E. coli MG1655 cells with 

a GFP/mRuby-encoding vector (PXJ96 or PXJ147). 
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2.19 Cohesion assay between Intimin-RIII_1-4- and Intimin-YTD-expressing E. coli 

strains 

Two types of engineered E. coli MG1655 cells, one expressing mRuby -Intimin-RIII_3 and the 

other GFP-Intimin-YTD, were grown and prepared for the cohesion assay. The growth and test 

procedures were done as detailed in section 2.16 with the only variation being the growth media 

of mRuby-Intimin-RIII_3-expressing bacteria. In separate experimental sets, the LB broth media 

was supplemented with 5mM CaCl2, 5 mM CaCl2 post-overnight, and 1 mM EDTA pre-overnight 

followed by 5 mM CaCl2 post-overnight.  

2.20 Adhesion assay between Intimin-YTD-expressing E. coli and TRITC-RIII_1-4 

protein 

E. coli MG1655 cells expressing Intimin-YTD were cultivated as described previously. An 

aliquot (0.5 mL) of the overnight bacterial culture was centrifuged at 10000 x g and the pellet was 

resuspended in 1 mL resuspension buffer (50mM Tris-HCl at pH 9.0, 150 mM NaCl, 5mM 

CaCl2). Next, 0.2 mL of the resuspension was mixed with multiple concentrations of TRITC-

RIII_1-4 to a total volume of 0.4 mL in 1.5 mL centrifuge tubes. The tubes were covered from 

light and incubated at 23°C with gentle mixing for 2 h. After the incubation time the samples 

were centrifuged at 1000 x g for 3 min and washed with the resuspension buffer three times. The 

final pellet was resuspended in 20 µL of the buffer. Microscope slide preparation, and 

fluorescence microscopy were done as described in section 2.7 to look for the binding of the red 

fluorescent TRITC-RIII_3 to the bacteria. 

2.21 mNeonGreen-YTD protein preparation 

The pET28a vector containing mNeonGreen-Mini-MpIBP construct was used as the template and 

mNeonGreen gene was PCR amplified using a set of designed primers. The primers were 

designed to introduce a C-terminal YTD gene sequence as well as an NdeI (5´) and a XhoI (3´) 

restriction sites to the amplified mNeonGreen gene through PCR-directed mutagenesis.  
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Figure 2.3 Primers for producing mNeonGreen-YTD through site-directed mutagenesis. The 

sequences in yellow are random restriction site protective sequences. 

 

The amplified insert was subjected to restriction digest with NdeI and XhoI enzymes and the rest 

of the cloning, gene expression and protein purification steps were performed as described in 

sections 2.1-2.  

2.22 Adhesion assay between Intimin-RIII_3-expressing E. coli and mNeonGreen-

YTD protein 

E. coli MG1655 cultures expressing Intimin-RIII_3 were grown and prepared as described in 

section 2.18. The adhesion assay and microscopy were performed as described in section 2.19. 
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Chapter 3 

Results 

 

 

Breaking the interactions between the MpIBP adhesin and its diatom target 

3.1 Blocking attachment of the MpIBP sugar-binding domain (RIII_5) to diatoms: 

The ability of the sugar-binding domain of MpIBP to bind the Antarctic marine diatom C. 

neogracile was previously demonstrated by Guo et al.80 In a subsequent investigation 

(unpublished) Guo et al., tested a series of monosaccharides for their ability to compete off a 

fluorescently tagged version of MpIBP RIII_5 from a dextran matrix (Superdex 200). These 

results suggested fucose as the strongest binding partner for this PA14 sugar-binding domain.  

To establish the ability of fucose to block the binding of MpIBP RIII_5 to the C. neogracile 

diatom, this protein domain was labelled with a green fluorescent tag (FITC). The labeled protein 

was then incubated with C. neogracile cells in presence or absence of different concentrations of 

fucose.  

As mentioned earlier, C. neogracile is a psychrophilic marine diatom found in Antarctic waters. 

The frustule (silicified cell wall) of these cells measures around 10 µm in length and 3-4 µm in 

width, with 1-4 projections protruding from the corners (Fig. 3.1A, column 1). The cell bounded 

by its membrane is significantly smaller (Fig. 3.1A, bottom row). Being a photosynthetic 

organism, C. neogracile contains chlorophylls, which have intrinsic fluorescence. However, the 

binding of FITC-RIII_5 to C. neogracile resulted in a considerable increase (~20-fold) of 

fluorescence signal (Fig. 3.1A, middle & bottom 2) over the auto-fluorescence of the diatom (Fig. 

3.1A, middle & bottom 1). The green fluorescence signal became weaker in samples where 

higher concentrations of fucose in increments up to 50 mM were added (Fig. 3.1A, bottom 3-6).  
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Figure 3.1 Reducing the binding between C. neogracile and 3.5 µM FITC-RIII_5 by 

different concentrations of fucose.  
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A) Representative images of diatoms with the indicated treatments. The top row displays a single diatom 

cell in brightfield, middle row in green fluorescence (GFP) channel, and the bottom row a merged render of 

the top two channels. The scale bar is 10 µm and all the images are at the same scale. B) CTCF levels of 

the tested samples. The control bar shows the autofluorescence of the diatoms without any treatment. Each 

bar represents the average CTCF value from three experiments each measuring 30 individual diatoms. The 

error bars represent the Standard Error of the Mean (SEM). 

 

To quantify these results, I measured the intensity of the intracellular green fluorescence signal of 

single diatom cells and calculated the average CTCF values for each sample condition (Fig. 

3.1B). The quantified results indicated that the addition of 0.5 mM fucose was extremely 

effective at blocking accumulation of MpIBP RIII_5 on the diatom. The free monosaccharide 

outcompeted the cell membrane glycans for the sugar-binding protein and displaced an average of 

95% of the fluorescence signal. This competitive effect was reduced by around 40% upon five-

fold reduction of the fucose concentration to 0.1 mM. There was little gain in blocking binding 

with higher fucose concentrations.  

To confirm that this blocking ability is exclusive to strong binding sugars, C. neogracile cells 

were incubated with FITC-RIII_5 plus two different concentrations (0.5 mM and 50 mM) of N-

acetyl galactosamine (GalNAc). This monosaccharide has already been identified as one of the 

weakest binding partners of MpIBP RIII_5 through binding experiments with Superdex 200 (Guo 

et al. unpublished). Fluorescence signals from these test samples did not show considerable drops 

(Fig. 3.2A, middle 4, 5) from the diatom-protein samples without GalNac (Fig. 3.2A, middle 2).  
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Figure 3.2 Comparing the Blocking effect of fucose and GalNAc. Protein concentration is 3.5 µM 

in all the samples with FITC-RIII_5. All the other details are as described in the Figure 3.1 legend.  
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Quantified data confirmed that compared to the efficacy of 0.5 mM fucose in reducing the 

fluorescence signal on the diatoms by ~90%, GalNAc treated samples showed only 15% drop 

even at concentration as high as 50 mM (Fig 3.2B). These results were in line with Apparent 

Dissociation Constants of the two monosaccharides, which was previously calculated 0.65 mM 

for fucose and was too low (not measurable) for GalNAc.  

3.2 Competing MpIBP-RIII_5 off C. neogracile cells by fucose: 

We further tested the ability of fucose to compete off the FITC-RIII_5 proteins already bound to 

diatoms. Toward this end, C. neogracile cells were coated with FITC-RIII_5, followed by 

incubation with millimolar concentrations of fucose. The fluorescence microscopy results for the 

control samples (Fig. 3.3A, column 1) and those with added FITC-RIII_5 protein (Fig. 3.3A, 

column 2) were similar to the previous observations. The diatoms that were pre-coated with 

FITC-RIII_5 and later incubated with 0.5 mM and 50 mM fucose showed very limited 

fluorescence signal (Fig. 3.3A, middle 4, 5) comparable to the sample with early addition of 

fucose (Fig. 3.3A, middle 3). 

In line with the visual results, quantified data verified that late treatment with fucose was as 

effective as early treatment with both 50 mM and 0.5 mM concentrations displacing ~90% of the 

FITC-RIII_5 from the diatoms (Fig. 3.3B).  
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Figure 3.3 Competing-off the prebound 3.5 µM FITC-RIII_5 from C. neogracile by fucose. 

The figure details are as described in the Figure 3.1 legend. 
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3.3 MpIBP peptide-binding domain (RIII_3) is blocked by specific peptides: 

Like RIII_5, the RIII_3 peptide-binding domain of MpIBP has also been shown to have affinity 

for the diatom C. neogracile. Previous X-ray crystallography data from the Davies lab revealed 

that RIII_3 binds a short C-terminal threonine-proline-aspartate (TPD) sequence in its ligand-

binding cavity in the micro-molar range.80Using a structure-guided approach, this TPD sequence 

had been optimized by screening with peptide libraries to find sequences that bind MpIBP-RIII_3 

a thousand times more tightly, with affinities in the nano-molar range. We selected one of the 

stronger of these peptides with the sequence Ala-Gly-Tyr-Thr-Asp (AGYTD) to test its ability in 

blocking the binding of RIII_3 to C. neogracile.  

We prepared a fraction of MpIBP RIII including domains RIII_1,2,3, and 4 and labelled it with 

TRITC. The diatom cells were then incubated with the labeled TRITC-RIII_1-4 in the presence 

or absence of different concentrations of AGYTD. Fluorescence microscopy of the diatoms 

incubated with TRITC-RIII_1-4 showed strong red fluorescence evenly distributed around the 

centrally located cell inside of the diatom frustule, corresponding to binding of the protein to the 

diatom’s cell membrane (Fig. 3.4A, middle & bottom 2). At this magnification, the signal from 

labeled RIII_1-4 matches closely that obtained with labeled RIII_5 in extent and uniformity, and 

in being confined to the inner cell.  
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Figure 3.4 Blocking the binding between C. neogracile and 3.5 µM TRITC-RIII_1-4 by 

different concentrations of AGYTD.  
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A) Representative images of diatoms with the indicated treatments. The top row displays a single diatom 

cell in brightfield, middle row in red fluorescence (TRITC) channel, and the bottom row a merged render of 

the top two channels. The scale bar is 10 µm and all the images are at the same scale. B) CTCF levels of 

the tested samples. The control bar shows the diatoms without any treatment. Each bar represents the 

average CTCF value from three experiments each measuring 30 individual diatoms. The error bars 

represent the SEM. 

 

As with the study on how fucose affects RIII_5 binding to diatoms we were interested to see if 

the peptide AGYTD could block binding of RIII_1-4 to diatoms and if it could displace prebound 

RIII_1-4. Indeed, the red fluorescence signal appeared considerably weaker in samples containing 

increasing concentrations of AGYTD (Fig. 3.4A). The sample incubated with 375 nM peptide 

appeared almost as intense in signal as that with RIII_1-4 alone (Fig. 3.4A, middle 3). At a ten-

fold higher peptide concentration the signal was noticeably weaker (Fig. 3.4A, middle4) and had 

disappeared to the naked eye at further ten- and hundred-fold higher peptide concentrations (37.5 

µM and 375 µM) (Fig. 3.4A, middle 5,6). 

The captured images were quantified as described earlier and the results confirmed the successful 

blocking of TRITC-RIII_1-4. Compared to the samples visualized with GFP channel, the 

chlorophyl-related autofluorescence of the diatoms was absent in the TRITC channel (Fig. 3.4A, 

middle 1). At concentrations of 37.5 µM or above, AGYTD was considerably effective at 

blocking accumulation of the protein on the diatom. We reason that the peptide outcompetes the 

cell surface proteins for binding MpIBP RIII_3, reducing the fluorescent signal by around 95% 

(Fig. 3.4B). The inhibitory effect of AGYTD fell off by approximately 30% at 3.75 µM and 60% 

at 375 nM concentrations. The blocking capability of AGYTD diminished in the nano-molar 

concentrations indicating that the effective inhibitory concentrations of the MpIBP RIII_3 peptide 

ligands are significantly higher than the Kd value of 67 nM calculated for the protein-peptide 

interactions in as yet unpublished studies.  
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To confirm the specificity of the AGYTD peptide, C. neogracile cells were also incubated with 

TRITC-RIII_1-4 plus different concentrations of the pentapeptide Ala-Gly-Ala-Gly-Asp 

(AGAGD). This peptide had previously been identified as one of the weakest binders to MpIBP 

RIII_1-4 with Kd = ~1915 nM (Guo et al., unpublished). Fluorescence microscopy of the samples 

in the presence of AGAGD (Fig. 3.5A, middle 4,5) showed red fluorescence signals as strong as 

the diatom-protein samples with no blocking peptide (Fig. 3.5A, middle 2), indicating that 

AGAGD is not capable of preventing MpIBP RIII_1-4 from binding to diatoms.  

Quantification of these results indicated that relatively high concentration of 37.5 µM and 375 

µM AGAGD only reduced the fluorescence signal by approximately 25% and 40%, respectively 

(Fig. 3.5B) whereas at one tenth this concentration the optimal peptide binder reduced the 

fluorescence signal by almost 95% (Fig. 3.5B). Thus, the experimentally determined affinities of 

these peptides for MpIBP RIII_1-4 (Guo et al., unpublished) are accurately reflected in a practical 

demonstration of preventing an adhesin ligand-binding domain from holding onto target diatoms.  
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Figure 3.5 Assessing the specificity of binding between RIII_3 and AGYTD using a second 

pentapeptide. Protein concentration is 3.5 µM in all the samples with TRITC-RIII_1-4. All the other 

details are as described in the Figure 3.4 legend. 
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3.4 Competing MpIBP-RIII_3 off C. neogracile cells by AGYTD peptide: 

In another experiment, the ability of AGYTD as an antagonist molecule for competing off the 

MpIBP-RIII_1-4 peptide-binding domain pre-bound to diatoms was tested. For this test I 

incubated TRITC-RIII_1-4 with C. neogracile for 1 h before adding micromolar concentrations 

of AGYTD.  

The results of the fluorescence microscopy showed that late addition of AGYTD (Fig. 3.6A, 

middle 4,5) reduced the red fluorescent signal compared to the protein-diatom only sample (Fig. 

3.6A, middle 2). However, the signal was still stronger than the samples treated with AGYTD 

from the beginning of incubation (Fig. 3.6A, middle 3). The addition of 37.5 µM AGYTD 

resulted in the dissociation of roughly 70% of the TRITC-labelled MpIBP RIII_1-4 from the 

diatoms (Fig. 3.6B). Whereas when the same concentration (37.5 µM) of the AGYTD peptide 

was preincubated with the peptide-binding domain the fluorescent staining fell by 95%. Although 

the peptide was more effective at the same concentration when used as a blocking agent, this 

important result demonstrated the potential ability of the peptide antagonists in disrupting pre-

existing bacteria-host interactions, like those present in early stage biofilms. 
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Figure 3.6 Competing-off the prebound 3.5 µM TRITC-RIII_1-4 from C. neogracile by 

AGYTD. All the details are as described in the legend to figure 3.4. 
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3.5 Preventing MpIBP from binding C. neogracile will require blocking both RIII_3 

and RIII_5 domains: 

To test the effect of blocking both ligand-binding domains of MpIBP RIII, a His-tagged full-

length version of MpIBP RIII (RIIIW) fused to a green fluorescent protein (GFP) was 

constructed. The protein was expressed in E. coli and purified. The diatom binding test was 

performed as described earlier with samples containing C. neogracile plus GFP-RIIIW protein. 

The diatom-protein sample with no blocking agent showed high green fluorescence all over the 

cells (Fig. 3.7A, middle 2) on top of the natural autofluorescence observed in the untreated 

diatom (control) samples (Fig. 3.7A, middle 1). The samples containing either fucose alone or 

AGYTD alone showed slightly lower fluorescence intensity (Fig. 3.7A, middle 3,4) but much 

higher than the control diatoms with no protein added. Meanwhile, the diatoms in the final 

sample containing both fucose and AGYTD had a very weak green fluorescence signal (Fig. 

3.7A, middle 5) comparable to the control diatoms with no protein (Fig. 3.7A, middle 1). This 

indicated that the additive effect of both agonists is needed to prevent protein binding to the 

diatoms.  
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Figure 3.7 Comparative assessment of the effect of fucose and AGYTD in blocking the 

whole MpIBP_RIII (RIIIW) binding to diatoms.  
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A) Representative images of diatoms treated with 3.5 µM GFP-RIIIW and specific concentrations of fucose 

and AGYTD. The top row displays a single diatom cell in brightfield, middle row in green fluorescence 

(GFP) channel, and the bottom row a merged render of the top two channels. The scale bar is 10 µm and all 

the images are at the same scale. B) CTCF levels of the tested samples. The control bar shows the 

autofluorescence of the diatoms without any treatment. Each bar represents the average CTCF value from 

three experiments each measuring 30 individual diatoms. The error bars represent the SEM. 

 

Quantification of the fluorescence microscopy images confirmed the visual trend showing a 90% 

drop in the sample with AGYTD + fucose treatment compared to the control (Fig. 3.7B). This is 

while fucose alone and AGYTD alone could only reduce the fluorescence signal by ~50% and 

~60%, respectively, which suggests that the binding of MpIBP to C. neogracile is mediated by 

both the sugar- and peptide-binding domains of RIII. Blocking only one of the two ligand-binding 

domains may limit the effectiveness of MpIBP RIII but cannot fully disrupt the diatom binding as 

the protein can stay attached through its alternative ligand-binding domain. Blocking both RIII_3 

and RIII_5 is required for complete and successful detachment of MpIBP RIII from C. neogracile 

cells. (Fig 3.7B)  

3.6 The homologous peptide-binding domain from a Vibrio cholerae adhesin binds 

to C. neogracile and is blocked using AGYTD peptide: 

Recent structural studies from the Davies lab have shown that the RTX adhesin FrhA from V. 

cholera contains a peptide-binding domain (PBD) homologous to MpIBP RIII_3, with which it 

shares 65% sequence identity at the protein level. Here I tested the binding of this protein to C. 

neogracile and the capability of the AGYTD peptide for blocking this interaction. Toward this 

end, a FITC-labelled FrhA-PBD was prepared as described previously and tested for its ability to 

bind C. neogracile and to check if this binding can be blocked by AGYTD. The experiment, 

fluorescence imaging, and quantification of the results were performed as described for FITC-

MpIBP RIII_1-4.  
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The visual results showed a significant increase in the fluorescence signal upon incubation of 

diatoms with 3.5 µM FITC-FrhA PBD (Fig. 3.8A, middle 2) confirming successful localization of 

the fluorescent protein to the diatoms' cell membrane. More importantly, there was a significantly 

lower signal in the diatom-protein samples treated with AGYTD (Fig 3.8A, middle 3,4). AGAGD 

did not seem to change the high fluorescence resulted from the cell-bound FITC-FrhA PBD 

proteins (Fig 3.8A, middle 5).  

The quantified data showed that while adding FITC-FrhA PBD to the proteins caused a 97% 

increase in the fluorescence value, treatment of the protein-diatom samples with 37.5 µM and 375 

µM AGYTD resulted in almost the same percentage (~97%) reduction in the fluorescence (Fig 

3.8B). These results suggest that AGYTD is even more effective in inhibiting FrhA PBD than in 

inhibiting MpIB-RIII_3. Similar to the previous observations, AGAGD had a negligible effect 

(~10%) in reducing the signal even at the high 375 µM concentration. 
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Figure 3.8 Binding of FITC-FrhA PBD to C. neogracile and blocking it by different 

concentrations of AGYTD. All the details are as described in the legend to figure 3.1. 



 

55 

 

Engineering new bacterial adhesins  

Here I have explored two different Gram-negative adhesin systems as platforms for the design of 

modified versions that will allow targeting of bacteria to different surfaces.  

3.7 Designing a small version of MpIBP for expression in E. coli 

With the demonstrated abilities of MpIBP for binding the host bacterium to specific targets, our 

lab is trying to take advantage of these adhesive abilities in a better-studied and more genetically 

manipulable bacterial species like E. coli. The first barrier toward this end is the extremely large 

size of the MpIBP gene (~60 kb) which makes it nearly impossible to clone it into a vector for 

transfer to the E. coli chromosome. To tackle this problem, we used a truncated version of the 

protein designed previously by Dr. Guo in which the number of repeats of the extender domains 

(RII) was reduced from 120 to 15. This modification projects the ligand-binding domains 

approximately 90 nm away from the cell surface and decreases the molecular weight of the 

protein from 1.5 MDa to approximately 330 kDa, making the cloning and expression of this 

Mini-MpIBP protein in E. coli feasible. In addition, the C-terminal T1SS signal was replaced with 

an HlyA secretion signal which makes the system compatible with E. coli T1SS.120 

A small library of different variants of this engineered Mini-MpIBP was also provided by Dr. 

Guo for further analyses. These variants are displayed in Figure 3.9.  

The constructs were cloned into a pET24a vector and transformed to E. coli BL21 (DE3). Due to 

the lack of T1SS machinery genes hlyB and hlyD in the E. coli BL21 (DE3) genome, a second 

vector called pSTV28 carrying the two necessary genes alongside a chloramphenicol resistance 

gene was co-transformed with the pET24a plasmid. 
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Figure 3.9 Linear domain maps of MpIBP and the engineered Mini-MpIBP variants. A) Full-

length MpIBP protein contains the C-terminal secretion signal RV and accompanying RTX repeats for 

transport through the T1SS (yellow); this is followed by the region IV ice-binding domain (orange); the 

ligand-binding region including sugar-binding RIII_5 domain (magenta) and the peptide-binding RIII_3 

domain (blue); the ~120-repeat central extender region RII (cyan); and the N-terminal surface retention 

module RI (gray). B) In this Mini-MpIBP construct the number of RII repeats is reduced to 15 and the C-

terminal RV is replaced with the 23-kDa C-terminal segment of Hemolysin A (HlyAc) (Red) for secretion 

in E. coli. C, D) These constructs are similar to B, but with RI being replaced with mNeonGreen (Green) 

and mRuby (Brown) fluorescent proteins, respectively. E) This construct is like B but lacks RIII and 

contains only two repeats of RII. F) This construct includes the anchoring region RI and the secretion 

signal HlyAc only. (Figures are not drawn to scale) 

 

To confirm the expression of these recombinant proteins in E. coli, I performed a dot blot assay 

using antibodies raised against RII, RIII, and RIV of MpIBP. The dot blot assay was initially 

performed on pure samples of RII, RIII, and RIV proteins for antibody titration and as a reference 
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measure for the relationship between the protein concentration and signal intensity. The initial 

blots showed a high amount of non-specific signal (not shown) that is likely to be due to 

antibodies that rabbits have to E. coli in their digestive tracts. To circumvent this high 

background all three polyclonal antibodies were pre-adsorbed against an E. coli lysate as 

described in Chapter 2. In general, the results were significantly cleaner and more conclusive 

after pre-adsorption of the antibodies with E. coli lysate. The antibody titers were ideal for 

detecting RIIIW and RIV in the 10 to 100 ng range, but that of anti-RII was too low and was 

increased 2-fold for subsequent blots. 

 

Figure 3.10 Titration of antibodies against different regions of the MpIBP protein. Three dot 

blot assays with indicated titers of anti-RII, anti-RIV, and anti-RIIIW polyclonal antibodies were 

performed. Each row belongs to one of the pure RII, RIIIW, or RIV proteins and each column shows 

different amounts of proteins blotted.  

 

In the next step, the assay was done on E. coli cultures expressing variants A, B, and C of Mini-

MpIBP (Fig. 3.11I). Three samples were prepared from each culture including the cell-free 

media, cell-surface, and lysate supernatant. Three separate blots were performed each using one 

of the antibodies raised against RII, RIII, and RIV of MpIBP. Details of the preparation method 

for each sample and the dot blot assay has been detailed in Chapter 2.  
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Figure 3.11 Analysis of expression and surface localization of the engineered MpIBP 

constructs by dot blot assay. A) Domain map of the constructs expressed by the immunoassayed cells. 

The details of the constructs are described in Figure 3.10 legend. B) Three dot blot assays with indicated 

titers of anti-RII, anti-RIV, and anti-RIIIW polyclonal antibodies were performed. Each column indicates 

E. coli cells expressing one of the constructs 1, 2, or 3 from figure 3.11A. The top row shows the cell-free 

media samples, the middle belongs to the cell surface samples, and the bottom row shows the lysate 

supernatant of the assayed cells. 

 

 

Anti-RII was detected in the cell-free media, cell surface, and lysate supernatant samples of 

constructs B and C (Figure 3.11B, Anti RII blot). Anti-RIII was present in all three samples of 

construct C but absent for A and B constructs ((Figure 3.11B, Anti RIII blot), which is in line 
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with the constructs’ domain design. Finally, anti-RIV was detected in all three samples of the 

control construct B, but only appeared weakly in cell-free media and the cell surface samples 

(Fig. 3.11B, Anti RIV blot). Complete absence of signal for control construct A that lacks any of 

the tested domains confirms the specificity of the dot blot assay. Detection of all the domains in 

cell-free media suggests some unwanted cell lysis, as well as partial cleavage and release of the 

domains after their surface localization. Presence of signals in lysate supernatant would be 

associated with the expressed proteins that were trapped in the cell due to limited secretion 

capability of the cell.  

3.8 Target-binding activity of Mini-MpIBP 

To test the functionality of the protein in E. coli, we incubated the recombinant cells expressing 

Mini-MpIBP construct with 15 repeats of RII with C. neogracile to see if the bacteria would 

accumulate around the diatom cells as M. primoryensis does. There was no sign of association. 

We also attempted to observe adhesion between the sugar-binding domain (RIII_5) of the Mini-

MpIBP on the bacteria and dextran molecules (70,000 MW, Invitrogen). These polysaccharides 

are non-metabolizable by the cells and should potentially provide numerous binding targets 

(Glucose) for MpIBP RIII_5. Despite trials with different conditions and experimental 

approaches, we failed to observe the adhesive function of MpIBP expressed in E. coli.  

3.9 Recruiting β-intimin transporter complex as an adhesin display system in E. 

coli: 

β-intimin transporter complex was selected as an alternative way for displaying different bacterial 

adhesins including MpIBP ligand-binding domains on the cell surface. We received the 

previously introduced engineered versions of β-intimin known as Neae-Ag2 and Neae-Nb2 from 

Dr. Riedel-Kruse (Stanford University). To test the validity of the display system and the 

specificity of the adhesion, we used two strains of E. coli MG1655 called GFP-Nb2 and mRuby-

Ag2 each expressing one of the two adhesins together with a distinct red or green fluorescent 
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protein to be able to readily distinguish the cells. Mixing the induced cultures of the two strains 

resulted in significant settling of bacteria in the tube corresponding to the binding between Nb2 

nanobodies and Ag2 antigens (Fig. 3.12, A-C). Fluorescence microscopy of the mixture showed 

aggregates of bacteria with clear green-red association patterns. Every red cell was attached to a 

green cell, and vice versa, but red cells did not associate with each other, and neither did green 

cells. These results validated the high specificity of Ag2 toward Nb2.  

 

Figure 3.12 Validating the ability of Intimin-Ag2 and Intimin-Nb2 to cause cell-cell binding. 

The bacteria expressing mRuby-Ag2 (A), and the ones expressing GFP-Nb2 (B) remained suspended in the 

culture after 30 minutes of benchtop incubation, while a 1:1 mixture of them (C) showed cell clumping and 

settling after the same incubation time. Fluorescence microscopy of the bacterial aggregates from C showed 

red-green patterns (D). 

3.10 Engineering an intimin-based cellulose-binding adhesin 

As a preliminary step toward engineering the β-intimin adhesin, we used a cellulosomal 

scaffoldin subunit of Clostridium thermocellum (PDB 1nbc)121 as a passenger unit to the C-

terminal end of Intimin-Ag2 to potentially make a novel adhesin with cellulose-binding ability 

(Fig 3.13). This domain was selected based on its high binding specificity and small size. The 

sequencing results proved that the cloning was successful. After transformation into E. coli 

MG1655 the plasmid containing the construct had the potential to produce the cellulose-binding 
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domain on the outside of the cells that contained the mRuby2 fluorescent protein (red) for easy 

identification.  

 

Figure 3.13 Cloning CBM gene into pDSG419 vector. The synthesized CBM gene (green) cloned 

into pDSG419 plasmid coding Intimin-Ag2. The gene was placed C—terminal and in the same ORF as the 

Intimin-Ag2. Color coding matches between the plasmid map and the nucleotide sequence. 

 

The bacteria were tested for cellulose-binding activity using two methods: incubation with cotton 

balls, and incubation with microcrystalline cellulose. In the former experiment I expected to see 

higher red fluorescence on cotton balls incubated with the intimin-CBM expressing bacteria 

under UV light when compared to the control cells. In the latter experiment I expected to see 
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binding and biofilm formation of the bacteria on the cellulose crystals by light and fluorescence 

microscopy. However, the results from both experiments indicated very limited to no affinity for 

cellulose by the adhesin-expressing bacteria (not shown). We suspected that the folding of the 

cellulose-binding domain might have blocked its passage through the pore of the intimin such that 

it could not be expressed on the surface. 

3.11 A cell-cell adhesion system based on the binding between MpIBP-RIII_3 and 

YTD peptide 

To avoid the potential obstacle of passing a folded protein domain through the barrel of the 

intimin I switched to another system where red-tagged cells could adhere to green-tagged cells if 

we used a pairing of the MpIBP peptide-binding domain with its optimal peptide ligand. Thus, the 

YTD peptide sequence was added to the C-terminus of the Intimin-Ag2 construct, which should 

have no trouble in displaying this tiny peptide on the cell surface (Fig 3.14I). Its complement in 

the other cell was the peptide-binding domain of MpIBP RIII_1-4 (Fig 3.14II). It was 

hypothesized that the high calcium-dependency of this protein domain might prevent folding 

prior to its surface display. Then, by supplementing the growth medium with extra Ca2+ the 

domain should fold on the outside of the cell. Both constructs were made through restriction 

cloning of the synthesized genes into Intimin-Ag2-coding vector pDSG419 for expression in E. 

coli MG1655.  
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Figure 3.14 Cloning YTD and MpIBP-RIII_1-4 into pDSG419 and pDSG318 vectors. A) 

YTD sequence (violet) was cloned into Intimin-Ag2-coding vector pDSG419. The DNA for the tripeptide 

was placed C—terminal and in the same ORF as the Intimin-Ag2 with a glycine (G) codon in between for 

more flexibility at the protein level. B) MpIBP-RIII_1-4 (magenta) was cloned into Intimin-Ag2-coding 

vector pDSG318 by a similar strategy to that used for the YTD DNA cloning. Color coding matches 

between the plasmid maps and the nucleotide sequences. 

 

The expression culture of Intimin-RIII_1-4-expressing cells was supplemented with 5 mM CaCl2 

post-incubation to ensure the unfolded state of the protein before, and its proper folding after, the 

outer-membrane translocation. Each of the two engineered E. coli cell lines were co-expressing 

the adhesin with either a green (GFP) or red (mRuby2) fluorescent-coding plasmid (Fig. 3.15). 
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Figure 3.15 mRuby2- and sGFP-coding vectors co-expressed with the engineered adhesins.  

 

To test the binding between the two adhesin-expressing E. coli cells, bacterial cultures were 

grown and mixed following the approach described in section 4.2.3. The mixture of the two cell 

types was expected to show rapid aggregation and settlement of the cells, as well as green-red 

patterned aggregates of bacteria corresponding to binding between the two complementary cell 

cultures like that shown in Fig. 4-12. Despite trying the experiment using different growth and 

incubation conditions, there was no indication of association between what should have been 

interacting complementary cells (Fig. 3.16). 

 

Figure 3.16. The mixture of the E. coli cells expressing 

GFP + Intimin-YTD (green) and mRuby + Intimin-

RIII_1-4 (red).  
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To investigate the issue with the cell-cell binding experiment, the E. coli MG1655 cells 

expressing Intimin-YTD adhesin were incubated with the TRITC-RIII_1-4 protein. The cell-

protein binding was expected to be observed by fluorescence microscopy in form of red 

fluorescence patches on the bacterial cells corresponding to the binding of Fluorescent TRITC-

RIII_1-4 to Intimin-YTD adhesin. However, I was not successful in achieving the expected 

results despite varying the expression and incubation conditions. The reason for this failure can 

be associated with the small number of the intimin-YTD adhesins on the cell that may not be 

enough for visualization of TRITC-RIII_1-4 bindings to them. 

To check the other component of the two-cell system I used a polyclonal antibody raised against 

MpIBP-RIII to detect this protein on the outside of the cells. Immunoblotting did not detect any 

surface expression (Fig. 3.17). However, after breaking open the cells there was a strong signal 

from the lysate. 

 

Figure 3.17 Checking the localization of Intimin-RIII_1-4 by dot blot assay. The anti-RIII 

antibody was only detected in the lysate supernatant sample showing failed surface localization of the 

adhesin. 

3.12 Designing mNeonGreen-YTD protein as a fluorescent probe 

To establish a fluorescence microscopy-based method for validating the adhesion between the 

surface-displayed Intimin-RIII_3 and its binding partner, AGYTD peptide, I engineered the three 

C-terminal amino acids (YTD) onto the C-terminus of mNeonGreen fluorescent protein. The 

resulted construct that we called mNeonGreen-YTD was successfully cloned, expressed, and 

purified using the method described in chapter 2.  
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Figure 3.18 mNeonGreen-YTD construct map and sequence. PCR-amplified mNeonGreen-YTD 

sequence cloned between NdeI and XhoI restriction sites of pET28a vector. The sequence was confirmed 

by gene sequencing. Color coding matches between the plasmid map and the nucleotide sequence. 
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Figure 3.19 mNeonGreen-YTD protein design and purification. 

A) A model of the designed mNeonGreen-YTD in ribbon format. mNeonGreen protein is shown in green 

while the YTD sequence is shown in red at the flanking C terminus (Modified from PDB 5LTR). B) 

Molecular protein weight ladder on the left followed by elutes of mNeonGreen-YTD protein (MW=31 

kDa) from size-exclusion chromatography column. The green box shows the partially pure protein fractions 

used for experiments. 

 

To test the successful display of the passenger domain and its peptide-binding function, the E. 

coli cells displaying the Intimin-RIII_3 adhesin were incubated with mNeonGreen-YTD protein 

and visualized under the fluorescence microscope.  
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Figure 3.20 Predicted model for Intimin-RIII_1-4 surface display and its interaction with 

mNeonGreen-YTD protein.   

 

Despite trying various expression and incubation conditions, the expected green fluorescent 

patches on the bacterial cells, representative of the protein-cell binding were not observed. 
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Chapter 4 

Discussion & Conclusion 

 

 

In this thesis, I demonstrated the ability of specific high-affinity ligands to act as inhibitors for 

certain ligand-binding domains from a representative bacterial RTX adhesin. Given the high 

sequence similarity among bacterial RTX adhesin domains, including those from some human 

pathogens, the same strategy can be used for blocking a variety of adhesin-target interactions, 

thereby potentially preventing host colonization by the pathogenic bacteria.81 I also tested and 

designed a series of novel adhesins based on two E. coli-compatible secretion and surface 

translocation systems, with mixed results. This method can be optimized by a better 

understanding of the structural limits of the surface translocation systems being used to display 

new functionality.  

4.1 Breaking bacterial adhesions 

Bacteria are usually found attached to a surface in the environment, and surface adherence is a 

key step in the life cycle of many bacterial species including most pathogenic bacteria.122 In fact, 

the ability of a pathogen to colonize and infect host tissues, which in many cases leads to the 

formation of a biofilm, is highly dependent on its successful attachment to a specific surface in 

the host’s body.1 Therefore, breaking these adhesions can be regarded as a potential way to 

prevent or treat bacterial infections. Lately, this concept has gained more attention due to the 

increase in antimicrobial resistance among bacteria.123 The first part of my thesis focuses on the 

introduction and validation of a new strategy for combating two bacterial adhesin domains that 

appear to be common mediators of surface recognition and attachment among bacteria. The 

particular assortment of ligand-binding modules in adhesins will determine the niche, virulence, 
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and survival of their host bacteria, and make them targets for the development of anti-adhesion 

drugs.58 

4.2 High-affinity monosaccharides as blocking agents for specific bacterial lectins 

Glycans are among the most common cell-surface components and their recognition by 

carbohydrate-binding proteins or lectins is the principle of various biological events such as 

fertilization, cell signaling, and host-pathogen interactions.124–126 In this thesis I made use of 

structural data not yet reported by the Davies lab to block the ability of the PA14 lectin from 

MpIBP (which is here referred to as MpIBP RIII_5) to bind its target diatom using a high-affinity 

monosaccharide as an antagonist.127 In this unpublished work by Guo et al., L-fucose was found 

to be one of the strongest monosaccharide ligands of MpIBP RIII_5, with a Kd of 147 µM. This 

work was done using a comparative competition binding assay and isothermal titration 

calorimetry (ITC). In addition, they demonstrated that the lectin has a wide range of intermediate 

affinities for various hexoses and pentoses and no binding to GalNAc. Based on these data, L-

fucose was selected as the antagonist molecule and GalNAc as a negative control for our 

experiments. The results of my work showed that fucose is highly effective in inhibiting the 

binding between the fluorescently labeled MpIBP-RIII_5 and the diatoms at sub-millimolar 

concentrations (0.5 mM). These concentrations were significantly higher than the Kd determined 

for the interaction by ITC. The reason for this might be related to the abundance of glycans on the 

cell membrane of C. neogracile that provide many closely-located binding sites for MpIBP 

RIII_5.128 Hence, countering this multivalent proximity effect would require a much higher 

effective concentration of free fucose molecules. As expected, even at 50 mM concentration, the 

non-binder monosaccharide GalNAc failed to block the protein-diatom interactions, in line with 

and validating the results from the previous structural studies by Guo et al. 

Not only was fucose effective in inhibiting the binding, but it also successfully competed off the 

MpIBP RIII_5 at millimolar concentrations when added to a sample of diatoms already coated 
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with FITC-MpIBP RIII_5. This suggests that fucose would potentially be able to disrupt already 

formed lectin-mediated associations between M. primoryensis and diatoms. It is noteworthy that 

MpPA14 represents a family of lectins that are present in many bacterial adhesins, including 

those from pathogenic species like Vibrio cholerae and Vibrio vulnificus.127 Thus, using high-

affinity lectin inhibitors might be a helpful strategy for disrupting detrimental biofilms at their 

initial steps of formation. Another possible application of this method could be molecular probing 

of PA14 domains for bacterial detection purposes.129  

4.3 Small modular peptides can be used as anti-adhesion agents 

Most of the biochemical processes in eukaryotic and prokaryotic organisms involve protein-

protein interactions (PPIs).130 Examples of these interactions can be found in different signal 

transduction and metabolic pathways such as antibody-antigen interactions in the immune system, 

signaling via G protein-coupled receptors, and ATP production through the electron transport 

chain.131 In pathogenic bacteria, not only are PPIs central to many intracellular processes, but they 

also play an important part in mediating bacteria-host interactions.132 Recent advancements in 

structural biology and medicinal chemistry have led to the development of several PPI-based 

strategies against bacterial infections, such as designing chaperon-binding single molecules for 

disruption of pili biosynthesis in E. coli, and cyclic di-GMP modulators for downregulation of 

biofilm formation pathways in P. aeruginosa.133 In this work I showed the potential role of the 

AGYTD pentapeptide as an inhibitor of the protein-protein interaction between the MpIBP 

peptide-binding domain (MpIBP RIII_3) and its target diatom C. neogracile. MpIBP RIII_3 

represents a novel class of peptide-binding domains found within bacterial adhesins, including 

human pathogens such as Vibrio cholerae, Aeromonas veronii, and Vibrio vulnificus.80,89 These 

adhesive proteins help their host bacteria with binding to the host, presumably through 

interactions with the C-terminal residues of the host’s surface proteins.81 
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The AGYTD pentapeptide was identified as a high-affinity ligand for MpIBP RIII_3 by Guo et 

al. (unpublished) through rationally screening a small library of roughly 80 peptides, which were 

selected based on a tripeptide sequence (TPD) originally found inside the binding pocket of 

MpIBP RIII_3 during X-ray crystallography. This study also showed that a range of similar 

sequences in the last three C-terminal positions could also bind, which complicates the search for 

the natural ligand(s).  

Our results demonstrated that the presence of micromolar concentrations of AGYTD could 

effectively inhibit the binding of the TRITC-labeled MpIBP RIII_1-4 protein to the target 

diatoms. As in the case of the MpIBP PA14 domain, the concentration of the AGYTD ligand 

required for blocking diatom binding (37.5 µM) was significantly higher than the Kd calculated by 

ITC for the protein-peptide interactions (67 nM). A similar trend was observed when attempting 

the experiment with different concentrations of a weaker ligand, AGAGD, where despite the 

calculated Kd of 1.9 µM by ITC, concentrations as high as 375 µM of the peptide were unable to 

block more than 50% of the bindings. This observation is likely due to the presence of many 

nearby protein binding sites on the diatom cell membrane, which causes a multivalent proximity 

effect by increasing the possible binding site for MpIBP RIII_3.128  

Encouragingly, AGYTD was also successful in disrupting the pre-existing interactions between 

the diatoms and MpIBP-RIII_1-4. Although it was more effective when used as an inhibitor, this 

result is highly important in proving the potential ability of this peptide antagonist to disrupt 

bacteria-host interactions that might be found in the early stages of a biofilm. These findings 

suggest the use of this group of high-affinity inhibitors as a strategy for blocking similar adhesins 

found in pathogens.  

4.4 MpIBP RIII_3 homologs are found in pathogenic bacteria 

As discussed earlier, homologs of MpIBP RIII_3 with a conserved peptide-binding site are found 

in many pathogenic bacterial species. Recent unpublished structural studies from the Davies lab 
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have shown that a peptide-binding domain (PBD) from Vibrio cholerae FrhA adhesin shares 65% 

sequence identity to MpIBP RIII_3 at the protein level. FrhA adhesin has a key role in the 

pathogenic lifecycle of Vibrio cholerae by helping the bacteria bind to chitin, epithelial cells, and 

erythrocytes.89 In particular, FrhA PBD has been shown to be responsible for the attachment and 

agglutination of erythrocytes by V. cholerae.89 My experimental results demonstrated that 

fluorescently-labeled FrhA PBD protein clustered around C. neogracile diatoms in a similar 

manner as TRITC-MpIBP RIII_1-4. This suggests that both MpIBP and FrhA peptide-binding 

domains attach to the same extracellular protein(s) located on the diatom, which are like those on 

erythrocyte cell surfaces. In addition, effective inhibition of diatom-binding by FrhA PBD in the 

presence of micromolar concentrations of AGYTD further supported the applicability of this 

particular anti-adhesin inhibitor family as helpful tools for countering pathogenic bacteria. As a 

complementary study, FrhA-like adhesins from other closely related bacterial species such as the 

flesh-eating pathogen V. vulnificus, and the opportunistic marine bacterium A. veronii could be 

tested for their ability to bind C. neogracile and erythrocytes, and the possibility of their blockage 

by the use of inhibitor peptides such as AGYTD. 

A future goal will be to design similar anti-adhesin therapeutics based on non-metabolizable D-

peptides that are resistant to proteolytic degradation.134 

4.5 Anti-adhesion drugs can disrupt biofilm formation before it starts 

The clinical effectiveness of the majority of antibiotics has considerably declined due to the rise 

of antibiotic resistance among microorganisms.44 With some serious pathogens like P. aeruginosa 

and S. aureus (MRSA) being resistant to more than one antibiotic, scientists and clinicians are 

now concerned about the potential emergence of untreatable “super–bugs”.135 In the light of this 

threat alternative therapeutics like antivirulence drugs have gained attention..136 The most 

promising advantage of antivirulence strategy is that it does not affect the viability of the 

microorganism, therefore it could potentially reduce or eliminate the selective pressures caused 
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by traditional antibiotics that have promoted the development of the drug resistance.137 Well-

known drugs of this type include antitoxins against Clostridium botulinum BoNT toxin and S. 

aureus ɑ-haemolysin, quorum-sensing inhibitors and anti-T3SS antibodies against P. aeruginosa, 

and mannose analogs as inhibitors of UPEC FimH.136,138 It is noteworthy that due to presence of 

several virulence factors in a single pathogenic bacterium, most of the antivirulence treatment 

strategies are performed in combination with other antivirulence factors or used in conjunction 

with certain antibiotic therapies.139 

The anti-adhesin approach investigated in this thesis falls into the mentioned category of 

antivirulence treatments. Previously, multiple strategies have been proposed for blocking the 

ligand-binding domains of bacterial adhesins including antibodies, substrate analogs, and metal-

ion interventions.140,141 I showed that treatment of two ligand-binding domains from a biofilm-

related bacterial RTX adhesin with small high-affinity substrates could effectively inhibit the 

domains’ target binding. The exceptionally large size of RTX adhesins enables them to extend 

their C-terminal ligand-binding domains far away from the cell surface, making them potentially 

the first cell components to sense and bind to a surface.80 Furthermore, the target specificity of 

RTX adhesins’ ligand-binding domains can act as guides for the bacteria in finding and binding 

their optimal target and niche.81 Thus, blocking the ligand-binding domains of RTX adhesins can 

possibly prevent the whole process of surface colonization and subsequent biofilm formation of 

bacteria in a very early step.  

It has previously been shown that incubation of M. primoryensis with antibodies against the ice-

binding domain of its RTX adhesin completely prevented the bacteria from adhering to ice.87 Our 

results from the blocking experiment with the GFP-tagged full-length MpIBP-RIII including both 

the sugar- and peptide- binding domains showed that neither agonist alone could completely 

block the GFP-MpIBP-RIIIW proteins from the diatoms. However, the binding was successfully 

blocked when the protein was incubated with a combination of AGYTD and fucose. This 
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observation suggests that like many pathogenic bacteria that have more than one means of 

attachment to their host, M. primoryensis uses a combination of ligand-binding sites for binding 

to C. neogracile diatoms. We reason that a combinational treatment with the anti-RIV antibody, 

fucose, and AGYTD can potentially prevent and even disrupt the whole ice-bound commensal 

biofilm lifestyle of M. primoryensis. Considering the similarity between MpIBP and other RTX 

adhesins in pathogenic bacteria, implementing such anti-adhesin strategies as treatments for 

bacterial infections requires a detailed understanding of the target adhesin, as well as a good 

insight into other possible host adhesion mechanisms in the pathogen of interest. To further 

support these reasonings, blocking experiments of this kind can be performed on homolog ligand-

binding sites of RTX adhesins from other Gram-negative bacteria at the protein and cell levels.  

4.6 Making bacterial adhesins 

Recent advancements in synthetic biology have given scientists the ability to selectively modify 

and control the natural behavior of living cells for biotechnological applications.142 One of the 

interesting targets of such modifications is the cell-surface composition of the microorganisms. 

For instance, incorporation of new adhesion machineries to the cell-surface of bacteria have been 

shown to give bacteria predictable adhesion and specific target-binding abilities.115 Some 

examples of these engineered organisms include Salmonella-based vaccine delivery systems and 

tumor-targeting E. coli.143,144 In this thesis I set out to design a series of novel bacterial adhesins 

based on two different protein engineering strategies. We postulated that successful incorporation 

of these adhesins to the surface of E. coli could introduce new surface-binding and cohesion 

capabilities to the organism, potentially promoting formation of biofilms on surfaces of interest.  

4.7 Tailoring MpIBP adhesin for production in E. coli 

One of the characteristics of RTX adhesins is the presence of a variety of ligand-binding domains 

in their distal, C-terminally located ligand-binding region.81 These domains enable the host 

bacteria to bind a wide range of targets and surfaces such as different sugars, proteins, minerals, 
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etc.80,127 Moreover, there are still many other ligand-binding domains from this RTX family with 

undetermined binding targets.81 As a representative of this protein family, MpIBP bears three 

distinct ligand-binding capabilities through its sugar-, peptide-, and ice-binding domains.80 

Interesting features of this protein led us to investigate the possibility of transferring this system 

to E. coli and using it as a tool for directed surface targeting of these bacteria. The first barrier 

toward this end was the extremely large size of the MpIBP gene (~60 kb), which makes it nearly 

impossible to clone into a vector for transfer to the E. coli chromosome or as a plasmid insert. 

This issue was tackled by using a truncated version of the protein based on a design by Guo et al., 

(unpublished) in which the length of the extender domain of the protein was reduced by 

approximately 80%.120 The issue with compatibility of the engineered protein with secretion 

system of E. coli was also solved by making modifications to the secretion signal of the 

engineered MpIBP, as well as incorporating the compatible parts of the T1SS to the host cell by 

introducing a second expression vector.  

Following the cloning and transformation of the engineered adhesin construct into the target cells, 

a dot blot immunoassay using antibodies against different regions of MpIBP was performed with 

the aim of validating the presence of the adhesins on the cell-surface. Focusing on the results of 

the original mini-MpIBP (with 15 repeats of RII), the two domains RII and RIII were detected in 

the cell lysate samples, validating their successful expression by E. coli. The accumulation of 

some of the protein inside the cell can be attributed to the limited capacity of the bacteria in 

forming T1SS transmembrane tunnels for translocation and anchoring of the adhesin. The RIII 

and RII domains were also detected on the cell surface, suggesting the successful surface 

localization of these regions of the adhesin. However, antibodies against RIV did not detect this 

domain in the cell lysate and only low signals from it were seen on the cell surface. Low levels of 

adhesin domains in the cell-free medium could be due to a failure in some of the surface 

anchoring modules, proteolytic degradation in the linker regions, or cell lysis during sample 
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preparation. While all the three antibodies were detected in the cell-free medium, the signal from 

RIV was considerably weaker compared to RII and RIII signals. The most probable reasoning for 

the RIV-related observations would be the degradation of this domain upon its expression. 

Although there are weak signals in the cell-free medium and the cell-surface samples of mini-

MpIBP for RIV, comparing it with the strong RIV signals from the other control construct 

suggests that the former signals are probably associated with unspecific bindings of anti-RIV.  

Given the natural presence of this protein at Antarctic temperatures and conditions, degradation 

of RIV might be caused by the warmer temperatures used during E. coli cultivation.93 To check 

for C-terminal degradation of RIV it would be helpful to probe the same samples with antibodies 

against RV, the most distal part of this adhesin. 

Despite the successful display of the sugar- and peptide-binding domains on the E. coli cell 

surface, we could not visualize the host’s interaction with two tested targets, C. neogracile diatom 

and fluorescent dextran beads. One highly probable reason for failure of the engineered E. coli 

cells to bind diatoms would be the shorter size of the mini-MpIBP compared to the original 

adhesin. Our fluorescence microscopy results showed that the diatom-binding domains of MpIBP 

pass through the silica cell wall of the diatoms to reach their ligands on the plasma membrane. In 

the case of mini-MpIBP, the reduced size of the extender region (from 0.6 microns to <0.1 

microns) would restrict the reach of the ligand-binding region through the frustule to the diatom’s 

plasma membrane. Nevertheless, dextran beads should have provided the sugar-binding domain 

of the adhesin with plenty of easy access binding sites, on which the adhesin-producing bacteria 

were expected to accumulate around the beads. I suggest two possible reasons for the negative 

results; 1) other cell-surface structures on E. coli interfere with the normal fold of the engineered 

MpIBP, causing a structural change in its ligand-binding sites, and 2) the interactions between the 

MpIBP sugar-binding domain and the dextran beads are not strong enough to hold the bacteria 
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attached to the beads. The latter reason could be consistent with the fact that two ligand-binding 

domains are involved in natural target binding of M. primoryensis to diatoms.  

Recent results from our lab and the Klose lab showed that a homolog of MpIBP peptide-binding 

domain from V. cholera can bind both erythrocytes and C. neogracile diatoms. To further 

investigate the functionality of the mini-MpIBP, one could experiment with the ability of the 

adhesin-producing cells to bind erythrocytes. These cells have a much simpler and readily 

accessible cell surface that makes them easier targets for the functional study of mini-MpIBP. 

4.8 β-intimin transporter complex (Neae) as an adhesin display system 

As one of the adhesin engineering strategies explored in this thesis, I used an alternative adhesion 

system for the optimized surface display of adhesion domains of choice. The β-intimin 

transporter complex known as Neae was selected based on its ease and proven efficiency. As 

described in Chapter 1, Neae is composed of N-terminal domains of UPEC β-intimin adhesin, 

which can carry and translocate a C-terminal passenger domain of interest across the inner and 

outer membranes of Gram-negative bacteria.115 The simplicity of this system lies in 1) its 

dependency on bacterial general secretion (Sec), which eliminates the need for incorporating 

additional secretion signals to the target cells, and 2) the presence of the whole adhesin machinery 

including the carrier and passenger domains in a single outer-membranous polypeptide.98 

The first C-terminal adhesive domain that was incorporated into the Neae system was a CBM 

from C. thermocellum, which was selected based on its conveniently small size and effective 

target binding.121 Although the cloning outcomes suggested successful design of the adhesin’s 

gene, induced expression of the engineered adhesin construct in E. coli, it did not lead to binding 

of the microorganism to the experimented cellulose-based targets. I suggest that this result is 

probably due to incomplete surface localization of the CBM. There are some structural 

restrictions to the β-intimin pore that may prevent passengers with specific folds to cross the 

outer-membrane. In a study by Adams et al., 2005 it has been shown that the intimin pore is most 
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effective in translocating proteins with low structural rigidity, unfolded proteins, or small 

polypeptide chains.113 Regarding this, two other adhesins were separately designed, one 

containing the peptide-binding domain of MpIBP, and the other Tyr-Thr-Asp (YTD) sequence as 

the passenger domain. These passenger domains were proposed to be more compatible with the 

display system as the high calcium-dependency of the MpIBP peptide-binding domain would 

supposedly keep the protein unfolded in a culture with no added Ca2+, and the negligible size of 

the YTD should cause no problem for its display. However, as stated in Chapter 3, none of the 

adhesins showed the expected binding of the host E. coli cells to their targets. Further analysis of 

the peptide-binding β-intimin adhesin by immunoassay indicated that the protein was produced 

by E. coli but failed to be displayed on the cell surface, contrary to our hypotheses about the role 

of calcium deficiency in facilitating the display. The results of this thesis propose that while Neae 

system has proven to be successful in displaying a series of different polypeptides, especially Ig-

like domains, they may not be suitable candidates for displaying other proteins.117 A well-known 

alternative display system for possible future work would be ice nucleation protein (INP) of 

Pseudomonas syringae with proven capability in displaying proteins up to 60 kDa.145 

In conclusion, adhesins are crucial proteins in the lifecycle of bacteria with numerous potential 

applications in health and biotechnology. Based on a growing understanding of the structure and 

function of different types of adhesins, we see ways to prevent unfavoured surface colonization 

and biofilm formation by these microorganism, but also ways to promote the formation of 

microbial communities of interest on surfaces of our choice.  
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