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Abstract 

The aggregation of bacteria into the form of biofilms is a measure of their success in colonizing biotic and 

abiotic surfaces. Biofilm communities provide the sheltering bacteria with resistance against biocides like 

antibiotics, and physical disruption from forces like shearing and abrasion, as well as opportunities to 

swap beneficial DNA sequences. Bacterial biofilms can be harmful as in tooth plaque or chronic 

infections, or they can be beneficial as in promoting plant growth by excluding harmful microorganisms. 

Bacteria use adhesion proteins (adhesins) to initiate the interaction with host surfaces. Characterizing 

these proteins may provide opportunities to inhibit pathogenic biofilms and reinforce beneficial ones. 

The purpose of this thesis was to investigate the structure and binding partners of ligand-binding domains 

from select repeats-in-toxic (RTX) adhesins, and to find novel domains with similar functions. The 

examples pursued here include: 1) The large adhesion protein (Lap) from the rhizobacterium 

Pseudomonas fluorescens, which contains a peptide-binding domain called vWFA domain. The domain, 

being different from the orthologs in eukaryotes, contains an extra insert region adjacent to the metal-

binding site. Structural alignment with vWFAs from other bacterial species indicated that this region 

might affect ligand selection. 2) A sugar-binding PA14 domain was recognized in Pseudomonas 

fluorescens Lap as a highly conserved ortholog of the one from Marinomonas primoryensis ice-binding 

protein. To establish the importance of the D-cis-D motif during biofilm formation, the double aspartates 

in the binding site were mutated to alanines, which eliminated the domain’s ability to bind glucose. 

Lastly, 3) The large adhesion protein from the oil-degrading bacterium Marinobacter 

hydrocarbonoclasticus contains a second sugar-binding PA14_2 domain besides the previously 

characterized PA14 domain. A recombinant version of the second ligand-binding domain was produced in 

E. coli. Its elution during Superdex 75 size-exclusion chromatography was retarded, suggesting it might 

have a sugar-binding ability. Glycan array analysis showed that the domain had a preference for binding 

carbohydrates extracted from Proteus mirabilis. This result might help identify the type of organisms on 

which the oil-degrading bacteria form biofilms.  
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Chapter 1 

Introduction 

1.1 Bacteria and Biofilm Formation 

Bacteria bind, colonize, and form layers on various surfaces. The resulting community is called a 

biofilm and contains bacteria, water, and extracellular polymetric substances (EPS), which are 

typically a combination of polysaccharides, proteins, and extracellular DNA (1-7). The 

fundamental function of a biofilm is to help the survival of internal bacteria. Biofilms provide 

some protection from extreme environments, biocides, and antibiotics (3,5,7). Depending on the 

species, biofilms can facilitate different activities. In the case of pathogenic bacteria such as 

Vibrio cholerae and Porphyromonas gingivalis, biofilms will lead to diarrhea and periodontal 

disease, respectively (7-9). On the other hand, beneficial bacteria such as Pseudomonas 

fluorescens and Marinobacter hydrocarbonoclasticus use their biofilms to form symbiotic 

relationships with their hosts (10-16). Pseudomonas fluorescens attaches to plant roots and 

promotes plant growth, as well as playing the role of biocontrol agents to inhibit antagonistic 

infections from fungi and other bacteria (10-13). The marine bacterium Marinobacter 

hydrocarbonoclasticus forms biofilms on diatoms and degrades hydrocarbons from oil droplets, 

which is considered to have the potential to treat oil spills and leaks in the ocean (14-16). 

The lifecycle of biofilms can be divided into phases of initiation, maturation, maintenance, and 

dissolution (17-24). Recent work on several bacterial species has shown that, when the nutritional 

status of the environment is favorable, the level of intracellular second messenger c-di-GMP will 

increase (17,24). This will lead to bacterial cells, previously in a planktonic state, initiating 

attachment with biotic or abiotic surfaces (2,17-21).  

Biofilm initiation is followed by a program of physiological changes, including matrix secretion, 

cell division, and cell-cell cohesion (2,17-21). A mature biofilm is eventually formed that 
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includes prominent microcolonies protruding from the surface and held together by an 

extracellular matrix. The matrix contains water-filled channels to enhance nutrient access to the 

bacteria (21). There are two major features of biofilm formation: the production of copious 

quantities of extracellular polysaccharides and the increasing resistance to antibiotics (18,22). The 

formation of a biofilm structure is both species-specific and dependent on environmental 

conditions. For example, when growing in a flow chamber, Pseudomonas putida forms loose 

protruding microcolonies, whereas Pseudomonas knackmussii forms spherical microcolonies 

(19,20). Moreover, if the two species are grown together in a dual-species biofilm, they still form 

their characteristic microcolony structures. 

Once the environment is no longer suitable for biofilms, as, for example, after the depletion of 

nutrients, bacteria will detach from the surface and return to the planktonic mode of growth. This 

starvation response allows bacteria to look for a fresh source of nutrients (17). 

Figure 1.1 Lifecycle of bacterial biofilms. The formation and dissociation of bacterial biofilms 

can be divided into the following stages. (1) Initiation: when planktonic bacterial cells form 

interactions with surfaces when the environment is suitable. (2) Maturation: when cells divide and 

cohere with each other to form microcolonies, which then protrude from the surface to form 

mature biofilms. (3) Maintenance: when cells exist in the form of biofilms and promote bacterial 

infection and survival. (4) Dissolution: when the environment is no longer suitable for biofilms, 

cells detach from the surface and return to their planktonic state. Adapted from O’Toole et al. 

(2000), with permission of the publisher and authors (17). 
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1.2 RTX Adhesins 

Although the formation and structures of biofilms vary dramatically among bacterial species, they 

all require the production of adhesive molecules to initiate the attachment to surfaces (25-30). 

These molecules tend to be polysaccharides or proteins and remain adhered to the surface as well 

as tethered to bacterial cells from which they are secreted (25). Some Gram-negative bacteria 

produce a specific type of adhesins with a characteristic repeats-in-toxin (RTX) region. RTX 

adhesins require Ca2+ ions to fold into their mature structure, and they share a similar domain 

architecture (Fig. 1.2). At the C-terminal end, they have an RTX repeat region and a type 1 

secretion system (T1SS), which enables the protein to be secreted from the cells. Next is a ligand-

binding region with various domains that recognize different substrates. This is followed by an 

extender region serving as a flexible arm to spread the C terminus out towards the binding target. 

Lastly, there is an N-terminal retention module that tethers the adhesin to the bacterial cell wall 

(10,25-30).  

The following sections will use the 1.5-MDa ice-binding protein (MpIBP) from an Antarctic 

marine bacterium, Marinomonas primoryensis, as an example of an RTX adhesin. M. 

primoryensis forms a symbiotic relationship with floating diatoms by attaching the diatoms to the 

ice surface so that the recruited diatoms can receive enough sunlight energy to produce essential 

nutrients for the bacteria (27-30). 
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Figure 1.2 Domain architecture of RTX adhesins. RTX adhesins share a similar domain 

architecture with four distinct regions: an N-terminal retention module (gray), an extender region 

(cyan), and a ligand-binding region, followed by RTX β-rolls and a type 1 secretion system 

(green). Identified ligand-binding domains with solved structures are the sugar-binding protective 

antigen (PA14) domain (purple), putative peptide-binding domain (PBD) (blue), peptide-binding 

von Willebrand factor A (vWFA) (red), and ice-binding domain (orange). Gaps in the ligand-

binding region may contain domains with unknown structures and functions. Adapted from Guo 

et al. (2019), with permission of the publisher and authors (29). 
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1.3 Type I Secretion System 

The signal for export through the T1SS is on the C-terminal end of RTX adhesins and is the first 

region that gets secreted into the extracellular milieu (26,29). To be secreted, the secretion signal 

interacts with a tripartite translocation apparatus, which includes an inner membrane ATP-

binding cassette transporter that recognizes the T1SS signal, a membrane fusion protein spanning 

the periplasmic space, and an outer membrane pore, TolC. The assembly of this nanomachine 

forms a transmembrane-spanning complex that secretes the unfolded adhesin out through the 

bacterial cell wall and adjacent membranes. Once in the relatively Ca2+-rich extracellular 

environment (~2 mM as compared to <100 nM in the cytoplasm), T1SS starts a rachet-like 

folding process which is triggered by direct Ca2+ binding (26,31-33). It can also serve as a folding 

nucleus to help the following domains fold into structures necessary for biological functions 

(26,29). 

The RTX region upstream contains several repeats that are glycine- and aspartate-rich 

nonapeptides. These repeats are composed of a consensus 9-residue sequence of GGxGxDxUx, 

where x can be any amino acid, while U is a large hydrophobic residue such as phenylalanine. 

Each pair of RTX repeats forms a coil of the β-roll structure, where xUx makes the β-strand, and 

GGxGxD forms a 6-residue Ca2+-binding turn (28,29,34). The RTX region is not absolutely 

required for T1SS-driven translocation, but it helps to enhance secretion efficiency (29).   

Although considered a separate region, recent research has indicated that the RTX region might 

also have ligand-binding function (28-30,34). Besides the normal RTX region, MpIBP has 

evolved an extra atypical RTX β-roll structure that binds Ca2+ ions down only one side of this 

domain (Fig. 1.3A). This leads to a β-solenoid structure with 13 Ca2+ ions aligning within one of 

the flanks (27). The Ca2+-bound side forms an outer flat surface comprising two parallel ranks of 

outward-projecting Thr and Asx residues (Fig. 1.3B). In this situation, the threonine array 

organizes cages of water molecules around their methyl groups, which then form hydrogen bonds 



 

6 

 

with nearby hydrophilic groups to generate an ice-like pattern (Fig. 1.3C). These water molecules 

then merge and freeze with the quasi-layer of water coating the ice surface, thereby attaching the 

bacterium to it. So far, MpIBP is the only protein in the Marinomonas genus that has an ice-

binding function (28,34).  

 

 

 

 

Figure 1.3 Illustration of MpIBP ice-binding domain. A) Cartoon representation of MpIBP ice-

binding domain (PDB: 3P4G). Ca2+ ions are shown as green spheres. B) Cross-section view of 

MpIBP ice-binding domain residues 80-117. Carbon is shown in white, nitrogen in blue, oxygen 

in red, Ca2+ in green. C) Ordered surface waters hydrogen bonded directly to the ice-binding 

surface. Color scheme is as previously mentioned. Water molecules are shown as cyan spheres. 

Adapted from Garnham et al. (2011), with permission of the publisher and authors (35). 

 

 



 

7 

 

Another example is Bordetella pertussis adenylate cyclase toxin (ACT) (36-38). B. pertussis 

infects lungs and leads to vaccine-preventable pertussis, which is a significant source of infant 

mortality around the world. ACT is the adhesin to initiate leukocyte targeting by binding to the 

αMβ2 integrin receptor. Since the toxic activity can be neutralized by receptor-blocking antibodies, 

ACT is considered a promising target for next-generation vaccines (36,38). Goldsmith et al. have 

solved the crystal structure of the RTX region binding to receptor-blocking antibodies M2B10 

and M1H5. The region can be separated into three blocks, where the linker region between each 

block forms a similar topological motif. The motif contains an extra antiparallel strand onto one 

face of the surface, therefore introducing a kink between the blocks. The kink is rich in charged 

residues and forms π-cation or hydrogen interaction with antibodies (36). As a result, it is highly 

possible that RTX regions with specialized structures may have potential ligand-binding 

functions to meet the need for bacterial survival.  

1.4 Ligand-Binding Region 

The ligand-binding region is where bacteria initiate interaction with surfaces (27-30). It is the 

most varied part of the adhesin and contains domains with different binding targets to attach to 

different substrates. These ligand-binding domains are separated by linker regions called bacterial 

immunoglobulin-like (BIg) domains (39). In many cases, the identity, structure, and substrate of 

ligand-binding domains have not been recognized. Here, two of the ligand-binding domains from 

MpIBP will be introduced (29). 

The ligand-binding region of MpIBP contains 5 domains (2 ligand-binding domains + 3 linkers) 

that form an overall Y shape, with a putative peptide-binding domain on one tip of the Y shape 

and a sugar-binding protective antigen 14 (PA14) domain on the other (28,30). The sugar-binding 

PA14 domain is named after its position in the Protective Antigen from the human pathogen 

Bacillus anthracis (40-42). The PA14 domain from MpIBP is the first of its kind to be 

structurally and functionally characterized in RTX adhesins (28). The 20-kDa domain contains a 
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β-sandwich fold, with a conserved D-cis-D motif on one of the turns. These two residues interact 

with a Ca2+ ion, which is directly involved in binding vicinal hydroxyl groups from 

carbohydrates. PA14 domains from different species can attach to various sugars. In the case of 

MpIBP, PA14 has a high binding affinity for branched sugars with glucose, fucose, or N-

acetylglucosamine end groups (30,41). This binding specificity allows M. primoryensis to initiate 

attachment to diatoms via carbohydrates on their surface (28,30). 

The putative peptide-binding domain from MpIBP is the first of its kind to be structurally 

characterized (28). Orthologs with high sequence similarity have also been recognized from other 

species such as Vibrio cholerae FrhA, Aeromonas veronii, Shewanella oneidensis, etc. (28,43-45) 

It is the third domain in the ligand-binding region and requires a split domain to help it protrude 

outwards, with the distal end containing the binding pocket (28,44). The peptide ligand usually 

contains a terminal negatively charged amino acid that coordinate two Ca2+ ions in the pocket. 

The protein-protein interaction is further enhanced by hydrogen bonding between the carbonyl 

group and the amide group from the binding ligand, and the V293 and N333 from the Ca2+- and 

peptide-binding loops 1 and 2 (CPBL1&2). To be more specific, a peptide sequence that ends 

with XTD (X contains aromatic side chains) has the highest affinity for the binding site. The Thr 

methyl group is involved in hydrophobic contact with residue A255 of the peptide-binding 

domain, restraining the free rotation of the threonine side chain hydroxyl, locking it into a 

favorable conformation for polar interactions (44). A previous experiment by Guo et al. 

suggested that bacterium-diatom binding could be inhibited by the addition of optimized peptidyl 

ligand AGYTD  (28,44). 

Another commonly recognized domain is the von Willebrand factor A (vWFA) domain 

(26,29,46,47). The protein is so named after the Finnish physician Erik Adolf von Willebrand 

who first described the disease condition in 1926 (48). Although not found in MpIBP, vWFA is 

recognized in adhesins such as Pseudomonas fluorescens Large Adhesion Protein A (LapA), 
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Medium Adhesion Protein A (MapA), and Legionella pneumophila RtxA (26,29,47). This protein 

fold is not as well characterized as the peptide-binding domain, and its ligands are not yet 

identified. However, well-studied vWFA proteins from eukaryotes provide a hint about binding 

extracellular matrix proteins such as collagen (29,49,50). The protein structure includes a β-sheet 

sandwiched by 3 α-helices on each side. The metal ion-dependent adhesion site (MIDAS) 

contains Ser and Thr residues to coordinate a Ca2+ ion, while Asps from the other end provide 

negative charges to the binding site, and help position a water that also coordinates the Ca2+  

(46,51,52). In this case, foreign peptides can use an essential Asp or Glu to interact with the Ca2+ 

ion in the MIDAS. 

In addition to these common ligand-binding domains, there are still a large number of domains 

which have not been recognized to have ligand-binding function. Bioinformatics and ortholog 

studies have been used to understand more about this diverse region (29). 

1.5 Extender Region 

The extender region makes up most of an RTX adhesin and is composed of multiple copies of 

BIg domains, each around 100 amino acids long (28,29,39,53). The extender region can vary 

dramatically in size. For example, MpIBP contains ~120 BIg domains (roughly 90% of its entire 

size), resulting in its massive 1.5 MDa total size, while MhLap has only 25 BIg repeats 

(28,41,53). In addition, sequence alignment shows that sequence identity between different 

species is very low (53). The tandem β-sandwiches function as semi-flexible arms and extend the 

C-terminal regions towards the binding surface. Ca2+ ions are coordinated within the flexible 

linkers between domains. These ions are considered to rigidify the tandem repeats so that they 

will not bend back on themselves and attach to their bacterial surface (29). In addition, these ions 

also contribute to the strength of the extender region. One study has shown that Ca2+-bound BIg 

domains from MpIBP can resist forces as high as 350 pN without unfolding, which is even higher 

than the Ig-like domain I27 from human muscle protein titin (29,54,55).  
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So far, it is not well understood why the number of repeats can vary five-fold among different 

species (29,54,55). Some suggestions have been made: 1) Different bacterium-surface 

interactions might require different proximity. For instance, some bacteria might only require 

adhesin for close contact between cells, indicating that a long extender region is not necessarily 

needed (56). 2) Different bacteria express macromolecules on their surfaces of different lengths, 

therefore in these situations, extension might be required to reach well beyond surface 

obstructions. 3) BIg repeats might serve other functions other than extending ligand-binding 

region, such as BIg domains from Salmonella enterica SiiE adhesin, which can adhere to sugar-

containing ligands (57,58). 

In the case of MpIBP, the extremely long extender region is considered to allow simultaneous 

interactions of the bacterium with ice and diatoms (28,29). In Antarctic waters, very little light 

can penetrate through the nearly permanent ice and snow cover, making the living environment 

harsh for photosynthetic organisms. The ice-binding function of MpIBP enables the bacteria to 

survive on the underside of ice. The extender region allows them to recruit free-living diatoms 

into the niche from a longer distance. This results in a symbiotic relationship where recruited 

diatoms receive enough sunlight for photosynthesis activity, and bacteria benefit from the 

produced oxygen and nutrients (28-30).  

1.6 Retention Module 

The N-terminal retention module is the only region that remains at the periplasmic area during 

adhesion and biofilm formation (26,28,29). When the RTX adhesin is secreted in a C to N 

direction, its many domains, which require Ca2+ ions to initiate folding, only form a structure in 

the Ca2+-rich (~2 mM) extracellular environment (26,33). However, a section of the retention 

module can fold inside the low Ca2+ (<100 nM) periplasm. The folded structure is too large to 

cross the membrane pore, therefore remaining tethered to the bacterial cell walls during adhesion 

and biofilm formation (26,29,59).  
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The retention module from MpIBP includes 3 regions: an N-terminal periplasmic retention 

domain (RIN), a central domain that can insert into the outer membrane pore (RIM), and 3 

extracellular BIg domains at the C terminus (RIC) (59,60). The BIg domains are highly similar to 

repeats from the extender region, but they have increasing hydrophobic residues with proximity 

to the membrane pore. One of the possibilities is that the exposed hydrophobic region might 

stabilize the anchoring point via the interaction with the cell-surface entities such as the lipids 

from lipopolysaccharides (59).  

The central domain is proteolysis-sensitive and contains a highly conserved di-alanine cleavage 

site. When the environment is no longer suitable for biofilms, the adhesin is cleaved at this spot to 

be released from the bacteria. The cleavage activity is monitored by the complex of a protease 

and an inner membrane-bound c-di-GMP receptor. In normal situations (high c-di-GMP level), 

the protease is tightly attached to the receptor. When cellular levels of c-di-GMP are depleted, the 

protease is liberated from the receptor and cleaves at the di-alanine motif to cut off the bacterial 

adhesin and release the bacterium from its biofilm (26).  

The periplasmic retention domain forms a different structure from BIg repeats, with two β-sheets 

packed against each other to form a hydrophobic core. This is the only domain in the adhesin that 

does not require Ca2+ ions for proper folding. The domain is also well conserved in many biofilm-

associated proteins in Gram-negative bacteria (59). 
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Figure 1.4 Demonstration of M. primoryensis binding to diatom and ice. The illustration 

shows two cohered bacterial cells binding to ice surface and a diatom at the same time. 

Carbohydrates and peptides on cell surfaces are shown as black hairs, and polar flagella are 

shown as squiggles. MpIBP protrudes from the cell walls, with extender region, putative peptide-

binding domain, PA14 domain, ice-binding domain, and T1SS shown as cyan rods, blue ovals, 

green hexagons, orange rectangles, and magenta triangles, respectively. The enlarged view 

showed the interaction with carbohydrates and peptides from the cell surface of a diatom. Ca2+ 

ions are drawn as purple spheres. Surface glycan is shown as brown hexagons. Surface protein is 

shown as a wavy line. Adapted from Guo et al. (2017), with permission of the publisher and 

authors (28). 
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1.7 Capabilities of ligand-binding domains in adhesins 

Biofilm formation of bacteria has both beneficial and antagonistic roles in the environment. Some 

Aeromonas and Shewanella species cause furunculosis (a deep form of bacterial folliculitis) and 

gastroenteritis (stomach and intestine inflammation) in fish, as well as seafood spoilage (61-64). 

Some Pseudomonas species secrete chemicals for plant growth and protect plants from fungal 

infection (65,66). Due to the critical role of adhesion in biofilm formation, there is an increasing 

interest in the study of ligand-binding region in bacterial adhesins. For example, Bar Dolev et al. 

have shown that the ice-binding ability of MpIBP can be inhibited by a polyclonal antibody raised 

against the ice-binding domain (67). In situations where biofilm formation is harmful, such 

adhesin inhibitors will be very helpful. On the other hand, plant growth-promoting rhizobacteria 

that serve as biocontrol agents can also introduce possible cross-resistance with antibiotics for 

other plant bacterial species via genetic modification of the adhesins (65,66). Therefore, the study 

of the binding ligands and mechanisms of ligand-binding regions becomes critical. It is 

hypothesized that bacterial adhesins are responsible for the colonization of surfaces and that 

specific domains in the ligand-binding regions determine which surfaces are bound by the 

bacteria. 

The vWFA domain in bacteria remains a mystery but is suggested to be critical in attaching to 

binding surfaces. The objective of Chapter 2 was to express the vWFA from Pseudomonas 

fluorescens LapA and to examine its structure. Based on the bioinformatic analyses, it is 

hypothesized that besides the well-conserved main structure, LapA vWFA contains an extra 

insert region. In addition, depending on the bacterial species, this insert region varies dramatically 

in structure. 

The gap in the ligand-binding region might contain potential critical domains for adhesion. The 

objective of Chapter 3 was to perform bioinformatic searches on the gap region in LapA and to 

perform a knockout assay on the PA14 ortholog from MpIBP. It is hypothesized that by mutating 
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the critical residues in the binding site, the sugar-binding function, and even the biofilm formation 

ability of PA14 domain can be knocked out. 

There is an increasing interest in the role of RTX repeats in binding to ligands. The objective of 

Chapter 4 was to express a novel sugar-binding domain from Marinobacter 

hydrocarbonoclasticus Lap. While the domain itself remained unfolded, the addition of the RTX 

repeats downstream restored its sugar-binding function. We hypothesize that the RTX repeats in 

MhLap are critical to the stability of this domain, and that this new sugar-binding domain is 

important for M. hydrocarbonoclasticus to bind to marine microorganisms in the absence of oil 

droplets.  
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Chapter 2 

Pseudomonas fluorescens LapA vWFA domain contains an extra insert 

region  

2.1 Abstract 

Pseudomonas fluorescens is a Gram-negative rhizobacterium that forms biofilms on the surface 

of plant roots. It can provide nutrition, promote plant growth, and excrete antibiotics in order to 

inhibit pathogenic fungal and bacterial infection. P. fluorescens uses a specific adhesin called 

LapA to initiate interaction with ligands on the plant roots. Mutating various sections of LapA has 

the effect of interrupting biofilm formation, but the structure and binding partners of the ligand-

binding region remained a mystery. Here, bioinformatic analyses and protein structure prediction 

tools revealed the presence of a peptide-binding von Willebrand factor A (vWFA) domain. It was 

also recognized that in addition to vWFA’s traditional Rossman fold, the 29-kDa domain 

contained an extra insert region composed of β-strands. This region was not present in the 

previously solved vWFA structure of MapA, although amino acids in the metal ion-dependent 

adhesion site remained highly conserved. Circular dichroism showed that LapA vWFA required 

Ca2+ ions for folding and was stable at extreme temperatures. BLAST searches on vWFA from 

other environmental bacteria species indicated that although the main section remained highly 

similar, the insert region was extremely diverse, which might affect its ligand selectivity and 

binding affinity. Future studies could focus on generating a 3D structure using X-ray 

crystallography and performing peptide-binding assays to determine the ligands for vWFA 

domains in different species. This could provide a role for the vWFA insert region and how this 

affects the binding mechanism.  
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2.2 Introduction 

Plants influence the environment by producing organic compounds and oxygen from carbon 

dioxide and sunlight, while offering a range of niches to various types of microorganisms 

(12,65,68,69). Of the carbon fixed from the air, 40% is released into the soil, including 

compounds rich in nitrogen and phosphorus (65,68). These compounds promote the growth of 

bacteria, which in turn allow other organisms, most prominently protozoans, to feed on the 

bacteria. The nitrogen released in the process leads to more branching of the roots, therefore more 

exudates for bacteria to feed upon. This provides the opportunity for bacteria in biofilms to 

produce metabolites or exoenzymes, which cannot be accomplished in an effective amount with 

single cells. Therefore, a biofilm is an efficient way to maintain a critical mass of bacteria in a 

specific location to initiate beneficial or harmful interactions with host cells (7,68-70).  

Although certain types of bacteria only grow at the cap and the mature part of the roots, 

Pseudomonas fluorescens is relatively evenly distributed along the length of the root (68). This 

rhizobacterium produces hormones to promote plant growth as well as antibiotics to inhibit 

pathogenic fungal and bacterial infection (10,12,13,68,70). Studies have shown that P. 

fluorescens has the ability to produce the siderophore pyoverdine, which is an efficient iron 

chelator (71). Pyoverdine-bound Fe3+ ions in soils and water can be carried to the bacterial 

periplasm via the outer membrane transporters. Once secreted, with numerous proteins encoded 

by the fpvGHJKCDEF genes, the Fe3+ ions are reduced into their more soluble ferrous ions 

(Fe2+), which is essential for metabolic activities (72,73). The activities include the production of 

ribonucleotide reductases which requires iron to produce DNA, and the cytochrome oxidase 

system, where iron plays a major role in the generation of energy by mitochondria and plant cells 

(74). One of the antibiotics P. fluorescens produces is 2,4-diacetylphloroglucinol (2,4-DAPG), 

which can inhibit a variety of root and seedling pathogens, for example, Gaeumannomyces 
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graminis var. tritici, the fungal pathogen that causes “take-all disease” of wheat (75). P. 

fluorescens can also secrete alkyl hydroperoxide reductase C (AhpC) under oxidative stress  

(11,12). AhpC proteins are the catalytic subunits of alkyl hydroperoxide reductases, which 

constitute an important component of defense against a wide range of substrates, including H2O2, 

organic peroxides, and peroxynitrite (76). These activities enhance host cell tolerance to 

pentachlorobenzene, which is a recalcitrant industrial pollutant (11,76). 

The 519-kDa large adhesion protein A (LapA) initiates the binding between P. fluorescens and 

plant roots, pioneering the development of biofilms (24). The microcolony is then stabilized by a 

300-kDa medium adhesion protein A (MapA) (25). LapA contains 37 repetitive BIg-like domains 

to enable binding surface detection from a distance. Although the precise binding partner from 

the root has not been recognized, LapA has the ability to attach to both hydrophobic (sand and 

polyvinyl chloride) and hydrophilic (glass) surfaces (77). The O’Toole lab has been using 

microtiter dish biofilm assays, a commonly used method to quantify biofilm biomass, to test the 

importance of each LapA section on biofilm formation (47). Different regions from LapA were 

knocked out and the mutated strains were grown on the surfaces, where the resulting biofilm was 

stained with crystal violet. The dye was then dissolved by methanol and acetic acid, and the 

corresponding biomass was determined by measuring the optical density at 550 nm. Silencing 

some of the characterized regions inhibited the production of biofilms massively, such as the 

entire extender region or the T1SS. However, the deletion of a small section from the ligand-

binding region also reduced biofilm production to an extent. With the assistance of bioinformatic 

analyses, a peptide-binding von-Willebrand factor A (vWFA) domain was identified that matched 

the description by Hassan et al. (78).  

The vWFA domain was first recognized by Finnish physician Erik Adolf von Willebrand to 

describe a hereditary bleeding disorder (79). It is a multimeric blood glycoprotein involved in 

platelet adhesion and blood coagulation. A deficiency of vWFA leads to von Willebrand disease, 
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a bleeding diathesis of the skin and mucous membranes, causing nosebleeds, menorrhagia, and 

gastrointestinal bleeding (80). Eukaryotic vWFA contains several specific domains, and the 

subdomain that is structurally similar to LapA vWFA is called A1 domain, which binds to platelet 

glycoprotein lb (GPlb)-receptor, heparin, and collagen (81,82).  

Compared to eukaryotes, the vWFA domain from bacterial adhesins is not well studied, even 

though it is widely distributed among both beneficial and harmful bacteria (26,46,64,65). The 

main structure is a Rossman fold, with six α-helices forming the hydrophobic core sandwiched by 

3 β-strands on each side (Fig. 2.1A). There is a highly conserved metal ion-dependent adhesion 

site (MIDAS), where metal ions such as Ca2+ are coordinated to interact with external peptides 

(Fig. 2.1C) (78,83,84). MIDAS includes two motifs: motif 1 (DxSxS) is at the downstream end of 

the 1st β-strand, and motif 2 ((T/S)DGxP) lies between the 4th α-helix and 4th β-strand. The serines 

and threonines of the motifs coordinate the Ca2+ directly, whereas the carboxyl groups from the 

two aspartates interact with the metal ion from the other side, completing a triangular 

coordination (84). In this situation, foreign peptides like collagen can use an essential aspartate or 

glutamate to interact with the Ca2+ in the binding site (49,50,85).  

Our lab has previously used X-ray crystallography to solve the 3D structures of two types of 

vWFA domains: one from P. fluorescens MapA (Fig 2.1A), and the other from the human 

pathogen Aeromonas hydrophila Lap (AhLap) (Fig 2.1B) (Kinrade, MSc thesis; Ye et al., 

unpublished data). While the former is a “typical” vWFA structure, the latter surprisingly 

contains an extra insert region downstream of motif 2. This extra subdomain is composed of 

mainly antiparallel β-strands and coiled coils and lies on the side of the MIDAS motif. The loops 

contain several amino acids that coordinate with a few more Ca2+ ions for structural stability.  
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Figure 2.1 3D structures of previously solved vWFA domain from adhesins. The Davies lab 

has previously used X-ray crystallography to solve two types of vWFA domain structures from 

Pseudomonas fluorescens MapA (A) (Kinrade, MSc thesis) and Aeromonas fluorescens Lap (B) 

(Ye et al., unpublished data). The latter contains an extra insert region. α-Helices are colored red, 

β-strands are colored green, and the Ca2+ ions are shown as yellow spheres. The MIDAS motif is 

highlighted by the black square. (C) Zoomed in view of the MIDAS motif. The Ca2+ ion is 

stabilized directly by serines, and further coordinated by two aspartates. 



 

20 

 

This type of extra insert is also observed in the vWFA domains of some other bacterial adhesins 

such as Porphyromonas gingivalis Mfa5 (46). This bacterium forms oral biofilms and leads to 

periodontitis. Being different from AhLap vWFA, the insert is composed of long loops centered 

around a β-sheet. Two α-helices form an L-shaped structure and cover one side of the sheet. The 

insert region is rich in prolines (13 out of 98 residues). Residues that include asparagines, 

threonines, and aspartates from the loop coordinate a second Ca2+ ion, while the entire insert 

forms a lid over the top of the cleft harboring the MIDAS motif. In addition, the superposition of 

Mfa5 vWFA onto the human integrin α2-I domain indicates that the presence of the insert region 

would interfere with collagen binding. The diversity of the insert region from different vWFA 

orthologs raises the question of whether the conformation of this insert region influences ligand 

binding affinity or ligand selectivity. 

For this P. fluorescens LapA project, the sequence and structure of the vWFA domain were 

modelled by the protein structure prediction software AlphaFold (86,87). A construct of this 

domain was expressed, purified, and tested by circular dichroism to assess its thermal stability 

and dependency on Ca2+ ions for secondary structure formation. Protein was also introduced into 

crystallization trials to determine its precise 3D structure. In addition, bioinformatic analyses 

were performed to identify and compare the structures of vWFA orthologs from other bacteria. 

This has helped to generate a broader knowledge of the conservation and diversity of insert 

regions and their potential effects on ligand specificity. 
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2.3 Results 

2.3.1 Bioinformatics analyses of LapA predicted a vWFA domain with an insert region 

Bioinformatic analyses indicated that P. fluorescens LapA contained an N-terminal retention 

module (RI), an extender region containing 37 BIg-like repeats (RII), a ligand-binding region of 

around 1000 amino acids (RIII) followed by RTX repeats and T1SS (Fig. 2.2). The InterPro 

conserved domain prediction tool and AlphaFold protein structure prediction software indicated 

that there was a sugar-binding PA14 domain and a peptide-binding vWFA domain in the ligand-

binding region.  

 

Figure 2.2 Predicted domain architecture of P. fluorescens LapA. Domain mapping of P. 

fluorescens LapA was predicted using BLAST searches, InterPro, and AlphaFold programs. RI is 

the N-terminal retention module, RII is the extender region (cyan), and RIII is the C-terminal 

ligand-binding region. RIII contains a calx-beta domain (purple), three cadherin-like domains 

(cyan), a sugar-binding PA14 domain (orange), and a peptide-binding vWFA domain (green). 

RIII is followed by RTX repeats (gray) and the type 1 secretion system (pink). 
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Our lab had previously expressed a vWFA domain from the MapA sequence based on InterPro 

prediction. The expressed 20-kDa construct from LapA proved to be insoluble. In LapA, 

AlphaFold predicted a 29-kDa structure for the vWFA domain, with an extra insert region 

containing β-strands (Fig. 2.3). The sequence and structure aligned well with AhLap, suggesting 

that LapA vWFA was likely also 281 residues long. 

 

Figure 2.3 Sequence and structure alignment between PfLapA and AhLap vWFA domains. 

Predicted LapA vWFA sequence and the resulting 3D model were aligned with those of the 

previously solved AhLap vWFA domain (Ye et al., unpublished data). (A) Sequence alignment 

between LapA and AhLap vWFA using Clustal Omega software. Residues colored in red are α-

helices, and residues colored in green are β-strands. Residues highlighted in yellow are from the 

MIDAS motif, and residues in the orange square are from the insert region. (B) AlphaFold-

predicted LapA vWFA structure. The construct was colored in the same pattern as (A). (C) 

Structural alignment between LapA (green) and AhLap (gray) vWFA domains using PyMol.  
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2.3.2 Circular dichroism showed that LapA vWFA required Ca2+ for proper folding  

The gene and sequence of LapA C-terminal region were kindly provided by the O’Toole lab. The 

gene was subcloned into pET28a(+) vector and the plasmid was transformed into E.coli BL21 

(DE3) cells to produce the 29-kDa construct. The expressed recombinant protein was purified 

using nickel-NTA affinity and Superdex 75 size-exclusion chromatographies. Although the 

previously expressed 20-kDa LapA vWFA domain was insoluble (partitioned into the pellet 

fraction upon cell lysis), this 29-kDa protein turned out to be highly stable, with the ability to be 

concentrated up to 30 mg/mL.  

Circular dichroism (CD) spectroscopy was then used to test the effect of Ca2+ ions on secondary 

structure formation (Fig. 2.4, top). Purified protein was dialyzed against 5 mM EDTA to remove 

Ca2+ ions, then re-dialyzed against 0.1 mM EDTA to prepare for Ca2+ titration. The CD spectra of 

LapA vWFA in 0.1-2 mM EDTA showed the same pattern, with one peak at 190 nm and two 

troughs at ~205 and 220 nm. Following the addition of 1 mM CaCl2, the peak increased in 

magnitude, while the two troughs merged into a plateau. This change in CD signal indicated the 

formation of a mixture of α-helices and β-strands, which were consistent with the Rossman fold 

of vWFA domain (88). The spectrum remained the same upon further addition of Ca2+ ions, 

suggesting that the construct was saturated in the presence of 1 mM CaCl2. The addition of excess 

EDTA reverted the spectra to the original shape of the “unfolded” structure. 

Thermal denaturation of LapA vWFA was also performed in the presence (Fig. 2.4, middle) and 

the absence (Fig. 2.4, bottom) of Ca2+ ions. In both situations, the structure remained relatively 

stable even at 85°C – the protein did not shift toward a characteristic “unfolded” spectrum (88). 

However, vWFA in 1 mM CaCl2 underwent a more intense shift in its peak and troughs. In both 

situations, the protein was not able to fully regain its original structure after the temperature went 

back to 45°C and then 20°C.  
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Figure 2.4 Circular dichroism spectra of LapA vWFA during Ca2+ titration and thermal 

denaturation. Purified LapA vWFA domain (30 μM) was stripped of excess Ca2+ ions and 

dialyzed in minimal EDTA. The recombinant protein (185 μL of 0.87 mg/mL) was loaded into a 

cuvette and analyzed by circular dichroism to identify the changes in the secondary structure. The 

graphs showed overlaid CD spectra during Ca2+ titration (top), thermal denaturation in the 

presence of Ca2+ (middle), and in the presence of EDTA (bottom). 

 

 

2.3.3 LapA vWFA crystallization requires a high protein concentration in the presence of 

thiocyanate ions 

To ratify the structure of the LapA vWFA domain, protein crystallization was attempted as a 

prelude to X-ray crystallography. Purified protein was concentrated to 12 mg/mL and used in 

crystallization trials in a microbatch method. Most of the wells turned out to be clear with no 

precipitation observed, suggesting that the protein concentration was well below supersaturation 

(89). Furthermore, only protein clusters or salt crystals were seen after weeks of incubation at 

room temperature. The protein concentration was then increased to 30 mg/mL, and after 2 weeks, 

small, cubic crystals were recognized in the condition of PEGs suite composition #62 (0.2 M 

potassium thiocyanate, 20% (w/v) PEG 3350). Crystals were then flash frozen and stored using 

20% (v/v) ethylene glycol as cryoprotectant. Unfortunately, the crystals were still too small for X-

ray diffraction, showing only blurry images rather than clear patterns. However, there was a 

tendency for crystal formation when thiocyanate ions were present in the screenings. Some other 

conditions also yielded similar tiny crystals, for example, PEGs #61 (0.2 M sodium thiocyanate, 

20% (w/v) PEG 3350), and Top96 #57 (0.1 M potassium thiocyanate, 30% (w/v) PEG MME 

2000). Future efforts to grow crystals suitable for X-ray diffraction could be tried with a higher 

concentration of vWFA domain and the presence of thiocyanate ions. 
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2.3.4 vWFA orthologs from other bacteria contain a highly conserved main domain but 

diverse insert regions 

Based on BLAST searches vWFA domains are present in the ligand-binding regions of adhesins 

from a wide variety of bacterial species. These bacteria can form biofilms on surfaces like oral 

cavities, gastrointestinal tracts, plant leaves, roots, and fish skins (46,62,65,90). To explore the 

conservation of the vWFA domain, sequences were aligned in Seaview software to look for 

conserved and diverse regions (Fig. 2.5) (91). The overall sequence identity lay between 40 to 

60%, and interestingly, sequences from pre- and post-insert regions were significantly more 

similar (by ~20%) than those of the insert region. Motif 1 (DSSGS) was 100% identical, while 

only the 4th amino acid (Q) in motif 2 (TDGQP) showed any variation to either an asparagine or a 

lysine. This residue does not directly coordinate a Ca2+ ion, but it provides structural stability in 

the motif (52).  

Compared to the main domain, the insert region was much more divergent. Some residues were 

somewhat conserved such as the negatively charged residues aspartate and glutamate, and small 

neutral residues like glycine, serine, and threonine. These characteristic amino acids have the 

potential to bind Ca2+, which might interfere with the MIDAS motif and its ability to bind 

external peptides. Interestingly, although the insert region from P. gingivalis Mfa5 vWFA is rich 

in proline, this feature is rare in other vWFA orthologs (46).  

 

 

  



 

27 

 

 



 

28 

 

Figure 2.5 Amino acid alignment of vWFA domains between LapA and other bacterial 

adhesins. Amino acid sequences are aligned using Seaview software. Residues with asterisks are 

in the MIDAS motif, and residues in the insert region are encompassed within orange squares. 

PfLapA - Pseudomonas fluorescens LapA; A. hydrophila - Aeromonas hydrophila; P. syringae - 

Pseudomonas syringae; P. protegens - Pseudomonas protegens; P. chlororaphis - Pseudomonas 

chlororaphis; A. veronii - Aeromonas veronii; P. putida - Pseudomonas putida; S. algae - 

Shewanella algae; P. brasiliense - Pectobacterium brasiliense; S. putrefaciens - Shewanella 

putrefaciens; A. salmonicida - Aeromonas salmonicida.  

 

The sequences of vWFA orthologs were loaded in AlphaFold software to predict their 3D 

structures and these were aligned based on their α carbon atoms using PyMol (Fig. 2.6). The 

Rossman fold from the main domain was conserved. In comparison, even though the insert region 

was mainly comprised of β-sheets and loops, the direction and orientation varied massively. 

vWFA domains from the same genus (genetically more related) tended to have a more similar 

insert structure. For example, vWFA domains from P. fluorescens LapA and P. protegens both 

had their β-strands horizontally arranged, while those from A. hydrophila Lap and A. veronii had 

their β-sheet inclined at a 45° angle. Some insert regions were even more divergent. The vWFA 

domain from Pectobacterium brasiliense had a relatively longer insert region. Sequence 

alignment showed that the excess section was concentrated at one end. According to AlphaFold, 

the extra section was presented as two β-sheets to the head of the following α-helix. This might 

introduce a cap to the MIDAS motif, presumably resulting in a narrower binding cleft than other 

species. P. brasiliense is a rhizobacterium and causes blackleg, aerial stem rot, and soft rot of 

crops (92). It is not clear how the variable insert region in many vWFA orthologs contributes to 

diversity in ligand selectivity. 
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Figure 2.6 Structural alignment of vWFA domains from LapA and other bacterial adhesins. 

Previously solved and AlphaFold-predicted vWFA domain structures from orthologs are aligned 

using PyMol. All constructs are colored in rainbow order from N to C terminus. P. fluorescens 

MapA - Pseudomonas fluorescens MapA; P. fluorescens LapA - Pseudomonas fluorescens LapA; 

A. hydrophila - Aeromonas hydrophila; P. syringae - Pseudomonas syringae; P. protegens - 

Pseudomonas protegens; P. chlororaphis - Pseudomonas chlororaphis; A. veronii - Aeromonas 

veronii; P. putida - Pseudomonas putida; S. algae - Shewanella algae; P. brasiliense - 

Pectobacterium brasiliense; S. putrefaciens - Shewanella putrefaciens; A. salmonicida - 

Aeromonas salmonicida.   
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2.4 Discussion 

2.4.1 AlphaFold is a useful technique for predicting domain boundaries 

Predicting the 3D structure of a protein based solely on its primary sequence has been an open 

research problem for over 50 years (93). Previously in our lab, Phyre2 was the major tool for 

protein structure prediction (27,94). The principle of Phyre2 is based on homology modelling, 

where the query protein is aligned with those of known structures from the database. While in 

many cases Phyre2 has foreshadowed the solved structure, the software has its limitations. 

Reliability can be quite low if homology cannot be detected between the input sequence and 

templates (94). There are two features in Phyre2 prediction: coverage and confidence. In order to 

find homologous sequences, query coverage can be sacrificed, resulting in a relatively confident 

structure prediction on only a fraction of the query sequence. However, the remaining residues 

might affect the overall folding massively and should not be ignored. Phyre2’s prediction on 

LapA vWFA was based on the integrin A (or I) domain (PDB: 1MF7), which is a eukaryotic 

vWFA domain without an insert region (95). Although the confidence reached 99.90%, the 

prediction was solely based on the pre-insert region, 44.5% of the entire domain. When I 

expressed this 20-kDa vWFA construct based on the Phyre2 prediction, it turned out to be 

insoluble. The target protein remained in the pellet fraction upon cell sonication. The limitation of 

Phyre2 also causes an issue when modelling multi-domain proteins. Although each subdomain 

can be predicted separately, any mutual overlap between domains will still cause low structure 

reliability.  

In comparison, AlphaFold is a novel AI program developed by DeepMind (86). It learns from 

Protein Data Bank (PDB) database and is the first machine-learning approach that can predict 

protein structures even without any homology (93). It greatly improves prediction accuracy by 

incorporating novel neural network architectures and training procedures based on the 

evolutionary, physical, and geometric constraints of protein structures (86,87,93). The procedure 
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includes two stages: query processing through layers of the novel neural network block, followed 

by the protein module that introduces an explicit 3D structure. For LapA vWFA, AlphaFold 

generated a structure that was highly similar to AhLap vWFA, although the latter has not yet been 

submitted to the PDB. In addition, AlphaFold is also less time-consuming than Phyre2. LapA 

vWFA domain, being 281 amino acids long, required ~30 minutes for AlphaFold modelling but 

over 1 hour for Phyre2. When inputting a huge amount of orthologs for structure modelling, 

AlphaFold enables much more efficient and accurate analyses. Another advantage of AlphaFold 

is that it enables relatively large-scale structural bioinformatics (93). For example, the structure of 

a multidomain construct with over 1,000 amino acids can be modelled. This is extremely helpful 

when studying the ligand-binding region of adhesins, each of which can contain thousands of 

amino acids. AlphaFold enables the determination of boundary residues of each domain and 

completes the interpretation of domain architecture for bioinformatic analyses.  

One of the drawbacks of AlphaFold is that it does not allow user selection of the appropriate 

ligand-bound template (87,96). In other words, the software can only generate apo-state models, 

therefore we cannot study the shift of the MIDAS motif upon peptide binding. As a result, 

AlphaFold modelling still needs to be coordinated with alternative techniques, such as X-ray 

crystallography for a better understanding of the ligand-binding mechanism. 

2.4.2 What is the role of the insert region in vWFA domains? 

In eukaryotes, the vWFA domain exists as a fraction (A1 domain) of the giant 2,050-amino acid 

vWF multimer, and it serves the function of binding to collagens (97). The structure is folded into 

a typical Rossman fold, with no hint of any insert region. On the other hand, vWFA domains 

from bacterial adhesins might be required to attach to a variety of surfaces, for example, plant 

roots, epithelial cells from intestines, red blood cells, etc. (43,65) While adhesins also use other 

domains for ligand specificity, vWFA might have evolved alternative forms to adjust to different 

binding partners. 
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The addition of an insert region could be one way to diversify binding partners. The insert region 

between the 4th β-strand and 4th α helix lies adjacent to the MIDAS motif, where the domain 

contacts external peptide ligands. The extra insert region, with its changing conformations in 

different species, might alter the binding cleft. In situations where the shift causes the cleft to be 

shallower, the ability to attach larger peptides might be affected. Some other vWFA domains such 

as the one from P. brasiliense might even cover the binding site by extending the insert region on 

top of the MIDAS motif. With additional vWFA orthologs being recognized, a more 

comprehensive understanding of the binding mechanisms of vWFA and the role of the insert 

region might be revealed. 

Another potential method to change the ligands is to use another part of the domain for ligand 

binding. Gebauer et al. have found a second vWFA domain from mouse type VII collagen (Fig. 

2.7) (98). Being different from bacterial adhesins, this protein is a component of the anchoring 

fibril and binds skin proteins belonging to the basal lamina and the underlying connective tissue 

(98,99). The novel vWFA2 domain is located at the N-terminal end of the triple-helical region. 

During cell adhesion assays, when the MIDAS motif was mutated, cell attachment was not 

completely eliminated. This led to a suggestion that an additional binding site was present in 

vWFA2. Furthermore, mutation of the RGD motif on the other side of the domain, which was a 

potential interaction site for integrin, as well as R1225, led to a reduction in cell attachment. 

Surface plasmon resonance (SPR) further proved that vWFA2 could attach to integrins and 

laminin-332 (98,100). Similar ideas can also be applied to bacterial vWFAs to identify any 

additional binding sites, although it should be considered beforehand what cell types could be 

used to bind bacterial adhesins. 
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Figure 2.7 Illustration of the vWFA2 binding sites from mouse type VII collagen. The 3D 

structure of vWFA2 domain from mouse type VII collagen (PDB: 6S4C) is shown in surface 

representation. The N and C termini are colored yellow, the MIDAS site (collagen I-binding) is 

colored green, the RGD motif (integrin-binding) is colored pink, and R1225 (potentially laminin-

332-binding) is colored red.  
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2.4.3 Peptide-binding assay will be critical to recognize ligands of vWFA domains 

In comparison to the glycan array, a commonly used assay to detect carbohydrate-protein 

interactions, there are no systematic techniques to identify peptide or protein ligands from a 

library of sequences (101). Experiments have been done to monitor under the microscope the 

attachment of fluorescently labelled bacteria to plant roots. Danhorn et al. have shown 

fluorescence microscope images of an Agrobacterium tumefaciens microcolony on tomato roots, 

a bean leaf supporting aggregates of Pseudomonas syringae and Pantoea agglomerans expressing 

GFP and CFP respectively, as well as alfalfa root hairs colonized by Sinorhizobium meliloti 

expressing GFP (68). All of the images clearly interpreted the colonization of bacterial biofilms 

on different parts of the plants. However, fluorescence microscopy only provides a general 

overview of the interaction: we have no idea to which ligands the bacteria are binding, nor a 

quantitative analysis of the binding affinity. To precisely identify the ligands for peptide-binding 

domains, further investigation is necessary. 

A previous student in the Davies lab, Dr. Tyler Vance, used an extracellular matrix (ECM) 

adhesion array kit as his selection of peptide ligands (Vance, Ph.D. thesis). The ECM proteins 

included seven ECM proteins (collagen I, collagen II, collagen IV, fibronectin, laminin, tenascin, 

and vitronectin), as well as bovine serine albumin (BSA) as a negative control. GFP-tagged 

AhLap vWFA domains were incubated with the coated ligands, then the excess proteins were 

discarded before examination under fluorescent illumination. Fluorescence was seen in the wells 

of collagen I and vitronectin, indicating the ability of AhLap vWFA domain to bind these ligands. 

To further quantify the results, the proteins could be detached with EDTA buffer that chelates the 

Ca2+ ions. In the absence of Ca2+, vWFA domain became non-functional, while GFP was still in 

its folded structure. The domain could then be collected to examine its binding affinity using a 

fluorescence spectrophotometer. Since fluorescence signal is proportional to protein 

concentration, we can calculate the amount of vWFA domains, which is a suggestion of their 
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binding affinities to the ligands. This ECM assay will be useful when testing the change in 

ligand-binding function after mutating the vWFA domain. 

Although the ECM assay is limited to vWFA domains that have the ability to bind to ECM 

proteins, a similar strategy could also be applied to rhizobacteria such as P. fluorescens and P. 

brasiliense, but with a different library of peptide ligands. 

2.5 Experimental Procedures 

2.5.1 Molecular cloning and expression of PfLapA vWFA domain 

The gene map and DNA sequence of LapA ligand-binding region were kindly provided by the 

O’Toole lab. Primers were introduced with NdeI (5’) and HindIII (3’) restriction sites and ordered 

from Invitrogen. 5’: TATACATATGCCGGGCACCAACTACAAC; 3’: 

GATCAAGCTTTTACGGCATCGTCGCTTCGGT. Polymerase chain reaction (PCR) was 

introduced to amplify the vWFA domain, and the DNA product was then digested with NdeI and 

HindIII enzymes. The digested genes were then ligated to a pET-28a(+) vector, encoding an N-

terminal His-tag. The ligated plasmid was transformed into DH5α cells, and positive colonies 

(kanamycin-resistant) were identified by restriction digests and DNA sequencing (The Centre for 

Applied Genomics, The Hospital for Sick Children, Toronto, Ontario, Canada). Plasmids from a 

positive colony were transformed into E. coli BL21 (DE3) expression cells. A single colony was 

added to 25 mL of LB Broth in 0.1 mg/mL kanamycin and grown overnight in a shaker at 37°C. 

The culture was then transferred to 1 L of LB Broth and grown under similar conditions until the 

OD600 reached 0.85-0.9. IPTG (1 mM) was added to the culture to induce protein expression 

overnight in a shaker at 23°C. 

2.5.2 Purification of 33-kDa LapA vWFA domain 

The 1-L culture was spun down at 4500 x g at 4 °C for 30 min. The supernatant (spent medium) 

was decanted, and the pelleted cells were resuspended with 25 mL of Ni Buffer (500 mM NaCl, 
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50 mM Tris-HCl (pH 9.0), 2 mM CaCl2, 5 mM imidazole) with one EDTA-free protease inhibitor 

tablet (Roche). The cell suspension was then sonicated and spun down at 21,002 x g. The 

resulting supernatant was incubated with 5 mL nickel NTA agarose resin. After settling, the resin 

was poured into a column and washed with 4-6 column volumes of Wash Buffer (500 mM NaCl, 

50 mM Tris-HCl (pH 9.0), 2 mM CaCl2, 15 mM imidazole). Protein was then eluted with 1 

column volume of Elution Buffer (500 mM NaCl, 50 mM Tris-HCl (pH 9.0), 2 mM CaCl2, 400 

mM imidazole). The collected protein was concentrated to 5 mL and buffer exchanged into 

Protein Buffer (200 mM NaCl, 20 mM Tris-HCl (pH 9.0), 2 mM CaCl2) using dialysis. This 

sample was syringe-filtered and loaded onto a HiLoad 16-600 Superdex 75 size-exclusion column 

(GE Healthcare) at a flow rate of 1.5 mL/min. Fractions with a high absorbance at 280 nm were 

saved and tested for purity using SDS-PAGE. Fractions containing vWFA domain were pooled 

and concentrated. The final concentration was measured using a Nanodrop spectrophotometer 

(Thermal Fisher Scientific) before the protein was flash-frozen for further experiments. 

2.5.3 Ca2+ titration and thermal denaturation by circular dichroism spectroscopy 

For Ca2+ titration, LapA vWFA (30 μM) was dialyzed first against 15 mM Tris-HCl (pH 9.0), 5 

mM EDTA to ensure Ca2+ removal, then re-dialyzed against 15 mM Tris-HCl (pH 9.0), 0.1 mM 

EDTA to minimize signal interruption during CD spectrum. The CD machine was blanked first 

with cuvette only, then with dialyzing buffer and protein solution (185 μL). Either CaCl2 or 

EDTA was titrated into the protein solution at 1 mM increments for CD detection until no shift in 

the spectrum was observed. For each condition, eight spectra ranging from 180 to 260 nm were 

collected and averaged using a Chirascan CD Spectrometer (Applied Photophysics). 

For thermal denaturation, LapA vWFA (30 μM) either in 0.1 mM EDTA (unfolded) or 2 mM 

CaCl2 (folded) was subjected to a 5-°C incremental increase from 20-85 °C. Multiple scans from 

180 to 260 nm were taken until the spectrum was stabilized, then six scans were taken and 

averaged to generate the equilibrated state of the current temperature. Two more readings were 
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taken when the temperature in the CD machine dropped back to 45 and 20 °C to assess a 

refolding structural state.  

All spectra were treated using three-point smoothing with PROVIEWER software.  

2.5.4 Protein crystallization and X-ray crystallography 

The microbatch method was used to test crystal screening conditions for LapA vWFA 

crystallization (102). Protein was concentrated to 30 mg/mL, which was confirmed by measuring 

the absorbance at 280 nm using a Nanodrop spectrophotometer (Thermal Fisher Scientific). 

Protein was mixed with crystallization screenings (2 μL: 2 μL) in Greiner 673101 96-well 

Imp@ct Plates (Hampton Research). PACT, PEGs, PEGs II, JCSG + (Qiagen), and Top96 

(anatrace) screening arrays were applied. Parafilm oil (12 μL) was used to cover the top of the 

wells. After two weeks of incubation at room temperature, tiny, cubic crystals were recognized in 

the condition of PEGs suite composition #62 (Qiagen): 0.2 M potassium thiocyanate, and 20% 

(w/v) PEG 3350. Crystals were stored with 20% (v/v) ethylene glycol and 80% crystallization 

solution, and flash-frozen with liquid nitrogen. X-ray data from the crystal were collected from a 

home source diffractometer (Rigaku MicroMax – 007HF X-ray source coupled to an R-AXIS 

IV++ detector) from Dr. John Allingham’s lab. 
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Chapter 3 

The D-cis-D motif in Pseudomonas fluorescens LapA PA14 Domain is 

Critical for Ligand Binding 

3.1 Abstract 

Ligand binding by adhesins is the initial interaction between bacteria and their hosts. In order to 

inhibit pathogenic infection and promote beneficial biofilm formation, it is important to 

understand the binding mechanisms and methods for modifying them. Mutagenesis of the amino 

acids in the binding site can provide a direct interpretation on the roles they play during ligand 

interaction. The sugar-binding PA14 domain is a widely distributed construct in bacterial 

adhesins. The structure is presented as a β-sandwich, which is composed of two antiparallel β-

sheets. Two small α-helices contribute to the hydrophobic core, while a third larger one lies 

across the outer surface. The binding site contains a characteristic D-cis-D motif to coordinate 

with a Ca2+ ion and is surrounded by a looping DQGGD motif to stabilize the pocket. Here, 

bioinformatic analyses have revealed a previously uncharacterized PA14 domain in the ligand-

binding region of Pseudomonas fluorescens LapA, and the domain is highly similar to the one 

from Marinomonas primoryensis ice-binding protein. To interpret the importance of the D-cis-D 

motif during sugar-binding, the double aspartates in MpIBP PA14 domain were mutated into 

alanines by site-directed mutagenesis. The wild type and mutated domains were tagged with 

green fluorescent protein and incubated with Superdex 200 resin. While wild type PA14 domain 

was able to bind to resins (a polymer of glucose), the mutated one lost its sugar-binding function. 

This work showed the importance of the key amino acids during ligand binding and gives an 

alternative direction on adhesin engineering. Future experiments will focus on testing whether the 

mutated domain leads to a decrease in biofilm formation as well.  
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3.2 Introduction 

Bacterial biofilms can be a double-edged sword. There has long been research on minimizing the 

formation of harmful biofilms and maximizing the beneficial ones (103,104). During the lifecycle 

of biofilms, several potential stages could be interfered with, as for example, using antibiotics 

against a mature biofilm (17). However, after a mature biofilm is formed, the emerging resistance 

to the antibiotics makes this treatment less efficacious (105). The antibiotics available to date are 

ineffective for treating these biofilms due to their higher values of minimum inhibitory 

concentration and minimum bactericidal concentration, and an excessive usage may result in in-

vivo toxicity. Therefore, it is critical to design or screen anti-biofilm molecules that can 

effectively minimize and eradicate biofilm related infections. So far, the major focus has been put 

on herbal active compounds, chelating agents, lantibiotics, and synthetic chemical compounds 

(105-107). For example, Kariu et al. isolated 17 prenylated flavonoids from Epimedium species 

(barrenwort), and some of them managed to inhibit the gingipain activity of Porphyromonas 

gingivalis biofilms, which were a major pathogen of chronic periodontitis (106). 

In addition to treating mature biofilms, scientists are also targeting the initiation stage, where the 

bacterial adhesins recognize the binding partners on their host surfaces to form a strong bond 

(108). A competitive small molecule or antagonist against the various ligand-binding domains 

can be efficient in blocking the interaction from the beginning (109-112). The options for 

inhibitors are diverse, but it is necessary to know what the initial attraction and binding are based 

on. As a result, an understanding of the binding mechanisms of the bacterial adhesins is essential 

to inhibit bacterial biofilms.  

One of the common ligand-binding domains in bacterial adhesins is the protective antigen 14 

(PA14) domain (113,114). It was named after the location in the protective antigen of anthrax 

toxin from Bacillus anthracis (40). The ~150 residue-long domain is found in a variety of 

bacterial and eukaryotic proteins involved in carbohydrate metabolism, such as β-glucosidases 
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and β-d-galactofuranosidase  (115,116). The Davies’ lab has previously solved two PA14 domain 

structures: one from the Marinomonas primoryensis ice-binding protein (MpIBP), and the other 

from the Marinobacter hydrocarbonoclasticus Lap (MhLap) (Fig. 3.1) (30,41). According to the 

structures from X-ray crystallography, the PA14 domains from these two distinct species have 

identical folds. The structures are presented as a β-barrel, which is composed of two antiparallel 

β-sheets to generate a hydrophobic core (14,30). Two shorter α-helices also coordinate with the 

core, with a longer one lying across the outer surface. The binding site, which is on the loop 

region adjacent to the long α-helix, contains a well-conserved D-cis-D motif (Fig. 3.1C). The lone 

pairs from the carboxyl side chain of the aspartates coordinate with a Ca2+ ion in the binding cleft. 

This site is surrounded by a looping DQGGD motif to provide structural stability. From the 

binding cleft, the Ca2+ ion can interact with the hydroxyl groups from external carbohydrate 

ligands. It is presumed that the double aspartates from the D-cis-D motif are critical for ligand 

interaction. I hypothesized that a mutation of these amino acids would result in a loss of function 

of the PA14 domain, which would fail to bind saccharides, and even lead to a reduction in biofilm 

formation.  
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Figure 3.1 3D structure of MpIBP and MhLap PA14 domains. Previously solved PA14 

domain structures are rendered by PyMol. α-Helices are colored red and β-strands are colored 

green. The D-cis-D motif is colored magenta, and the surrounding DQGGD motif is cyan. The 

Ca2+ ion is shown as a yellow sphere. A) X-ray crystal structure of MpIBP PA14 domain (PDB: 

5J6Y). B) X-ray crystal structure of MhLap PA14 domain (PDB: 6M8M). C) Zoomed in view of 

the binding site. The glucose ligand is colored orange. Adapted from Guo et al. (2021) and Vance 

et al. (2019), with permission of the publisher and authors (30,41). 
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PA14 domains are recognized to have carbohydrate-binding ability, but depending on the 

bacterial species, the specific ligands can vary a lot (30,41). To identify the ligands of PA14 

domains from MpIBP and MhLap, the Davies’ lab used glycan array analyses to determine the 

ligands of both domains (attached to GFP tags), and the result showed that both domains had 

affinity for branched polymers containing terminal glucose, fucose, and N-acetyl-glucosamine. 

Besides MpIBP and MhLap, PA14 domains are present in numerous bacterial adhesins (117). 

Due to their lower sequence identity in regions other than the binding site, they are sometimes not 

recognized in conserved domain searches using programs like InterPro and Pfam (118,119). 

Undoubtedly, some PA14 domains remain unrecognized or have been misidentified as linker 

regions. One of the solutions is to model the entire unknown region and look for structures that 

are similar to PA14 domain, then the primary sequence and protein structure could be aligned and 

compared with solved ones. If the overall structure and residues in the binding site are highly 

conserved, it is likely that a PA14 domain is present. 

In this study, by using bioinformatic analyses, I identified a PA14 domain in the ligand-binding 

region of Pseudomonas fluorescens LapA. The sequence and AlphaFold-predicted structure were 

highly similar to MpIBP PA14 domain, therefore a comparative study was performed using the 

latter. The critical role of the D-cis-D motif in ligand binding was tested by mutating the double 

aspartates into small and hydrophobic alanines. GFP-tagged wild type and mutated proteins 

underwent sugar binding assay to test whether the glucose-binding function was knocked out 

after mutagenesis.   
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3.3 Results 

3.3.1 Bioinformatic analyses predicted the presence of a sugar-binding PA14 domain in 

Pseudomonas fluorescens LapA 

After using the InterPro conserved domain prediction tool, a huge gap between the extender 

region and the vWFA domain of PfLapA remained uncharacterized. By modelling the entire 

ligand-binding region with AlphaFold and trimming down the excess region, a sugar-binding 

PA14 domain was recognized in the middle of the gap. Sequence alignment between PfLapA, 

MhLap, and MpIBP PA14 domains showed that although the sequence identity in the β-sandwich 

was relatively low (overall ~26% identity), the double aspartates in the D-cis-D motif were 100% 

identical (Fig. 3.2A). According to AlphaFold modelling and PyMol alignment, the major 

difference in sequence identity came from the two smaller α-helices for hydrophobic core 

support, which was missing in PfLapA (86,120). Since the missing α-helices were distant from 

the active site, I hypothesized that the ligands and binding mechanism would be the same 

between LapA and MpIBP PA14 domains. As a result, I could use MpIBP PA14 domain as a 

model for the knockout assay in the following experiments. 
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Figure 3.2 Comparison of PA14 domains from PfLapA, MpIBP, and MhLap. A) PA14 

domain sequence alignment between PfLapA, MpIBP, and MhLap. The double Asps are 

highlighted in a red box, and the DQGGD motif in orange. For symbols under residues, “*” 

means they are identical, “:” means highly similar, “.” means less similarity.  B) Structural 

alignment of PA14 domains between PfLapA and MpIBP (PDB: 5J6Y), 180° rotated. α-Helices 

are colored red, and β-strands green. The main difference between the two domains comes from 

the two smaller α-helices (yellow) away from the binding site, which are missing in PfLapA. 
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3.3.2 Molecular dynamics suggested that mutating the double aspartates to alanines 

interrupted Ca2+ binding. 

One option for assessing the role of the putative PA14 domain on biofilm formation would be to 

delete this region (47). However, the absence of a domain might lead to the corruption of the 

whole ligand-binding region, as the domain might be required for the structural stability of the 

region. As a result, I focused on mutating only the amino acids in the binding site in order to 

measure the potential impact on its ligand-binding ability. 

To decide which residues to mutate from the D-cis-D and DQGGD motif from the MpIBP PA14 

domain, I modelled several mutations and the corresponding Ca2+ activities using molecular 

dynamics (Table 3.1). The aim was to remove the Ca2+ ion from the binding site without 

changing the structure overall. I designed six mutations to cover three strategies: 1) replacing the 

Asps with small hydrophobic residues as to detach the Ca2+ ion; 2) replacing the Asps with bulky 

and positively charged residues as to push the Ca2+ out of the cleft; 3) replacing the polar amino 

acids from the DQGGD motif with small hydrophobic residues to decrease the Ca2+ stability in 

the binding site.  

Results from molecular dynamics were shown in Table 3.1: two out of the six mutations (1 & 3) 

successfully removed the Ca2+ ion from the binding site. The other four mutations suggested that 

the polar residues from the surrounding DQGGD motif would still keep the Ca2+ ion in position. 

For mutation 3, site-directed mutagenesis was required at two distant locations. This required 

designing two primers and might lead to a lower positive mutation rate. As a result, I decided to 

stick with mutation condition 1, where the double aspartates from the D-cis-D motif would be 

mutated into alanines to test in the sugar-binding assay (Fig. 3.3). 
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Table 3.1 Potential mutations in the binding site to knock out the sugar-binding function of 

PA14 domain and the results from molecular dynamics. 

 Mutation Result from molecular dynamics 

1 D110A, D111A Ca2+ removed 

2 D110K, D111K Ca2+ kept by D155 

3 D110K, D111K, D155A Ca2+ removed 

4 D110R Ca2+ still trapped by D111 

5 D111Q, G158E Ca2+ trapped but shifting position 

6 D111Q, Q156E Ca2+ trapped but shifting position 

 

 

 

 

 

 

 

 

Figure 3.3 Mutagenesis of double aspartates in the binding site to alanines. A cartoon 

illustration of the wild type (left) and designed D110A/D111A mutated (right) MpIBP PA14 

domain. The entire domain is colored dark green, the D-cis-D motif is colored magenta, the 

surrounding DQGGD motif is colored cyan, the Ca2+ ion is shown as a yellow sphere, and the 

glucose monomer is colored orange. The mutated alanines (yellow) are not able to coordinate 

with the Ca2+ ion, therefore external saccharides could not interact with the mutated PA14 

domain. 
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3.3.3 Mutated MpPA14 domain did not bind to Superdex 75 column 

The wild type MpPA14 gene and its recombinant protein product were previously prepared 

(30,121). An N-terminal green fluorescent protein (GFP) tag was encoded in the gene for 

visualization of the PA14 domain. For site-directed mutagenesis, a primer was designed to mutate 

the double Asp into Ala in the D-cis-D motif (GACGAT→GCCGCT). After DNA sequencing 

confirmed successful mutation, the 60-kDa construct was expressed and purified by nickel-NTA 

affinity and Superdex 75 size-exclusion chromatographies. 

The Superdex 75 column was composed of dextran, which is a polymer of glucose (121). Due to 

the sugar-binding ability of wild-type (WT) MpPA14 domain, it adheres to the resin and gets 

bound at the top of the column (Fig. 3.4A, left). The bound PA14 domain could be displaced by 

competition with free glucose or by unfolding the PA14 domain using EDTA solution. In 

contrast, during purification of the mutated (MU) MpPA14 domain, the construct moved freely 

down the column (Fig. 3.4A, right). This was an indication that the MU MpPA14 domain had lost 

its ability to interact with sugars after the double aspartates in the binding site were mutated.  
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Figure 3.4 Elution of WT and MU MpPA14 domains from Superdex 75 column. A) During 

Superdex 75 size-exclusion chromatography, the wild-type (WT) MpPA14 domain interacted 

with the dextran resins and was held up on the column. The recombinant protein required 

competitive glucose or chelating EDTA for elution. On the other hand, the mutated (MU) 

MpPA14 domain had no problem eluting from the column, suggesting that it had lost its sugar-

binding ability. B) SDS-PAGE of purified MU MpPA14 domain. The construct eluted in 

fractions 16-18, which corresponds to its theoretical molecular weight of ~60-kDa. 
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3.3.4 Sugar-binding assay confirmed the knockout of the mutated MpPA14 sugar-binding 

activity 

In order to quantitatively examine the knockout effect of the MU MpPA14 domain sugar-binding 

ability, a homemade sugar-binding assay was used (Fig. 3.5A). Every measurement was made in 

triplicates. The absorbance of 1 mg/mL GFP-tagged WT and MU MpPA14 domains was 

measured at 280 nm as the “starting” reading. Results showed that both domains had similar 

initial absorbance (0.29 vs 0.30). Both constructs were incubated with Superdex 200 resin for 2 

min to ensure complete binding. The resins were then pelleted and the absorbance of the 

supernatant was read again as the “supernatant” reading. The readings from WT domains were 

substantially lower than those from MU domains (~0.15 vs ~0.25), suggesting that a higher level 

of WT than MU PA14 domains were attached to the resins. In other words, the binding affinity of 

WT PA14 domain was much higher than the mutated version.  

To minimize the influence from non-specific binding, the protein-bound resins were then washed 

with protein buffer for three times, and the absorbance of the final wash was taken as the 

“washing” reading. The readings between the two domains were again very close (0.09 vs 0.1), 

suggesting that the residual non-specific binding was similar. Finally, 5 mM of EDTA was added 

into the resins to remove the Ca2+ ions, thus unfolding the PA14 domain and detaching the 

construct from the resins. The absorbance of the supernatant was taken as the EDTA reading. 

Again, the WT PA14 domain had much higher readings than the mutated version (0.15 vs 0.05). 

This indicated the amount of protein that was previously attached to the resins via the PA14 

domain. The readings matched the “supernatant” ones, suggesting that the absorbance difference 

was a result of the loss of function in the MU PA14 domain. 

As a result, we concluded that the MU PA14 domain had a much lower binding affinity to 

glucose than the WT ones, which suggested that the double Asp to Ala mutation did successfully 

knock out the sugar-binding ability of the PA14 domain. 
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Figure 3.5 Sugar-binding assay of WT and MU MpPA14 domains. A) An illustration of the 

homemade sugar-binding assay process. After the initial absorbance was taken at 280 nm 

(Starting), 1 mg/mL of the construct was incubated with S200 resin. After pelleting the resins, the 

absorbance of the supernatant was taken (Supernatant). The resins were then washed, and the 

final supernatant was read (Washing). EDTA was then applied, and the absorbance was taken 

again (EDTA). B) Histogram of the sugar-binding assay result. WT was colored green, and MU 

was colored gray. The Y axis showed the absorbance at 280 nm, and the X axis showed the four 

measurements. The picture on the top right was taken after final washing, with WT on the left and 

MU on the right.  
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3.4 Discussion 

3.4.1 Domain removal might cause the unfolding of the entire ligand-binding region 

When trying to recognize the function of a specific protein in the cell, a gene knockout is the 

principal technique (122-124). A gene knockout enables the production of an organism where the 

gene product is completely deleted, and the organism can be compared in experimental 

approaches to a wild-type version with an otherwise identical genetic background. Any 

differences will reflect the importance of the gene in cellular activities. In order to knock out the 

protein, the corresponding gene from the organism is made inoperative by either homologous 

recombination or site-specific nucleases, for example, with zinc-fingers and CRISPR/Cas9 

(125,126). 

While gene knockouts are standard for a lot of organisms, a question remains when a section 

from a multidomain protein is to be knocked out: will the structure of the entire region be 

influenced because of the loss of a single domain? This was the key concern when the O’Toole 

lab was knocking out different domains from P. fluorescens LapA during biofilm assays (47). 

The 519-kDa protein contains various sections that are responsible for initial adherence, 

especially the ligand-binding region. According to AlphaFold prediction, the region is presented 

as an elongated structure (Fig. 3.6). The central region is composed of linker regions that 

contribute to its extensive length. Within the ligand-binding region the PA14 and vWFA domains 

extend in different orientations for ligand recognition. Knocking out either of these domains 

might cause a negative impact on the stability of the surrounding structure, and even worse, this 

might cause unfolding of the entire region. In this case, any reduction of biofilm formation would 

not come from the loss of a single domain function, but rather the destabilization of the entire 

region.  
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Figure 3.6 AlphaFold-predicted P. fluorescens LapA C-terminal end. The primary sequence 

of C terminus from PfLapA was applied to AlphaFold modelling software to predict a 3D 

structure of the entire construct. The structure was presented in a cartoon illustration and colored 

in rainbow from N to C terminus. The two ligand-binding domains PA14 and vWFA were 

“emerging out” from the neighboring split domains.   

 

  



 

53 

 

3.4.2 Mutation of amino acids in the binding site knocks out the ligand-binding ability 

To knock out the ligand-binding function of adhesins, an alternative solution would be to only 

mutate the key residues from the active site. These amino acids usually have negatively charged 

side chains which are responsible for coordinating with the Ca2+ ion in the active site (29). In the 

PA14 domain project, I decided to mutate the D-cis-D motif to small and hydrophobic alanines. 

In this situation, I assumed that the Ca2+ ion could not keep its position in the active site, and the 

PA14 domain would lose its ability to interact with external saccharides. The homemade sugar-

binding assay applied to WT and MU GFP-MpPA14 domains proved my hypothesis. After 

incubation with S200 resin, the A280 of wild type protein decreased three-fold more than the 

mutated proteins due to its adsorption to the resin matrix. This showed that fewer MU than WT 

PA14 domains were bound to the resins, suggesting that the MU PA14 domain had lost its sugar-

binding function. Further washing and absorbance measurement minimized the impact from non-

specific binding, therefore the final EDTA wash would only collect proteins that were bound to 

the resin due to their sugar affinity. The result again proved that much less MU domain bound to 

the resin, an indication that the mutation led to a loss of function. Combining all the results, I 

concluded that the D-cis-D motif is critical for the sugar-binding ability of PA14 domain, and by 

mutating the aspartates to alanines, this ability could be knocked out.  

However, this experiment only confirms a loss of the sugar-binding function. It is still not certain 

whether the biofilm formation will be affected. Future experiments could involve performing the 

biofilm assay on the MU and WT proteins. The reduction in biofilm formation will solely reflect 

the influence of the loss of active binding. We can therefore characterize the importance of the D-

cis-D motif from the PA14 domain on biofilm formation. Furthermore, this technique can also be 

used on other ligand-binding domains, such as the putative peptide-binding domain or vWFA 

domain. 

3.4.3 Bulky and basic amino acids also remove the Ca2+ ion from the binding site 
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For the MpPA14 domain, I chose to mutate the double aspartates into small and hydrophobic 

alanines for Ca2+ removal. Without the lone pairs from the side chains, the Ca2+ ion could not 

keep its position in the binding site. For my other mutation simulations, the Ca2+ ion was either 

kept in position by other polar residues, or it was necessary to introduce site-directed mutagenesis 

at two distinct locations for a successful knockout, making the process more complicated. 

However, previous experiments have suggested that replacement with a bulky and basic amino 

acid can have similar effects to Ala. For the peptide-binding vWFA domain, the MIDAS motif is 

composed of motif 1 (DSSGS) and motif 2 ((S/T)DGQP) (51). When studying the A. hydrophila 

Lap vWFA domain, Dr. Tyler Vance used a basic lysine to replace the aspartate in motif 1, so 

that an amino acid with a long side chain was introduced to take up the space in the binding site 

(Fig. 3.7). In addition, the positively charged residue would exclude the cation from the cleft. 

According to his molecular dynamics, the Ca2+ ion is pushed out of the MIDAS site, suggesting 

that external peptides could not interact with the domain anymore. To verify this assumption, we 

can express a mutated version of the GFP-tagged protein, and then compare the binding affinity 

between the wild type and mutated vWFA domains using the ECM assay as introduced 

previously in Chapter 2. A reduction in the fluorescence would reflect the loss of peptide-binding 

ability of the mutated vWFA domain.  

Instead of small and hydrophobic side chains, mutagenesis into bulky and basic amino acids also 

removes the Ca2+ ion from the binding site, therefore knocking out the ligand-binding function. 

This provides an alternative perspective on determining domain functions via biofilm assays and 

can be further applied to other knock out assays.  
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Figure 3.7 Mutagenesis of the aspartate in vWFA MIDAS motif to lysine. A cartoon 

illustration of the wild type (left) and the designed D33K mutation (right) of AhLap vWFA 

domain. The entire domain is colored green, the Ca2+ ion is shown as a yellow sphere, the 

MIDAS motif is colored cyan, and the two aspartates are colored magenta. The mutated lysine 

(yellow) takes up the space of the Ca2+ ion in the MIDAS motif, therefore inhibiting external 

peptides from interacting with the vWFA domain.  
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3.5 Experimental Procedures 

3.5.1 Construct design and cloning of GFP-tagged MpPA14 domain 

The DNA construct of MpIBP PA14 domain was codon optimized for E. coli expression and 

synthesized by GeneArt (Life Technologies). No change was made to the amino acid sequence. 

Primers containing NdeI (5’) and XhoI (3’) restriction sites were ordered for PCR amplification. 

Cloning process was the same as in the previous chapter.  

A codon-optimized GFP gene was PCR amplified, with the addition of NdeI restriction sites on 

both ends, as well as a Gly-Ala-Gly linker at the 3’ end. This construct was ligated to the 

MpPA14-containing pET28a(+) plasmid using the NdeI site on the 5’ end. The correct orientation 

of the insert was verified by DNA sequencing.  

3.5.2 Purification of the 60-kDa GFP-tagged WT and MU MpPA14 domain 

Cell lysis, sonication, nickel-affinity, and size-exclusion chromatography procedure were 

described in Chapter 2. To elute the bound protein from the S75 column, Protein Buffer (200 mM 

NaCl, 20 mM Tris-HCl (pH 9.0), 5 mM EDTA) was applied to collect the unfolded protein, 

which was then incubated with 5 mM CaCl2 to refold the construct. 

3.5.3 Site-directed mutagenesis of double aspartates in the binding site 

Mutation of double Asp in the binding site was performed using QuikChange Lightning Multi 

Site-Directed Mutagenesis Kit (Agilent Technologies). A primer containing the double Asp→Ala 

mutations 

(CGTATAACTTCAAAGTAACAGCAGCCGCTGGATATGAGATAACCATTAATGG) was 

applied to PCR amplify the mutated GFP-MpPA14 plasmid. The PCR product was then 

incubated with DpnI enzyme for 15 min before transformation into XL10-Gold ultracompetent 

cells. Positive colonies were selected, the plasmid DNA was purified by miniprep, and sent for 

DNA sequencing to identify successful mutations (The Centre for Applied Genomics, The 

Hospital for Sick Children, Toronto, Ontario, Canada). 
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3.5.4 Homemade sugar-binding assay for WT and MU GFP-MpPA14 domains 

The absorbance of 1 mL of 1 mg/mL purified WT and MU GFP-MpPA14 domains was read at 

280 nm to give the starting concentration. This sample was then incubated with 500 μL of 

Superdex 200 resin for 2 min, with occasional mixing. After pelleting the resins by centrifugation 

at 5,900 x g for 2.5 min, the supernatant was collected to measure the absorbance. Resins were 

washed with 1 mL of Protein Buffer (200 mM NaCl, 20 mM Tris-HCl (pH 9.0), 2 mM CaCl2) 

and centrifuged twice before the absorbance of the final wash was taken. Finally, 1 mL of EDTA 

Buffer (200 mM NaCl, 20 mM Tris-HCl (pH 9.0), 5 mM EDTA) was incubated with resins, 

centrifuged, and the absorbance of the supernatant was taken. 
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Chapter 4 

The Oil-Degrading Marinobacter hydrocarbonoclasticus Contains a 

Novel Sugar-Binding Domain in its Adhesin 

4.1 Abstract 

The Gram-negative bacterium Marinobacter hydrocarbonoclasticus forms biofilms on marine 

diatoms and can degrade hydrocarbons from oil droplets. This ability is helpful for treating oil 

spills and leaks into the sea. M. hydrocarbonoclasticus produces a ~340-kDa large adhesin 

(MhLap) to initiate biofilm formation. In addition to the previously solved 20-kDa PA14 domain, 

here we recognized a novel sugar-binding domain (PA14_2) downstream of the PA14 domain. 

AlphaFold prediction and circular dichroism suggested that PA14_2 required an additional split 

domain as well as the nearby RTX repeats for a folded, stable structure. Elution of the 50-kDa 

construct from a Superdex 75 column was retarded and required the addition of competitive 

glucose monomer or EDTA for removal. The glycan array analyses showed that the PA14_2 

domain had a binding preference towards glycan derived from the Gram-negative bacterium 

Proteus mirabilis. These glycans either contained a terminal L-lysine or ethanolamine. 

Bioinformatic analyses showed that PA14_2 was relatively rare in bacteria. However, the 

orthologs tended to form a PA14_2 + split domain + RTX repeat multi-domain construct. One of 

the orthologs, from the rhizobacterium Pseudomonas citronellolis, has an almost identical ligand-

binding region distribution (with one more linker domain), and also has oil-degrading ability. 

Future studies will focus on generating the 3D structure of PA14_2 domain, as well as 

recognizing its target glycans on the surface of diatoms. This will help provide a better 

understanding of the new ligand-binding domain. 
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4.2 Introduction 

Hydrophobic compounds (mainly lipids and hydrocarbons) represent a significant part of the 

organic marine matter (127,128). Dispersed hydrocarbons from oil seeps, as well as from 

petroleum extraction and transportation, cause severe pollution of the marine environment 

(14,129). However, some marine bacteria have evolved the ability to degrade hydrocarbons. 

Bacterial genera such as Alcanivorax, Cycloclasticus, Oleiphilus, Oleispira, and Thallassolituus 

have members with high hydrocarbon-degrading abilities. They tend to have stringent substrate 

specificity for components of the crude oil, and cannot be used as a general bioremediation factor 

(127). However, one of the species, originally named Alteromonas strain SP.17, and first 

extracted from the French Mediterranean Coast by Gauthier et al. in 1992, was found to degrade a 

variety of solid and liquid hydrocarbons, fatty alcohols, fatty acids, triglycerides, and wax esters 

(127,130). In addition, the bacterium produces a large amount of nondialyzable bioemusifier 

(130-132). Considering its origin from the marine environment and its high hydrocarbonoclastic 

potential, a new name, Marinobacter hydrocarbonoclasticus SP.17 (=ATCC 49840) was applied 

to it (130). 

M. hydrocarbonoclasticus is a Gram-negative, aerobic, rod-shaped bacterium (130). Since 

hydrocarbons are nearly insoluble in the water phase, the transfer to microbial cells becomes a 

significant problem, and a widely spread strategy used by the bacteria is the formation of 

oleolytic biofilms (14,133). Cultures of M. hydrocarbonoclasticus SP. 17 have been observed on 

n-alkanes resulting in the formation of biofilms covering the surface of alkane droplets (133). 

Bacteria would adhere to the oil/water interface when the sum of surface energies with oil/water 

interface is lower than with the bacteria entirely in the aqueous state. From there, bacteria can 

exhibit oxidase, cytochrome oxidase, catalase, tweenase, and lecithinase activities (130). In 

addition, they are able to anaerobically reduce 90% of nitrogen to N2O in the presence of 

acetylene, showing the role of a denitrifier.  
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Besides hydrophobic organic compounds, there is also another assumption that M. 

hydrocarbonoclasticus SP. 17 interacts and forms biofilm on sea plants and microorganisms in 

the absence of hydrocarbon spills (132). Strain STW2, exhibiting 97.90% similarity with SP. 17, 

was extracted from rhizosphere sediment of seagrass Enhalus acodoides. Therefore, it raises an 

interesting question about whether M. hydrocarbonoclasticus SP. 17 also exhibits similar 

behavior. Considering the difference on surface compounds between alkane droplets and 

seagrass, it is highly possible that bacteria either express one type of adhesin with multiple 

ligand-binding domains, or express two types of adhesins to recognize different surfaces. 

The adhesin M. hydrocarbonoclasticus large adhesion protein (MhLap) is a 342-kDa adhesin 

(41). The protein is composed of 25 BIg-like repeats, followed by a sugar-binding PA14 domain. 

The PA14 3D structure was previously solved by our lab, as shown in Chapter 3. However, the 

remainder of the ligand-binding region is still uncharacterized. A suggestion was made by Dr. 

Tyler Vance that an additional PA14 domain was present due to the two adjacent aspartates, 

which is a characteristic of the D-cis-D motif from PA14 domain. Unfortunately, while the 

predicted 20-kDa protein turned out to be soluble, it did not appear to be in a folded state 

according to its CD spectrum. There was no shift in secondary structure after incubating the 

unfolded protein (pre-dialyzed with 5 mM EDTA) with CaCl2 (unpublished data). I hypothesized 

that this proposed additional “PA14-like domain” might require a split domain to fold into its 

native structure, similar to the putative peptide-binding domain from MpIBP. A “split domain” 

means that the neighboring linker region is split into half (the N-terminal β-strand and the rest of 

the domain), and the ligand-binding domain is emerged from the split and expands outside. 

However, further sequence alignment and modelling showed that this “PA14-like domain” does 

not contain the surrounding DQGGD motif like other PA14 domains do. Also, the double 

aspartates are not in a binding cleft, but lie on one side of the β-sandwich. As a result, we 

conclude that the region is not a traditional PA14 domain. According to AlphaFold structure 
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modelling, the domain is “pointing out” from the adjacent split domain, and might be a novel 

ligand-binding domain instead. 

One of the commonly used methods to find carbohydrate ligands is glycan array screening 

(101,134). With the general concept adopted from other microarray technologies, glycan arrays 

allow fast, high throughput data on protein-carbohydrate interactions, as well as a rough 

quantitative analysis on more complicated glycan probes (101,134,135). During glycan array, 

polysaccharides are immobilized on a solid support in a spatially defined arrangement. The 

surface is then interrogated by the fluorescently tagged target proteins, which would 

proportionally attach to glycans based on their binding affinities. The fluorescence signal is then 

measured to determine the binding affinities for each glycan (101,136). Compared to the 

homemade sugar-competitive assay, glycan arrays contain a vast library of more complicated 

polysaccharides, which is more helpful in identifying the natural ligands of the domains. In 

addition, glycan arrays accommodate glycan sources that are derived from different groups of 

organisms for a more directed recognition of biologically-relevant polysaccharides (137). To 

deduce their glycan binding preference, our lab has sent both GFP-tagged MpIBP and MhLap 

PA14 domains for glycan array analysis. Results showed that both domains bound branched 

polymers containing terminal glucose, fucose, and N-acetyl-glucosamine (Fig. 4.1) (30,41).  
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Figure 4.1 Glycan array analyses show the binding ligands of MhLap PA14 domain. A) 

Fluorescent measurements of an array of 585 glycans following incubation with 200 μg/mL of 

GFP-tagged MhPA14 domain. Readings are from an average of four replicates. The four glycan 

spots that fluoresced above 8000 RFU are labelled, and their structures are presented on the right. 

Blue squares = N-acetylglucosamine, blue circles = glucose, yellow squares = N-

acetylgalactosamine, yellow circles = galactose, green circles = mannose, red triangle = fucose. 

Terminal sugars proposed to be strong binders via the competitive assay are outlined in red boxes. 

B) Another array of eighteen glycans extracted from biological sources following incubation with 

50 μg/mL of GFP_MhPA14 domain. The readings are from an average of two replicates. The 

glycan ligand with highest signal is colored blue, and structures are listed on the right. Adapted 

from Vance et al. (2019), with permission of the publisher and authors (41). 
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For this MhLap project, I showed the presence of an additional sugar-binding domain (PA14_2) 

that was structurally very different from the classic PA14 domain. The novel PA14_2 domain 

required the downstream split domain and RTX repeats to fold into a stable, soluble structure. 

During size-exclusion chromatography, the protein was retained on the column, which is a 

polymer of glucose. Additional column volumes of buffer did not elute the protein; only chelation 

with EDTA or competition with glucose released the protein. This indicated that the new domain 

has sugar-binding ability. Glycan array analysis showed that the glycan ligands were significantly 

different between PA14 and PA14_2 domains. The latter domain is relatively rare among 

bacterial species, but the orthologs are all at the C terminus of their ligand-binding region.  
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4.3 Results 

4.3.1 Bioinformatic analyses predicted a novel ligand-binding domain in MhLap 

Bioinformatic analyses showed that MhLap contained an N-terminal retention module (RI) and an 

extender region with 25 BIg-like repeats (RII) (Fig. 4.2). Protein modelling software predicted the 

existence of a sugar-binding PA14 domain, which was proved by X-ray crystallography. Within 

the rest of the ligand-binding region there was predicted to be a domain “pointing outward” 

alongside a split domain for structural stability, which is a characteristic of ligand-binding 

domains. It was previously suggested that the unknown region was another PA14 domain based 

on the presence of conserved double aspartates (hence given the name PA14_2). 

 

 

 

Figure 4.2 Predicted domain architecture of MhLap. Domain mapping of M. 

hydrocarbonoclasticus Lap was performed using BLAST searches, InterPro, and AlphaFold 

programs. RI is the N-terminal retention module, RII is the extender region with 25 BIg-like 

repeats (cyan), and RIII is the C-terminal ligand-binding region. RIII contains a sugar-binding 

PA14 domain (orange), two cadherin-like domains (cyan), and a PA14_2 domain (green). RIII is 

followed by RTX repeats (gray) and the type 1 secretion system (pink). 
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However, the sequence and structure alignment between PA14_2 and PA14 domains showed 

that: 1) the neighboring DQGGD motif did not align well (Fig. 4.3A); 2) the overall structure of 

PA14_2 domain was rather different, lacking the long critical α-helix (Fig. 4.3B); 3) the double 

aspartates were not in a cleft; they were at the edge of the structure. As a result, I proposed that 

instead of being a PA14 domain, this unknown region might be a novel ligand-binding domain.  

One of the noteworthy points about PA14_2 domain was its proximity to the downstream RTX 

repeats. To probe whether the RTX region was essential for structural stability, I used AlphaFold 

modelling software to predict the structure of the PA14_2 domain with and without the presence 

of the nearby RTX repeats. Results showed that in the presence of RTX repeats, an α-helix 

shifted closer to the main structure rather than being isolated (Fig. 4.3C). The confidence on 

structure prediction also became higher. Therefore, we decided to express the entire three 

domains (PA14_2 + split domain + RTX repeats) to determine its potential ligands. 
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Figure 4.3 Comparison between MhLap PA14_2 and PA14 domains from MpIBP and 

MhLap. A) Sequence alignment of three domains. D-cis-D motif is highlighted in orange square, 

and DQGGD motif is highlighted in red square. B) 3D structure illustration of MpPA14 (PDB: 

5J6Y), MhPA14 (PDB: 6M8M), and AlphaFold-predicted PA14_2 domain. All domains are 

colored in rainbow from N to C terminus. C) AlphaFold-predicted PA14_2 domain (gray) with 

and without RTX repeats (blue). The α-helix that changes position is colored red. 



 

67 

 

4.3.2 MhPA14_2 domain was retained on S75 column during size-exclusion 

chromatography 

A codon-optimized gene sequence of the predicted PA14_2 + split domain + RTX repeats was 

cloned into pET28a(+) vector and expressed in BL21 (DE3) E. coli cells. The recombinant 

protein was purified by nickel-NTA affinity and Superdex 75 size-exclusion chromatographies. 

For the latter the protein eluted in the void volume instead of the expected volume for a 50-kDa 

protein. This is usually indicative of the presence of oligomers, or that the protein is binding other 

impurities (138). Therefore, to remove unnecessary binding, I decided to unfold the protein with 

EDTA after nickel-NTA column. The protein was further purified by Q-Sepharose ion-exchange 

chromatography before being run through the S75 column in either a folded or unfolded state. In 

this situation, the difference in elution volume would tell us whether the previous problem came 

from oligomerization or unnecessary binding.  

The elution volume of PA14_2 domain with EDTA (unfolded state) was close to the 50-kDa 

mark, which met our prediction (Fig. 4.4A). However, the PA14_2 domain with Ca2+ (folded 

state) did not elute from the column, even with an extended volume of running of buffer. The 

only way to recover the protein was to add EDTA to unfold the protein or excessive glucose (Fig. 

4.4B). This indicated that the protein was binding the dextran resins in the column (121). 

Combining the results, I hypothesized that PA14_2 proteins post Ni-NTA purification were still 

attaching to carbohydrate impurities, such that they would be eluted in the void volume during 

S75 column. By unfolding the protein with EDTA and further purification by Q-Sepharose 

column, I was able to remove the impurities and free the binding site. In this situation, the elution 

volume of unfolded protein would be closer to the apparent volume for 50-kDa protein. If the 

protein was refolded before size-exclusion chromatography, the protein would interact with the 

resins and get detained in the column. Either competition with sugars or EDTA unfolding enabled 

protein collection. As a result, I presumed that this PA14_2 domain had sugar-binding ability, and 

a glycan array analysis would be an efficient method to identify its binding ligands. 
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Figure 4.4 Superdex 75 elution of MhLap PA14_2 domain. Recombinant MhLap PA14_2 

protein was purified by Ni-NTA affinity chromatography, unfolded by EDTA and purified on a 

Q-Sepharose column. The protein was then eluted by S75 size-exclusion chromatography. The X 

axis is the elution time (in min), and the Y axis is the UV absorbance. Arrows show the elution 

volumes of calibrating proteins. A) S75 elution in the presence of 5 mM EDTA. B) S75 elution in 

the presence of 10 mM of CaCl2, pre-equilibrated with 100 mM of glucose. C) SDS-PAGE gel 

showing the protein fractions from chromatogram B). Lanes 1 and 2 are from the void peak, lanes 

3 to 6 are from the second peak, and lanes 7 and 8 are from the EDTA peak. 
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4.3.3 Glycan array shows MhPA14_2’s preference for saccharides derived from Proteus 

mirabilis 

A GFP-tagged MhLap PA14_2 + split domain + RTX repeats was sent to the Consortium for 

Functional Glycomics (CFG) for glycan array analysis. The recombinant protein (50 μg/mL) was 

incubated on the Microbial Glycan Microarray (MGM) to identify the saccharide ligands of the 

domain. The printed array consisted of polysaccharides derived from 313 Gram-negative bacteria 

printed at 500 μg/mL, in replicates of 6. The highest and lowest from each set were removed to 

eliminate some of the false results that contained a very high or a very low reading.  

Compared to the results with MpIBP and MhLap PA14 domains, the fluorescence signals 

between PA14_2 and glycans were relatively low, with the highest reading being 2250 RFU, 

which was more than 10-fold lower than with the MhPA14 domain (Fig. 4.5) (30,41). The 

addition of the N-terminal GFP tag might have contributed to the low readings. The tag’s 

attachment to the N-terminal end of the domain complex is a via single β-strand. The extra 37-

kDa GFP protein at the N-terminal end might have a negative impact on the structural stability 

overall, thus interfering with ligand-binding ability.  

In the top 10 hits, eight were from the species Proteus mirabilis. The Gram-negative bacterium is 

widely spread in soil and water, and can cause catheter-associated urinary tract infections 

(CAUTIs) in human (139). The structures of the glycan ligands were branched and divergent, but 

MhPA14_2 domain showed preference towards glucose and galactose, and their amide and sugar 

acid derivatives. Since the protein could bind the dextran resins from the S75 column, it was 

presumed that polysaccharides with terminal glucose would be a major hit. However, only glycan 

3 and 7 contained terminal glucose. 

Interestingly, at least one terminal amino acid or organic chemical compound was observed in all 

of the glycans. The common patterns recognized were: 1) a terminal L-lysine attached to a D-

galacturonic acid (glycan 1, 2, 6, 7, and 10). And 2) a terminal ethanolamine attached to the rest 

of the saccharide through a phosphate bond (glycan 4, 5, 6, and 9). The adjacent monomer was N-
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acetyl-D-glucosamine for the majority of the glycans, but in glycan 5 ethanolamine was also 

linked to D-galactose and N-acetyl-D-galactosamine.  

GFP-MhPA14_2 protein was also incubated with a second library (printed mammalian glycan 

array) containing 562 glycans, but the recombinant protein failed to bind any of the proposed 

glycans at either 5 or 50 μg/mL. As a result, it raised a question about whether the terminal 

compound was essential for PA14_2 domain to bind to glycans.  

 

Table 4.1 Original bacterial species of the top glycan signals.  

No. Genus Species Subtype Additional 
Name/Structure/ 

Cat.No. 

Fluorescence 

reading 

(RFU) 

1 Proteus mirabilis O3a, 3c G1  2250 

2 Proteus mirabilis O28 (PrK 51/57) OPS 2022 

3 Shigella flexneri type 4a  PS 1934 

4 Proteus penneri O67 (8)  OPS 1691 

5 Proteus mirabilis O41 (PrK 67/57) OPS 1675 

6 Proteus mirabilis O27 (PrK 50/57) OPS 1649 

7 Proteus mirabilis 
O3ab 

(S1959) 
 PS 1259 

8 Proteus mirabilis O16 (4652) OPS 1232 

9 Proteus mirabilis O17 (PrK 32/57) OPS 1144 

10 Proteus mirabilis O26 (PrK 49/57) OPS 1053 
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Figure 4.5 Binding of MhLap PA14_2 domain to the glycan array. Fluorescent measurements 

of a library of 313 polysaccharides derived from Gram-negative bacteria following incubation 

with GFP-tagged MhPA14_2 domain. The readings are taken in a replicate of four. The 

illustrations show the structures of the glycan spots that fluoresce above 1000 RFU. [...] means 

they are a section of the repetitive polysaccharides. Structures of the glycans from Shingella 

flexneri type 4a (#3) and Proteus mirabilis O16 (4652) (#8) are missing in the database. Blue 

circles = glucose, blue squares = N-acetyl-D-glucosamine, blue and white diamonds = D-

glucuronic acid, yellow circles = galactose, yellow squares = N-acetyl-D-galactosamine, yellow 

and white diamonds = D-galacturonic acid, red and white triangle = N-acetyl-L-fucosamine, pink 

star = D-ribose, black pentagons = other compounds. Glycan structures are based on the CFG 

database (140). 
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4.4 Discussion 

4.4.1 PA14_2 domain requires RTX repeats for structural stability 

Our previous assumption about the set of RTX repeats in adhesins is that it is a separate domain 

from the ligand-binding region upstream (53). The characteristic β-rolls enhance the efficiency of 

T1SS secretion from a C to N direction. Only specialized variants, such as the ice-binding domain 

from MpIBP, evolved to adopt a ligand-binding function (27). Therefore, when we were trying to 

express the MhLap PA14_2 domain previously, we only added the adjacent split domain for 

structural stability. The recombinant protein was highly soluble, but according to CD 

measurements, similar to the sole PA14_2 domain, the double domain complex did not form 

secondary structure after incubation with Ca2+ ions. Only after protein modelling of the entire C-

terminal end, did we realize how close the RTX repeats were to the PA14_2 domain, and that the 

repeats might be necessary for the overall structure stability of the PA14_2 domain.  

Currently, we cannot claim that the RTX repeats also contribute to the sugar-binding activity. 

According to the AlphaFold structure prediction the RTX repeats are relatively distant from the 

putative binding site in the PA14_2 domain. Furthermore, if the RTX repeats do participate in 

ligand-binding, are they using one side of the solenoid surface like MpIBP, or are they using a 

niche between the β-rolls like the RTX leukotoxin from B. pertussis, or are they binding ligands 

through a novel site (29,36)? Co-crystallization with the sugar ligands would help clarify the 

function of RTX repeats in this triple domain complex. 

4.4.2 PA14_2 domain is rare in bacterial adhesins 

MhLap PA14_2 domain is recognized as a new sugar-binding domain, and it raises the question 

of there being orthologs in other bacterial adhesins. I used the primary sequence as the query for 

BLAST searches. Compared to the widely distributed PA14 domain, PA14_2 domain is rare in 

bacteria (~100 hits). Surprisingly, all of the orthologs are present at the C-terminal end of the 

adhesin, and the domain architecture of the domain complex is the same: a PA14_2 domain 
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protrudes from a split domain, and is followed by the RTX repeats that appear to be bound to it. 

This further supports the hypothesis that the RTX repeats are critical for the structural stability of 

the complex. 

A special ortholog is recognized in the adhesin from Pseudomonas citronellolis P3B5. P. 

citronellolis is a rhizobacterium that was first isolated from forest soil in the United States 

(141,142). Plant leaves are covered by a cuticle made of cutin, an esterified aliphatic polymer that 

is impregnated and overlaid by intra- and epi-cuticular waxes consisting of very long-chain 

aliphatic compounds, including alkanes, alcohols, and fatty acids. P. citronellolis degrades these 

hydrocarbons for nutrients during its leaf surface colonization (142). Interestingly, despite their 

different living environments, M. hydrocarbonoclasticus and P. citronellolis both have 

hydrocarbon-degrading abilities (14,142). In addition, the domain architecture of its adhesin is 

almost identical to the MhLap. The PA14 domain emerges from the neighboring linker region, 

and is followed by the PA14_2 + split domain + RTX repeats complex (Fig. 4.6). The sequence 

identity between the domains from the C-terminal end is around 40%. There is an extra linker 

region at the N-terminal end of PA14_2 domain, which is the only significant divergence between 

these two adhesins. It is not certain why two organisms living in completely different living 

environments would use adhesins with similar ligand-binding functions. A characterization of the 

C-terminal end from the P. citronellolis adhesin would be useful to further reinforce our 

knowledge on this novel PA14_2 domain. 
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Figure 4.6 Domain architecture comparison between MhLap and P. citronellolis adhesins. 

AlphaFold-predicted structure of the C-terminal regions from MhLap and P. citronellolis adhesin 

is illustrated in cartoon form. The orientation of the ligand-binding domains is slightly different 

between the two adhesins. Each domain is in a different color for differentiation. Blue: linker 

region, cyan: PA14 domain, pink: the extra linker region from P. citronellolis adhesin, green: 

split domain, yellow: PA14_2 domain, red: RTX repeats and T1SS. 
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4.4.3 MhPA14_2 domain’s affinity for saccharides 

The PA14_2 domain is a second sugar-binding construct in MhLap besides PA14 domain, which 

was previously characterized by Dr. Tyler Vance (41). Why would a bacterial adhesin have two 

ligand-binding domains that have similar functions? This novel region, having a completely 

different structure, might recognize some other carbohydrates on diatom surfaces in order to form 

a more stable host-bacterium interaction or to increase the range of organisms on which the 

bacteria can reside. According to the glycan array results, the PA14 domain elicited several 

significant fluorescence readings (>8000 RFU) (41). The characterization of these hits indicated a 

tendency to bind branched glycans with terminal glucose, fucose, and N-acetyl-glucosamine. In 

comparison, the glycan structures bound by the PA14_2 domain do not show such a preference. 

Out of the eight top binders where a structure is identified, two contain a terminal glucose. This 

meets our expectation since the recombinant protein was held on the S75 column, which is 

comprised of dextran – a glucose polymer. On the other hand, a terminal amino acid residue or 

organic chemical compound seems to be a more general trend in the top hits. More specifically, a 

terminal L-lysine attached to a D-galacturonic acid, or a terminal ethanolamine attached to the 

rest of the glycan through a phosphate bond. It is not known whether a glycopeptide combination 

is required for tighter binding affinity. Variants with and without the terminal peptide could be 

designed as a library, and competitive binding assays or isothermal titration calorimetry (ITC) 

might help identifying the precise ligands (143,144). Combined with 3D structure determination 

and co-crystallization, the precise ligands might serve as a template and assist the design of 

glycopeptide binding antagonists that reduce biofilm formation (145).  

During glycan array analysis, the fluorescence signals from the MhPA14_2 domain were much 

lower than those from MhPA14, which suggested that the sugar-binding affinity of MhPA14_2 

was lower than MhPA14 domain. The difference between these two species might be due to the 

changing binding affinities of the two proteins. However, another possibility is that the active site 

of MhPA14_2 is not fully functioning. This might be due to the added GFP tag, which introduces 
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a 37-kDa fusion to the original 50-kDa recombinant protein. The attachment point of the GFP tag 

is to the long β-strand (~13 amino acids) of the split domain preceding the PA14_2 domain. It is 

possible that the β-strand detaches from the rest of the split domain due to hydrodynamic drag 

from the attached GFP, thereby causing the entire construct to be less stable or sterically 

hindering the binding site of the PA14_2 domain.  

The MGM library is composed of glycans derived from Gram-negative bacteria. One concern is 

that the library is limited to pathogenic bacteria, so that the optimal glycan binding structure 

might not be represented there. This raises the difficulty of recognizing the range of organisms to 

which M. hydrocarbonoclasticus binds. As a result, a binding assay between fluorescently 

labelled PA14_2 domain and a library of diatoms or other marine organisms might be effective. 

The procedure would be similar to glycan array, except that the glycans are changed to various 

diatom species. Binding affinities can be determined by observing the fluorescence signal under 

the microscope. Guo et al. have shown images of fluorescein isothiocyanate (FITC)-labelled 

MpIBP PA14 domain attached to Chaetoceros neogracile under the microscope, and they 

successfully blocked the binding with L-fucose as a competitive inhibitor (30). C. neogracile is a 

psychrophilic marine diatom from Antarctic waters (146). For MhPA14_2 domain, we could 

extend the library to diatoms from other sea area, for example, the French Mediterranean Coast 

where M. hydrocarbonoclasticus was first extracted (133). 

4.5 Experimental Procedures 

4.5.1 Molecular cloning and protein expression of MhLap PA14_2 and PA14_2+RTX 

domain 

A codon-optimized gene for MhLap LBD was synthesized by GeneArt for E. coli expression. 

Cloning and expression procedures were as described in Chapter 2. 

4.5.2 Purification of 33-kDa PA14_2 and 51-kDa PA14_2+RTX domain 
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Cell pelleting, sonication, nickel-affinity, and size-exclusion chromatography procedures were 

done as described in Chapter 2, except that all of the buffers contained 10 mM of CaCl2 instead of 

2 mM to ensure complete folding. 

For ion-exchange chromatography, protein was unfolded with EDTA before loading onto a 

HiLoad 16/10 Q Sepharose column (GE Healthcare) at a flow rate of 2 mL/min. Buffer A (20 

mM Tris-HCl (pH 9.0), 5 mM EDTA) and Buffer B (1 M NaCl, 20 mM Tris-HCl (pH 9.0), 5 mM 

EDTA) were used to elute the protein with an increasing gradient of NaCl. Fractions containing 

PA14_2+RTX were analyzed on SDS gel for their purity before refolded in 10 mM CaCl2 and 

buffer exchanged with Protein Buffer.  

4.5.3 Glycan array 

Glycan array analysis was performed by the Consortium of Functional Glycomics (CFG) 

(Harvard Medical University). Two types of glycan arrays were used. The first one was on its 

Version 5.5 of their printed mammalian glycan array, a total of 562 glycans. And the second one 

was measured on the Microbial Glycan Microarray (MGM), which contained polysaccharides 

derived from different Gram-negative bacteria, for a total of 313 glycans. Both 5 μg/mL and 50 

μg/mL of GFP-tagged MhLap PA14_2+RTX were incubated with the glycans. After washing out 

the non-specific binding, the green fluorescence was used to measure the relative fluorescence 

units (RFU) for bound proteins. Each experiment was done in six replicates, and the highest and 

lowest point from each set of the replicates were removed to eliminate some possible false hits, 

therefore an average of the remaining four was used for the results presented here.  
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Chapter 5 

General Discussion 

5.1 Study of bacterial adhesins is a step toward controlling biofilms 

An aspiration for this research is to learn how to inhibit destructive bacterial biofilms and 

enhance the advantageous ones. Bacterial adhesins, as pioneers in biofilm formation, have great 

potential for bioengineering (147). Genetically modified bacteria could be equipped with an 

adhesin from another species, thus enabling the attachment to host surfaces that were previously 

unavailable for biofilm formation. A more adventurous experiment would be to customize an 

adhesin with a selection of ligand-binding domains that would target the bacteria to a specific 

surface or niche that it could not normally occupy. In an example of this type of experiment, the 

metal-binding domain from Pseudomonas aeruginosa type IV pili was inserted into a curli 

amyloid adhesin from E. coli, therefore enabling the bacterium to attach to stainless steel (148). 

Ideally, this might be useful in bioremediation efforts in the agricultural and industrial areas. The 

rhizobacterium Pseudomonas fluorescens forms biofilms on plant roots to promote plant growth 

and produce chemicals to prevent pathogenic fungal and bacterial infection (65). During the 

initiation stage, LapA recognizes specific ligands and forms a tight interaction between the host 

and bacterium. The following steps include MapA secretion, which is hypothesized to be 

responsible for cell-cell cohesion within the biofilm. Both adhesins contain a peptide-binding 

vWFA domain, but the structures differ by an extra insert region. According to bioinformatic 

analyses done here, although the main structure remains highly conserved, the insert region varies 

extensively in the vWFA orthologs from various bacterial species. Some of these inserts even 

form a cap to cover part of the MIDAS motif. A study on Porphyromonas gingivalis Mfa5 vWFA 

domain also indicates that variety in the insert region is responsible for ligand selection, making it 

a potential target for genetic modification (46). 
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Pseudomonas viridiflava can cause leaf spot diseases and rot of crops over a global range (149-

151). LapA from P. viridiflava is 76.9% identical to PfLapA, suggesting that modification to 

vWFA and other ligand-binding domains would not lead to a dramatic change in the overall 

structure of the adhesin. In this situation, PfLapA could potentially be modified to have the 

adhesion properties and host range of P. viridiflava. In this way, P. fluorescens could potentially 

form a protective layer of biofilms on the crop roots and secrete metabolites to inhibit P. 

viridiflava infection from the soil. On the other hand, Pseudomonas chlororaphis is another 

separate group of beneficial rhizobacterium that shows traits of phytostimulation and biocontrol 

of phytopathogens (152). P. chlororaphis produces antibiotics including phenazines, pyrrolidine, 

hydrogen cyanide, siderophores, and a complex blend of volatile organic compounds (VOCs) 

(152,153). Even though the secreted antibiotics are different, P. chlororaphis and P. fluorescens 

LapA adhesins share 83.3% sequence identity. By shifting the residues in the vWFA insert region 

only, the two species could potentially adhere to the same plant and form an inter-species biofilm, 

which might further promote their bioremediation role.  

One of the challenges in domain bioengineering is that adhesins vary in strength and stability. 

Single-molecule force microscopy has shown that the extender region of S. enterica SiiE can be 

unfolded by 130 pN, while MpIBP requires three times that force for unfolding (27,148). Again, 

the extender regions could potentially be swapped between bacteria if their length and stability 

could confer an advantage to the recipient species, much the way these processes happen 

unassisted in nature through lateral transfer of DNA. Environmental conditions such as pH, 

temperature, and salinity can interfere with the stability of adhesins (154). Even if the bacterial 

cells can survive under harsher environments, the adhesins might not be able to form a stable 

connection between the host and the binding surface. This might create obstacles in engineering 

ligand-binding domains between distant species, such as from plant bacteria into marine ones, 

and vice versa. 
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5.2 Limiting harmful biofilms and infections through adhesins 

To inhibit the destructive effect of bacterial biofilms, the most popular method is to use 

antibiotics and small molecule antagonists to interfere with a mature biofilm (155). One of the 

resulting problems is that excessive usage of antibiotics is required to overcome emerging 

resistance from bacterial communities, leading to loss of effectiveness of commonly used ones. 

Therefore, adhesins are becoming an alternative target for antibacterial measures, as the process 

of biofilm formation can be prevented from the beginning. One of the advantages of antagonists 

designed against adhesins is that they do not need to enter the bacterial cells to be effective, since 

the ligand-binding domains are secreted to the host’s outer surface. This increases their 

bioavailability against adhesins. Also, previous experiments have successfully designed a non-

metabolizable type of mannose to inhibit the FimH-mediated infection from uropathogenic E. coli 

(156). Similarly, an ongoing collaborative adhesin project in the Davies’ lab is a study of the 

FrhA adhesin from Vibrio cholera (43,157). An understanding of the ligand-binding domains has 

enabled small molecules like fucose and a specific peptide AGYTD to be used against 

erythrocyte hemagglutination. In this situation, we can stop the V. cholera infection on intestinal 

walls, which leads to cholera, an acute diarrheal disease. In addition, the production of antibodies 

against the same ligand-binding domains could compete with ligand binding, inhibiting the initial 

attachment of bacteria to their surfaces. 

For the PA14 domain, the D-cis-D motif in the active site and its sugar-binding function is 

conserved in other bacterial adhesins. Strategies that block sugar binding through this active site 

can potentially be applied to multiple organisms. For example, Vibrio splendidus is a Gram-

negative bacterium that forms biofilms on the coelom of Apostichopus japonicus (sea cucumbers) 

and can cause skin ulcer syndrome (SUS) (158). Furthermore, V. splendidus, as well as some 

other Vibrio species, cause vibriosis that can infect both fish and shrimp, causing massive 

mortality in aquaculture (159). The V. Splendidus PA14 domain has 82% sequence identity with 
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MpPA14, making it a potential therapeutic target for sugar analogs. A non-metabolizable type of 

mono- or di-saccharide variant can be applied to block the initial attachment between V. 

splendidus and the marine host. This can be further applied to the species that are pathogenic to 

human beings. For example, Vibrio vulnificus can cause sepsis and has a mortality rate of 25%. 

So far there is no effective treatment beyond antibiotics. By blocking the PA14 domain with a 

competitive sugar, it may be possible to prevent the bacteria from forming biofilms on the injured 

skin. 

A potential problem is that we still do not know if and how variation in the residues around and 

within the DQGGD motif affect the specificity and affinity of ligand binding. Alternative amino 

acids might introduce conformational shifts to the cleft, for example, a residue with a large and 

basic side chain might decrease the accessibility of the Ca2+ in the binding site, such that the drug 

ligand will have a lower binding affinity against the PA14 ortholog. 

5.3 Recognition of novel ligand-binding domains in the RTX adhesins 

The characterization of RTX adhesins is still in its infancy. Currently, to characterize a new 

adhesin, we tend to use conserved domain recognition software to look for any previously 

characterized ligand-binding domains. Solved structures, such as vWFA domains and putative 

peptide-binding domains, serve as a basis for comparison between orthologs. This results in 

numerous gaps in the ligand-binding region that are often attributed to linker regions. Because of 

a lag in database accessions and limited research in this area, a lot of the potential ligand-binding 

domains in RTX adhesins are, as yet, unrecognized. They might be effective targets for 

antagonist design or genetic modification. 

In this thesis, with the help of protein modelling software AlphaFold, I managed to identify the 

presence of a sugar-binding PA14 domain in PfLapA and a novel sugar-binding PA14_2 domain 

in MhLap. The recognition of PA14 domains is relatively easy: the motifs in the active site and 

the overall structure are highly similar to the previously solved ones. Even though the sequence 
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similarity in the other region is relatively low, we can still confirm the identity of the domain by 

modelling its three-dimensional fold. In comparison, the more varied PA14_2 domain was harder 

to characterize. We could only presume it to be a ligand-binding domain due to its structure 

protruding from the adjacent linker region. We could not rely on solved structures or orthologs 

from other species, as the domain is rare and poorly recognized in adhesins. One of the clues that 

this domain might bind a sugar was its retention on a Superdex 75 column well past its predicted 

elution volume. But the advantage of sugar binding is that the unknown domain can be tested in a 

glycan array facility. If the unknown domain has peptide-binding or lipid-binding ability, the 

ligand appraisal method remains difficult. A library of simple ligands, such as the ECM array for 

peptide-binding domain, could help ligand determination. Another issue is that the domain might 

have a very specific binding partner, for example, the MpIBP peptide-binding domain only has a 

high binding affinity against AGTYD and closely related peptides (44).  

Pseudomonas putida is a plant colonizing bacterium that can provide a flexible and engineerable 

platform for adhesin modification (160). Besides its LapA, which is an ortholog of PfLapA, there 

is another RTX adhesin LapF that also contributes to biofilm formation (161). LapF has no 

relevant role in the early attachment stages but can influence the development of a mature 

biofilm, potentially through cell-cell cohesion. This shows similar traits to MapA, but the C-

terminal region of LapF is still a mystery. Although hypothesized to contain a putative peptide-

binding domain, protein modelling showed a rather different structure (Fig. 5.1). Two domains 

turn out to be expanding from the split domain: an indication of ligand-binding domain. If further 

study can be applied to these domains, we will be able to understand the general binding 

mechanisms of P. putida LapF in order to modify its biofilm formation for agricultural 

requirements. 
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Figure 5.1 AlphaFold-modelled ligand-binding region of P. putida LapF. The AlphaFold-

modelled structure is shown as a cartoon representation. Each domain is in a different color for 

differentiation. The arrows point towards the N and C termini. The two theoretical ligand-binding 

domains (yellow and cyan) protrude from the adjacent linker domains (green and blue). 
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5.4 Concluding remarks 

This thesis has examined the 3D structure of the PfLapA vWFA domain, recognized the 

importance of the D-cis-D motif in ligand-binding, and identified the presence of the PA14 

domain in PfLapA and a novel sugar-binding domain in MhLap. These domains are distributed in 

bacterial adhesins, and their study promotes the understanding of orthologs interacting with other 

environmental substrates. It is critical to determine the structures of LapA vWFA and MhLap 

PA14_2 in the presence of ligands. Although AlphaFold software has proved to be accurate for 

domains in the apo-state, co-crystallization and X-ray crystallography are still necessary to 

identify the conformational change in the active sites upon ligand-binding. Glycan array analysis 

on MhLap PA14_2 domain indicates that it has potential carbohydrate substrates on 

microorganisms, while the peptide ligand for vWFA domain remains unknown. Identifying the 

precise ligands and binding mechanisms of adhesins will be essential to limit harmful biofilms 

and enhance the beneficial ones. The mutagenesis of the PA14 domain has indicated the 

possibility of engineering ligand-binding domains to knock out their functions. If vWFA and 

PA14_2 domains can be studied to this degree, we can further engineer biofilm formations by 

modifying these components. 
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