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Abstract 

 

        Pseudomonas aeruginosa, a Gram-negative bacterium, is known for its opportunistic way of 

infecting humans as well as other animals. Due to its pathogenicity, P. aeruginosa has been considered to 

be one of the top bacterial threats by the World Health Organization. It tends to infect targets with 

reduced immune systems and various tissues and organs, causing pneumonia, necrosis, and intestinal 

infection etc. P. aeruginosa, like other bacteria, has evolved different types of secretion systems to secrete 

a wide spectrum of virulence factors, especially various proteins and nucleotides. Bacteria use these 

molecular ‘weapons’ not only to adapt for surviving environments in the hosts but also to penetrate into 

hosts tissues to facilitate their colonization and proliferations, which further results in infections.  

        To date, out of seven identified types of bacterial secretion systems, the Type II secretion system 

(T2SS) is one of the best-characterized secretion systems, known for its capability of translocating large, 

structured protein molecules from the periplasm though the outer membrane into the extracellular milieu.  

        In P. aeruginosa, the T2SS is established through the synergistic combination of four structural 

assemblies formed by twelve Xcp proteins.  These four subcomplexes, from the perspective of function, 

can be divided into platform, engine, channel and piston, in which the piston, called pseudopilus, is of 

pivotal importance in the system as its tip complex, comprised by XcpU, -V, -W and -X, recognizes and 

binds to various virulence factors.  

        Aiming to better clarify the function-dependent structural features of this pseudopilus tip, we utilized 

X-ray protein crystallography to fully depict the architecture of the ternary complex of XcpVWX as well 

as to identify the core complex of XcpVW. The reconstruction of the entire tip complex was done using 

small-angle X-ray scattering, which exhibits an overall architecture of the pseudopilus tip and the 

plausible working model during the secretion. Through the elucidation of the detailed interaction interface 

of XcpV and -W, we developed two inhibitory peptides and four inhibitory compounds. It is confirmed 

that these structure-based molecules can interfere the interaction between XcpV and -W and compromise 
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the pseudopilus tip complex. Due to the critical role of the XcpVW complex to the Type II secretion, the 

disruption of the XcpVW complex leads to the inhibition of the entire Type II secretion system. Using 

Caenorhabditis elegans as an investigation model, our research shows that the virulence of P. aeruginosa 

towards C. elegans has been reduced in the presence of the structure-based inhibitory molecules and that 

these molecules are able to alleviate the infection.  
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Chapter 1 

Introduction and Literature Review 

 

1.1 Pseudomonas aeruginosa and its infection 

        Pseudomonas aeruginosa is a Gram-negative, rod-shaped, and asporogenous bacterium 

capable of utilizing versatile nutrients in the living environments[1]. As an obligate aerobic 

bacterium, P. aeruginosa uses aerobic respiration (with oxygen) for optimal metabolism[2]. Due 

to the ability of use a wide range of organic molecules for metablism, including organic 

compounds such as benzoate, P. aeruginosa is a ubiquitous microorganism that can thrive in 

various environments, such as soil, water, humans, animals, plants, sewage, and hospitals[3]. As 

such, in all oligotropic aquatic ecosystems, P. aeruginosa is a predominant inhabitant [4]. 

        P. aeruginosa is known for its opportunistic human pathogenicity[5]. P. aeruginosa seldom 

causes diseases in healthy individuals. Instead, it tends to colonize and infect 

immunocompromised or debilitated patients[6]. Therefore, it has developed into a major 

nosocomial pathogen that threats people’s health. Firstly, according to the report, it attacks two 

thirds of the severely hospitalized patients[7], which usually means more invasive diseases. 

Secondly, P. aeruginosa is a leading Gram-negative opportunistic pathogen carrying a 40-60% 

mortality rate[8]. Thirdly, it complicates 90% of cystic fibrosis deaths; and lastly, it is regarded as 

one of the top three Gram-negative pathogens that harm humans frequently[9]. Interestingly, P. 

aeruginosa is characterized as an important soil bacterium due to its capability of breaking down 

polycyclic aromatic hydrocarbons and making rhamnolipids, quinolones, hydrogen cyanide, 

phenazines, and lectins. It also exhibits intrinsic resistance to many different types of 

chemotherapeutic agents and antibiotics, making it a very hard pathogen to eliminate[10]. As a 

result, World Health Organization has recently rated P. aeruginosa second in the most critical 
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group of pathogens that urgently require new antibiotics[11].       

        The first scientific study on P. aeruginosa was established in 1882 by Carle Gessard[12], in 

which this pathogen was described to produce water-soluble pigments on exposure to ultraviolet 

light and fluoresced blue-green light. P. aeruginosa has many strains, including  PA01,  PA7, 

UCBPP-PA14, and 2192[13]. Most of these were isolated based on their distinctive grapelike 

odor of aminoacetophenone, pyocyanin production, and the colony morphology on agar media. 

        As aforementioned, P. aeruginosa rarely causes disease in healthy humans. Instead, it is 

usually linked with patients whose immune system is compromised. First, P. aeruginosa cells 

adhere to tissue surfaces of host through its flagellum, pili, and exo-S; second, through the 

replication, this pathogen creates infectious critical substances by different types of secretion 

systems; and lastly, it causes tissue damage using various virulence factors[6]. Therefore, even 

though P. aeruginosa can be cured with proper treatment, the powerful exotoxins and endotoxins 

released by it during bacteremia continue to intoxicate the host. That is why the acute diseases 

caused by P. aeruginosa tend to be chronic and life-threatening (Figure 1.1).  

        Epidermal infections often result from P. aeruginosa infiltrating through the skin at the site 

of an open wound[14],, which can further cause cystic fibrosis. Due to cystic fibrosis, a lung fails 

to transport chloride, sodium, and water from the basolateral to the secretory epithelia, which 

further leads to the production of a thick mucus, an ideal medium for potential pathogens[15]. P. 

aeruginosa uses its flagellum to go to the oxygen-depleted hypoxic zone, where P. 

aeruginosa starts forming biofilms under anaerobic conditions[16]. The P. aeruginosa in this 

community can sense their population via quorum sensing, where they secret pheromones to 

communicate with each other to regulate gene production which results in control of certain cell 

functions[17]. The biofilm provides the community of P. aeruginosa with effective protection 

from different environmental hazards, especially some anti-Pseudomonas antibiotics such as  
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ticarcillin, tobramycin, and ciprofloxacin[19]. P. aeruginosa is also intrinsically resistant to many 

antibiotics and chemotherapeutic agents. This is caused by the low permeability to antibiotics of 

the outer membrane and by the production of β-lactamases against multidrug efflux pumps and β-

lactam antibiotics. 

       P. aeruginosa secretes many virulent factors to facilitate its survival, proliferation and 

colonization in the host[20]. For example, exotoxin A, the most toxic protein produced by P. 

aeruginosa, catalyzes the ADP-ribosylation to form ADP-ribosyl-EF-2, which inhibits the protein 

synthesis of the host’s cells[21]. Moreover, the spread of P. aeruginosa within host organisms is 

also dependent on the P. aeruginosa  elastase, an extracellular zinc metalloproteinase, to degrade 

the host’s proteins, including the structural proteins such as collagen and elastin within 

membranes, destroying the structural proteins of the cell and disrupting the host’s physical 

barriers against the spread of infection[22-25]. Elastase protects P. aeruginosa from phagocytotic 

antibody-mediated cytotoxicity at the site of the wound by inhibiting monocyte chemotaxis[26]. 

Two extracellular toxins, exoenzyme S and exotoxin A, are also important for the pathogenic 

activity. Exoenzyme S is like many other bacterial exotoxins in that it has the substructure of the 

A-component of a bacterial toxin besides its ADP-ribosylating activity[27]. It is produced by 

pseudomonal infections in burned tissue and can often be found in the blood. It acts to restrict the 

function of phagocytic cells in preparation for P. aeruginosa invasion[28]. Exotoxin A causes 

ADP-ribosylation of eukaryotic elongation factor 2, which results in inhibited protein synthesis, 

which is the same mechanism of action as the diphtheria toxin[29]. The production of this toxin is 

regulated by environmental iron availability. It seems to mediate multiple levels of disease 

processes caused by an infection, such as its necrotizing activity at the site of bacterial 

colonization[30]. Toxin-producing strains are more virulent and produce a more virulent form of 

pneumonia than those that do not produce toxin. Not surprisingly, purified exotoxin A is highly 

lethal to animals, including primates and humans[31]. 
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        In the experiments of studying the virulence of P. aeruginosa towards animals, virulent P. 

aeruginosa was intravenously injected into mice and these animals usually died within 24-48 

hours[32]. When a smaller dose was injected, characteristic signs of infection such as weight loss, 

focal lesions in liver, spleen, and kidneys, followed by death within 3-10 days, would take 

place. P. aeruginosa has also been found to cause outbreaks of pneumonia[33-36], intestinal tract 

infection[25, 37], urinary tract infection[36, 38] and necrosis[39, 40]. In addition, P. aeruginosa 

also attacks plants[41]. 

        Antimicrobials are the first choice in combatting P. aeruginosa infection[42]. Often a two-

drug therapy is used. Steroids are also options for treatment purpose used in conjunction with 

these antibiotics. Surgery is even required when this bacterium causes the infections in malignant 

otitis or retinal detachment due to eye infection[43]. As a result, P. aeruginosa have become a 

great threat to humans’ health through infections.  

 

1.2 Secretion systems 

        P. aeruginosa like other Gram-negative pathogens has evolved several types of secretion 

systems to translocate a wide range of various virulence factors, including small molecules, 

proteins and nucleotides, from the cytoplasm into the extracellular environments or compartment 

of the host cells. Since the 1940s[44], the secretion of toxin proteins has been of an attract of 

investigation for researchers to understand the mechanisms of bacterial infections. Using these 

highly specialized and sophisticated nanomachines, bacteria export virulence factors that have 

key roles in their response to the environment and also in several physiological processes such as 

adhesion, pathogenicity, adaptation and survival. 

        In Gram-negative bacteria, based on the dependence on the Sec pathway, the six main types 

of secretion systems can be classified into two categories: Sec-dependent and Sec-independent 
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pathway (Figure 1.2, Table 1). The Sec pathway primarily translocates proteins in their unfolded 

state, which consists of three parts: a protein targeting component, a motor protein, and a 

membrane integrated conducting channel, called the SecYEG translocase[45]. Through the Sec 

apparatus many virulence factors can be released into the environment to promote virulence of 

bacterial pathogens. Many pathogens can use Sec-dependent secretion to transport virulence 

factors across the cytoplasmic membrane, including the Gram-negative bacteria P. aerugininosa, 

Vibrio cholerae, Klebsiella pneumoniae, and Yersinia enterocolitica. Examples of Gram-positive 

pathogens that employ Sec accessory systems include Staphylococcus aureus[46] and Listeria 

monocytogenes[47, 48]. 

 

1.2.1 Type I secretion system 

        The type I secretion system (T1SS) is a chaperone dependent secretion system that allows 

the secretion of proteins of various sizes and functions from the cytoplasm to the extracellular 

medium in a single step, without a stable periplasmic intermediate. The T1SS transports various 

molecules, from ions, drugs, to proteins of various sizes (20 – 900 kDa). The molecules secreted 

vary in size from the small Escherichia coli peptide colicin V (10 kDa) to the Pseudomonas 

fluorescens cell adhesion protein LapA (520 kDa). The secretion signal is usually located at the 

C-terminal end of the secreted protein and is not cleaved during secretion. 

        The Type I secretion system features a simple tripartite structure[49]. It consists of an ATP-

binding cassette (ABC) transporter or a proton-antiporter, an adaptor protein that bridges the 

inner membrane (IM) and outer membrane (OM), and an outer membrane pore. The T1SS is 

involved in the secretion of cytotoxins belonging to the RTX (repeats-in-toxin) protein family, 

cell surface layer proteins, proteases, lipases, bacteriocins and heme-acquisition proteins[50].  
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Table 1.1 Secretion Systems in Bacteria 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Secretion 

Apparatus 

Secretion 

Signal 

Steps in 

Secretion 

Folded 

Substrates? 

Number of 

Membranes 

T1SS C-terminus 1 No 2 

T2SS N-terminus 2 Yes 1 

T3SS N-terminus 1–2 No 2–3 

T4SS C-terminus 1 No 2–3 

T5SS N-terminus 2 No 1 

T6SS No known 

secretion 

signal 

1 Unknown 2–3 
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1.2.2 Type II secretion system 

       The Type II secretion system is found in a wide variety of pathogenic and non-pathogenic 

Gram-negative bacteria[51]. Type II secretion system (T2SS) is multi-protein machine that 

employs a two-step mechanism for protein translocation. Through the Sec translocon[52] or the 

Tat pathway[53], unfolded or folded virulence factors are first transported to the inner membrane 

platform. Once in the periplasm, the virulence factors are translocated by the T2SS through the 

outer membrane. The T2SS translocon consists of 12–16 protein components that are found in 

bacterial membranes, the cytoplasm and the periplasm[54].  

         The unfold virulence factors are folded by their specific foldases in the periplasm (the Sec 

pathway) or cytoplasm (the Tat pathway) to become the folded forms to be secreted[55]. The 

T2SS features a piston-like structure called pseudopilus that extends through an outer-membrane 

channel and extrudes virulence factors into the extracellular milieu. As the focus of this thesis 

research project is T2SS, more details will be provided in section 1.3. 

 

1.2.3 Type III secretion system 

         The Type III secretion system is also called injectisome, which mediates a single-step 

secretion mechanism[56]. It is used by many plant and animal pathogens, including Salmonella 

spp., Shigella spp., Yersinia spp., enteropathogenic and enterohaemorrhagic Escherichia coli and 

Pseudomonas aeruginosa[57]. The T3SS delivers virulence factors into the eukaryotic host cell 

cytoplasm in a Sec-independent manner[58]. T3SS is genetically, structurally and functionally 

related to bacterial flagella, composed of more than 20 different proteins that form a large 

supramolecular structure crossing the bacterial cell envelope[59].  

        In pathogenic bacteria, the needle-like structure of the T3SS acts as a probe to detect the 

presence of eukaryotic organisms and secrete proteins that facilitate bacterial infection[58]. In the 

same article, researchers reported that the secreted virulence effectors are directly released from 
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the bacterial cell into the eukaryotic (host) cell, where they  help the pathogen to survive and to 

avoid an immune response[58]. The needle complex starts at the cytoplasm of the bacterium, 

crosses the two membranes and protrudes from the cell. The part anchored in the membrane is 

the base (or basal body) of the T3SS. The extracellular part is the needle. An inner rod connects 

the needle to the base. The needle itself is made out of many units of a single protein, called 

SctF[60]. The majority of the different T3SS proteins are therefore those that build the base and 

those that are secreted into the host. The needle complex shares similarities with bacterial flagella. 

More specifically, the base of the needle complex is structurally very similar to the flagellar base; 

the needle itself is analogous to the flagellar hook, a structure connecting the base to the flagellar 

filament[61]. 

 

1.2.4 Type IV secretion system 

         Type IV secretion system is a versatile system found in both Gram-negative and Gram-

positive bacteria and secretes a wide range of substrates, from single proteins to protein–protein 

and protein–DNA complexes[62, 63]. In addition, T4SS is involved in bacterial pathogenesis in a 

few organisms, which mediates the secretion of transforming proteins in Helicobacter pylori, 

toxins in Bordetella pertussis and other effector proteins required to support an intracellular 

lifestyle in bacteria such as Legionella pneumophila[64]. The T4SS consists of 12 proteins that 

form the scaffold, pilus and ATPase[62]. 

        In T4SS, there are three subtypes[65]. The first type, found in many Gram-positive and 

Gram-negative bacteria and some archaea, is used for transferring DNA from one cell to the 

other in a cell-to-cell contact-dependent manner. A second type mediates DNA uptake 

(transformation) and release from the extracellular milieu. A third type is used to transfer proteins, 

which is most found in pathogenic bacteria where it plays important roles in virulence such as 
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establishing pathogen–host interaction and/or transferring toxic effector proteins or protein 

complexes into the cytoplasm of the host cell. Important human pathogens like H. 

pylori, Bordetella pertussis, L. pneumophila, Brucella spp. and Bartonella spp. rely on T4SSs for 

their pathogenicity[48]. 

1.2.5 Type V secretion system 

        Type V secretion system (T5SS) include two subtypes: autotransporters and two-partner 

secretion systems. The T5SS translocates substrates in two steps[66]. Autotransporter proteins are 

multidomain proteins that are secreted as precursor proteins across the inner membrane in a Sec-

dependent process[67]. Subsequently, the translocator domain of the protein inserts into the outer 

membrane and facilitates surface localization of the passenger domain.  

        Monomeric autotransporters, as the first sub-types of the Type V secretion system to be 

discovered, include many virulence factors, such as IgA protease from Neisseria 

meningitidis[68], adhesin involved in diffuse adherence (AIDA)-I from Escherichia coli [69] and 

Pertactin from Bordetella pertussis [70]. This autoproteolysis is mediated by conserved residues 

in the autotransporter pore and a conserved cleavage site in the C-terminus of the passenger 

domain. 

        The other type is the passenger and translocator that is located in separate polypeptide 

chains[71]. By convention, the passenger polypeptide is referred to as the TpsA protein and the β-

barrel transport protein as TpsB. TPSSs are well characterized in Bordetella pertussis[72],  

Serratia marcescens[73],  and Haemophilus influenza[74]. 

1.2.6 Type VI secretion system 

        The type VI secretion system (T6SS) is used by a wide range of Gram-negative bacterial 

pathogens to translocate virulence factors from the interior of a bacterial cell across the cellular 

membranes into an adjacent target cell[75].  
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        Type VI secretion system is a recently discovered secretion system found in several 

pathogens such as P. aeruginosa, enteroaggregative E. coli, S. Typhimurium, Vibrio cholerae and 

Yersinia pestis[76]. T6SS is a multi-component system that could be composed of 13 subunits[77, 

78]. The machinery consists of two main complexes[79]: a membrane complex, which 

comprises inner membrane (IM) proteins that are homologous to components of the T4SS[80], 

and a tail complex that contains components that are evolutionarily related to contractile 

bacteriophage tails[81].  

        The T6SS is thought to resemble an inverted phage extending outward from the bacterial cell 

surface[82]. This nanomachine contains 14 proteins that assemble into three sub-complexes: a 

phage tail-like tubule, a phage baseplate-like structure, and cell-envelope spanning membrane 

complex.  

        Investigations on the T6SS have showed that this system can serve as an antibacterial 

weapon, and in some bacteria, the T6SS for both antiprokaryotic and anti-eukaryotic 

functions[83]. The pathogens equipped with the T6SS have the ability of counterattacking by 

expressing antitoxins that bind T6SS-injected toxins[84]. 

1.3 Type II secretion system 

       The research presented herein focuses on the Type II secretion system. T2SS is found in a 

wide variety of pathogenic and non-pathogenic Gram-negative bacteria[51]. The system 

secretes large, folded proteins, i.e. Vibrio cholerae sialidase (85kDa)[85] and ToxA (70kDa), 

from the periplasm into the extracellular environment, and its substrates include various 

hydrolyzing enzymes, such as elastase and phosphatase of Pseudomonas aeruginosa or 

pullulanase of Klebsiella pneumoniae and toxins, such as cholera toxin of Vibrio cholerae[45]. 

As a sophisticated multi-protein secretion machine, the T2SS is composed of 12–15 protein 
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components  (Table 1.2). In P. aeruginosa, the Xcp T2SS secretion system consists of twelve 

proteins that assemble into four parts: 1) the inner membrane platform, 2) ATPase, 3) the outer 

membrane channel, and 4) the pseudopilus (Figure 1.3).  

        The dodecameric protein XcpQ, which is also referred to as the T2SS secretin, forms the 

OM complex, whose homologues are found in T3SS, Type IV pilus (T4P) biogenesis systems 

and in filamentous phage assembly systems[45]. Individual T2SS secretin subunits are 

composed of a C-terminal domain (CTD), which forms a channel through the OM, and four 

periplasmic NTDs called N0, N1, N2 and N3[86] [87]. In some species, the secretin is 

recruited to the OM through interactions with pilotins, such as the lipoprotein[88, 89]. 

        The IM platform comprises at least four membrane proteins: XcpP, -Z, -Y and -S. XcpP, 

-Z and -Y are bitopic proteins, whereas XcpS is a polytopic membrane protein[89-91]. XcpP 

binds to the periplasmic domains of XcpQ, thereby connecting the IM platform to the OM[92]. 

The cytoplasmic ATPase, XcpR, hexamerizes into a ring-shaped structure that is recruited to the IM 

platform through its interaction with XcpY and -S[93]. 

        In contrast to the pilus that extends to the extracellular environments in T4P, the 

pseudopilus in the T2SS remains confined within the periplasm[94]. The pseudopilus of the 

T2SS is composed of one major pseudopilin-XcpT that polymerizes into the body of the 

pseudopilus and four minor pseudopilins, XcpU, -V, -W, and -X, which form the tip atop the 

body. The overall structure is similar to that of the T4P. The pseudopilins are inserted into the 

IM by the SecYEG translocon[45]. The major pseudopilus component XcpT remains anchored 

to the IM by an N-terminal helix until it is extracted from the IM and polymerized into a 

pseudopilus. Subunits of the pseudopilus bundle together with their N-terminal helices[95, 96].  

1.3.1 Inner membrane complex – Platform 

The inner platform is formed by XcpY, -S, -Z and –P, which assemble together as the platform 

for other subcomplexes.  The recruitment, assembly and functioning of the other subcomplexes  
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Figure 1.3 Molecular model of the Type II secretion nanomachines in P. aeruginosa. 

(Adapted from Reference 97). The architecture demonstrates that there are four subcomplexes 

that form the T2SS. From the top, the components are secretion channel, secretion piston, 

secretion platform and secretion engine.  
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Table 1.2 Components of the Type II secretion systems of different bacterial species 

 Enterotoxigenic 

Escherichia coli. 
Vibrio cholerae 

Aeromonas 

hydrophila 

Dickeya 

dadantii 

Klebsiella 

oxytoca 

Pseudomonas 

aeruginosa 

Xanthomonas 

campestris 

Peptidoglycan 

binding 
 EpsA ExeA     

Unknown function  EpsB ExeB OutB PulB   
Inner-membrane 

platform protein, 

interaction with 

secretin 

GspC EpsC ExeC OutC PulC XcpP XpsC∥ 

Outer-membrane 

secretin 
GspD EpsD ExeD OutD PulD XcpQ XpsD 

Secretion ATPase GspE EpsE ExeE OutE PulE XcpR XpsE 

Inner-membrane 

platform protein 
GspF EpsF ExeF OutF PulF XcpS XpsF 

Major pseudopilin GspG EpsG ExeG OutG PulG XcpT XpsG 

Minor pseudopilin GspH EpsH ExeH OutH PulH XcpU XpsH 

Minor pseudopilin GspI EpsI ExeI OutI PulI XcpV XpsI 

Minor pseudopilin GspJ EpsJ ExeJ OutJ PulJ XcpW XpsJ 

Minor pseudopilin GspK EpsK ExeK OutK PulK XcpX XpsK 
Inner-membrane 

platform protein 
GspL EpsL ExeL OutL PulL XcpY XpsL 

Inner-membrane 

platform protein 
GspM EpsM ExeM OutM PulM XcpZ XpsM 

Unknown function  EpsN ExeN  PulN   

Prepilin peptidase GspO VcpD TapD OutO PulO 

XcpA (also 

known as 

PilD) 

XpsO 

Pilotin YghG   OutS PulS   
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of the system are all connected by the platform.      

        XcpS is a polytopic, integral, membrane protein, which shows similarity to PilC in the T4P 

required for pili formation[98]. It contains three transmembrane segments, which include a large 

cytoplasmic N-terminal domain, a short periplasmic loop, a large cytoplasmic loop, and a short 

periplasmic C-terminal domain. Two major domains are on the side of the cytoplasm. With the 

N-terminal cytoplasmic domain, XcpS are able to interact with both XcpR and the cytoplasmic 

domain of XcpY to form a stable complex[99]. Jan Abendroth, et.al. have first shown the a dimer 

through the N-terminal α-helices[100], which potentially serves as a binding site for partner.  

        XcpY was characterized as an IM protein[101] that associates with and stabilizes the 

ATPase XcpR[102, 103]. It uses the N-terminal cytoplasmic region to interact with XcpR and C-

terminal region to interact with XcpZ[104]. The characterization of the structural features of 

cytoplasmic GspL(XcpY) in V. cholerae demonstrates that the flexible Domain II is likely to be 

responsible for binding XcpR[88].  

        XcpZ, an inner membrane protein with a transmembrane domain and a large periplasmic 

domain, is one of the potential candidates to interact with XcpR on the periplasmic side of the 

membrane. Its gene was first identified in V. cholerae and showed similarity to genes required for 

extracellular secretion of pullulanase in Klebsiella oxytoca[105]. M. Sandkvist, et al. first 

reported XcpZ to be a cytoplasmic membrane protein, suggesting that it acts as a membrane 

localization signal[106]. Through the interaction[107], XcpZ and XcpY are able to stabilize the 

inner membrane platform[108, 109].  

        XcpP is known as a tethering protein with its N-terminus inserted into the inner membrane, 

which docks the outer membrane channel to the inner membrane platform. There are variations in 

its C-terminal region in different species[92], which forms different domains. Through the α-

helical heptad repeat (HR) domain, it interacts with the periplasmic N-terminus of the secretin. 
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1.3.2 Outer membrane complex - Channel 

        The outer membrane channel is formed by the multimerization of XcpQ, which is known as 

secretin. The assembly of this channel is usually comprised by 13-15 secretin in different 

species[87].  As the only integral outer membrane component of the T2SS, XcpQ forms the 

conduit through which toxins can cross the outer membrane. When examined by electron 

microscopy, the PulD assembly, the homolog of XcpQ, resembles a ~15 nm deep cylinder with a 

central plug[110]. The secretin multimer is very stable and cannot be dissociated by SDS[111]. 

The secretin molecule can be divided into two domains: the N-terminal domain, which includes 

N0 to N2 subdomains, and the C-terminal domain that binds the lipoprotein chaperone, the 

pilotin. The outer membrane channel controls the release of virulence factors. It is also reported 

that through the N-terminal domains, XcpQ interacts with XcpP to anchor to the inner platform as 

well as the pseudopilus tip complex[92].  

1.3.3 ATPase - Engine 

        The engine that powers T2SS is XcpR assembled into a hexamer, which anchors to the 

platform through the interaction with XcpY[102, 112]. As an ATPase, XcpR hydrolyzes ATP into 

ADP to provide energy for the secretion[93, 113]. Compromised XcpR, such as mutations, could 

lead to the accumulation of secretory virulence factors in bacterial cells[114]. The membrane 

association of XcpR is mediated through its interaction with the N-terminal domain of XcpY[102, 

115, 116]. 

         XcpR was first found to oligomerize via its N-terminus[117] until its crystal structures  

provided clear evidence showing a hexameric model[93, 118, 119]. The hexamerization is 

induced by ATP binding, and the mutant of GspE(XcpR)(K331M) in Xanthomonas campestris 

weakens the capabilities of ATP-binding and oligomerization as well as abolishes ATPase 

activity[115]. The functional unit of XcpR is oligomeric[120, 121] with open and closed forms 

when hydrolyzing ATP [119].  
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1.3.4 Pseudopilus - Piston 

        The pseudopilus features a piston-like structure that extrudes secretion substrates from the 

periplasm to the extracellular milieu. The assembly of this filament is formed by five 

pseudopilins. According to the abundance in the pseudopilus, the major pseudopilin is XcpT that 

assembles into a hyper-pseudopilus polymer which is the body of the pseudopilus[94] while the 

other four are minor pseudopilins (XcpU, -V, -W, and –X) which integrate into the pseudopilus 

tip[54].  Pseudopilus is homologous to the pilus of the Type IV pili system (T4P). It was reported 

that the piston-like filament is critical in the entire secretion system and the loss of the 

components, i.e. XcpV, can lead to the failure of toxin secretion[122]. 

         XcpV, acting as a nucleator, recruits other pseudopilins to initiate the assembly of the 

pseudopilus. The proposed model of the pseudopilus tip is that the four minor pseudopilins form 

quaternary complex, in which XcpU is at the bottom and XcpX at the top, bridged by the XcpVW 

binary complex[54]. The elongation of the major pseudopilin, XcpT, is also regulated by the 

formation of the tip quaternary complex through XcpX.    

 

1.4 The Type II secretory pathway and substrate translocation 

        T2SS substrates are transported to the periplasm as unfolded polypeptides by the SecYEG 

translocon or as folded proteins by the Tat transporter[53]. The T2SS uses ATP hydrolysis both 

to power the assembly of the periplasmic pseudopilus and to extrude substrates through the OM 

channel. The substrates after being folded are recruited by XcpP and placed into the secretin-

formed the channel due to the interaction of the pseudopilus with XcpP and XcpQ, and the 

substrate is then translocated through the outer membrane channel by extension of the 

pseudopilus (Figure 1.4).  
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Figure 1.4 Schematic models of the Type II secretion system. (A) The Type II secretion 

system consists of multiple protein components that form several subcomplexes. (B) The working 

model of the secretion of virulence factors in T2SS. The minor pseudopilins form a quaternary 

pseudopilus tip complex, and the major pseudopilin XcpT polymerizes into piston-like 

pseudopilus body to secrete substrate (yellow). 
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1.5 Hypothesis 

        The pseudopilus extends through the polymerization of major pseudopilin to extrude various 

virulence factors out of bacterial cells, which is the most important step in the entire secretion 

process. As the pseudopilus tip complex, formed by four minor pseudopilins, is considered to 

recognize and bind virulence factors[54], we thus hypothesize that the pseudopilus tip complex is 

crucial to the T2SS. These minor pseudopilins play different roles in the formation of the 

pseudopilus filament[122], and as thus the loss of certain components of the tip complex may 

lead to the destabilization of the tip complex.  The dissociation of the tip complex can result in a 

non-functional T2SS, which would reduce the pathogenicity and virulence of P. aeruginosa. 

        Using structural biology, we are able to identify the structural and spatial arrangement of the 

pseudopilus tip complex, which would benefit and direct the development of inhibitory 

molecules. The inhibitory molecules would specifically target the pseudopilus tip complex to 

destabilize it, influence Type II secretory pathway and relieve infections caused by P. aeruginosa. 

 

1.6 Objectives 

        Based on our hypothesis, the aims of our research are: (1) to discover the role of pseudopilus 

tip complex plays in the T2SS using different secretion assays, (2) identify the structure of the 

pseudopilus tip complex by means of structural biology, (3) develop various inhibitors based on 

the structure of the pseudopilus tip complex in combination with computational methods, and (4) 

test the potency of different inhibitors and evaluate the effectiveness of the T2SS inhibition and 

impact on the virulence of P. aeruginosa. 
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1.7 Rationale  

        To test the function of the pseudopilus tip complex in the T2SS, the transposon mutant 

strains with compromised expression of individual pseudopilins can be used. The loss of function 

of the T2SS can be observed from several secretion assays due to the absence of certain minor 

pseudopilins.  

        The four minor pseudopilin form the quaternary pseudopilus tip complex that can be purified 

together[54]. The interaction between the molecules is strong enough to allow structural 

characterization of the entire tip complex. Protein crystallography can be used to study the 

structure in the crystal; to learn the structure in solution, small-angle X-ray scattering can be used.  

        The characterization of the structure is useful for the development of inhibitory molecules 

based on the interaction interface, which would disrupt the association between minor 

pseudopilin molecules to compromise the pseudopilus tip complex. The collapsing of the tip 

complex can result in the failure to secrete virulence factors by the T2SS, which further reduces 

the virulence of P. aeruginosa. To this end, we will evaluate inhibitory molecules using P. 

aeruginosa as well as testing the infection in C. elegans. 
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Chapter 2 

Materials and Methods 

          

2.1 Strains and cell lines 

2.1.1 Pseudomonas aeruginosa strains 

        All of the Pseudomonas aeruginosa transposon mutant strains of four minor pseudopilins 

were obtained from the Pseudomonas aeruginosa transposon mutant strain library 

(http://www.gs.washington.edu/labs/manoil/libraryindex.htm).  P. aeruginosa PAO1 cell line was 

a gift from Dr. Keith Poole, Queen’s University.  

2.1.2 Escherichia coli strains 

        The recombinant plasmids for expressing minor pseudopilin proteins were introduced into 

Top10 competent cells and the extracted plasmids were then internalized into BL21 (DE3) and 

Arctic Express competent cells for expression. 

        E. coli OP50 was used for culturing C. elegans and as a control in the inhibition assays in C. 

elegans. 

2.1.3 Caenorhabditis elegans strain 

        Caenorhabditis elegans strain was provided by Dr. Jun Zheng, and all the experiments 

involving C. elegans were performed in his lab at University of Macau. 
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2.1.4 Yeast strain 

        The yeast strain for expressing Pseudomonas aeruginosa elastase is Pichia pastoris X-33 

cell line, which was purchased from Themo Fisher Scientific. 

 

2.2 Plasmids 

        The plasmids that are used for constructing different clones are listed in Table 2.1. The 

clones of pET32a were modified by adding the tobacco etch virus (TEV) protease cleavage site 

sequence before the minor pseudopilin sequence to allow the digestion of fused protein by TEV 

to obtain the native forms of proteins.  

        pUC18 vector was used for expressing full length minor pseudopilins in the transposon 

mutant strains for complementation assay. The recombinant pUC18 clones were electroporated 

into the mutant strains to recover the expression of the minor pseudopilins.  

2.3 Cloning of constructs 

2.3.1 Construction of minor pseudopilins 

        Soluble truncations of individual minor pseudopilins (XcpV (28-129), XcpW (28-237) and -

X (29-313)) were amplified from P. aeruginosa PAO1 genomic DNA using Q5 high-fidelity 

polymerase (NEB). Inserts were purified and constructed, using Kpn I and Xho I restriction 

endonucleases (NEB) to digest for 1 h, into the pET32b vector (Novagen) which contains an N-

terminal hexahistidine tag, and a thioredoxin (Trx) tag followed by the TEV protease recognition 

sequence (gaaaacctgtacttccagggt, corresponding to ENLYFQG). The recombinant plasmids were 

introduced into BL21 (DE3) competent cells following standard protocol for transforming 

chemically-competent cells. All the constructs were verified by sequencing.  
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Table 2.1 Clone constructs used in the research 

 

Plasmid Genotype description 

pET32a- XcpU (29-172) XcpU soluble domain with N-terminal thioredoxin tag and hexahistidine tag 

pET32a-XcpV (28-129) XcpV soluble domain with N-terminal thioredoxin tag and hexahistidine tag 

pET32a XcpW (28-237) XcpW soluble domain with N-terminal thioredoxin tag and hexahistidine tag 

pET32a XcpX (29-313) XcpX soluble domain with N-terminal thioredoxin tag and hexahistidine tag 

pUC18- XcpU  XcpU for expression in the P. aeruginosa PAO1 strain 

pUC18- XcpV XcpV for expression in the P. aeruginosa PAO1 strain 

pUC18- XcpW XcpW for expression in the P. aeruginosa PAO1 strain 

pUC18- XcpX XcpX for expression in the P. aeruginosa PAO1 strain 

pPIC6-LasB(24-498) LasB truncation containing pro-peptide and mature form with C-terminal his tag 
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2.3.2 Construction of LasB clone for intracellular expression in P. pastoris 

        The sequence of LasB (24-498) containing the regions of the propeptide and the mature 

peptide were amplified from P. aeruginosa genomic DNA using NEB Q5 high-fidelity 

polymerase. The starting position of the forward primer also included a Kozak translation 

initiation sequence of  AGAATGG to initiate proper translation[123]. The pPIC6A expression 

vector for intracellular protein expression in P. pastoris was used for constructing C-terminal-

hexahistidine-tagged LasB. PCR products as well as the pPIC6A vector were subjected to 

restriction digestion of EcoRI and XhoI at 37 °C for 1 h and the digested DNA and plasmid were 

purified and extracted using Thermo Fisher DNA purification kit. T4 DNA ligase were used for 

ligating the insert DNA to the vector at 16°C overnight. Ligation products were internalized into 

Top 10 competent cells according to standard transformation protocol for chemically-competent 

cells with the screening marker of blasticidin.  

        Colonies were picked and cultured in 5 ml of low-salt Luria-Bertani (LB) broth (10 g 

Trypton, 5 g yeast extract, 5 g NaCl for 1 liter) with blasticidin in a volume ratio of 1 to 100. 

Recombinant plasmids were extracted using the Thermo Fisher mini-prep kit. The correctness of 

the constructs was confirmed by DNA sequencing.  

 

2.4 Protein expression and purification 

2.4.1 Protein expression 

2.4.1.1 Expression of minor pseudopilins 

         Recombinant plasmids were introduced into BL21 (DE3) competent cells. The colonies 

were inoculated into 5 ml of small cultures with the addition of 100 mg/ml ampicillin and later 

transferred into 50 ml of LB for subculture overnight at 37 °C. The resulting subcultures were 

further transferred into 500 ml terrific broth for large-scale expression 37 °C and protein 

expression was induced using 1 mM IPTG at 16 °C overnight after the OD600 of the culture 
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reaches 0.6. Cells were pelleted using centrifugation at 4,000 rpm for 20 min. Pelleted cells were 

stored at -20 °C for later usage.  

2.4.1.2 Expression of LasB 
        The verified recombinant LasB plasmid was introduced into X-33 P. pastoris electro-

competent cells following the standard electroporation protocol using Eppendorf 

Multiporator[124]. Ten μl of DNA (5-10 μg) was added to 80 μl of electrocompetent cells with 

gently mixing by pipetting up and down for several times. The mixture was transferred into a 

prechilled cuvette and incubated on ice for 5 min. The cuvette was placed into the electroporator. 

Electroporation was carried out with a voltage of 1,500 V for 5 ms. One ml of ice-cold sorbitol 

was added to the cuvette immediately. Samples were transferred to sterile 15 ml tubes and 

incubated for 2 h without shaking at 30 °C. Samples were further diluted using sorbitol from 10-1 

to 10-4. Dilutions of cells (200 μl) were spread on YPDS plates (10 g yeast extract 20 g peptone 

20 g agar) containing 300 µg/ml of blasticidin. The plates were placed at 30 °C for 48 h until 

colonies grew to the proper size for further culturing.   

        The small-scale expression was attempted for exploring optimal conditions for LasB 

expression. The overnight P. pastoris culture was pelleted and inoculated into 20 ml of BMMY 

medium (1% yeast extract, 2% peptone, 100 mM potassium phosphate, pH 6.0, 1.34% YNB, 4 × 

10-5% biotin, 1% glycerol or 0.5% methanol) with an OD600 of about 1.0. Cells were cultured at 

30 °C for 72 h for LasB expression. Several time points, 6 h, 12 h, 18 h, 24 h, 36 h, 48 h, and 72 

h, were selected for monitoring the amount of the expressed protein with the induction of 

methanol.  

        The large-scale expression was conducted based on the optimized condition of 24 h 

methanol induction. The overnight cell culture was pelleted and transferred into 250 ml of 

BMMY medium with an OD600 of about 1.0. Cells were incubated 30 °C and LasB were 
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expressed for 24 h. Cells were harvested by centrifugation at 4,000 rpm for 20 min with the 

Beckman J6-MI centrifuge and stored at -20 °C for further use. 

2.4.2 Protein purification 

2.4.2.1 Purification of minor pseudopilins 
        Harvested cells were lysed by sonication with 5 s on and 15 s off for 5 min. Cell lysates were 

obtained after high-speed centrifugation at 18,000 rpm for 30 min. The cell lysate was applied to 

pre-equilibrated Ni2+-NTA resins for incubation for 1 h at 4 °C with agitation. The column was 

washed with 50 ml of Buffer A (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 10 mM imidazole). 

The initial wash was conducted through gradient elution by increasing the concentrations of 

imidazole from 10 mM to 150 mM. Protein samples were finally eluted using Buffer A plus 200 

mM imidazole.  

        Eluted Trx-tagged proteins were subjected to overnight TEV protease digestion together 

with dialyzing against 3 L of Buffer B (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 5 mM 

imidazole). Digested samples were reloaded to Ni2+-NTA resins to remove Trx tag and the flow-

through that contained the pseudopilins was collected.  

        Proteins were concentrated by ultracentrifugation and loaded onto Superdex 75 column (GE 

Healthcare) for size exclusion chromatography using Buffer C (25 mM HEPES, pH 7.0, 150 mM 

NaCl). Purification was performed on AKTA purifier according to standard size exclusion 

chromatography protocol. The peaks were fractionated and analyzed by SDS-PAGE to check the 

purity.  

 

2.4.2.2 Purification of minor pseudopilin complexes 
    To form the binary XcpVW complex, the purified components were mixed together at a 

molar ratio of 1.2:1 (XcpV: XcpW) to saturate XcpW and incubated overnight at 4 °C. The 
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XcpVWX and XcpUVWX complexes were prepared in a similar way. The ratio between proteins 

was 1.5:1:1 (XcpV: XcpW: XcpX) in the XcpVWX complex and 1.2:1.5:1:1 (XcpU: XcpV: 

XcpW: XcpX) in the XcpUVWX complex.  

     The complexes were purified by size exclusion chromatography. When XcpX was present, 

the buffer used for purification was Buffer D (25 mM HEPES, pH 7.0, 150 mM NaCl, and 1mM 

CaCl2). The formation of the quaternary complex was confirmed by analytical ultracentrifugation. 

100 µl of 100 µM of samples was added into the cell. The centrifugation was done at the speed of 

1,000,000 g. The molecular size and properties of all fractions were analyzed by SDS-PAGE. 

 

2.5 Protein crystallization 

        Protein crystallization was carried out using the vapor diffusion method in 96-well 

crystallization plates. Different crystallization kits were used for the initial screening, including 

Qiagen JCSG I to IV, PEGs I and II, PACT, Ammonium Sulfate, Complex Screen, and Hampton 

Research Index, Crystal Screen I and II, PEG/ION I and II, SaltRX, and PEG gradient. The 

sample amount used for crystallization was 1 µl for manual screening and 0.4 µl for robot 

screening. The optimization was done in 24-well hanging-drop plates with varying conditions, 

including precipitate concentration, salt concentration and pH. Additive Screen was also added in 

optimization with the ratio of 1:1:0.5 (protein: crystallization solution: additives). 

        The XcpVW binary complex was crystallized at 20 °C in 10-15% (w/v) PEG 3350, 0.1 M 

Tris-HCl, pH 7.0 and 0.5 mM CsCl using the method of hanging-drop vapor diffusion by adding 

2 µl of 10 mg/ml of protein into 2 µl of condition solution. The initial hits of crystals were 

obtained in the form of needle clusters and was subsequently optimized by microseeding. 

          The XcpVWX ternary complex was first subjected to in situ digestion using chymotrypsin 

(protein: chymotrypsin = 100:1, w/w). Initial crystals were obtained from 19 %-22 % (w/v) PEG 
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2000 MME, 0.1M Tris, pH 8.0-9.0, 0.2 M trimethylamine N-oxide by sitting-drop vapour 

diffusion at 20 °C and further optimized by microseeding.  

 

2.6 Cryo condition screening 

        To protect the protein crystals from forming ice during flash freezing, cryo-protectants were 

screened. The CryoPro screen kit (Hampton Research), including 48 different cryo-protectants, 

was used for the initial screening to test the best conditions that are compatible with the crystals 

of XcpVW complex and XcpVWX complex in their crystallization solutions. In addition, mineral 

oil and paratone-N were also used. The crystals with cryo-protectants were tested in the home 

source X-ray to detect ice formation and stability of crystals under the condition of flash freezing 

by liquid nitrogen. The diffraction patterns were checked to identify potential crystal damage or 

formation of ice ring. After screening, 25% of ethylene glycol, 20% PEG600 and paratone-N 

were found to protect the crystals well, producing good diffraction pattern.  

 

2.7 Data collection and processing 

        Diffraction data were collected on beamline 23-ID-B at the Advanced Photon Source, 

Argonne National Laboratory (Argonne, IL). 360 frames of images were collected at 1.033-Å 

wavelength at 100 K from a single crystal with the exposure of 1 s per frame. The diffraction data 

were processed using XDS[125] and HKL2000[126].  

        The evaluation of the processed data sets was conducted using Xtriage. The structure of the 

XcpVW complex was solved by molecular replacement (Phaser[127] in the package of 

PHENIX[128]) using EpsIJ (PDB ID:2RET) as a search model. The structure of the XcpVWX 

complex was determined by Phaser using XcpVW (PDB ID: 5BW0) and GspK (PDB ID: 3CI0) 
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as search models. Structural refinement was carried out iteratively using PHENIX[128] in 

combination with manual fitting using Coot[129].  

 

2.8 Small-angle X-ray scattering and construction of the structure of the tip complex 

        The XcpUVWX complex was prepared as described above and concentrated to 6.15 mg/ml 

(calculated based on the absorbance at 280 nm according to Beer-Lambert Law) in a buffer 

containing 25 mM HEPES pH 7.0, 150 mM NaCl, 5% glycerol, 2mM DTT. SAXS data were 

collected at the Cornell High Energy Synchrotron Source (CHESS, Ithaca, NY) equipped with 

inline size exclusion chromatography. Collected data were processed by RAW[130] and PRIMUS 

in ATSAS package[131] to calculate the molecular weight, generate the Guinier plot and paired-

distance function. DAMMIF and DAMMIN[132] were used for generating the ab initio bead 

model.  

        The model of XcpU was generated by Phyre2 server[133] based on the NMR structure of 

GspH in E. coli (PDB ID: 2KNQ).  The crystal structure of the XcpVWX complex and the 

modeled structure of XcpU were fit into the envelope by CORAL[134], and further visualized in 

the interface of CHIMERA[135]. The reconstructed model was evaluated by CRYSOL in 

ATSAS to evaluate the agreement with the SAXS profile. 

 

2.9 Secretion assays 

2.9.1 Secretome identification 

         Wild type P. aeruginosa PAO1 and pseudopilin transposon mutant strains were streaked 

onto LB agar and incubated at 37 °C overnight. Colonies of cells were picked and transferred to 

10 ml of LB with additional incubation at 37 °C for 18 h. To harvest secreted exoproteins, 3 ml of 

cells were spun down at 15,000 rpm for 2 min, and the supernatant was mixed with 0.25 μl of 
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saturated TCA to precipitate the proteins therein. Following two washes of the protein 

precipitation with 250 μl of acetone, the isolated exoproteins were subject to SDS-PAGE 

characterization for visualization. The bands of proteins that were secreted in the wild type (WT), 

xcpU and -X mutant but not in xcpV or -W were cut and mass spectrometry was used for further 

identification. 

2.9.2 Identification of lipase secretion  

        Lipid agar was prepared as described previously[136]. P. aeruginosa PAO1 WT or minor 

pseudopilin mutant strains were cultured at 37 °C overnight. Colonies were picked for further 

subculturing in 5 ml of LB at 37 °C overnight and the resultant cultures were diluted by 100-fold 

when the OD600 reached 1.0 before streaking onto corresponding sections of lipid agar. Cells were 

streaked in corresponding sections on Petri dishes which were incubated at 37 °C overnight 

followed by the observation of cell growth.  

2.9.3 Skim milk clearance assay 

        The skim milk plate was made following the published protocol[137]. P. aeruginosa PAO1 

WT or minor pseudopilin mutant strains were prepared as stated above and cells were streaked on 

the skim milk agar followed by incubation at 37°C overnight before observing and measuring the 

size of the secretion ring.   

2.9.4 Activity of the secreted elastase  

    The elastase assay was conducted according to the literature[138]. An equal number of cells 

of different strains (~500 cells) was inoculated into the 96-well plate, and the supernatant of the 

overnight-cultured cells was obtained after spinning down cells at 13,000 rpm for 2 min. Pre-

made 0.5 mM of succinyl-Ala-Ala-Ala-p-nitroanilide (Sigma-Aldrich) was incubated with the 

supernatant for 5 min at 25°C and the reading at 410 nm was recorded.   
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2.9.5 Complementation assays 

    For the secretion recovery assay, recombinant plasmids containing XcpV and -W in the pUC 

18 vector were internalized into XcpV and -W mutant strains respectively by electroporation 

according to the previous report[139]. Positive colonies were selected using 500 µg/ml of 

carbenicillin, which were further used for secretome analysis, skim milk agar and lipid agar 

assays as described above.   

 

2.10 Structure-based peptide 

2.10.1 Peptide design and synthesis 

         Peptides were developed based on sequences of the upper region of the interaction interface 

from both sides of the complex. Peptide 1 mainly mimics the partial sequence of XcpV involved 

in the interaction (MWIADNRLNELQ). The important interacting residues were retained, 

including W48, D52, N52 and Q58. Similarly, Peptide 2 was designed based on the sequence of 

XcpW, in which R195, W197 and R198 were retained. To enhance the solubility, several 

hydrophobic residues were substituted by hydrophilic residues. Both peptides were synthesized 

by Biomatik. The control peptide containing important interacting residues were also developed. 

2.10.2 Molecular dynamics simulation         

        The interaction models of XcpV-XcpW, XcpV-P1, and XcpW-P2 were set up using the 

structure of the XcpVW complex as the starting conformation. Hydrogen atoms were added 

according to the standard protonation states at pH 7.0. The P1 and P2 models alone without 

proteins in the system were set up as a control in a similar way. All molecular dynamics (MD) 

simulations were carried out using the AMBER9 package[140] with a classical AMBER 

parm99SB [141, 142] together with the parmbsc0 refinement[143] and gaff[144] force field 
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parameters. The protocol for all MD simulations is described herein as follows: (1) systems were 

energetically minimized to remove unfavorable contacts. Four cycles of minimization were 

performed. Within each 5000-step minimization, harmonic restraints were applied on proteins, 

which decreased from 100 kcal•mol-1•Å-2 to 75 kcal•mol-1•Å-2, 50 kcal•mol-1•Å-2 and 25 kcal•mol-

1•Å-2. The fifth cycle consisted of 5000 steps of unrestrained minimization before the heating 

process. The cutoff distance used for the nonbonded interactions was 10 Å. (2) Each energy-

minimized structure was heated over 120 ps from 0 to 300 K (with a temperature coupling of 0.2 

ps), while the positions of the proteins were restrained with a small value of 25 kcal•mol-1•Å-2. (3) 

The unrestrained equilibration of 200 ps with constant pressure and temperature was carried out 

for each system. The temperature and pressure were allowed to fluctuate around 300 K and 1 bar, 

respectively, with the corresponding coupling of 0.2 ps. For each simulation, an integration step 

of 2 fs was used. The SHAKE algorithm[145] was used on the bonds containing hydrogen atoms. 

(4) Production simulation runs of 50 ns were carried out by following the same protocol. A time 

point after thermal equilibration of 200 ps in each simulation was selected as a starting point for 

data collection. During the production runs, 15000-25000 structures for a simulation were saved 

for post-processing by uniformly sampling the trajectory. 

        Energetics post-processing of single-trajectory/triplet-trajectory was performed for each 

MM-PBSA calculation by using the MM-PBSA module of AMBER9 program through molecular 

mechanics and a continuum solvent model. In MM-PBSA calculation, Gnp/solve is nonpolar 

solvation free energy, which was calculated by using a solvent-accessible surface area (SASA) as 

follows:  

Gnp/solv = r·SASA + b 

SASA is the solvent-accessible surface area, and was estimated using Sanner’s algorithm 

implemented in the Molsurf program in AMBER9 with a probe radius of 1.4 Å. The surface 
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tension proportionality constant (r) and the free energy of nonpolar solvation for a point solute (b) 

were set to 0.00542 kcal mol-1•Å-2 and 0.92 kcal•mol-1, respectively.  

        For each of the three models, the last 20-ns trajectory of the production dynamics simulation 

was used for MM-PBSA binding free energy calculations, namely the 2000 snapshots of each 

model at a 10-ps interval for computation of enthalpy and 20 snapshots at 1000-ps intervals for 

computation of entropy. The following equation was employed to calculate the standard error 

(SE) of the binding free energy shifts:  

 

 

N is the number of snapshots collected in the calculations; RMSF is the root-mean-square 

fluctuation of the calculated ΔG binding values associated with all snapshots[146]. 

2.10.3  Peptide disruption assays in vitro 

        For extrinsic protein fluorescence measurement, the XcpVW binary complex was purified as 

previously described and 5 µM or 10 µM (final concentration dissolved in water) of both peptides 

were added to 50 µM of complex samples (determined based on Beer-Lambert Law). The 

XcpVW binary complex was incubated overnight with and without the peptides. To each sample, 

5 µM of Bis-ANS (Sigma) was added and incubated for 5 min. The fluorescence was detected by 

a Fluoromax-4 spectrofluorometer with the excitation at the wavelength of 385 nm, and the 

maximum emission signal was recorded at 515 nm. 

        The peptide disruption assay using size exclusion chromatography was carried out as 

follows. The peptides were added to the XcpUVWX quaternary complex in a molar ratio of 10:1 

using Buffer D (50 mM Tris, pH 8.0, 150 mM NaCl, 200 mM imidazole). After overnight 

incubation, samples with or without peptide treatment were loaded onto the Superdex 75 column 

for observing changes in the chromatographic profile. 

RMSFSE
N

=
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2.10.4 Peptide inhibition of Type II secretion of lipase   

        P. aeruginosa PAO1 WT cells were prepared for electroporation following the established 

protocol[139]. Cells were diluted by 100-fold and incubated with each peptide at a final 

concentration of 100 µM. Electroporation was performed at 1600 V for 5 ms using the 

Multiporator (Eppendorf). Subsequently, 50 µl of aliquot of the cells was streaked on the lipid 

agar plate for incubation at 37 °C for three days to observe cell growth on the plate.  

        For the assay in the lipid medium in 96-well plate, 10 µl of ~1,000 PAO1 cells were added 

together with 2 µl of 10 mM of structure-based and control peptides into lipid medium with a 

total volume of 200 µl. The plate was incubated at 37 °C in the plate reader for 24 h to monitor 

the cell growth. The OD600 values were recorded every 30 min. 

 

2.11 Inhibition of P. aeruginosa virulence in C. elegans 

2.11.1 Cell culture and pre-treatment of C. elegans  

        C. elegans Bristol N2 WT was obtained from the Caenorhabditis Genetics Center (CGC, 

https://cbs.umn.edu/cgc/home). Escherichia coli OP50 and P. aeruginosa were grown overnight 

at 37 °C in LB broth. C. elegans Bristol N2 was maintained at 23 °C on nematode growth 

medium agar plates seeded with E. coli OP50 using standard protocols[147]. The peptides were 

dissolved in water to make 25 mM and 10 mM stock respectively. The final working 

concentration of the peptides in the liquid medium was 250 µM. 

2.11.2 Nematode lethality assay  

        Bacteria from overnight culture were diluted at 1:100 and inoculated into 24-well microtiter 

dish containing 500 µL of liquid media (80% M9 and 20% BHI). The peptides were added when 

necessary at 1:100 dilutions from the stock solution. The L4 stage of C. elegans were washed 
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with M9 minimal media and then pipetted (approximately 20 to 50 worms per well) into each 

well. Plates were incubated at 23 °C and scored for live worms every day. When the worm has no 

response to the external stimuli[148]. E. coli OP50 was used as a negative control. 

2.11.3 Detection of bacterial accumulation in nematodes 

        Bacterial accumulation assay was performed 24 hours after infection to determine the CFU 

count of PAO1 inside the exposed worms’ intestines. Infected worms were washed three times 

with M9 buffer and then maintained in the M9 buffer (1 mM sodium azide and 50µL/ml 

gentamycin) for ~1 h to inhibit expulsion of bacteria from the worm intestine and kill any residual 

bacteria on the worms’ surface. Worms were washed three times with M9 buffer again. 

Approximately 10 worms were transferred to a 1.5 ml micro centrifuge tube and add 1 × PBS up 

to 100 µl. Four hundred mg of 1.0 mm silicon carbide particles were added to each tube and 

vortexed at maximum speed for 1 min to release bacteria. The lysate was briefly centrifuged and 

the supernatant containing bacteria was collected and plated onto LB agar plate for CFU count. 

 

2.12 In silico compound screening and docking 

         Virtual screening was performed using the structures of individual XcpV and XcpW 

monomer (extracted from the structure of XcpVW) with the screening software PyRx 0.9.1[149]. 

A proprietary chemical compound library from Dr. Victor Snieckus at Queen’s University, 

containing ~4,000 compounds, was used. An initial general screen was carried out, followed by 

more selective target screening. Several residues on both sides of the interaction interface were 

made flexible and the screening grid minimized to contain these residues. Compounds were then 

selected based on docking score.  
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2.12.1 Extrinsic fluorescence assays using the inhibitory compounds 

        The XcpVW binary complex was prepared as previously described. Instead of using Bis-

ANS which generates signal interference and noise at its optimum emission wavelength, 8-

anilinonaphthalene-1-sulfonic acid (ANS) was used as the indicator. The solution contained 10 

µM of the complex, 100 µM of inhibitory compounds (dissolved in DMSO) and 5µM of ANS (all 

in final concentrations). To find the optimum excitation wavelength of ANS, a spectrum scanning 

was carried out from 350 nm to 380 nm, in which 370 nm proved to be the best. The replicates of 

the control and the compounds were set up, and incubated with the complex by agitation for 3 

min. The fluorescence was detected with the maximum emission signal recorded at 505 nm.  

 

2.12.2 Compound inhibition assays 

        According to the CFU of P. aeruginosa (2.04×108), 100,000 PAO1 cells were used in log 

phase. About 10 µl of 100,000-cell dilution (~1,000 PAO1 cells) were inoculated in 10 ml of lipid 

medium together with 100 µM of candidate compounds or an equal volume of DMSO. Between 

each addition of cells, the cells were thoroughly vortexed to ensure equal cell numbers in each 

transfer. The OD600 of replicates of compound-treated or -untreated cells were recorded at 6 h, 12 

h, 24 h, and 48 h, and the readings were averaged followed by the conversion into inhibition 

percentage.  

        Inhibition assay using the lipid agar plate was conducted by adding 100 µl of structure-based 

compounds to the lipid agar. Freshly-cultured P. aeruginosa PAO1 cells (OD600  ≈ 0.6) were used 

for making a series of cell dilutions (108 cells/ml– 106 cells/ml) as mentioned above. The final 

numbers of cells (106 cells – 104 cells) were obtained by aspirating 10 µl out of dilutions of cells 

that were previously prepared, and dispensed on the lipid agar plates with compounds or DMSO 

as a negative control. The plates were incubated at 37 °C for 24 h.   
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        Similar to the inhibition assay in lipid medium, ~400 PAO1 cells in log phase were spotted 

on the skim milk plates containing either compounds or DMSO only. After 24 h of incubation, 

the widths of the skim milk clearance were measured and averaged and the inhibition was 

evaluated by the inhibition percentage.  

        The elastase assay was conducted as stated previously (2.9.4) with the addition of 100 µM of 

compounds to each well. The absorbance of three replicates was obtained. 

2.12.3 Inhibition of the virulence of P. aeruginosa towards C. elegans by the inhibitory 

compounds 

        Bacterial accumulation assays were performed to determine the number of PAO1 cells inside 

the exposed worms’ guts 24 h after infection. Infected worms were washed three times with M9 

buffer, and then were kept in the M9 buffer containing 1mM sodium azide and 50 μl/ml 

gentamycin for about 1 hour to inhibit expulsion of bacteria from the worm intestine and kill the 

bacteria on the worm surface. Worms were washed three times with M9 buffer again. 

Approximately 10 worms were transferred to a 1.5 mL micro centrifuge tube and 1 × PBS buffer 

was added up to 100 μL. Approximately 400 mg of 1.0 mm silicon carbide particles were added 

to each tube and vortexed at maximum speed for 1 minute to release bacteria. The lysate was 

briefly centrifuged and the supernatant containing bacteria was collected and plated onto LB agar 

plates for colony formation unit (CFU) counting. 

 

2.13 Isothermal titration calorimetry 

       XcpX calcium binding measurement using ITC was performed following the protocol as 

described[150]. The protein solution was loaded in the sample cell, and CaCl2 solution was 

loaded in the syringe. The concentration of XcpX ranged from 20 µM to 60 µM; it was titrated by 

CaCl2 with 10-fold in concentration at room temperature. The heat released per injection was 
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measured, and all the data were analyzed using the Microcal Origin ITC software. 

 

2.14 Sequence searching, alignment and phylogenetic tree generation   

        Sequences of GspK proteins of different Gram-negative bacteria, including pathogenic and 

non-pathogenic species, were searched and obtained on Uniprot database 

(http://www.uniprot.org/). Using CLUSTAL Omega[151, 152], all the full sequences of GspK 

were aligned while maintaining gaps and output in the format of clustal with numbers. The scripts 

of tree file were also obtained which were further applied to drawing phylogenetic tree on iTOL 

(https://itol.embl.de/)[153]. An unrooted phylogenetic tree that reflects the relationship of GspKs  

 

in different species was generated by the iTOL server. The leaves on the same clade were 

classified into the same group, and different groups were separated in colors.  

        The aligned sequences obtain from CLUSTAL Omega were submitted to the Espript 3.0 

server[154] (http://espript.ibcp.fr/ESPript/ESPript/) to analyze the similarities among different 

sequences. Referring to the results, the novel calcium binding site and the canonical calcium 

binding site were identified. The sequences of novel binding site were subjected to further 

alignment and phylogenetic tree generation.  
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Chapter 3 
 

Results 

 

3.1 Secretion assays 

3.1.1 Effects of XcpV and –W on the secretome 

        To assess the effects of loss of minor pseudopilins on the T2SS, the direct way is to compare 

the differences in the secretomes of strains or more specifically, to identify the secretome 

differences in the absence of individual minor pseudopilins in exoprotein secretion in P. 

aeruginosa. To this end we compared the secretion pattern of P. aeruginosa PAO1 wild type 

(WT) with those of four minor pseudopilin transposon mutant strains with compromised 

pseudopilin expression (Table 3.1). Exoprotein secretion significantly decreased in the xcpV and 

-W mutant strains (Figure 3.1), which is similar to the results in K. oxytoca[122, 155] and a 

xcpW-deletion strain[54]. Compared with the PAO1 WT, the secretion pattern of either xcpV or -

W mutants showed the loss of two typical exoproteins secreted via the T2SS, namely elastase 

(LasB, ~37 kDa) and lysyl endopeptidase (PrpL, ~20 kDa), confirmed by mass spectrometry. 

This indicates that the Type II secretion was compromised in the xcpV and -W mutant strains, and 

that these two pseudopilins are essential to the T2SS.  

        Next, we assayed the survivability of these transposon mutant strains on lipid agar (Figure 

3.2). In this minimal medium, olive oil is the sole carbon source that can be used by bacteria. 

Only strains with functional T2SS that secrete lipase to catabolize lipid can survive under this 

condition. The non-functional T2SS will therefore render cells nonviable. Based on the results, 

neither the xcpV nor -W mutant strains survived on lipid agar, whilst the other two mutant strains 
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Figure 3.1 Secretion analyses of WT or mutant strains. Compared with the WT, the secretion 

of the xcpV or -W mutant strains exhibited different expression patterns in which bands 

corresponding to secreted LasB (~37 kDa) and PrpL (~20 kDa) were significantly diminished. 
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 (xcpU and xcpX) grew as normally as the WT, showing the red colonies on the plate. As thus the 

lipid agar assay indicates that the loss of either xcpV or -W genes fundamentally influences the 

toxin secretion.  

            Compromised expression of XcpV or -W also led to the disappearance of the secretion 

ring, created due to the proteolysis of skim milk by the secreted protease, on the skim milk agar 

(Figure 3.3). The T2SS is responsible for secreting various proteases that generate a clearance 

ring of skim milk around the colonies. The strains of the xcpV and -W mutant failed to clear the 

skim milk, indicating they have defects in the secretion of proteases to digest skim milk.  

        Similar results were also observed when testing the activity of secreted LasB (Figure 3.4). 

The supernatant of the xcpV mutant, containing secreted proteins, displayed the lowest LasB 

activity, suggesting that the secretion of LasB was significantly compromised. The supernatant of 

the xcpW mutant also had less LasB activity than the mutants of xcpU and -X. 

        Our secretion assays using transposon mutant strains are in accordance with the results 

previously reported[122] that the loss of XcpV or -W impedes the function of the T2SS. These 

findings reinforce the ideas that XcpV and -W form a core complex and play indispensible roles 

in the functioning of the entire system. Though the Type II secretion was not as significantly 

disrupted in the xcpU and -X mutant strains as the xcpV and -W mutants, we still observed 

decreasing LasB activities in XcpU and -X mutants in contrast to the WT (Figure 3.4). 

        To validate our results from the xcpV and xcpW mutant strains, we performed a series of 

complementation assays by internalizing plasmids of XcpV and -W into corresponding mutant 

strains. Our results showed that the function of the T2SS was fully recovered (Figure 3.5), 

suggesting that no polar effect occurred in our transposon mutants. The secretome, the 

survivability on lipid agar and the ability of skim milk clearance have been rescued in the 

complemented strains compared with the original mutant strains. Taken together, these results 

fully support that XcpV and -W form a core complex indispensable for T2SS function.  
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Figure 3.2 Growth of Xcp transposon mutant strains on lipid agar. The xcpV and -W mutant 

strains did not grow on the lipid agar plate, in contrast with the WT, xcpU and xcpX mutant 

strains. 
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Figure 3.3 Clearance of skim milk by secreted protease in different P. aeruginosa strains. 

The WT, xcpU and xcpX mutant strains generated clear rim by secreting protease while the xcpV 

and -W mutants did not because of the lack of the functional T2SS. 
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Figure 3.4 The activity of the secreted LasB indicates different levels of LasB secretion in 

different strains. xcpV and -W mutants showed less activities of LasB indicating a comprised 

T2SS. *** P-value < 0.001 was adopted as statistically extremely significant. 
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3.2 Structures of minor pseudopilin complexes 

3.2.1 Crystal structures of XcpVWX and XcpVW complexes 

        We determined the structures of the soluble forms of the minor pseudopilin complexes of 

XcpVWX () and XcpVW (Table 3.2, Figure 3.6 and Figure 3.7) of P. aeruginosa. Instead of the 

previously reported refolding method[156], we used a thioredoxin tag to obtain soluble XcpX. 

The crystal structures of both complexes were determined at ~2.0-Å resolution by molecular 

replacement. Although the overall folding and ways of interaction are similar to homologous 

structures[157],[156], our complex structures still feature some distinct structural characteristics.  

        The binding between XcpV and -X is mainly established through the salt bridge between 

H49 (XcpX) and D51(XcpV) (Figure 3.6, the right box). Additionally, some nonpolar residues on the 

binding surface, i.e. L52, L57, and A60 on XcpX and M54, V122, and F124 on XcpV, introduce 

hydrophobic interactions to enhance the binding (Figure 3.6, the left box). The hydrophobic 

interactions draw the molecule of XcpV closer to the N-terminus of XcpX in the ternary complex 

compared with the XcpV molecule in the XcpVW binary complex, in which the hydrophobic 

interface is buried inside of the complex.  

        The main interacting contacts in this section of XcpVW include D51(XcpV)-R195(XcpW), 

N52(XcpV)-R195(XcpW), and Q58(XcpV) - R198(XcpW) as well as the hydrophobic interaction by 

W48(XcpV)-L193(XcpW) (Figure 3.7B). The hydrogen bond between Q58(XcpV) and R198(XcpW) and the 

salt bridge between D51(XcpV) and R195(XcpW) substantially stabilizes the interaction between 

α1(XcpV) and β11(XcpW). As the only residue in XcpV involved in binding both XcpW and -X, D51 

experiences an angle change of ~65° in the XcpVWX complex. Other contacts at the bottom of 

the bundled helices also maintain the binding of XcpV to -W (Figure 3.6). Interestingly, we 

observed a flexible N-terminal extension in XcpW, which acts as a linker between the 

transmembrane domain and α1(XcpW) (Figure 3.7A). This unreported flexible structure is more  



48 

 

 

 

 

Fi
gu

re
 3

.5
 C

om
pl

em
en

ta
tio

n 
as

sa
ys

 c
on

fir
m

 t
ha

t 
X

cp
V

 a
nd

 -
W

 e
xp

re
ss

io
n 

in
 

se
cr

et
io

n-
de

fic
ie

nc
y 

st
ra

in
s 

re
st

or
ed

 T
2S

S.
 P

la
sm

id
s 

co
nt

ai
ni

ng
 W

T,
 X

cp
V

 a
nd

 -
W

 

w
er

e 
in

tro
du

ce
d 

ba
ck

 to
 x

cp
V

 o
r 

-W
 m

ut
an

t 
str

ai
ns

 r
es

pe
ct

iv
el

y 
an

d 
re

st
or

ed
 t

he
,(A

) 

Se
cr

et
io

n 
pa

tte
rn

 o
f 

T2
SS

, (
B

) S
ec

re
tio

n 
of

 li
pa

se
 a

nd
 (

C)
 S

ec
re

tio
n 

rin
g 

of
 s

ki
m

 m
ilk

 

cl
ea

ra
nc

e,
 w

hi
ch

 in
di

ca
te

 th
at

 T
2S

S 
ha

s b
ee

n 
re

co
ve

re
d 

in
 m

ut
an

t s
tra

in
s. 

 

A
 

B
 

C
 



49 

 

likely to facilitate the assembly of the pseudopilus tip.        

        Similar to the literature[54], no significant interaction was identified between XcpX and -W. 

XcpX limits the spatial flexibility of the two loops on XcpW but forms no solid contacts (Figure 

3.8). One of the loop regions is between β4 and β5, and the other is between β6 and β7. 

3.2.2 Conservation of the interacting residues on the binding interface of GspI and -J in 

different species 

        Through the alignment of the structures between XcpVW and EpsIJ (PDB ID: 2RET) and 

the analysis of the composition of the critical interacting residues on the binding interface, it is 

found that in XcpVW, the hydrogen bond between Q58(XcpV) and R198(XcpW) substantially stabilizes 

the interaction between α1(XcpV) and β11(XcpW). By contrast, the hydrophobic interaction among 

M52(EpsI), and L189(EpsJ) is the dominant force in the EpsIJ complex[157] (Figure 3.9). The salt 

bridge (D51(XcpV)-R195(XcpW) and D45(EpsI)-R186(EpsJ)) and hydrogen bonding (N52(XcpV)-R195(XcpW) 

and N46(EpsI)-R186(EpsJ)) are very conserved between the two species. 

        GspIJ in the GspIJK complex also shares the conserved salt bridge between E45(GspI) and 

R184(GspJ) and the hydrogen bonding between N46(GspI) and R184(GspJ), suggesting that this type of 

interactions is important among different species. The differences are also in the upper part of this 

binding region. In GspIJ, the dominant interaction is the hydrophobic interaction provided by 

Y52(GspI), A49(GspI), L50(GspI) and L187(GspJ), while N55(XcpV), E56(XcpV), Q58(XcpV), and R198(XcpW) 

establish polar interactions in the XcpVW complex (Figure 3.10). 

       The N-terminal helices of XcpV and -W also contain pairwise associations between both 

polar and non-polar residues on each side (Figure 3.11). Compared with the upper region of the 

interaction interface, the coordination of residues in the bottom is not so strong, but these residues 

are contributing to stabilizing the associations through forming hydrophobic interaction and 

hydrogen bonding.  
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Table 3.2 X-ray data and refinement statistics 

 XcpVW XcpVWX 

Data collection   

Space group P21 P212121 

Cell dimensions     

    a, b, c (Å) 40.11, 200.95, 66.45 61.5, 76.8, 102.9 

    α, β, γ (°)  90, 95.14, 90 90, 90, 90 

Resolution (Å) 19.7-2.0 (2.1-2.0) * 43.5-2.0 (2.15-2.0) * 

Rmerge 11.0 (76.3)  4.7 (18.6)  

I / σ 11.73 (2.77) 10.3 (9.73) 

Completeness (%) 97.9 (100) 99.2 (100) 

Redundancy 8.5 (8.7) 9.8 (9.5) 

Refinement   

Resolution (Å) 19.7-2.0 43.5-2.0 

No. reflections 68806 31625 

Rwork / Rfree 20.62/25.80 19.09/24.81 

No. atoms 8562 4300 

    Protein 8020 4015 

    Ligand/ion 20 3 

    Water 522 282 

B-factors   

    Protein 36.3 32.3 

    Ligand/ion 35.1 22.1 

    Water 41.9 35.3 

R.m.s. deviations   

    Bond lengths (Å) 0.008 0.008 

    Bond angles (°) 1.100 0.915 

 

* Values in parentheses are for the highest resolution shell. 
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Figure 3.6 Crystal structures of the XcpVW complex and the critical interaction interface. 

(A) Overall structures of the XcpVW complexe in ribbon representation. (B) The main interface 

between XcpV and -W reveals key residues involved in the interaction. The residues, including 

polar residues and hydrophobic residues, form hydrogen bonding, hydrophobic interaction and 

salt bridge to maintain the interaction. 

 

A 

B 
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Figure 3.7 Comparison of the structures of XcpW in the complexes of XcpVWX (red) and 

XcpVW (cyan). The loop between β4 and β5 is stabilized in the XcpVWX complex by XcpX 

(yellow), and the loop between β6 and β7 is compressed by α7 of XcpX.  
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Figure 3.8 Comparison of important interacting residues between the XcpVW complex and 

the EpsIJ complex. Q58(XcpV) and W198(XcpW) form a hydrogen bond to stabilize the interaction 

between XcpV and XcpW, whereas the hydrophobic interaction among M52(EpsI), L53(EpsI) and 

L189(EpsJ) contributes to the formation of the EpsIJ complex. Another difference exists between 

W48(XcpV) - L193(XcpW) and M42(EpsI) - I183(EpsJ), which both form hydrophobic interactions (XcpV 

in pink and XcpW in cyan, and EpsI in green and EpsJ in yellow). 
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Figure 3.9 Comparison of the formation of salt bridges in the XcpVWX and GspIJK 

complex. The salt bridge is the most important interaction between XcpV(GspI)
 and XcpX(GspK). In 

the XcpVWX complex, the salt bridge is formed by D51(XcpV) and H49(XcpX) while in the GspIJK 

complex, E45(GspI) and W42(GspK) coordinate to build the salt bridge. 
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Figure 3.10 The residues involved in the interaction between XcpV and -W at the N-termini 

of the helices. In the XcpVW complex, XcpV and -W also interact through the contacts among 

residues in the bottom region of the main interface, including hydrogen bonding and hydrophobic 

interaction.  
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3.2.3 Identification of the calcium binding ability of XcpX 

        Calcium is important during the formation of the pseudopilus by influencing the 

polymerization of the major pseudopilin[158]. Based on the previous structure studies, it was 

implied that GspK may bind calcium[156]. Our structure has revealed a novel calcium-binding 

site in XcpX, mainly constituted by D65, D78 and E82, in addition to the two canonical sites 

found in GspK of enterotoxigenic E. coli (ETEC)[156] (Figure 3.12A). The calcium binding of 

XcpX was also confirmed by isothermal titration calorimetry (Figure 3.12B). The binding of 

calcium by XcpX is not very strong and the individual calcium-binding site did not generate its 

own curvature.  

        With further phylogenetic analysis, we show that this binding site also exists in GspK(XcpX) of 

some other Gram-negative species (Figure 3.13). A systematic phylogenetic analysis of the full-

length GspK demonstrated the evolutionary relationship between 37 different species of Gram-

negative bacteria. Two main clades are clearly suggested. The upper class branches into three 

subgroups, in which GspK of P. aeruginosa has closer relationship with A. baumanii, A. 

borkumensis, P. alcaligenes, and P. stutzeri; L. pneumophila is in the group with B. pseudomallei, 

B. cepacia and four Pseudomonas species. In the other group, GspK in Vibrio species are very 

close, and shares more similarities with the clade containing S. boydii, enterotoxigenic E. coli, 

enteropathogenic E. coli, etc. than the one that includes Kelebsiella, Dickeya and Pectobacterium.  

It is noted that GspK of some species in the Pseudomonas genus, e.g. P. putida, which belong to 

the second group, are even closer to E. coli in evolutionary relationship. When specifically 

considering the sequences of the novel calcium-binding site, only the clade that includes P. 

aeruginosa has the third calcium binding site. No other clades share all the residues necessary for 

Ca2+ coordination (Figure 3.13, the lower panel), even those derived from the same main branch. 

        The alignment of the sequences of the canonical calcium-binding sites shows that not all of 

GspKs are able to bind calcium, including some species belonging to the Pseudomonas genus and  
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Figure 3.11 XcpX exhibits calcium-binding activity. (A) Three calcium-binding sites are found 

in XcpX. The newly identified calcium-binding site is shown on the left. (B) ITC results show 

that XcpX’s Kd of calcium binding is 26.04 µM. 

A 

B 
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Figure 3.12 Phylogenetic trees of GspK(XcpX) proteins in different Gram-negative bacteria 

illustrate the evolutionary relationship. Upper panel: phylogenetic trees of full-length GspKs 

with the first main clade boxed. Lower panel: phylogenetic trees of the sequence of the new 

calcium-binding site in different GspKs shows that this additional calcium binding site only exists 

in limited Gram-negative bacteria (highlighted by the dotted box). 
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some pathogens like L. pneumophila and Y. pestis (Figure 3.14). 

3.2.4 Modeling the pseudopilus tip complex by SAXS 

        We have made efforts to obtain the X-ray structure of the entire pseudopilus tip complex, 

XcpUVWX. However, crystallization has not been successful. In one case where we obtained 

diffraction crystals from the XcpUVWX sample, it turned out that the structure contained only 

three components, namely XcpV, -W and -X. No XcpU was observed in the structure, though it 

was included in the crystallization. To circumvent the problem and to reveal the spatial 

arrangement of the individual minor pseudopilins in the complex, we conducted SAXS to identify 

the structure of the tip complex of XcpUVWX in solution (Table 3.3 and Figure 3.15).  

        The analysis of the scattering curve revealed that the molecular weight of this quaternary 

complex molecule is 79.5 kDa, in close agreement with the calculated complex molecular weight 

(80.3kDa), which rules out the possibility of aggregation or oligomerization. The complex has a 

radius of gyration of 29.72. The curve of the paired distribution function, p(r), suggested the 

maximum particle size (Dmax) of 95.04 (Figure 3.15A). Using DAMMIN, the envelope of the 

entire the tip complex was reconstructed, and the crystal structure of the XcpVWX ternary 

complex and the modeled XcpU structure based on the homologous GspH of E. coli (PDB ID: 

2KNQ) were docked into the envelope using CORAL (Figure 3.15B). The theoretical scattering 

profile was evaluated using CRYSOL, in excellent agreement with the experimental profile (c2 = 

1.63). 

         The overall structure of the XcpUVWX tip complex adopts a ‘drumstick’ conformation 

according to the SAXS envelope (Figure 3.16). In this model, XcpX is on the top (Figure 3.16A, 

in yellow) of the tip complex, and XcpU is at the bottom (Figure 3.16A, in green) with the 

critical XcpVW binary complex bridging in between (Figure 3.16A, XcpV in pink, XcpW in 

cyan). This overall structural arrangement is in line with the previously proposed assembly model 

of the tip complex[54]. In line with the previously proposed model of assembly[122] that minor   
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Figure 3.13 The alignment of the sequences of canonical calcium binding sites in different 

species. Not all the GspK of different species possess the ability of binding calcium. Relevant 

residues for calcium binding are labeled.  
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Table 3.3 SAXS data and processing statistics 

 

 XcpUVWX 

    q-range (Å-1) 0.0107 – 0.2767 

    Guinier Rg (Å) 29.72 

    p(r) Rg (Å) 29.72 

    I(0) 0.023 

    Dmax (Å) 95.04 

    Porod Volume (Å3) 117,000 

    Estimated Molecular Weight (kDa) 79.5 

    Theoretical Molecular Weight (kDa) 80.3 
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Figure 3.14 Collected SAXS data of the pseudopilus tip complex. The SAXS data of the tip 

complex including (A) the scattering data, (B) the paired distance function and (C) the Guinier 

plot.  

A 

B 

C 



64 

 

pseudopilins form the tip complex with their N-termini vertical to the inner membrane, our model 

shows that all the N-termini of the molecules are pointing down to the inner membrane (Figure 

3.16B) with an angle (θ) of ~55.2° between the horizontal plane and the slope of the tip complex. 

The span of the entire complex is 103.4 Å, and the length of the adjacent side of θ is ~59 Å that is 

within the previously measured diameters of the outer membrane channels (55 Å – 64 Å) [87, 92, 

159] to accommodate the tip complex. 

        Through SAXS, we have established the first structural model of the entire quaternary 

pseudopilus tip complex of the T2SS among all species, which provides important information to 

guide the study of the structure-related functions of the pseudopilus tip (Figure 3.17). From the 

overall model, the span of the length of the entire complex has been established. Based on the 

previously determined diameter of the channel bottom[92], to accommodate the tip complex, an 

angle between the bottom plane of the channel and the slope of the tip complex is required. By 

titling the tip complex relative to the inner membrane plane, not only the width of the overall 

structure would fit into the channel diameter but also all four N-termini would position 

perpendicularly to inner membrane, which provides further solid support for our SAXS structure.  

This model coincides with the previously proposed model of the assembly of the complex[122] 

whereby the N-termini of the minor pseudopilins vertically insert into the inner membrane during 

assembly. Instead of grouping into a horizontal platform to push the secretion substrate, the tip 

complex forms a steep slope in which XcpU and -X lie on each side of the XcpVW core complex. 

The recently-characterized structure of outer membrane channel of P. aeruginosa is more 

spacious than those of the other species, which provides sufficient room to allow the entering of 

the XcpUVWX tip complex[159]. 
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Figure 3.15 The architecture of the pseudopilus tip complex revealed by SAXS. (A) The 

overall model of the tip complex in different angles. The crystal structures align with the SAXS 

envelope well showing that the binary complex of XcpVW links the molecules of XcpU and -X. 

(B) The spatial arrangement of the platform formed by the pseudopilus tip complex. The arrow 

directs the orientation of the N-termini of the four minor pseudopilins which all vertically point to 

the inner membrane.   
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3.3 Structure-based peptides inhibit the Type II secretion system 

3.3.1 Development of inhibitory peptides based on the structure of the interaction interface 

of the XcpVW complex 

        XcpV and -W form the core complex that bridges XcpU and -X in the pseudopilus tip[54, 

156, 157]. Therefore, we hypothesized that compromising this complex with inhibitory molecules 

would disrupt the tip complex and further inhibit the T2SS. 

        Results of MD simulation suggested that the upper region of the complex is the most 

dynamic for inhibitor penetration (Figure 3.18A and 3.18B). Using this information and the 

interaction details illustrated by the complex structures, we respectively designed two mimicking 

peptides according to the sequences on either side of the interaction interface. 

        The interface shows that residues on either side of the complex protrude into the cavities on 

either side of the complex (Figure 3.19A). In peptide design, while retaining all the interacting 

residues, we introduced several hydrophilic residues at non-interacting positions to enhance 

peptide solubility (Figure 3.19B). The structure-based peptides were tested by MD simulation 

(Figure 3.20 and 3.21). Within 50ns of simulation, in the presence of the peptides, the initial 

interactions between XcpV and -W dissociated and new pairwise contacts formed during the 

simulation. Peptide 1 formed a small stable α-helix while Peptide 2 exhibited more flexibility. A 

rotation of 107.3º occurred to Peptide 1 after the simulation. Peptide 2 induced large 

conformational changes in the N-terminus of XcpV during the simulation. 

3.3.2 Structure-based peptides disrupt pseudopilus tip complex and inhibit Type II 

secretion system  

        To examine whether the structure-based peptides could compromise the formation of the 

XcpVW binary complex, we applied extrinsic fluorescence analysis to detect conformational 

changes in the complex upon addition of the peptides. As the hydrophobic interactions among  
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Figure 3.16 Schematic of the working model of the pseudopilus tip complex. The schematic 

shows the working state of the tip complex in the T2SS. The tip complex forms an angle with the 

horizontal plane during the polymerization of the major pseudopilin (adapted from the assembly 

model of PulG[160]) and enters into the outer membrane channel (PDB ID: 5WLN)[159]. 
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Figure 3.17 Molecular dynamics simulation identified the most dynamic region in the 

XcpVW binary complex. (A) Correlation factor reveals the most dynamic region in the XcpVW 

complex. The correlation factor of the XcpVW complex after a 50-ns MD simulation indicates 

the range of most dynamic residues (highlighted in the red box). During the simulation, all the 

key residues responsible for the interaction have experienced little change, maintaining stable 

binding. (B) Cartoon schematic shows that the dynamic region is located at the top of the 

complex (yellow), which suggests that the region could be targeted by inhibitory molecules. 

A 

B 



69 

 

         

 
 

Figure 3.18 Design of the inhibitory peptides based on the interaction interface of the 

XcpVW complex. (A) Surface of the interaction interface in the complex. The interacting 

residues are shown in the interface for one protein component, while another protein is depicted 

in surface representation, and vice versa. (B) Based on the interface of the XcpVW binary 

complex (the left panel), two inhibitor peptides mimicking the interacting segment of XcpV and -

W respectively were developed (the right panel). All interacting residues (red) were retained 

while several hydrophilic residues (green) were introduced at non-interacting positions to 

enhance peptide solubility. 
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Figure 3.19 The re-establishment of the association of residues during the 50 ns of MD 

simulation of XcpV and -W in the presence of the structure-based peptides. 
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Figure 3.20 The simulated changes of structure-based peptides in the protein-associated 

system within 50 ns molecular dynamic simulation. After 50 ns, Peptide 1 had gone through a 

change in orientation when associating with the molecule of XcpW; Peptide 2, which is less 

structured, twisted around the N-terminal α-helix of XcpV, and led to a bending of the N-

terminus.  
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hydrophobic residues (e.g. W48(XcpV)-L193(XcpW)) likely account for the stability of the binary 

complex, it is expected that the more hydrophobic region in the interface is exposed to a 

fluorescent dye, the more fluorescence signals will be detected once the complex is compromised. 

Using Bis-ANS (4,4-dianilino-1,1-binaphthyl-5,5-disulfonic acid, dipotassium salt) as an probe, 

we added 5 µM and 10 µM of both peptides to 200 µM of the quaternary complex to identify the 

signal change when the amount of protein is abundant. The peptide-treated samples had an 

approximately twofold fluorescence increase compared with the samples treated with no peptide 

or the control peptide (NWKAKKHSLE) (Figure 3.22), suggestive of an increased exposure of 

hydrophobic regions, probably due to the peptide-driven complex dissociation.  

        We further investigated the impact of the peptides on the integrity of the quaternary tip 

complex by monitoring changes in size exclusion chromatography (SEC). We incubated 

monomers of the four purified minor pseudopilins (Figure 3.23A) and subjected the mixture to 

SEC. A peak corresponding to the quaternary complex appeared, as confirmed by SDS-PAGE 

(Figures 3.23B) and analytical ultracentrifugation (Figure 3.24). Following the addition of the 

peptides, the quaternary complex disappeared in the chromatographic profiles and collapsed into 

a wider peak that displayed both decreased peak height (from ~35 mAU to ~10 mAU) and 

delayed peak position (from ~58 ml to ~70 ml), an evident sign of disruption of the quaternary 

complex (Figure 3.25, dark yellow and green curves). However, no such disruption was found 

when the complex was treated with the control peptide (Figure 3.25, blue curve). 

        In vitro evidence prompted us to assess the effects of the peptide on T2SS function in vivo. 

PAO1 cells, treated with or without the peptides, were plated on lipid agar, followed by the 

examination of cell viability (Figure 3.26, left panel). Strikingly, compared with the WT strain 

without peptide treatment, little or no cells could grow on lipid agar after peptide treatment, 

demonstrating that the peptides effectively compromised the T2SS. By contrast, inhibition of 

lipase secretion did not occur when cells were treated with the control peptide (Figure 3.26, right  
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Figure 3.21 Fluorescence change of the XcpVW binary complex after incubation with 

peptides. Peptide treatment resulted in an increase in the fluorescence signal from Bis-ANS, 

suggesting the exposure of hydrophobic regions and complex dissociation. ** P-value < 0.01 was 

adopted as statistically very significant. 
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Figure 3.22 Purification of the minor pseudopilin complexes by size exclusion 

chromatography. (A) Chromatographic profiles of individual minor pseudopilins. Each minor 

pseudopilin was individually expressed and purified using Ni2+-NTA resin followed by size 

exclusion chromatography using Superdex 75 column, after removal of the Trx tag. Each 

pseudopilin produces a single peak corresponding to monomer of the expected molecular weight. 

(B) Formation of different minor pseudopilin complexes was observed in size exclusion 

chromatography and confirmed by SDS-PAGE. 
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Figure 3.23 Analytical ultracentrifugation (AUC) profile of the XcpUVWX quaternary 

complex. The major AUC peak corresponds to the quaternary complex of ~80 kDa, confirming 

the formation of the XcpUVWX complex. 
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Figure 3.24 The profiles of size exclusion chromatography showed different peak positions 

and heights in the absence and presence of the peptides. The use of the structure-based 

peptides disrupted the pseudopilus tip complex. 
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panel). According to the phenomena we observed, the sections of cells treated with control 

peptide and no peptide were growing on the lipid agar plate. In comparison, sparse cells or even 

no cells can be observed in the sections treated with structure-based peptides.       

        Furthermore, we verified the inhibitory effects of the two peptides on cell growth in the 

liquid lipid medium in flasks (Figure 3.27A) or in 96-well plates (Figure 3.27B). Using the 

OD600 of cells 24 h post inoculation for evaluating the extent of inhibition, the growth of peptide-

treated cells from PAO1 was inhibited.  

3.3.3 Structure-based peptides protect C. elegans from killing by P. aeruginosa 

        C. elegans has been widely used as the infection model for various pathogens[161-163]. We 

thus attempted to use it to substantiate the inhibition of the T2SS in P. aeruginosa by the 

structure-based peptides. First, we examined the effects of the T2SS on the virulence of P. 

aeruginosa towards C. elegans. C. elegans of L4 stage were infected with P. aeruginosa PAO1 

WT and various transposon mutant strains. As shown in Figure 3.28A, we monitored the short-

term (5 days) virulence of the P. aeruginosa strains towards C. elegans. The WT effectively 

killed C. elegans and over 70% of C. elegans infected with PAO1 died after 5 days post infection 

while C. elegans in the presence of E. coli OP50 (the control strain) remained alive. The 

transposon mutants of xcpV and -W as well as lasB largely attenuated the virulence of P. 

aeruginosa towards C. elegans, and only 15-25% of C. elegans died after five days. In 

comparison, xcpU and -X mutant strains resulted in only ~20% less of C. elegans death rate than 

that caused by PAO1. 

        The survivability of C. elegans may be closely related to P. aeruginosa accumulation in the 

guts of the worms. Therefore, we isolated and enumerated gut microbes. With similar growth 

rates in different strains (data not shown), the number of bacterial cells isolated from worms 

infected with the xcpV, -W and lasB mutants was 50% lower than the WT (Figure 3.28B). 

Consistently, the xcpU and -X mutants, though showing reduced cell numbers, exhibited no  
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Figure 3.25 Inhibition of lipase secretion by peptides. Bacterial survival is indicated by red 

colonies. Left panel: peptide-treated PAO1 cells failed to grow in contrast to untreated cells. 

Right panel: the control peptide could not inhibit the lipase secretion, which showed no difference 

compared with the peptide-untreated cells. 
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Figure 3.26 Structure-based peptides exhibited potency of inhibiting the Type II secretion 

system according to the growth of Pseudomonas aeruginosa in lipid medium. (A) Cell growth 

in lipid medium was hindered in the presence of the peptides in flasks. PAO1 cells were treated 

by P1 and P2 with or without electroporation, and the cell growth decreased significantly. **P-

value < 0.01 was adopted as statistically extremely significant; *P-value < 0.05 was adopted as 

statistically significant; ns was adopted as statistically no significant. (B) The graph of the growth 

of P. aeruginosa PAO1 in 96-well plates and cell growth in lipid medium was hindered in the 

presence of the peptides.  
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obvious difference from that of WT. These results reinforce the notion that the T2SS in P. 

aeruginosa contributes significantly to virulence towards C. elegans, and that XcpVW core 

complex is critical to the bacterial pathogenicity. 

        We continued to explore whether inhibition of T2SS by our structure-based peptides could 

alleviate the virulence of P. aeruginosa towards C. elegans. Both peptides effectively protected 

C. elegans from being killed by the bacterium, as evidenced by the observation that the C. 

elegans survival rate increased considerably from 40 % to 70% (P1) and to 85% (P2) within five 

days post infection (Figure 3.29A) in the presence of inhibitory peptides. Interestingly, P2 

notably induced reduction of the virulence of the secretion-sufficient xcpU mutant, with the 

survival rate of C. elegans increasing from 40% (Figure 3.29A, dark green line) to 80% (Figure 

3.29A, blue line).  

        The bacterial cell number in the gut of C. elegans, likewise, largely declined, when the 

pathogenic strains of PAO1 and the xcpU mutant were treated with the peptides (Figure 3.29B). 

More than twofold of cells (~4.5 × 104) were isolated from the worm infected with non-peptide-

treated strains compared with the peptide-treated strains (< 2 × 104), in which P2 (blue) showed 

more potency of inhibiting infection than P1 (green). Similar inhibition was also observed when 

the xcpU mutant strain was treated with P2. Apparently, the reduction of PAO1 cell number was 

not due to non-specific killing of bacteria by peptides. 

3.4 Small compounds from in silico screening inhibit the Type II secretion system 

3.4.1 Development of inhibitory molecules by in silico screening 

       We were aiming to find small inhibitory compounds that could work on the T2SS to weaken 

the virulence of P. aeruginosa, similar to the peptides. Using KVFinder[164], which defines 

possible druggable sites on a protein molecule, several potential druggable cavities were 

identified around the XcpVW complex, which are presented in meshes, and the one cavity on the 

molecule of XcpV which is closest to the interaction interface was selected (Figure 3.30).  
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Figure 3.27 The Type II secretion system plays an important role in the virulence of P. 

aeruginosa towards C. elegans. (A) The T2SS is critical to the virulence of P. aeruginosa 

towards C. elegans. The Kaplan-Meier plot for the survival of C. elegans with infection of PAO1 

and various mutants indicates that the viability of C. elegans increased when infected by xcpV, 

xcpW and lasB mutant strains. (B) Bacterial CFU isolated from each infected worm. The 

reduction of CFU in the xcpV, xcpW and lasB mutant strains indicates that the colonization and 

virulence of P. aeruginosa have decreased. ***P-value < 0.001 was adopted as statistically 

extremely significant; **P-value < 0.01 was adopted as statistically highly significant; ns was 

adopted as statistically no significant. 
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Figure 3.28 Effects of the structure-based peptides on C. elegans survival infected by P. 

aeruginosa. (A) Structure-based peptides increased the viability of P. aeruginosa- infected C. 

elegans. The Kaplan-Meier plot was established for C. elegans fed with either E. coli OP50 or P. 

aeruginosa in the absence or presence of structure-based peptides. ** P-value < 0.05 was adopted 

as statistically significant. ns: no significant difference. Structure-based peptides P1 and P2 have 

specifically affected virulence of P. aeruginosa and enhanced the viability of worms. (B) The 

level of colonization of P. aeruginosa in C. elegans decreased in the presence of the inhibitory 

peptides. **P-value < 0.01 was adopted as statistically highly significant; ns was adopted as 

statistically no significant.   
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Targeting this cavity in the interaction interface, we sought to find potential inhibitory 

compounds through in silico screening from a library of 4,000 compounds available at Queen’s 

University and docked individual compounds into this cavity to estimate the possible change that 

the compounds can induce. 

        According to the calculated binding affinity, about 20 molecules with top scores were 

selected for further assays to see whether these molecules have activity of inhibiting the T2SS. 

With further investigation on the inhibition of the growth of P. aeruginosa, four molecules with 

relatively high activity were revealed (Table 3.4).  From the perspective of docking, all these four 

molecules fit well into the pocket and insert into the cavity through their aromatic rings, which 

further create a gap between adjacent residues in XcpV (Figure 3.31) 

3.4.2 Disruptive effects of the compounds on the XcpVW complex by the structure-based 

compounds 

        We next examined the inhibitory activity of the four small compounds.  Our results showed 

that these compounds were also capable of inhibiting the growth of the PAO1 strain in lipid 

medium.  

        To test whether the compounds can cause the destabilzation of the XcpVW complex, we 

first used in vitro extrinsic fluorescence assays. When subjected to the extrinsic fluorescence 

assays similar to the peptides, the four compounds identified based on the in silico screening 

showed the ability of exposing more hydrophobic regions in the XcpVW complex (Figure. 3.32). 

Compared with DMSO, SI1104 showed the highest activity, which is about 2-fold while the other 

three compounds generated 1.2-to1.6-fold fluorescence signal, suggesting that these compounds 

destabilized the XcpVW complex to expose more hydrophobic regions.  

       In vivo, the four compounds were first evaluated in the PAO1 cell growth experiment in the 

lipid medium. By monitoring the cell growth of both compound-treated cells and control cells at 

time points of 6 h, 12 h, 24 h and 48 h, all four compounds exhibited growth inhibition to  
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Figure 3.29 Potential druggable sites are predicted using KVFinder. Druggable sites are 

presented in mesh. The site closest to the interaction interface (red) was chosen as the targeting 

site. 
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Table 3.4 Inhibitory Compounds Identified by in silico Screening 

 

Code Formula Molecular Weight Nomenclature 

SI791 

 

440.49 

(1S)-3,3'-Di-2-pyridinyl 

[1,1'-binaphthalene]-

2,2'-diol 

SI1104 

 

446.54 

N,N-diethyl-5,10-

diphenyl-5,10-dihydro-

5,10-epoxybenzo [g] 

isoquinoline-1-

carboxamide 

SI1314 

 

389.45 

3-(1-benzyl-1H-indol-2-

yl) naphtho [1,2-c]furan-

1(3H)-one 

YZ-g-071 

 

371.4 

N,N-dimethyl-2-[4-

(trifluoromethyl) 

phenyl] naphthalene-1-

carboxamide 
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Figure 3.30 Docking models of the four molecules. General overview of compounds docked to 

the selected cavity. All four compounds docked in the pocket would influence the orientation of 

critical residues.  
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Figure 3.31 Extrinsic fluorescence indicates that the structure-based compounds destabilize 

the XcpVW binary complex.  Although SI791 leads to no significant fluorescent signal change, 

the other three compounds, especially SI1104, generate strong signals (1.47 to 1.97-fold of the 

control), indicating that they target the XcpVW complex and destabilize the binding. **P-value < 

0.01 was adopted as statistically highly significant; *P-value < 0.05 was adopted as statistically 

significant; ns ns was adopted as statistically no significant. 
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different extents (Figure 3.33A). SI1104 exhibited more inhibitory potency throughout the cell 

growth and maintained constant inhibition than the other three, which is in accordance with the in 

vitro fluorescence assay. When converted into the relative inhibition of cell growth (OD600 compound 

/OD600 DMSO), the inhibition percentage of SI1104 was 58% at the points of 24h (Figure 3.33B, 

upper panel), and the extent of inhibition became more obvious (41%) at 48h (Figure 3.33B, 

lower panel).  

        To further investigate the effects of the structure-based compounds on the T2SS of P. 

aeruginosa, we dispensed a series of different amounts of cells (from 106 to 104) on lipid agar 

plates containing the four compounds to visualize the growth status (Figure 3.34). On the plate 

with only DMSO, cells grew most vigorously, showing no sign of inhibition after 24 h, and the 

red dots of cells were in high density constantly in all the concentrations of cells. By contrast, less 

cells grew on the plate in the presence of the four compounds, which is reflected by the sparse 

density of red spots. 

        The ability of skim milk clearance was also found inhibited on the plates containing four 

small compounds. About four hundred PAO1 cells were spotted on each skim milk plate 

containing either DMSO or compounds with further incubation at 37 °C for 24h and the widths of 

the secretion rings were measured. With the inhibition of the secretion of proteases, the clearance 

rings of compound-treated cells were smaller than that of the control (Figure 3.35A and Table 

3.4). These results agree with the inhibition assays in lipid medium, showing similar extents of 

inhibition (Figure 3.35B). 

        We also observed that these compounds led to the decreased secretion of LasB by 

monitoring the elastase activity of the culture supernatant (Figure 3.36). When incubated with the 

inhibitory compounds, the supernatants of overnight-cultured PAO1 cells demonstrated lower 

LasB activities, suggesting an inhibited level of LasB secretion. All four compounds have the 

capability of inhibiting T2SS to some extent.    
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        The inhibitory effects of these compounds were also examined in C. elegans. They did not 

affect the number of E. coli OP50 in the intestine (Figure 3.37A). We were able to find the 

inhibitory phenomena in the virulence attenuation assay (Figure 3.37B). Our results showed that 

SI1104, in line with the previous results, specifically weakened the virulence of P. aeruginosa 

and effectively protected C. elegans from being killed.  

  



90 

 

 

Figure 3.32 Structure-based compounds inhibit the growth of PAO1 cells in lipid medium. 

(A) Time course of PAO1 cell growth in the presence of structure-based compounds. Different 

time points were monitored and the OD600 was measured to evaluate the extent of cell growth. 

Four candidates maintained relatively low cell growth rates but SI1104 and SI791 had stronger 

effects.  (B) Histograms of relative inhibition at 24h and 48h indicate that inhibitory compounds 

inhibited the cell growth of PAO1 WT in lipid medium. SI1104 and SI791 showed more potent 

inhibition of T2SS. ***P-value < 0.01 was adopted as statistically extremely significant;.**P-

value < 0.01 was adopted as statistically highly significant. 
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Figure 3.33 Inhibition of P. aeruginosa growth on lipid agar. The densities of the red spots on 

the compound-containing agar were fewer than the control, which indicate that the growth of 

cells was hindered. 
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Figure 3.34 Relative inhibition of protease by the four compounds. (A) The widths of the 

clearance of skim milk represented the ability of secreting protease through the T2SS. The widths 

of the clearance by PAO1 on the plates containing the compounds were smaller than the one with 

only DMSO, suggesting that the secreting ability of PAO1 declined in the presence of the four 

compounds. *P-value < 0.05 was adopted as statistically significant. (B) Comparison of the 

effects of inhibitory compounds between the assays in lipid medium and skim milk. The extent of 

the inhibition on skim milk is similar to that in the lipid medium. 
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Table 3.5 OD600 values at different time points and the average width of the secretion ring 

after PAO1 cells were treated with inhibitory compounds 

 

 

  

 

OD600 of PAO1 Cells  The Average Width of 

the Secretion Ring (cm) 6h 12h 24h 48h 

C
he

m
ic

al
 u

se
d 

fo
r 

Tr
ea

tm
en

t DMSO 0.16 0.18 0.57 1.19 1.56 

SI1314 0.31 0.33 0.40 0.71 1.18 

SI791 0.12 0.08 0.30 0.52 1.04 

1104 0.07 0.09 0.17 0.49 0.91 

YZ-g-07 0.27 0.16 0.41 0.89 1.22 



94 

 

 

 

 

 

 

   

Figure 3.35 Inhibition of secreted LasB from PAO1 by structure-based compounds. The 

activity of secreted LasB with compound treatment indicates inhibition of LasB secretion. ***P-

value < 0.001 was adopted as statistically extremely significant. 
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Figure 3.36 Structure-based small compounds weaken the virulence of P. aeruginosa 

towards C. elegans. (A) The compounds do not influence on the growth of E .coli OP50. (B) The 

compounds protected C. elegans from being killed by P. aeruginosa. The Kaplan-Meier plot for 

the survival of C. elegans with infection of PAO1 with the treatment of the inhibitory compounds 

showed that the viability of C. elegans increased in the presence of the compounds.  

 
 
  

A 

B 



96 

 

 

Chapter 4 

Discussion and Summary 

         The Type II secretion system is widely used by pathogenic bacteria to secret various large 

folded protein virulence factors. As the T2SS plays an indispensable role in the pathogen 

infection pathway, it has been an interest of investigation in the last 20 years. Much work has 

been done to clarify the mechanisms of this system, and the structures of individual components 

or subcomplexes have also been revealed through decades of studies in different Gram-negative 

bacteria. 

        P. aeruginosa is a common Gram-negative pathogenic bacterium that dwells everywhere, 

especially in hospitals, which opportunistically infects immune-compromised hosts[165]. It has a 

strong ability to adapt to living environments due to the ability of catabolize a wide range of 

substances, which allows it to survive even in harsh environments[166]. It is relatively difficult to 

eliminate this pathogen.   

        P. aeruginosa relies on the T2SS to secrete necessary virulence factors, such as 

phospholipase, alkaline phosphatase, elastase, lipase, phospholipase, and exotoxin A, for 

infecting host cells[45]. As a result, it is likely that if the T2SS of P. aeruginosa is inhibited, the 

bacterial virulence can be reduced. Aiming to find ways of inhibiting the T2SS, we carried out in-

depth characterization of the components of this sophisticated system, in which the pseudopilus 

was our main target. The pseudopilus, formed by five pseudopilins, is the most dynamic 

component of the entire Type II secretion system that acts as a piston to push different virulence 

factors out of cells. The four minor pseudopilins interact with each other to form the quaternary 

pseudopilus tip complex that is on the top of the structure of the pseudopilus[156]. This tip 

complex is considered to play an important role in initiating the assembly of the entire 
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pseudopilus structure and recognizing secretion substrates[122]. In the previous studies, it was 

shown that the elongation of the piston-like pseudopilus is dependent on the integrity of the 

pseudopilus tip complex. Especially, the loss of XcpV (GspI) has led to the failure in the formation 

of the pseudopilus.  

        Based on the previous reports and our observation[122], the loss of two minor pseudopilins, 

XcpV and –W, can cause a non-functional T2SS. In our secretion assays, we found that the 

strains with compromised expression of these two proteins failed to secrete virulence factors by 

the Type II secretory pathway. In another word, once the complex of XcpVW is compromised, 

the T2SS can be inhibited. Therefore, it is feasible to disrupt this binary complex to inhibit the 

T2SS. We used protein crystallography to characterize the structure of the binary complex and 

identified critical interacting residues, which further allows us to develop inhibitors on the basis 

of the interaction interface.  

        The development of inhibitors included two types: inhibitory peptides and small compounds. 

Based on the sequence of the interface, combining MD simulation, we designed mimicking 

peptides, which showed the ability to disrupt the binary complex and even the entire pseudopilus 

tip quaternary complex. Further in vivo studies also confirmed that these two peptides inhibited 

virulence factor secretion by the T2SS in P. aeruginosa. The secretion of typical virulence 

factors, i.e. lipase and elastase, were inhibited when the cells were treated with the peptides. 

Furthermore, the application of the structure-based peptides to the P. aeruginosa infected C. 

elegans indicates that the peptides effectively weakened the infection caused the bacterium. The 

survivability of worms was significantly improved when the peptides were used. The 

accumulation of P. aeruginosa in the intestine of C. elegans also significantly decreased.  

        The second type of inhibitors explored in our studies is small compound, selected through in 

silico screening from a library of ~4,000 compounds. The selected compounds exhibited the 

ability to destabilize the binary complex and further inhibited the secretion of lipase, protease and 
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elastase. They also relieved the infections in C. elegans caused by P. aeruginosa. However, the 

inhibition induced by the compounds was not as strong as the peptides. Therefore, the compounds 

possibly require further chemical modifications to increase the activity.  

        Through our studies, we proposed a feasible way of using structure-based molecules to 

target the pseudopilus core binary complex of XcpVW and inhibit the T2SS. Our work represents 

the first research on how to inhibit the T2SS from the perspective of component structures. 

Combining structural and functional studies, we developed potential druggable molecules for 

therapeutic purposes of curing P. aeruginosa infections. Although there should still be a lot of 

work to do to increase the solubility and activity of the molecules before they can be used 

clinically, the acquisition of the knowledge and establishment of the methodology will definitely 

influence and direct future research endeavors to hinder the T2SS or even other types of secretion 

systems using structure-based inhibitory molecules.  

         

4.1 Crystallization of the XcpVWX complex and the entire tip complex 

        The attempt of crystallizing the entire tip complex was always our goal to fully reveal the 

structural arrangement of the four minor pseudopilins, which can help further understand its 

function and relationship with toxin secretion. Unfortunately, no matter how hard we tried, 

including trying many different crystallization conditions, adding different additives, and using 

different crystallization methods, we could not obtain the crystals of the quaternary complex. 

Although we tried all types of crystallization kits with hundreds of conditions and manually or 

robotically, no quaternary complex crystal was observed. The formation of the complex had been 

confirmed prior by size exclusion chromatography and analytic ultracentrifugation but the 

complex did not persist during crystallization in which XcpU became dissociated. Possibly due to  
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molecular aggregating and packing of the complex, XcpU, did not tightly bind to the other three 

components. The packing process can include the collision of molecules and there are also 

molecular forces that can influence the stability of the complex. As XcpU is supposed to be at the 

bottom of the tip complex[54], the packing could cause the loss of this component.  

        The instability of XcpU in minor pseudopilin complexes was also found when we tried to 

crystallize the binary complex of XcpUW. Many trials have been done, but we could only obtain 

one form of crystal, needle cluster, which was not actually the binary complex, but instead, 

XcpW only after we solved the structure.  

        The crystallization of the ternary complex of XcpVWX was also very challenging. To 

overcome the difficulties, we used in situ proteolysis during crystallization and finally obtained 

XcpVWX crystals. The in situ proteolysis can be used to reduce the surface entropy of the 

molecules in the lattice, which reduces the flexibility of residues or loop regions. The stability of 

the molecule will be increased to facilitate crystallization. During the crystallization, we observed 

an interesting phenomenon that the concentrations of chymotrypsin could influence the packing 

and formation of crystals. With less chymotrypsin, the complete digestion may require a longer 

time. The crystals under this condition showed in the form of twin or multi-crystals, which 

brought some issues in determining the structure. The packing of the crystals was loose, 

exhibiting a trigonal lattice with P3 space group. If the concentration of chymotrypsin was 

increased to 10 times, the crystals looked like needles or rods that form clusters. This type of 

crystals forms single crystals, which has an orthorhombic lattice with a P212121 space group. In 

comparison, the striking difference between the two lattices is that the trigonal lattice is much 

larger than the orthorhombic one. The trigonal lattice accommodates three molecules of 

XcpVWX in the asymmetric unit, while the orthorhombic space group has one molecule in each 

ASU. And there is an even larger solvent region due to the loose packing in the trigonal lattice.  
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Thus, this is a case where different extents of proteolysis led to the formation of crystals with 

different lattices. Although this is not too surprising, such an observation has not been reported 

before.  

 

4.2 The roles of minor pseudopilins in the Type II secretion system 

        The roles of individual components of the pseudopilus in the entire Type II secretion system 

have not been fully illustrated. Through the identification of the secretion characteristics of the 

transposon mutant strains of each minor pseudopilins, we were able to observe that the 

compromised expression of XcpV and XcpW caused defects in the translocation of Type II 

secretion virulence factors. In the identification of secretion patterns, the typical virulence factors 

secreted by the T2SS were found missing in the mutant strains. The secretion of lipase, proteases 

and elastase in P. aeruginosa was also compromised in the absence of either XcpV or XcpW.  

        Our results indicate that the pseudopilus tip complex, especially XcpV and -W, is 

indispensable for the function of the Type II secretion system. The toxin secretion relies on the 

integrity of the pseudopilus tip complex and the compromised expression of either XcpV or -W 

led to the non-functional Type II secretion system. The characterization of individual components 

of this tip complex was very useful for identifying the interactions among the four minor 

pseudopilins. As XcpV and -W form a core binary complex that is critical for the secretion, the 

clarification of the binary complex revealed the binding details which further facilitated the 

development of inhibitory molecules that compromised the binary complex and even the entire 

tip complex to hinder the T2SS.  

        The results from different types of secretion assays we preformed are in agreement with the 

previous reports that the T2SS requires these two minor pseudopilins to function normally. 

However, the exact role of XcpW has not been fully revealed. It is known that XcpW is critical. 
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However, the precise mechanism has not been identified unlike XcpV, which acts as a nucleator 

that recruits the rest of pseudopilins and initiate the assembly[45, 54].  

        Another mystery about minor pseudopilins is the functions of XcpU and -X. Although 

researchers have claimed that XcpU also influences the secretion, more studies point out that it is 

not necessary during secretion, just as what we have observed in our secretion assays. No 

significant difference can be seen between the XcpU mutant strain and the wild type strain. The 

function of XcpX is also not clear because although it is the largest pseudopilin, which is 

supposed to play a more vital role than the other pseudopilins in the secretion, we could not 

identify any difference between the phenotype of XcpX mutant and the WT. Only the LasB 

secreted to the medium supernatant has lower amounts and activities than the WT. XcpX is 

considered to be important for controlling the length of the pseudopilus[94]. As a result, more 

studies should be done to clarify the roles of these minor pseudopilins in the secretion and the 

mechanism involved. More importantly and interestingly, it would be ideal to find out the exact 

recognition and association mechanism between the pseudopilin tip complex and virulence 

factors.  

  

4.3 Use of small-angle X-ray scattering to reconstruct the structure of the tip 

complex 

4.3.1 Application of SAXS 

        Using small-angle X-ray scattering, the architecture of the entire pseudopilus tip complex 

was reconstructed using the crystal structure of the XcpVWX and the modeled structure of XcpU. 

The SAXS data show good alignment with the crystal structures (chi2=1.63). The reconstruction 

of the tip complex clarifies the spatial working model of the complex in the T2SS.  
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         SAXS experiment is a useful method of identifying the structure of proteins in solutions, 

which depicts overall structures of biomolecules at a low resolution. The scattering data provides 

important information about the size, shape, and general structure of tested biomolecules, which 

involves calculations of a series of important parameters, including the radius of gyration, volume 

of correlation, and the Porod invariant in the Guinier, Fourier, and Porod regions, 

respectively[167, 168]. The interpretation of SAXS data will lead to the reconstruction of the ab 

initio bead-model of biomolecules aligning with the measured profiles over the range of 

scattering curves[169]. However, to obtain usable SAXS data, it is required that samples are 

mono-disperse in solutions. The homogeneity of samples is critical to reconstruct a unique 

model[170].  

        Through SAXS, we have established the first structural model of the entire quaternary 

pseudopilus tip complex of the T2SS among all species, which provides important information to 

guide the study of the structure-related functions of the pseudopilus tip. From the overall model, 

the span of the length of the entire complex has been established. Based on the previously 

determined diameter of the channel bottom[92], an angle between the bottom plane of the channel 

and the slope of the tip complex is required to accommodate the tip complex. By titling the tip 

complex relative to the inner membrane plane, not only the width of the overall structure would 

fit into the channel diameter but also all four N-termini would position perpendicularly to the 

inner membrane, which provides further support for our SAXS structure.  This model coincides 

with the previously proposed model of the assembly of the complex[122] whereby the N-termini 

of the minor pseudopilins vertically insert into the inner membrane during assembly. Instead of 

grouping into a horizontal platform to push the secretion substrate, the tip complex forms a steep 

slope in which XcpU and -X lie on each side of the XcpVW core complex. The recently-

characterized structure of the outer membrane channel of P. aeruginosa is more spacious than 
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those of the other species, which provides sufficient room to allow the entering of the XcpUVWX 

tip complex[159]. 

4.3.2 Interpretation of the SAXS data 

        The results of the SAXS represent a raw structure of protein molecules, which outlines the 

overall envelope of molecules. As a result, the interpretation of SAXS data, depending on what 

range of raw data is used, may be influenced.  

        The reconstruction of the XcpUVWX envelope also confronted this situation that when 

using different range of data for generating the ab initio model, two models were generated with 

several distinguishable differences though the overall shapes were similar. A different model may 

lead to a different interpretation of the structure of the arrangement of the complex (Figure 4.1).  

          The envelope of the second model, though having a similar shape to the first model, allows 

a different arrangement of the four molecules, in which the molecule of XcpU can be placed 

beneath the XcpVWX complex. This type of model forms a semi-helical arrangement, which can 

be a continuation of the helical pseudopilus body (Figure 4.2). The span of the length of the tip 

under this situation is 79.5 Å, which require much less space for accommodation by the outer 

membrane channel. 

        The establishment of the model relies on the status of molecules in solution and the quality 

of data in the SAXS experiments. Due to the low resolution, SAXS cannot be used to clarify the 

precise structures or spatial arrangements of the biomolecules, and the reconstructed envelope 

based on the bead model cannot be consider as an electron density map. However, the 

information provided by SAXS, i.e. molecule shape, molecule size and estimated molecular 

weight, certainly benefits the structural and functional characterization of biomacromolecules and 

establishes the good foundation for precisely determining structures. 
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Figure 4.1 Schematic of the reconstructed envelope of the pseudopilus tip complex assembly 

using long-range data. The position of the molecule of XcpU is under the ternary complex of 

XcpVWX. The span of the tip is 79.5 Å. 
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Figure 4.2 Schematic of the assembly of the pseudopilus tip and body. The pseudopilus tip 

consists of four minor pseudopilins atop the pseudopilus body through XcpT (Purple)-

polymerization. The helical arrangement of the tip complex is likely a continuation of the helical 

arrangement of the body. 
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4.4 Structure-based inhibitory peptides disrupt the pseudopilin complex and inhibit 

the Type II secretion system 

        Protein structures have been applied to drug development[171-173], in which the 

combination of combinatorial chemistry and structure-based design facilitate the development of 

diverse peptides after structure-based screening[174, 175]. Structure-based drug design has been 

used in different areas, including impeding virus infection, disrupting oncoprotein binding, and 

inhibiting gene expression[176],[177],[178], etc. Our work, through both in vitro and in vivo 

assays, establishes the feasibility of using structure-based peptides to inhibit T2SS by specifically 

targeting the interaction interface of the XcpVW core complex, which significantly reduces the 

virulence of P. aeruginosa.  

        We attempted to explore the in-depth mechanisms of how these peptides are able to disrupt 

the complex. We used ITC, DSC and intrinsic fluorescence to study the potential binding 

behavior between the peptides and the protein. However, these techniques detect the energy 

change in the system, which may compromise the potential weak association. As a result, ITC 

and DSC both cannot give good binding curves. Another issue is that the protein once 

individually exposed to the thermal system may change the stability. For example, XcpV is the 

least stable minor pseudopilin, and required rapid handling during purification. It is only 

relatively stable when interacting with the other components to form the complex. Therefore, it is 

not surprising that the ITC and DSC curves indicated that the protein is not stable in the energy-

changing system. 

        The peptides dissociate the binary and quaternary complexes of minor pseudopilin 

complexes according to the results of the extrinsic fluorescence assay and the size exclusion 

chromatography, which gives us good indication that these peptides based on the structure are 

effective in compromising the complex and potentially inhibiting the T2SS. The further 
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experiments of the inhibition of cell growth in the lipid media confirm the inhibitory effects. 

Initially, we developed six peptides based on the interface, in which four prove to be effective in 

the fluorescence assay, and out of four peptides, three of them have the disruptive function 

towards the quaternary complex through size exclusion chromatography. When applied to the in 

vivo inhibition assay, only two of them showed the activity of inhibiting the T2SS. The interface 

used for peptide development is relatively simple and clear. The binding surface is exposed which 

benefits the design and leads to the success of inhibition assays.  The key point of finding these 

two inhibitory peptides is also related to the role of the binary complex. Due to the importance of 

the binary complex, which directly impacts the normal function of the T2SS, the notion is 

straightforward that the disruption of the complex will cause the inhibition of the secretion 

system. Thus, these factors facilitate the discovery of these two peptides.  

        As the first reported work on inhibition of T2SS by inhibitory molecules, our efforts may 

provide a new way for inhibiting bacterial secretion system and pathogenicity. This potentially 

presents an option for future therapeutic development to combat P. aeruginosa or even Gram-

negative bacterial infections in general.  

4.5 Electroporation-assisted internalization of inhibitory peptides 

        Electroporation has been widely used for internalizing DNA into electro-competent cells to 

amplify recombinant plasmids or express target proteins. Electroporation increase the 

permeability of cell membrane of competent cells by shocking[179]. This technique is also used 

to deliver drugs into cells[180]. Electroporation allows large highly charged molecules such as 

DNA to diffuse across the hydrophobic bilayer[180]. 

        Our objective is to transfer the inhibitory peptides into P. aeruginosa cells. The substitution 

of original hydrophobic residues with hydrophilic residues prompts the polarity of the peptides, 
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which makes it possible to introduce the peptides into the cells. It is probably first application of 

transferring peptides into cells to our knowledge. 

        However, the stability of the transfer is largely dependent on the polarity of molecules, and it 

is not fully guaranteed that the efficiency of electro-shocks to the bacteria is enough to transfer 

certain amount of peptides. Some modification on the residues to increase the polarity may 

improve the internalization.  

4.6 Small compounds that inhibits the function of the T2SS 

          The current trend of applying structural biology or, more specifically, protein structures to 

discover potential druggable molecules based on and inspired by the structure knowledge[181]. 

Researchers have been using large libraries of millions of small compounds for in silico screening 

targeting various proteins that are implied in diseases[182]. In pharmaceutical companies, this 

idea is prevalently used for finding new medicines.  

        In our study, we also used this idea in hope to find potential druggable molecules based on 

our structure to inhibit the T2SS, which may in future treat the infections caused by P. 

aeruginosa. Although P. aeruginosa infection is considered to be a serious threat to human 

health, not too many effective therapies have been found to deal with the infection.  As the T2SS 

is important for this pathogen’s infection, we aimed to find small compounds that could 

potentially inhibit the T2SS.  

        Taking advantage of the structures we solved, we performed in silico screening using a small 

compound library of ~4000 molecules based on the cavity of XcpV, which is the closest to the 

binding surface. We were able to find around 20 candidates with relatively good scores of binding 

affinity. By testing them experimentally, four compounds with aromatic rings showed activities 

of hindering the cell growth of PAO1. In the subsequent experiments, we also observed inhibitory 

effects on the secretion of other virulence factors, such as lipase, elastase and proteases in 
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different assays. However, we have to admit that the effectiveness of these molecules is not high 

enough to be used for drug purpose directly. As chemical modification can be made according to 

the structures of the molecules and the protein target, we hope that in near future these molecules 

can be modified further to improve the activities.  
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Appendix I 

Isolation and purification of Pseudomonas aeruginosa elastase  

 

A1.1 Introduction 

        Pseudomonas aeruginosa, use a wide range of organic molecules for surviving and 

proliferation during evolution, P., aeruginosa has become highly adaptable and prevalent in 

ubiquitous environments[183, 184], which makes it one of the most predominant nosocomial 

pathogens that cause infections particularly in elderly or immunocompromised individuals[35].  

        Armed with well-developed different types of secretion systems, P. aeruginosa, like other 

Gram-negative pathogenic bacteria, secrete a wide spectrum of toxin molecules which include 

various proteins, especially enzymes and nucleotides. During the infection, P. aeruginosa 

releases exoproteins, i.e. proteases, elastases, phosphatases, to penetrate the defense of the host 

and colonize into the host cells.  Via exotoxins, P. aeruginosa compromises the protein synthesis 

in the host, which leads to necrosis. Of all the virulence factors, Pseudomonas aeruginosa elastase 

(PAE), LasB or pseudolysin, is one of the predominant toxins that are secreted. As an enzyme, 

LasB has been characterized as a neutral metalloproteinase that requires the presence of Zn2+ and 

Ca2+ to catalyze the hydrolysis of proteins include elastin, collagen types II and IV, fibronectin 

and immunoglobulin A[185]. Moreover, LasB inhibits the activation of the transcription factors 

nuclear factor κB and the activator protein-1 by cleaving a C-terminal-derived peptide from 

thrombin, which subsequently inhibits pro-inflammatory responses[24].  Therefore, due to its 

characteristics of proteolyzing broad substrates, LasB has been regarded as a vital investigative 

target to study P. aeruginosa infection.  

        To characterize virulence factors, a prerequisite is to obtain enough protein samples for  
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functional researches. However, many the protein virulence factors have experienced maturation 

throughout secretion, which requires different types of enzymes, such as peptidase, protease, and 

propeptidase, to process these pre-mature forms of exoproteins into mature forms by removing 

certain domains or regions of the proteins (Ref.). This nature renders difficulties in the direct 

overexpression of virulence factors by Escherichia coli because of the lack of certain mechanisms 

of appropriately maturing and folding target proteins.  

        Pseudomonas aeruginosa elastase (PAE) is one of typical and abundant virulence factors 

that are secreted by the Type II secretion system of P. aeruginosa. It is known that PAE is 

prevalent in the bacterial living environment for degrading the tissue of the host. The elastase 

targets the elastin of tissues, and through the digestion of elastin, the tissue is damaged to 

facilitate the penetration into the host. 

         The premature form of PAE contains a pre-peptide region of 298 amino acids, which acts as 

the specific PAE foldase that process the rest region to be the mature form. However, this region 

is usually hard to express in the E. coli expression system possibly due to the lack of specific 

enzyme that can properly fold it. As a result, the usual method of direct expressing the propeptide 

always leads to the misfolding of the protein molecules.  

         For LasB, researchers have tried denaturing and refolding overexpressed LasB from 

inclusion bodies[186] and secretion of overexpressing LasB in Pichia pastoris combined with 

gene optimization in a secretory way[187, 188]. Nevertheless, to obtain fully refolded LasB 

requires the precision of trivial denaturation and recovery steps that can be easily beyond control 

due to the formation of inhomogeneous multimers or misfolding. The use of P. pastoris 

expression system can overcome the problems of overexpressing misfolded LasB, but the 

isolation of the secreted, mature LasB can be complicated and annoying by virtual of the odor and 

the volume of the yeast growth medium.  

        Being testing different ways, we propose two efficient ways of preparing LasB. First, we 
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directly isolate mature LasB from the supernatant of the growth medium of P. aeruginosa by 

ammonium sulfate precipitation. Second, we use intracellular yeast expression system to produce 

soluble LasB. 

 

A1.2 Methods and Materials 

A1.2.1 Construction of LasB clone for intracellular expression in P. pastoris 

        The sequence of LasB (24-498) containing the regions of the propeptide and the mature 

peptide were amplified from P. aeruginosa genomic DNA using Q5 high-fidelity polymerase. 

The starting position of the forward primer also included a Kozak translation initiation sequence  

of  AGAATGG to initiate proper translation[123]. The pPIC6A expression vector for intracellular 

protein expression in P. pastoris were used for constructing C-terminal-hexahistidine-tagged 

LasB. PCR products as well as the pPIC6A vector were subjected to restriction digestion of 

EcoRI and XhoI for 37 °C for 1 h and the digested DNA and plasmid were purified and extracted 

using Thermo Fisher DNA purification kit. T4 DNA ligase were used for ligating the insert DNA 

to the vector at 16°C overnight. Ligation products were internalized into Top 10 competent cells 

according to standard transformation protocol for chemically-competent cells with the screening 

marker of blasticidin.  

        Colonies were picked and cultured in 5 ml of low-salt Luria-Bertani (LB) broth (10 g 

Trypton, 5 g yeast extract, 5 g NaCl for 1 liter) with blasticidin in a volume ratio of 1 to 100. 

Recombinant plasmids were extracted using the Thermo Fisher mini-prep kit. The correctness of 

the constructs were confirmed by DNA sequencing.  

A1.2.2 Expression of LasB in P. pastoris 

        The verified recombinant LasB plasmid were introduced into X-33 P. pastoris electro-

competent cells following the standard electroporation protocol using Eppendorf 
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Multiporator[124]. Ten μl of DNA (5-10 μg) to 80 μl of electrocompetent cells with gently 

mixing by pipetting up and down for several times. The mixture was transferred into a prechilled 

cuvette and incubated on ice for 5 minutes. After wiping moisture, the cuvette was insert the 

cuvette into the electroporator. Electroporation was carried out with a voltage of 1,500 V for 5 

ms. One ml of ice-cold sorbitol was added to the cuvette immediately. Samples to sterile 15 ml 

tube and incubated for 2 hours without shaking at 30 °C. Samples were further diluted by sorbitol 

from 10-1 to 10-4. Dilutions of cells (200 μl) were spread on YPDS plates containing 300 µg/ml of 

blasticidin. The plates were placed at 30 °C for 48 h until colonies grow to the proper size for 

further culturing.   

        The small-scale expression was attempted for the purpose of exploring the condition for 

LasB expression. The overnight P. pastoris culture was pelleted and inoculated into 20 ml of 

BMMY medium (1% yeast extract, 2% peptone, 100 mM potassium phosphate, pH 6.0, 1.34% 

YNB, 4 × 10-5% biotin, 1% glycerol or 0.5% methanol) with an OD600 of about 1.0. Cells were 

cultured at 30 °C for 72 h. Several time points, 6 h, 12 h, 18 h, 24 h, 36 h, 48 h, and 72 h, were 

selected for monitoring the amount of the expressed protein with the induction of methanol.  

        The large-scale expression was conducted based on the optimized condition of 24 h 

methanol induction. The overnight cell culture was pelleted and transferred into 250 ml of 

BMMY medium with an OD600 of about 1.0. Cells were incubated 30 °C and LasB were 

expressed for 24 h. Cells were harvested by centrifugation at 4,000 rpm for 20 min with the 

Beckman J6-MI centrifuge and stored at -20 °C for further use. 

A1.2.3 Purification of recombinant LasB 

        The cells that expressed LasB were resuspended by 20 ml of Buffer A (50 mM Tris, pH 8.0, 

150 mM NaCl) and lysed using equal volume of glass beads with vortex. The sample was 

vortexed for 8 min with 30 s of vortexing and 30 s of incubation on ice. The cell lysate was 

further centrifuged at 18,000 rpm for 30 min to remove the precipitate. The supernatant that 
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contained the mature form of LasB were loaded to the Qiagen Ni2+-NTA resin pre-equilibrated 

with Buffer B (50 mM Tris, pH 8.0, 150 mM NaCl, 5 mM imidazole) with agitation for 1 h. The 

column was washed with 50 ml of Buffer C (50 mM Tris, pH 8.0, 150 mM NaCl, 20 mM 

imidazole) for twice and the samples were eluted with Buffer D (50 mM Tris, pH 8.0, 150 mM 

NaCl, 200 mM imidazole). The eluted samples were dialyzed against Buffer A overnight at 4 °C.  

        Dialyzed LasB were concentrated with Millipore ultrafiltration tube at 3,000 rpm for 1 h. 

The concentrated samples were applied to the AKTA Purifier using the Superdex-75 size 

exclusion chromatography (SEC) column (GE) that had been equilibrated with Buffer A. The 

peak of LasB were fractionated based on the chromatographic diagram.   

A1.2.4 Cell culture of the P. aeruginosa PAO1 strain  

        Cells of the P. aeruginosa PAO1 strain were streaked on LB agar and cultured at 37 °C for 

18 h. Colonies were picked and cultured in 5 ml of LB. The subculture was inoculated into 500 

ml of buffered LB (containing 50 mM Tris, pH 7.0) for the large-scale culture of PAO1 cells.  

A1.2.5 Isolation of secreted LasB by ammonium sulfate precipitation 

        The large-scale culture of PAO1 cells were centrifuged at 4,000 rpm for 30 min and the 

supernatant were further centrifuged at 18,000 rpm for 30 min to remove the remaining cells. The 

supernatant that contained the mature form of LasB were prepared for ammonium sulfate 

precipitation. Ammonium sulfate was slowly added to the supernatant with stirring until reaching 

70% saturation. LasB was efficiently precipitated at 4 °C overnight.  Precipitated LasB were 

obtained by centrifugation with an RCF of 100, 000×g for 30 min and resolubilized by pipetting 

with Buffer A.  

        The sample was dialyzed against 4 L of Buffer A at 4 °C overnight to reduce the salt 

concentration and concentrated by ultrafiltration.  
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A1.2.6 Purification of secreted LasB by chromatography 

          The concentrated native LasB was first subjected to the Superdex-75 column for size 

exclusion purification using Buffer A. Fractions were identified with SDS-PAGE, and the 

fractions that contained LasB were collected and concentrated for ion exchange chromatography. 

The Resource-Q anion exchange chromatography column was equilibrated with Buffer E (50 mM 

Tris, pH 7.5, 50 mM NaCl). The SEC-purified LasB was loaded onto the Resource-Q column 

with Buffer E until the baseline of the UV absorbance stabilized. The gradient elution was 

performed using Buffer F (50 mM Tris, pH 7.5, 1 M NaCl) with a 50 ml of elution until the 

concentration of NaCl reached 1 M at a flowrate of 1 ml/min. The fractions were collected 

according to the chromatographic profile. The sample was concentrated and used for dialysis 

against Buffer A.  

 

A1.3 Results  

A1.3.1Expression and purification of recombinant LasB in P. pastoris 

        The construction of the clone of the recombinant LasB in pPIC6A is shown in schematic 

(Figure A1.1A). The beginning of the clone has a Kozak sequence after the EcorRI restriction 

site followed by the DNA sequence of LasB (24-498). At the C-terminal, the sequence that 

expresses the hexahistidine tag (6× CAC) was directly added to the end followed by the stop 

codon of TGA.  

        After expression, cells were lysed by glass beads and the recombinant LasB was purified by 

immobilized ion affinity chromatography using Ni2+-NTA resin (Figure A1.1B). According to 

the result of SDS-PAGE, it is clear that there were three bands showing on the gel. In agreement 

with the previously reported purification result in yeast, these three bands represents three forms 

of recombinant LasB expressed by P. pastoris due to the levels of the modification of 

glycosylation. The highest band represent the most glycosylated LasB which is about 3 KDa 
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bigger than the partially glycosylated sample.  The lowest is the unglycosylated LasB, which is 

about 2 KDa smaller than 35 KDa.  

        Although there are different forms of LasB, the sample was relatively pure without 

containing other contaminants after the affinity chromatography. As the mono-glycosylated form 

of LasB is predominant in the sample, a further purification using SEC would increase the purity. 

From the profile of SEC, there is only one unique peak showing at about 65 ml (Figure A1.1C). 

The fractions under the peak were assayed by SDS-PAGE, which showed one single band on the 

gel at 35 KDa. According to the Beer-Lambert Law, the final concentration of the recombinant 

LasB was tested, and it is estimated that from 250 ml of P. pastoris culture, over 2 mg/ml of LasB 

can be efficiently purified.  

A1.3.2 Isolation and purification of secreted LasB from P. aeruginosa secretome 

        The supernatant of the culture of P. aeruginosa PAO1 cells, which contained native LasB, 

were prepared as described. Through sufficient precipitation with 70% of saturated ammonium 

sulfate solution, LasB could be isolated with a relatively high purity (Figure A1.2A).  

        Size exclusion chromatography removed other remaining contaminants (Figure A1.2B). 

Fractions were assayed by SDS-PAGE for LasB identification, indicating that LasB was eluted 

between 75 ml and 85 ml. Based on the results of SDS-PAGE, LasB were collected and 

concentrated via centrifugal ultrafiltration.  

        To obtain a single peak of LasB, the concentrated SEC-purified LasB sample was applied to 

ion exchange chromatography (Figure A1.2C). During elution, one unique peak appeared when 

the concentration of NaCl reached 50%. The fractions of the peak were analyzed using SDS-

PAGE, showing that this peak represented LasB. The purified sample of LasB was very pure 

without observing any other contaminants. 
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Figure A1. 1 Purification of the recombinant form of LasB.  (A) The schematic of the 

construction of the LasB clone. (B) Purification of LasB using nickel affinity chromatography. 

(C) Purification of LasB using size exclusion chromatography for the second step of purification.   
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         In our method, the usage of acetone was avoided to prevent the denaturation of LasB after 

ammonium sulfate precipitation. The sample finally obtained was pure for further functional 

studies. 

A1.4 Discussion and Summary 

        LasB, one of the most important and predominant virulence factors secreted by P. 

aeruginosa, is widely used for characterizing and investigating the Type II secretion system of P. 

aeruginosa. Herein, we have reported two efficient ways of preparing pure, active LasB for 

functional studies. The recombinant form of LasB with C-terminal hexahistidine tag was directly 

expressed through intracellular expression in P. pastoris. Direct isolation of native LasB from the 

supernatant of the P. aeruginosa culture was carried out by three steps of purification, including 

ammonium sulfate precipitation, size exclusion chromatography and ion exchange 

chromatography. Compared with the previously reported methods, our methods of preparing 

LasB have shown advantages, such as being simple and straightforward, preventing sample 

denaturation, etc.  

          The yeast expressed LasB showed glycosylation, which results in the oligomerization of 

the LasB molecules. There are three forms of glycosylated LasB in the first step of purification, 

but the semi-glycosylated is the dominant form. The glycosylated LasB, due to oligomerization 

showed relatively lower activity than the native form. Further studies will focus on 

deglycosylating LasB to recover the regular level of activity. 
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Figure A1. 2 Isolation and purification of secreted LasB from the secretome of P. 

aeruginosa. (A) Isolation of secreted LasB from the secretome by ammonium sulfate 

precipitation. (B) The size exclusion chromatographic diagram of the resolubilized LasB pellet. 

(C) The diagram of ion exchange chromatography of LasB after being purified by size exclusion 

chromatography. 
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Appendix II 

Crystal structure of the XcpVWX complex in P3 Space Group Using 

Chymotrypsin in situ Proteolysis 

 

 

A2.1 Introduction 

        Crystallography has been widely used for determining protein structures, which requires 

crystallizing protein samples for X-ray diffraction. Although protein crystallography has been 

most successful in studying the atomic protein models, the process of crystallization to obtain 

high-quality protein crystals is always a bottleneck[189, 190]. It is estimated that of all proteins 

used for crystallization trials, only one-third can be crystallized, in which about half can produce 

usable-quality X-ray diffraction data through proper optimizations for protein structure 

determination (http://targetdb.pdb.org)[191, 192].  

       After decades of exploration, it has been revealed that stable fragments or domains of protein 

are more readily to crystallize, which lead to the formation of high-quality crystals for diffraction 

experiments[193, 194]. Based on this idea, creating stable protein fragments or domains using 

proteolysis to remove flexible or unstable structures has been an effective way for improving the 

crystallization of proteins[195-199], especially when combined with the use of mass 

spectrometry[200]. When subjected to proteolysis and mass spectrometry identification, the 

fragments of the protein of interest can be identified and prepared. On the other hands, the 

proteolysis can be serendipitous, which inspires researchers to add trace amounts of certain 

proteases to crystallization solutions to increase the possibility of crystallizing target 

proteins[199, 201, 202].  
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        As the surface conformational entropy of the protein residues is an important factor that 

influences protein crystallization[203, 204], proteases is used to reduce the surface entropy in the 

crystallization trials so as to facilitate protein crystallization, leading to much higher success rates 

of structure determinations of proteins[197, 198]. 

        Chymotrypsin targets the amino acids that contain large aromatic side chains, including 

tyrosine, tryptophan, and phenylalanine, by accommodating the aromatic group into its 

hydrophobic active site[205-207]. In addition, chymotrypsin can also hydrolyzes other amide 

bonds in peptides at slower rates, i.e. leucine and methionine[208].  As a result, chymotrypsin can 

be used for limited proteolysis to digest thermally sensitive loop in proteins[209, 210], which 

reduces the flexibility and enhances the stability of the structures.  

        The Type II secretion system (T2SS) is a sophisticated secretion machinery that is utilized 

by Gram-negative pathogens to translocate large, structured virulence factors for infection[45, 

211].  In Pseudomonas aeruginosa, this sophisticated secretion system consists of twelve Xcp 

proteins, in which four minor pseudopilins, XcpU, -V, -W and -X, assemble into the tip complex 

of the piston-like pseudopilus[212], which is critical for the secretion of the virulence factors[54, 

213].  

        Here, we report that during the crystallization of the ternary minor pseudopilin complex of 

XcpVWX using in situ proteolysis, we were able to obtain crystals with two distinct types of 

lattices in the same crystallization condition caused by the digestion with different chymotrypsin 

concentrations. With higher chymotrypsin concentration and longer digestion time, the crystals 

showed an orthorhombic lattice with a space group of P212121, which contains only one ternary 

complex molecule in one asymmetric unit (ASU). In comparison, after a relative short digestion 

with less chymotrypsin, the crystals had a hexagonal lattice with a P3 space group. This lattice 

accommodates three molecules in one ASU which is much larger than the P212121 lattice. The 

overall packing of molecules demonstrates that the molecules pack much more compactly in the 
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P212121 lattice than those in the P3 lattice that includes large solvent content regions among the 

complex molecules. The averaged atomic displacement parameters (ADP) of the two structures 

indicate that all three molecules in the P3 lattice have much higher structural flexibility than the 

molecule in the orthorhombic lattice. Therefore, it is suggested that the digestion by low-

concentration chymotrypsin in a shorter time promotes the generation of a relatively loose and 

less compact crystal packing while with more thorough proteolysis, the molecules became more 

stabilized, which led to the formation of a compact packing.  

 

A2.2 Materials and Methods  

A2.2.1 Cloning of minor pseudopilins 

       Soluble truncations of individual minor pseudopilins (XcpV (28-129), XcpW (28-237) and -

X (29-313)) were amplified from P. aeruginosa genomic DNA using Q5 high-fidelity polymerase 

(NEB). Inserts were purified and constructed, using Kpn I and Xho I restriction endonucleases 

(NEB) to digest for 1 h, into the pET32b vector (Novagen) which contains an N-terminal 

hexahistidine tag, and a thioredoxin (Trx) tag followed by the TEV protease recognition sequence 

(gaaaacctgtacttccagggt). The recombinant plasmids were introduced into BL21 (DE3) competent 

cells following standard protocol for transforming chemically-competent cells. All the constructs 

were verified by sequencing.  

A2.2.2 Expression and purification of soluble minor pseudopilins 

         Colonies of cells were transferred into 25 ml of LB medium for overnight culturing. The 

overnight cultures were inoculated into 500 ml of Terrific Broth for large-scale expression. 

Protein expression was induced using 1 mM IPTG at 16 °C overnight after the OD600 of the 

culture reached 0.6. Harvested cells were sonicated for lysis using Buffer A (50 mM Tris, pH 8.0, 

150 mM NaCl, and 10 mM imidazole), and high-speed centrifugation was used to remove the 
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precipitate and cell debris at 18,000 rpm for 30 min. The supernatant was applied to Ni2+-NTA 

resins for incubation followed by washing the column with 50 ml of Buffer A. Proteins were 

eluted using Buffer A plus 200 mM imidazole. Eluted Trx-tagged proteins were subjected to 

overnight TEV protease digestion together with dialyzing against Buffer B (50 mM Tris, pH 8.0, 

150 mM NaCl, and 5 mM imidazole). Digested samples were reloaded to Ni2+-NTA resins to 

remove Trx tag and fractionate the flow-through that contains the pseudopilins. Proteins were 

concentrated and loaded onto Superdex 75 column (GE Healthcare) for size exclusion 

chromatography using Buffer C (25 mM HEPES, pH 7.0, 150 mM NaCl and 1 mM CaCl2).  

        The purified components of XcpV, -W, and -X were mixed together at a molar ratio of 

1.5:1:1 (XcpV: XcpW: XcpX) and incubated overnight at 4 °C to form the XcpVWX complex. 

The complexes were purified by size exclusion chromatography using Buffer C, and the fractions 

were assayed by SDS-PAGE.  

A2.2.3 Crystallization and structure determination    

        The XcpVW binary complex was crystallized at 20 °C in 10-15% PEG 3350, 0.1 M Tris, pH 

7.0 and 0.5 mM CsCl using the method of hanging-drop vapor diffusion by adding 2 µl of 10 

mg/ml of protein into 2 µl of condition solution. The XcpVWX ternary complex was first 

subjected to in situ digestion with chymotrypsin (protein:chymotrypsin = 100:1, w/w). Initial 

crystals were obtained from 19 %-22 % PEG 2000 MME, 0.1 M Tris, pH 8.0-9.0, 0.2 M 

trimethylamine N-oxide (TMAO) by sitting-drop vapor diffusion at 20 °C and further optimized 

by microseeding. For cryo-protection, 25% of ethylene glycol was used. Diffraction data were 

collected on beamline 23-ID-B at the Advanced Photon Source, Argonne National Laboratory 

(Argonne, IL). Complete data sets containing 360 frames of images were collected at 1.033-Å 

wavelength at 100 K from a single crystal with the exposure of 1 s per frame. The diffraction data 

were processed using XDS[125] and HKL2000[126]. The structure of XcpVW complex was 

solved by molecular replacement (Phaser[127]) using EpsIJ (PDB ID:2RET) as a search model. 
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The structure of XcpVWX complex was determined by Phaser using XcpVW (PDB ID: 5BW0) 

and GspK (PDB ID: 3CI0) as search models. Structural refinement was carried out iteratively using 

PHENIX[128] in combination with manual fitting using Coot[129].  

A2.3 Results 

A2.3.1 Purification of the XcpVWX complex 
        The clones of the soluble forms of individual minor pseudopilins were constructed as shown 

in Figure A2.1a, which contains a TEV protease recognition site before the pseudopilin 

sequence. After expression, all the three pseudopilins tagged with thioredoxin were purified by 

the affinity chromatography with Ni2+-NTA resin. By removing the Trx tag with TEV protease, 

the pseudopilins were applied to the size exclusion chromatography for purification. The 

XcpVWX complex was formed by incubating the three proteins for 3 h and further purified by 

the size exclusion chromatography (Figure A2.1B). The peak after being assayed by SDS-PAGE 

showed that XcpV, -W and -X were present in the complex and in the ratio of about 1:1:1. 

A2.3.2 Different crystal forms of the XcpVWX complex were generated by chymotrypsin 

digestion in different concentrations 

        Initial hits of the crystals of the XcpVWX complex was found in the condition that contains 

20% PEG 2000 MME, 0.1 M Tris, pH 8.5, 0.2 M TMAO (Figure A2.2A and A2.2B). The higher 

concentration of chymotrypsin (sample:chymotrypsin = 100:1) induced the formation of the 

needle- or rod-like crystals (Figure A.2A), which were mainly in the form of clusters. The 

crystals appeared relatively slowly about 15 days after the setup. After optimizing the crystals 

especially by microseeding, the crystals became larger and longer with more solid shape (Figure 

A.2C). Single crystals in the cluster can be isolated by touching the bottom of the cluster for X-

ray diffraction experiments.  

        The chunk-like crystals formed in the same condition when the sample was subjected to low-

concentration CT digestion (sample:chymotrypsin = 1000:1) (Figure A2.2B). Multi-crystals were  
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Figure A2. 1 Purification of the XcpVWX ternary complex. (A) The schematic of the clones 

of minor pseudopilins. (B) Purification of the XcpVWX ternary complex through size exclusion 

chromatography. 
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formed in which several crystals stacked together. Although various approaches of optimizing 

this form of crystals were attempted, the crystals could not be fully isolated and complete single 

crystals were hard to find. Through optimization, more crystals with different shapes appeared 

under the same conditions, including hexagonal, cubic, diamond-like forms etc. (Figure A.2D). 

The formation of crystals of this type required less time than the rod-like crystals, which was only 

about 3-4 days after microseeding. 

A2.3.3 Different forms of the crystals of the XcpVWX complex exhibited different ways of 

packing  

        Using high-intensity synchrotron X-ray light source, we obtained diffraction data for the two 

forms of crystals. The X-ray data were processed using XDS[125]. The long rod-like crystal 

obtained via high-concentration chymotrypsin digestion has a P212121 orthorhombic space group, 

with cell dimension of a=61.54, b=76.76, c=102.86 Å (Figure A2.3A). One asymmetric unit 

includes only one XcpVWX complex molecule, with solvent content of xx%. Molecular 

replacement was used for phasing. The packing of the unit cell is very tight and there is limited 

space in the solvent region in the crystal.  

        The second form of crystals diffracts X-ray to the highest resolution of 2.8 Å (Figure 

A2.3B).  The diffraction pattern indicated twinning. The space group is P3 with a unit cell 

dimension of a=b=158.1, c=64.7 Å. The analysis of Xtriage confirmed the twinning of the crystal 

and the Matthew’s coefficient indicated that there were three molecules in one unit cell, with 

solvent content of xx%. In the initial round of molecular replacement, we found first molecule of 

the ternary complex in the unit cell. After using the first molecule as a partial solution, we 

obtained two solutions showing different spatial arrangement when we tried finding the position 

of the second complex molecule, which aroused us to consider the possibility of the existence of 

three ternary complexes in the unit cell. By using the two located molecules as partial solutions in 

the structure, the third molecule was successfully found. The packing of the molecules in the  
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Figure A2. 2 Crystals of the XcpVWX complex before and after optimization. (A) The initial 

crystal hit of the needle-like clusters of the XcpVWX complex under bright field and UV scope 

when subjected to higher concentration chymotrypsin digestion. (B) The initial crystal hit of the 

chunk-like crystals of the XcpVWX complex under bright field and UV scope when subjected to 

lower concentration chymotrypsin digestion. 
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lattice has been fully revealed. Further refinement of the structure was conducted using PHENIX 

refine[128] and coot [129] (Table A2.1). XcpVWX complex molecules in the orthorhombic 

lattice with P3 space group.  Three molecules can be identified in each asymmetric unit. 

A2.3.4 Atom displacement parameter indicates different flexibility of molecules in the two 

lattices 

        Atom displacement parameter (ADP) or B-factor can reflect the flexibility of the protein 

structure[214]. In the orthorhombic lattice, the molecule has relatively low ADP (Figure A2.3A, 

left panel, and Figure A2.4, top panel), and the packing is very tight. According to Figure 

A2.2A, the three molecules of the ternary complex in each ASU are close to each other, which 

renders the residues of the molecule limited space for motion. As a result, the molecule in the 

orthorhombic lattice is relatively stable in line with the molecular packing of this type of lattice.  

        In comparison, all three molecules of P3 space group have larger ADP, indicating that the 

molecules in the trigonal lattice are flexible (Figure A.3B). The packing of the molecules in the 

lattice is much loose compared with the orthorhombic crystal.  

        The residues with higher ADPs are the ones in the outermost region, where these residues 

are forming contacts with the residues in the molecule of the same ASU or molecules from 

adjacent ASU. The systematic analysis of the ADP of each subunit of the XcpVWX complex 

with two different space groups are shown in Figure A2.4. In general, the residues in the 

orthorhombic lattice have less flexibility and are more stable. The highest ADP scores of the 

residues in the three minor pseudopilins are all below 70 while the highest ADP scores of the 

residues in the three minor pseudopilins of each complex molecule are over 100, suggestive of the 

higher flexibility of molecules in the trigonal lattice. 
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Figure A2. 3 Packing of the complex molecules in the two different lattices. (A) The 

arrangement of the XcpVWX complex molecules in the orthorhombic lattice with P212121 space 

group. There is only one molecule in each asymmetric unit. (B) The arrangement of the   

A 

B 
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Table A2.1 Data collection and refinement statistics 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 XcpVWX 

Data collection  

Space group P3 

Cell dimensions  

    a, b, c (Å) 158.1, 158.1, 64.7 

    α, β, γ (°)  120, 120, 60 

Resolution (Å) 43.5-2.85  

Rmerge 4.7  

I / σ 10.3 (9.73) 

Completeness (%) 99.2 (100) 

Redundancy 9.8 (9.5) 

Refinement  

Resolution (Å) 43.5-2.85 

No. reflections 31625 

Rwork / Rfree 0.23/0.29 

No. atoms 4300 

    Protein 4015 

    Ligand/ion 3 

    Water 282 

R.m.s. deviations  

    Bond lengths (Å) 0.008 

    Bond angles (°) 0.915 
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Figure A2. 4 The atomic displacement parameters of the molecules of the XcpVWX 

complex in two different lattices. (A) ADP of XcpVWX in the orthorhombic lattice with 

P212121 space group. (B) ADP of XcpVWX in the trigonal lattice with P3 space group. The blue 

regions are least flexible and the red regions are most flexible. 
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Figure A2. 5 ADP Scores of residues of each minor pseudopilins of the XcpVWX complex 

with different space group. (A) ADP Scores of residues of each minor pseudopilins of the 

XcpVWX complex in the orthorhombic lattice. (B) ADP Scores of residues of each minor 

pseudopilins of the XcpVWX complex in the trigonal lattice.  

B 

A 
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A2.4 Discussion and summary 

       The technology of the in situ proteolysis has been widely used to improve protein 

crystallization especially when proteins are difficult to form crystals[197, 198]. Although the 

precise mechanisms have not been fully clarified, this method proves to be useful for 

crystallization. In previous reports, researchers have made the best of this method to crystallize 

their target protein[199, 215] [201]. In our research, we applied chymotrypsin digestion to assist 

the crystallization of the minor pseudopilin ternary complex of XcpVWX and found that the 

packing of the molecules in the lattice was closely related to the concentrations of the enzyme 

used in the system. Dong et al. suggested in their paper that the concentration of the digesting 

enzyme used could be varied and needed exploring optimum conditions[198]. We have 

discovered that the concentration of the enzyme used in the proteolysis can induce different ways 

of packing. With the digestion by the chymotrypsin of low concentration, the molecule of the 

XcpVWX complex packed into a lattice with a P3 space group, which exhibits large dimensions. 

By contrast, when using chymotrypsin of a higher concentration in a longer time, the complex has 

gone through a relatively thorough digestion to generate more stable form, which allows the 

molecules to fully pack during crystallization. As a result, the compact lattice formed due to the 

complete digestion and the long-term packing.  

         Our research represents the first case to demonstrate a connection between the concentration 

of the enzymes used for in situ proteolysis and the packing of molecules in the lattice.  

 


